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INTRODUCTION

In recent 20 — 25 years, the interest to investigations of the
transformation mechanisms of biological macromolecules induced by ionizing
radiation was continuously increased. This problem is touched upon in
monographs and reviews on radiation chemistry of various systems, including
biological systems, published in Russia and abroad. This is assignable, because
the practice of ionizing radiation energy use poses the problem of effective
control over radiation processes, for example, associated with processing and
modification of natural raw stock, agriculture waste utilization — in industry
and cattle breeding, and protection of the living cell and human organism from
radiation — in radiobiology and medicine.

The resolution of these problems significantly depends the
understanding of primary mechanisms of the radiation-chemical degradation of
biopolymers, which are the basic components of natural raw stock and a cell, at
their radiation in the composition of complex heterogeneous system as, for
example, raw stock and industrial and agricultural wastes, and the more so the
cell.

Among the broad literary data on radiation chemistry of various organic
compounds, there are scanty works devoted to the study of primary
mechanisms of biopolymer radiolysis. In this monograph, we classify the ideas
about primary stages of radiation-chemical transformation of the main
biopolymers, paying special attention to radiolysis of their aqueous solutions,
formation and conversion mechanisms of macroradicals, synthesized in acts of
solvent radical interaction with biopolymer molecules and in their natural
complexes. In this connection in initial Chapters (1 — 6) the ideas about water
radiolysis mechanism and the basic regularities of aqueous solution radiolysis
of biologically valuable substances are discussed. The subsequent Chapters (7
— 12) are devoted to radiolytic properties of biopolymers — protein,
polysaccharides, DNA, and their natural complexes — showing extending
charts of their radiolysis mechanisms. The conclusive Chapter 13 presents data
on the mechanisms and abilities of radioprotection and sensitizing of the
radiation degradation of biomacromolecules.

This monograph includes, first of all, the data of Soviet (Russian)
investigators, who have decisively contributed in the development of this field
of knowledge (the schools headed by Academicians N.N. Semenov, N.M.
Emanuel, N.K. Kochetkov, and many others).
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The monograph is based on the course of lectures on radiation
chemistry of biopolymers, read by the author to students specializing in
physics, radiation biophysics and radiobiology.

Prof. G.E. Zaikov
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Chapter 1. Radiation chemistry. Basic concepts of radiation
chemistry

1.1. TYPES OF RADIATION

In physics, the term “irradiation” defines emission of electromagnetic
waves (the field theory) or photons (the corpuscular theory), as well as other
corpuscular emissions: o- and P-particles, neutrons, protons and nuclei. The
class of electromagnetic radiation includes:

1) X-rays and y-irradiation — electromagnetic emissions at the wavelength
between 107" and 1077 cm, which represent the short-wave region of
the spectrum;

2) charged particles having kinetic energy enough for ionization act as
they pass through the medium: electrons, protons, deuterons, o-
particles, polyvalent ions, nuclear fission products of heavy elements.

Being electrically neutral particles, neutrons themselves passing
through the medium may not induce ionization acts. As they interact with
atoms of the medium, neutrons may produce the above-mentioned ionizing
particles or photons, and electromagnetic emissions. The type of neutron
interaction with the substance is defined by the energy of neutrons and the type
of nuclei. The specific energy of ionizing radiation is electron-Volt (eV) equal
energy obtained by electron (charged 1.602x107"° C) as it passes the potential
drop equal 1 Volt.

Sometimes, X-ray radiation is characterized by the wavelength. The
quantum energy expressed in electron-Volts is related to the wavelength (1, A)
by the following ratio:

5o 12,400
A
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1.2. THE EFFECT OF IONIZING RADIATION

As ionizing radiation hits the substance, it ionizes and excites atoms
and molecules in the substance. The ionization act (electron removal from
electron shell of an atom or molecule) is accompanied by occurrence of two
oppositely charged ions: positively charged ions (an atom or a molecule which
lost an electron) and negatively charged ion (an atom or a molecule obtaining
electron).

Excited states of atoms of molecules are formed under the impact of
ionizing radiation on them, which induces electron transition from basic to
excited orbital. At the reverse transition from excited to basic orbital, the
energy is emitted as photons of visible, ultraviolet light or X-rays.

Charged particle interaction with the matter

As passing through the matter, charged particles lose energy due to
various processes. For heavy particles, the energy losses are generally caused
by elastic occlusions with electrons of atoms from the medium and, the more
so, by losses for irradiation and scattering. The energy scattering rate depends
on the charged particle origin. For heavy charged particles, the average energy
loss per specific path or the so-called stopping power of the matter (Erg/cm) is
expressed by the Bethe formula:

2 4 2
_AE _AnZTe y pZ g 2mYt g2 9

de o2 ATA - g2 2|

where Ze is the charge of moving particle, electrostatic units; e is the electron
charge; m is the rest mass of electron, g; v is the particle speed, cm/s; N, is the
Avogadro number; p is the medium density; A and Z are atomic weight and the

number of atom; [ = L , Where c is the light speed; I is the average potential of
c

the medium atom excitation; & is a correction factor for polarization of the
matter atoms in electrical field of moving particle; £ is the kinetic energy of
electron.
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As shown by the current formula, the stopping power of the medium is
proportional to is density. It is also shown that the lower the particle energy,
the higher the stopping power of the matter. The distance that can be passed by
charged particle is called the free path of the particle, defined by the stopping
power of the matter.

Interaction between X-rays and yradiation with the matter

X-rays and fy-radiation lose their energy in three basic processes:
photoelectrical absorption, Compton scattering and pair production. Hence, as
penetrating through the substance the radiation intensity decreases due to the
following law:

1= Ioexp(-4),

where y is the path length; = gn + pic + 44, is the linear coefficient of energy
absorption indicating, at which thickness x of the absorber I intensity of y-
radiation is e-fold decreased due to photoeffect (1), Compton’s effect (1), or
¢ — e pair formation (4,), where 4 are corresponding absorption coefficients.
The relative contribution of each of these processes to general absorption of the
medium depends on the irradiation energy and the medium origin. The photo
effect dominates at low energy values, Compton’s effect — at moderate energy
values, and the pairing effect — at high energy of photons. Also, Compton’s
effect dominates in materials with low atomic numbers (biological media), in
the range between 1 keV and 2 MeV.

The photoelectrical effect manifests itself as electron emission after
photon absorption by the electron shell of the atom. Kinetic energy of this
electron is

E=hv—Eb,

where hv is the photon energy; Ej is the electron bond energy in the atom.

At Compton’s effect (hv > 0.3 MeV) photons are scattered due to elastic
collisions with electrons of the medium and transmit a part of their energy to
the latter.
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e Photoelectron

hv E=hy —h

-
—I

Photon
Atom \

The energy of Compton recoil electrons (photoelectrons) equals the
difference between energies of the primary and scattered photons. As pairing
proceeds, photon disappears in the atomic nucleus field with simultaneous of
electron and positron. The photon energy Av transits to masses at rest of these
two particles and kinetic energies of electron (E.) and positron (£p).

hv' Scattered photon

+

e

hv -

Photon
Atomic\ _

nucleus €

Obviously,
E, + Ee = hv - 2mc*; 2mc® = 1.02 MeV.

At higher photon energies, photonuclear reactions proceed, which
contribution to total absorption by the environment is low.

As an X-ray or y-quantum is absorbed with simultaneous excitation of
atom, excitation energy may be internally redistributed (the internal
conversion) and, as a result, electron is emitted from K-shell. At the second
stage, electron from the upper shells, L-shell, for example, jumps to K-vacancy
during 107"% s. Hence, the energy excess, which is (Ex — E.) may stipulate for
one more electron emission from the atom, already from its cover shell. This is
the Auger effect (autoionization of atom).

Thus in all interactions of photons with the matter secondary particles
(electrons) are formed, which may also cause ionization and excitation.
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1.3. KEY TERMS OF RADIATION CHEMISTRY

Absorbed radiation dose, units of measurement

For the absorbed radiation dose we take the energy of ionizing
radiation, absorbed by specific mass of radiated matter. Gray (Gy) is the unit of
absorbed dose. The specific unit (1 Gy) equals absorption of 1 Joule of any
kind of ionizing radiation by 1 kg of the matter. For X-rays and y-radiation,
absorbed and exposure doses are distinguished. The exposure dose is measured
in Coulombs per kilogram (C/kg). The dose of X-rays and y-radiation is the
radiation measure based on its ionizing ability. Let us consider this more
comprehensively, using the Gaussian system of units for higher visualization.
In this system the exposure radiation dose is measured in roentgens (1 R =
2.58x10™ C/kg). The specific dose of 1R corresponds to the dose, at which in 1
cm® of air (e.g. 0.001293 g) radiation under normal conditions (T=273 K, P =
1,013 hPa) ions carrying charges of 1 electrostatic unit of each sign are
produced. As known from electrochemical data, 1 electrostatic unit of
electricity equals 2.1x10° specific charge of each polarity e.g. this amount of
ionic pairs is formed in 1 cm® of air, which absorbed 1 R radiation dose. On
average, formation of 1 ionic pair consumes 34 eV (1 eV = 1.6x107" erg).
Thus at 1 R dose 1 cm® of air absorbs (2.1x10°)x34 = 0.114 erg or 87 erg per
air gram, respectively.

Previously published papers on radiobiology and radiation chemistry
present such notions as Roentgen-equivalent-physical (Rep) and Roentgen-
equivalent-man (Rem). Rep is the dose, at which water or tissue absorbs the
same amount of energy, as under the impact of 1 R dose. Rem is the unit of
radiation dose equivalent (the amount of any radiation type), which causes the
same biological damage compared with 1 rad dose impact of X-rays (within the
energy range between 100 and 1,000 keV). In the SI system the dose-
equivalent is measured in Joule per kilogram (J/kg):

1 Gy =1 J/kg =100 rad = 107.5 Rep = 6.24x10"* eV/g.
The absorbed dose intensity represents energy of ionizing radiation

absorbed by specific mass of radiated substance during specific time (Gy/s,
Gy/min, Gy/h). In SI system, the intensity unit of exposure dose equals
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Ampere per kilogram (A/kg). The relation between dose intensity and the dose
value is presented by the formula:

b
~.

P=

Radiation intensity is the radiation energy, which hits 1 cm® of the matter
surface transversal to the radiation ray direction during 1 s.

Also, radiobiology studies dependence of biological organism
survivability on radiation dose (survivability curves). Survivability curves are
subdivided to linear, exponential, sigmoid, and combined curves. The
combined curves are frequently represented by a sum of two components. The
notion of radiation dose (Ds37), under which the quantity of survived organisms
equals 37% (the second case of survivability curves), is used for specification
of radiosensitivity of organisms in the study of survivability curves.

Radiation-chemical yield

It is the main quantitative characteristic of any reaction proceeding
under the impact of ionizing radiation. It is denoted as G and equals the
number of molecules, ions, atoms and free radicals, formed or consumed as the
system absorbs 100 eV of ionizing radiation. First of all, the radiation-chemical
yield depends on the type of radiation-chemical reaction. For non-chain
processes, G is low (8 — 15 molecule/100 eV as a maximum). For chain
processes G may be much higher (ten and hundred thousands of molecules per
100 eV). The radiation-chemical yield is determined by the initial straight
intersect of the product accumulation curve (or initial compound degradation
curve) with respect to the absorbed dose, studied in the experiment:

G=nx1%0
D

where N is the number of product molecules in the current volume of the
matter; D is the dose (eV) absorbed by the current volume. If the effect — dose
dependence under study is nonlinear, and due to methodological restrictions
relatively low doses cannot be measured, G is determined with the help of
analytical expression for the effect — dose dependence, similar to the example
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that follows. At 77 K 10% aqueous deoxyribonucleic acid — DNA (with
molecular mass (MM) equal 1x10°) was radiated. The concentration of radicals
in the samples was determined with the help of ESR method (Table 1.1). In this
system, radical accumulation obeys the following dependence:

C = Cy[1 — exp(-kD)] (Figure 1.1),

where C and C,, are concentrations of radicals R, initial and at high radiation

doses, respectively; & is the constant of radical dissociation during radiation of
the sample, determined by linear anamorphosis tangent in In [C—C”—C] - D

coordinates.

[R]

C.

0 Dose

Figure 1.1. Radical accumulation in DNA aqueous solutions, irradiated at 77 K
(refer to Table 1.1)

The value G(radical/100 eV) is determined by the following expression:

17
dC kC=10.3 10" -0.26-100

= 0.43.
dDp_, 6.24-10
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Table 1.1

Accumulation of radicals in aqueous solutions of DNA, y-radiated at 77 K
Dosex10%, | Cax107, | (Co-C)x107, | —C= o[ _Ce

Gy radical/g radical/g C,-C C,-C

0.8 2.1 82 1.26 0.2311

2.8 54 45 .22 0.7500

6.2 7.8 2.5 413 1.4183

10.4 9.4 0.9 11.5 2.7081

0 10.3 0 - -

Primary processes and structure of ionization areas

As mentioned above, the ionizing radiation produces charged particles
in the matter (molecular ions and electrons) and excited molecules. Conversion
of these primary products of radiolysis causes formation of radicals, atoms, and
final products of radiolysis. The interaction of ionizing radiation with the
matter produces-a-large -quantity of secondary electrons, which are the main
transmitters -of radiation energy -to the matter. The energy spectrum of
secondary electrons weakly depends on the radiation type and energy, as well
as on the origin of radiated substance. A considerable part of secondary
electrons has energy exceeding the ionization and excitation potential of
molecules. Therefore, these electrons may also ionize and excite molecules. To
determine the relative role of any processes in formation of radicals or
molecular products, yields of primary active particles should be known. In the
gas phase, energetic yield equals 3—4 ionic pairs and is prone to some increase
with molecular mass of the gas and decreasing ionization potential. In the
condensed phase, the ionization potential is decreased by 0.5 — 2 eV compared
with the gas phase due to the medium polarization by cation and electron. The
yield of ions in the condensed phase was determined indirectly with the help of
different methods:

G(ions) =3 - 4.
For various substances, the yield .of primary .excited molecules (including

neutralization of charged particles) equals 1 to 3. For water, total yield of
radiolized molecules (ionized and excited) reaches ~8.
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In condensed media secondary electrons lose energy in the ionization
zones: spurs, blobs, short and main tracks. This classification is based on the
energy of electron, which forms the current area. Spurs represent the ionization
zones, produced by electrons with energy below 100 eV. Blobs represent the
retarding region of electrons with energy (E¢) of 100 to 500 eV. The upper
energy limit is defined by the fact that an electron with E. < 500 eV still
remains in the range of Coulomb’s field of the parent ion. The distance at
which Coulomb’s interaction becomes weaker than 4T depends on dielectric
permeability of the medium (k7 is the measure of the mean heat energy, where

=

k= =2 =13804x107" erg/deg = 8.6167x10™ eV/deg).

N
Therefore, the upper border of electron energy, which forms a blob, is different
for different substances. Hydrocarbons have E. = 500 eV. lonic density in
spurs and blobs is almost equal. In short tracks, the electron energy varies
within the range between 500 and 5,000 eV. The ionic density approaches that
in spurs and blobs. In essence, a short track is the region of continuously
overlapping spurs and blobs. Main tracks are ionic regions created by electrons
with the energy E. < 5,000 eV. The ionic regions do not overlap, and the main
tracks consist of isolated spurs.

The above-shown classification of ionic regions is valid for radiation
with low linear energy transfer (LET), which is y-radiation, high-speed
electrons, and X-rays. In the interaction of deuterons, high-energy protons and
fission fragments, which represent types of radiation with high LET, only main
tracks may be detected, because ionic density in them is similar to spurs, blobs
and short tracks. The relative role of various ionic regions cardinally depends
on the energy of radiation. For Compton electrons of y-radiation, emitted from
9Co, about 65% of energy is localized in spurs.

The local concentration of primary active particles — ions, excited
molecules and low-speed electrons — in ionic regions depends on secondary
electron retarding rate. The energy transfer mechanism from electron to the
matter changes with electron retarding rate. If E. 2 Ee (Where Eey is the
excitation energy), the energy of electron is mainly consumed for ionization
and excitation of molecules. Let »; be the electron track length in the
condensed phase (paraffin oil), at which its energy decreases from E. to 8 eV —
the approximate lower level of electron excitation potential. If Eexc 2 E; 2 Eyipy
(where Eyy, is the vibratory energy), the energy of electron is mainly consumed
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for vibratory excitation of molecules. In hydrocarbon fluid the energy of
electron decreases from 8 to 0.4 eV at a distance r, ~ 17 A. If Eexc = E. 2 kT,
the electron energy decreases to thermal (thermalization) as a result of rotary
degree of freedom excitation in molecules and intermolecular vibrations. These
processes are rather ineffective. In hydrocarbon fluids or solids, the track
length 73, when electron loses energy from 0.4 eV to thermal level, equals 50 —
70 A. In polar substances this length is shorter.

The above estimations give an opportunity to present distribution of
primary active particles in a typical spur, formed by an electron with energy of
100 eV. Let a spur be sphere-shaped. The central zone of the spur (r < ;)
accumulates ions (Gjon ~ 4); the second zone (r; + r, > r > r|) — vibration-
excited molecules, mostly in the electronic ground state. Finally, the third zone
() + 72 + r3 2 r; + rp) accumulates thermolized electrons (G, = 4). If energy of
the secondary electron, which forms the ionic region, differs from 100 eV, only
radius of the central zone r; and the quantity of primary active particles are
changed, whereas r, and r; are independent of E.. This distribution is
established during time 7< 107 s.

Linear energy transfer (LET)

As losing energy, ionizing particles form different number of ions and
excited molecules on their way. For example, as is completely retarded, o-
particle from 1%y forms about 150,000 ionic pairs in the air. Chemical
reactions and the yield of products depend on both the number of active
products formed and their concentration in the track, which is defined by the
radiation energy loss rate in the substance. The energy loss rate is measured in
units of linear energy transfer, which are keV/um. Table 1.2 shows some mean
path and LET values for a-particles in air and in water. LET depends on the
energy of particles, increasing with their retarding. LET values shown in Table
1.2 were obtained by dividing the initial energy of a-particles by their mean
path. Since the rate of the energy loss changes with the particle retarding, LET
shows different values along the track. For various particles possessing equal
energy, LET value increases in the following sequence:

y-radiation — high-speed electrons — low-energy X-rays — B-particles —
— protons — deuterons — a-particles — heavy ions — nuclear debris
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Table 1.2
The mean path and LET for a-particles
Nuclide Energy, MeV - Mean path LET in water
In air, cm In water, um
*?Ra 4.795 3.3 33.0 145
o 5.30 3.8 38.9 136
*2Rn 5.49 4.0 41.1 134

Enhanced ionizing radiation and biopolymers

In radiobiological studies, carried out on cells and animals, and in
medical practice (radiotherapy or radiodiagnostics), various radioactive
nuclides (tritium °H, phosphorus **P, iodine '*’I, etc.) incorporated in the
composition of biopolymers, such as proteins, nucleic acids an so on, are used
as labels. They are the so-called incorporated irradiators. In all above-
mentioned cases, the manifestation of the enhanced ionizing radiation effect
with respect to short paths of ionizing particles in the medium, caused by either
large mass of ionizing particle (recoil nucleus)or low energy of light particles
(B-particles), should be taken into account.

The following radiolytic effects of incorporated irradiators are
observed:

1. Radiation by particles emitted by a radionuclide, particularly, B-
particles emitted by *H with the mean energy between 5 and 6 keV and
32p with energy of ~1.7 MeV, and other B-particles, emitted by atomic
nuclei at the interaction K-shell electrons, the so-called K-capture (‘251
with energy of 100 keV). For example, B-particles emitted by tritium
form an enhanced ionized cylinder with the mean track length shorter
than 1 pm and the mean ionization index along the track equal 160. In
the case of B-particles emitted by 32p, a loosely ionized track is formed,
2,500 pm long, where 5.5 ionizing acts are implemented along the
initial micron.

2. The radiation impact induced by recoil nuclei, which is so higher, the
higher energy of a particle emitted by radioactive nucleus. For instance,
the mean recoil energy of *’P nuclei equals 30 eV at the mean path of
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phosphorus nucleus of 10 A, whereas *H has the energy of 1 eV at
negligibly short path of H nuclei.

3. Radiation due to multiple ionization of an atom (the Auger effect). The
K-vacancy at carbon, nitrogen and oxygen atoms shows energies of
280, 400 and 530 eV, respectively. It may be concluded about enhanced
ionized track formation in this case, too.-This should be accompanied
by crucial degradation of biopolymer molecule in the vicinity of the
current atom (or even in the neighbor molecules). According to literary
estimations, radiation-chemical yield from nucleic acids, impacted by
electrons or protons with 1 MeV energy, caused by the Auger effect,
equals 0.03 that gives about 5% of total ionization index.

In this Section, one more type of biopolymer degradation induced by
incorporated irradiators should be mentioned. It is the nucleus transmutation
effect e.g. the change of the atomic nucleus origin. For example, -
decomposition of *H and **P produces helium and sulfur nuclei, which require
balanced sets of electrons different from those in the source nuclei.
Restructuring of electronic shells and changing of the number of valence
electrons.induce a considerable variation in the structure of biopolymer, in the
area possessing these atoms, proceeding up to chemical bond break. For
example, B-decomposition of 32P15 produces 3 2816, and in DNA strand instead
of pentavalent phosphorus tetravalent sulfur occurs. As a result, a bond
between phosphorus and sugar unit in the nucleotide is broken e.g. a single-
stranded break occurs (see Chapter 10 for details).
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Chapter 2. Primary radiation-chemical processes

2.1. IONS AND IONIC REACTIONS

The primary acts accompanying the interaction between ionizing
radiation and the matter are ionization and excitation of molecules of the
matter. lons are formed by the following reactions:

A—L s A +e
A->AHY+e

They are detected in gases using the mass-spectroscopy method and in
the condensed phase with the help of express spectrophotometric method, ESR
and radiothermoluminescence (see Chapter 3).

Ionic reactions
Recombination

AT +e — A¥* . . .
N _ (In singlet or triplet excited state)
A"+A"T > A*+A
A* (A¥*) 5> M* +N (Molecules)
A* (A**) > R*+S (Radicals)
If ionized molecules are united in aggregates with other molecules or

transient ion-molecular complexes, neutralization reaction of the following
type may proceed:

AB "+ 5> C+D.
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Dissociation

Positively charged ions, which are formed under the impact of ionizing
radiation, are usually excited (possessing excessive vibratory motion):
distances between atomic nuclei in ions are different from these in non-ionized
molecules. There decomposition by the following reaction is possible:

A" >M +N
(AN >R +S".

Both degradation products represent molecules or radicals, one of which is
ionized. Charge is localized on the component with lower ionizing potential.

Example
(CoHZ )* —» CoHy* + H,.

Positive charge is transferred to ethylene. The ionizing potential of ethylene is /
=105¢eV; Iy, =154 ¢V.

As excited ions of complex molecules dissociate, bonds break not
necessarily in places of initial excitation (at molecule interaction with
radiation), because the charge may quickly migrate in the molecule. Energy is
redistributed in the molecule, and the weakest bonds are preferably broken. For
example, in aliphatic haloid compounds the weakest carbon—halogen bond is
usually broken (dissociation of complex ions is retarded to 107 s). Ions may be
restructured before or during dissociation. Hence, the products are formed,
which may not be produced by simple bond break in the primary ion. For
example, ethylene formation from C,H; is stipulated by intramolecular

migration of hydrogen atom.

Charge transfer (or electron transfer from molecule to ion)
A"+B—>A+B".

Hence, Ig < In. Excessive energy may convert to vibratory or electron

excitation energy of reaction products. Sometimes the energy of excitation is so
high that is able to induce secondary dissociation of formed ions, for example:
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Ar*+CHy —»> Ar+CH;" + H.

Ton-molecular reactions
A"+B—>C+D".

Examples:

1. H,O0" + H,0=H;0" + OH;
2. CH; +CH;=CH{ +CH;.

The process may proceed with participation of protons (H") or H™:

H; +0,=HOj +H;
(C3Hs)" + HeoCsHj, = C3Hg + CsH 1.

Radical and carbon—carbon bond formations:
CH; +CHy = CzI“I;L + H,.

Exothermal ion-molecular reactions require no activation energy. They
proceed at a very high rate even at low temperature.

Addition of electron

A+e > A
A+e ->B +C.

The reaction is defined by electron affinity energy of the molecule A,
which high value is of importance for halogens, molecular oxygen, liquid
water, alcohols, etc.:

L+e > +1,
CoHsl + 2 = CHY +T7;
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In liquid water:
(H;O)iq+ & - OH +H".
The third alternative of electron addition is the following:
A+e=B"+C +e.
For example:

CHsCl+e —» CzH; +Cl +e.

2.2. EXCITED STATES AND CONVERSIONS OF EXCITED
MOLECULES

The ground state energy is exceeded by: the electron excitation energy,
approximately, by 3 eV; vibratory energy — by 0.01 — 1 eV (Ir-spectroscopy
area, 10* K); rotary energy — by 107 =102 ev (the microwave area, 10% - 10*
pm).

Figure 2.1a presents energy diagram of two-atomic molecule; p is the
distance between two nuclei; o is the equilibrium distance; g = p — p.. As p
approaches infinity, we obtain two atoms with total electronic energy equal

gel(oo) = gel(l) + gel(z)-
As p approaches zero, & will tend to infinity due to repulsion between nuclei:
the repulsion energy equals Z,Z;e 2/p, where Zje and Z,e are charges of
nuclei. The molecule is stable, when there is p, at which &;(p) dependence has

a minimum. If approach of atoms produces no minimum of energy, this means

that stable molecule 2 is not formed. D, is the molecule dissociation energy;
[ ]

U(g) is potential energy of the movement of nuclei; 7(q ) is the kinetic energy
of relative movement of nuclei.
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Figure 2.1. Potential energy curves for two-atomic molecules:
a — stable molecule formation (1), no stable molecule formed (2);
b — ground (1) and electron-excited (2) states of the molecule
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Total vibration period equals 107 s, and the molecule excitation
transfer — 107" s. Nuclei are much heavier than electrons. Transition to a new
electronic state proceeds at such high rate that nuclei are unable to change their
location during this time (the Frank—Condon principle). In Figure 2.1b, in the
point P of the diagram, the excited molecule is compressed, begins vibrating
with amplitude PQ, converts energy to heat, and then transits to the level R.
Then after photon emission (with RS energy) the molecule returns to the
ground state S. This process is fluorescence (with semifluorescence period <<
107% s). The molecule loses energy in collisions and returns to the state O.

The process of excited molecule conversion is the following:

A* > A+hy (Luminescence)

Transition probabilities between two current levels at light absorption
and emission are identical; however, spectra are different. Intensities of bands
are defined by both transition probability and population of the initial levels
(the ground state for absorption spectrum and the excited state for emission
spectrum).

To express intensity of the absorption band, the oscillator force f is
used:

f=4.315x10" jg dv.

Molar index of extinction & (cm™'M™) equals

ic T
where I is the light intensity penetrated through light-absorbing substance
layer; v is frequency expressed in wave numbers. For allowed transition, f = 1.
Peaks of f = 0.1 — | correspond to molar index of extinction equal 10,000 -

100,000 with respect to the band width. For a single symmetrical peak, / may
be approximated as

f = 4-6x 10_9'gmaxAv1/2.
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For transition between states a and b, integral intensity of the
absorption band is determined as

2
I =

2

TV/;M W,dv

. . . . * * .
which is the transition moment integral, where y, and y, are wave functions

of the excited and ground states, respectively; M is the electric dipole moment
proportional to the difference of electron dipole moments of the ground and
excited states (due to different electron distribution); dv is the specific volume
element. M is a vector and, therefore, / may be factorized. The allowed
transition requires even a single non-zero factor.

The internal conversion occurs in the case, if potential energy curve of
the excited state of the molecule approaches or crosses the ground state curve.
This process proceeds within a single oscillation act (107" s). Such transitions
may be implemented at different levels of molecules and, as a result,
fluorescence from the lower level happens.

Intramolecular (internal) transitions

In this case, fluorescence becomes lesser intensive, whereas
phosphorescence period increases to 10 — 107 s or even to several seconds.
Retarded fluorescence is observed in cases of 7 — S transition in the vibration
act and collision of molecules. Triplet lifetime increases as transiting to highly
viscous or solid systems, because collisions of molecules become more
infrequent and deactivation by collisions with solvent molecules decreases.
Hence, the medium has no effect on singlet excited states. Phosphorescence is
not observed in nonviscous solutions, where triplet states are deactivated in
Auger (nonradiant) interactions with solvent molecules. The internal
conversion of singlet and triplet states is much easier in the presence of
paramagnetic atoms or heavy nuclei in the environment, because this shortens
the lifetime of triplet states. Triplet states play are significant for radiation
chemistry because of their long lifetime. They are of biradical origin and,
therefore, manage to react. Quickly moving charged particles produce optically
allowed transitions (from singlet ground to singlet excited state). Slowly
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moving (at neutralization, too) charged particles may induce optically
forbidden transitions.

Nonradiant energy transmission

It represents a process:

A*+B=A +B*,

which is possible, if the excitation energy of B is less than or equal the
excitation energy of A.

1.

2.

Collisions (collisions of the second kind)
In gas

Hg A=254 nm Hg* +H, Hg + H; N Hg + Ho + H..

Here Hg excitation energy is 113 cal/mol, and H-H bond energy is 103
cal/mol.

In liquids (an example with scintillating fluids)

The energy is absorbed by solvent and transmitted to an organic
compound dissolved in it, which then fluoresce.
Nonradiant resonance conversion or dipole-dipole interaction between
two molecules

The necessary condition is overlapping of A* irradiation and B
absorption spectra. The range is 50 — 100 A (immediate proceeding in
gases, liquids and solids).
Energy may be transmitted, if excited molecule is somehow regulated
with the surrounding ones, as, for example, excited molecule in a
crystal. The electronic excitation (exciton) is quickly transmitted from
one molecule to another, remaining each molecule in the excited state
for a very short time (about a single vibration period). The lifetime of
exciton equals ~10™ s (in solids, activated admixtures, scintillating
fluids, crystals, polymeric molecules, and less frequently in liquids).
For many cases, to explain high exciton transmission rate in some
scintillating fluids, the existence of domains — small regulated groups
of molecules (10 — 15 molecules each) — was suggested. Collision with
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any molecule in a domain containing excited molecule is equivalent to
collision with the excited molecule itself.

The role of excited states in biological processes

There are many familiar biological processes having transition to
electronic excited of molecules as the initial stage: photodynamic effect,
photolytic protein inactivation, photodimerization of nucleic acid bases, vision,
bioluminescence, and photosynthesis. Properties of molecules in singlet and
triplet excited states are different due to differences in electronic structures
(distribution of charges, spin density, and m-electronic exchange symmetry).
This reasons the differences in donor-acceptor properties of molecules,
reactivity, and the lifetime of excited states.

Chemical properties of excited molecules

Chemical properties of molecules depend on states of electrons present
on antibonding orbits. In the ground state, these electrons are paired. As two
molecules approach one another, potential energy increases due to repulsion of
electronic shells. To obtain a new configuration, a molecule must be provided
with the energy enough for overcoming this repulsion.

As radiated, molecules transit to the excited state and their reactivity
increases due to the following reasons:

1. Excited electron remained on the orbit after removal of the first electron
from it is not paired yet. Any other molecule with unpaired electron
may form a bond with the excited molecule as soon as their orbits begin
overlapping. The potential barrier of the reaction decreases.

2. Excited electron is present on the orbit, which occupies the greater part
of the space, and is weaker bound to the rest of the molecule. Therefore,
this electron may be much easier detached by another electrophilic
agent.

3. Since excited electrons, sometimes, are inactive in chemical bond
formation, nuclei in excited molecule are not so strongly bound
compared with unexcited one. Therefore, the excited molecules
dissociate much easier than unexcited ones.



Radiation Chemistry of Biopolymers 23

2.3. FREE RADICALS AND THEIR CONVERSIONS

Radicals represent particles, atoms and parts of molecules having
unpaired valence electrons. This definition indicates that such particles are
formed at radiation impacting of substances due to the act of ionization
(electron removal from a molecule or an atom) and excitation with subsequent
bond break in the molecule. The next Chapter discusses the nature and
properties of radicals more comprehensively. As electron is detached from or
added to neutral molecule, charged particle with unpaired electron is formed:
cation-radical or anion-radical.

Radical reactions

Dissociation of radicals

The most typical example is represented by dissociation with formation
of simpler radical and a molecule with unsaturated bond. For instance, in the
case of tertiary butoxy-radical in the gas phase the following high-temperature
dissociation takes place:

(CH3):CO'—-CH;3;+CH;3C(=0O)CHs.

Intraradical rearrangement and radical isomerism

In these acts, radicals with more stable structures are formed, for
example, in the case of primary radicals’ isomerism in carbohydrates obtained
at radiolysis of their frozen aqueous solutions (refer to Chapter 8).
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\
HO\O_H__‘/ woN._ |/

OH OH

Migration of hydrogen atoms, haloids and methyl groups is most
frequently observed.

Interactions of radicals with substances

Addition of radicals
The most typical case is the interaction of radicals with z-electrons of

unsaturated systems. Hence, a new radical is produced in this process:

o) H o) H
/ /
N N
H+ HN >:o = HN >:o
Cc=C C—Co
/ \ /' \ '\
H CH; H H CHs

Substitution reactions
These reactions may compete with reactions of addition of radicals to

unsaturated bonds:

*OH + CH30H — H,0 +"CH,OH.
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Radical recombination reactions

Radical recombination or dimerization

This process represents linking of two radicals with covalent chemical
bond formation. In gases these processes proceed at high rate. For example, for
methyl radicals, almost every collision produces ethane molecules:

2CH3 e d C2H6.

In solutions the recombination rate changes with respect to the diffusion rate up
to 10° 1/(molxs) level.

Disproportionation of radicals
Disproportionation of radicals proceeds with formation of saturated and
unsaturated molecules:

2C,Hs5 > CyHg + CoHy.

Redox reactions
The typical example of these processes is one-electron transition in
reactions of radicals with ferrous iron ions:

OH' + Fe*" — OH™ +Fe*".
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Chapter 3. Detection methods for radiolytic products

Radiolytic conversions of various substances are generally defined by
the radiation .conditions (phase -state of the medium, ionizing radiation
intensity, composition -and concentration of solutions, etc.). Therefore,
determination of the radiolytic conversion mechanism for the system under
study and control of the reactions in it require recording moments of
occurrence and conversion of primary products of radiolysis — ions, excited
states and radicals, which are highly reactive particles. The simplest case is
presented radiolysis of gaseous substances. Under these conditions, the
interaction between molecules is minimal. Ions may be registered directly in
the gas phase, for example, using the mass-spectrometry method.
Spectroscopic methods may help in tracking formation and conversions of
intermediate compounds having absorption bands in various ranges of
wavelengths. In the condensed phase at direct registration of ions,
luminescence and ESR methods may help in tracking formation and
conversions of ions and excited states, and ESR and spectroscopy methods help
in tracking radical conversions. Let us briefly discuss physical grounds of these
methods of investigation.

3.1. MASS-SPECTROSCOPY METHOD

The mass-spectrometric method determining the origin of ions and
studying their properties is based on the principle of ion acceleration by
electrostatic field between condenser plates with accelerating potential ¥ and
their emission to evacuated system, placed in magnetic field with intensity H.
Magnetic field is transversal to the electron motion direction. In magnetic field
ions are moving by circular orbits of radius ». The semicircle radius » depends
on the accelerating potential ¥, mass of ion m, ion charge e, and magnetic field

intensity H.
mv?
Potential energy of the ion s converted to kinetic energy ——, and at
Z

complex acceleration



Radiation Chemistry of Biopolymers 27

In magnetic field, the centrifugal force ™Y is balanced by centripetal force
¥

Hev:
2
my
—— = Hev,
r
wherefrom
Her
v —_— e———
m

Thus, substituting the velocity expression into the above formula of energy
conservation, we get:

mH?e*r?

Hev = 5

2m

From this expression, we deduce that

m H*?
e 2y
Values of H, v and r can be determined in the experiment that gives an
. . m
opportunity to obtain — value.

e
Ions occurring on the detector are formed by the following reaction:

A+e >A"+2e. 3.1

The quantity of positive ions is expressed in ionic current units and depends on
potential V;, which accelerates the ionizing electron. For example, ion H; is
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not formed until potential reaches 15.4 V level (the ionizing potential of
molecular hydrogen), which is necessary for running the reaction

H,+ e - Hj +2e. 3.2)

As energy of electrons exceeds the ionization potential, hydrogen
molecule may dissociate into two atoms, one of which is ionized:

H,+e >H +H +2e. (3.3)

The potential at which H' ions occur equals 18.05 V. This potential equals the
sum of H-H bond break energy and the ionization potential of hydrogen atom.
Of course, this is true under the condition that the products formed are present
in the ground state:

H, > 2H +4.45 eV,
H+e >H +2e +13.50eV;

Hy+e=H +H+2e +18.05¢eV.

This method may be applied to determination of bond break energies of
many molecules.

In mass-spectrometer the lifetime of ions is up to 10~ s (up to 10™% s in
the liquid phase).

3.2. LUMINESCENCE METHODS

The method is based on substance luminescence registration at
transition of particles from the excited to the ground state. The luminescence
spectrum represents a dependence of luminescence intensity on the wavelength
of irradiated luminescent light:

Iim :ﬂ)vlum)-

At photoluminescence (luminescence excitation by photoimpacting of the
sample) luminescence intensity /iy, at current wavelength of exciting light is
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measured. For radioluminescence, the excitation source is ionizing radiation. In
the case of chemiluminescence, luminescence occurs due to proceeding of
chemical reactions, in which products in the excited state are formed. The
excitation spectrum (the case of photoluminescence, the luminescence action
spectrum) shows the dependence of luminescence intensity on the wavelength
of exciting light:

Tum
AL

€XC

where I is the exciting light intensity, expressed in quantum/(cmzs). The
quantum yield of luminescence ¢ equals the ratio of the number of
luminescence quanta to the quantity of absorbed quanta:

p= Ilum
1,(1-71)

where I is the quantity of quanta hitting the sample; 7" is the sample

transmittance.

The important characteristic of the method is the luminescence damping
time, from which lifetime of the excited state of the molecule is determined. If
the lifetime of excited molecule is 107 s or shorter, we are speaking about
fluorescence; if the lifetime time is longer, we mean phosphorescence. More
strictly, the first case represents luminescence at transition from the excited
singlet state to the ground state; the second case represents luminescence at
transition from the excited triplet state to the ground state.

For instance, the luminescence methods are applied to investigations of
biopolymer structure and changes in it under the effect of various factors
(reagents, radiation, etc.) in the studies of energy intra- and intermolecular
migration processes. The measurement technique for radiochemiluminescence
is used in the study of radiolytic conversion mechanism of dissolved
substances.

The radiothermoluminescence (RTL) method used for detection of
primary products of radiolysis, which are ions, is based on a physical
phenomenon — the formation of excited states of molecules in acts of
recombination of oppositely charged ions. Of course, such measurements can
be implemented, if the recombination act is accompanied by luminescence,
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registered, for example, by a photoelectron multiplier. In the general case, the
RTL method includes the following sequence of operations:

- substance radiation at low temperature, usually, liquefied nitrogen
temperature;

- irradiated substance of system heating up;

- luminescence registration by appropriate devices.

e
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Figure 3.1. Photon emission curves for solutions radiated at 77 K:
(a) vitreous 10 M KOH solution containing thymine (0.001 M),
radiation dose 16 kGy;
(b) 4.6 M NaH,POj4 solutions containing glucose, radiation dose
2.4 kGy: 1 — without glucose; 2 — 0.01 M glucose; 3 - 0.1 M
glucose
The right branch of the curve 1 is recorded at amplification 0.03



Radiation Chemistry of Biopolymers 31

Radiation of substances at low temperature, when the majority of
molecular movements in the system under study are suppressed, induces
capture of oppositely charged ions, formed in the primary acts, by any traps —
the defects of molecular structure, if the systems represent solutions, polymers,
etc. Heating up of irradiated samples initiate mobility of some components of
the system, traps are destroyed, and charges are released from them,
recombining and forming excited states. The latter luminesce, simultaneously.
Typical photon emission curve (RTL curve) is shown in Figure 3.1. The
maximum in the low-temperature range indicates occurrence of mobility of the
system components or recombination of primary ions:

H'..2..0"—> (OH)* > OH + hv.

The luminous intensity depends on the number of recombining ions and
luminosity or the luminescence activator concentration. The application of this
technique to the study of acceptor properties of various compounds in relation
to primary products of radiolysis of water, biopolymer components, protectors
or radiosensitizers was the most successful.

Figure 3.1b presents photon emission curves for hydrophosphate
solutions containing different concentrations of glucose. The measurement data
for these samples, obtained by the RTL technique, indicate a decrease of
luminous intensity in the solution in high-temperature area (7= 170 — 180 K)
with increasing glucose concentration. This is explained by drifting of
recombining particles — OH™ radical and electron — in the reaction with
glucose.

The spectrophotometry method

The spectrophotometry method represents a particular case of ion
detection in the condensed phase — solids or solutions. This method is based on
particle detection using optical absorption spectra. For monochromatic light,
absorption in the sample is described by the Bouguer-Lambert law:

1= Ipexp(—eCl),

where I and [ are intensities of incident light and after penetrating through the
sample, respectively; C is the concentration of particles or molecules, cm™; s
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the sample thickness, cm; € is index of absorption per specific unit e.g. specific
index of absorption.

The relation between luminous flux penetrating through the sample to
incident luminous flux is called transmission:

_—
Iy
and the value (1 — 7) is absorption. The value

D =-logT= log—l—
1y

is called optical density. If C is expressed in gram-moles per liter at the sample
thickness equal / = 1 cm, the index of absorption ¢ (the molar extinction) is
determined by the equation:

]og—I-I— =D=¢gCl

0

Thus if we know the molar absorption index of any particle, its
concentration in the current system may always be determined. Many works on
radiation chemistry were devoted to the study of properties and reactions with
the substances of solvated (hydrated in the case of aqueous solutions) electron.
For this purpose, the express method of spectrophotometering combined with
pulsed irradiation of solution.

3.3. THE METHOD OF ELECTRON PARAMAGNETIC (SPIN)
RESONANCE

The method of electron paramagnetic (spin) resonance (the so-called
EPR or ESR, discovered by E.K. Zavoisky in 1944, in Kazansky University) is
applied to registration of intermediate products having uncompensated spin.
The particular case is its application to detection of ions (anions or cations), if
they also have uncompensated spin. The method is based on the Zeeman effect,
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which concludes in splitting of energy levels of particles having electrons with
uncompensated spin in magnetic field. According to the theory of magnetism,
the matter is presented by two classes of substances:

- paramagnetic, represented by atoms or molecules possessing magnetic
moment;

- diamagnetic, represented by atoms or molecules having no constant
magnetic moment.

The method of electron paramagnetic (spin) resonance (ESR) is used
for detection of paramagnetic particles. As a paramagnetic substance is placed
to constant magnetic field H, elementary magnetic dipoles in particles are
oriented at a definite angle to the external magnetic field direction. Every
orientation has its own energy of dipole interaction with the field equal

Emagn = _/JJHCOSQ

where 6 is the angle between the field intensity vector and the magnetic
moment of dipole zy; J is the total quantum number of many-electron particle:

J=L+S.

Here L = X.I;; S = 2.S;, where L and S are orbital and spin quantum numbers,
respectively. Total magnetic moment of electron equals the vector sum

Hi= pat ps,

where 4 = _feh —1p, B is the Bohr magneton, when / = 1 e.g. electron is
mc

. Sen .. .
located on p-orbital of the atom; s = ~ 222 Since the magnetic moment of
me

the particle is determined by the value of J, its projection to the field direction
(magnetic quantum number) has discrete values only: J, J—1,J-2, ..., =J. As
a consequence, every energy level in magnetic field is split to (2/+1) magnetic
levels.

Let us consider a substance, consisting of particles having one unpaired
electron. Let us also assume that this unpaired electron has no orbital moment.
Thus interaction of the substance with external magnetic field will produce two
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energy levels corresponded to two possible orientations of spin 1/2 in constant
magnetic field:

E), =—pHcos,
E, =—p;Hcos 6,
1= -gp;
E\=1/2g[H,
Ex=-112g[H,

where g is the spectroscopic splitting factor, which is the dimensionless value
equal 2.0023 for free electron — the proportion factor taking into account ESR
line location in the spectrum. In the general case,

I H)=LL+1)+S(S +1)
g=1+ 2J(7+1) '

As constant magnetic field is applied to the sample, it becomes heat
equilibrated, and the levels are populated with respect to the Boltzmann
distribution law. The relation between populations of the upper and the lower
levels equals

where £ is the Boltzmann constant; 7" is the absolute temperature.
As electromagnetic field of the frequency providing hv = gf8H is applied
to a system, two processes may take place:

- absorption of electromagnetic radiation quantum;
- its induced emission.

These processes are equiprobable, but excessive population of the lower level
causes absorption of electromagnetic radiation. Figure 3.2 shows the simplest
dependence of UHF power absorption on the intensity of constant magnetic
field.
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m=+1/2
m, E=gBHm, + Amm,

m, L +12 +1/2gBH +1/44

m=-1/2 12 +1/2gBH -1/44

212 -1/2gBH +1/44

Y 412 -1/2gBH -1/44

H H
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a

Figure 3.2. Diagrams showing splitting of energy levels:
(a) for paramagnetic particle having /=0 and S = 1/2;
(b) for unpaired electron at interaction of its magnetic moment with magnetic moment of the
nucleus /=1/2
Punr is the UHF power; Hy is the intensity of magnetic field at resonance absorption
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For the majority of paramagnetic particles, the resonance absorption
represents a complex curve, which is ESR spectrum characterized by the
following parameters: band intensity, width and shape, g-factor value, and
hyperfine structure (HFS) of the spectrum. These parameters define the origin
and structure of paramagnetic particles, their interaction with one another and
the environment.

The interaction between g and external magnetic field is expressed by
Hamiltonian as follows:

H=-u. or H=gpHS,.

The interaction between a nucleus and electron (hydrogen atom is the simplest
example) is described by the following Hamiltonian:

Hy = gHS; — gnonHL,

where I, is the Z-axis component of the nuclear spin. Magnetic moments of
electrons and nuclei interact by the contact interaction (Fermi) mechanism:

H, = alS = a(I,S, + 1S, + LS.),

where hyperfine interaction constant is a = (87t/3)gﬂgNﬁq|y/0]2. Hence,
Hamiltonian of dipole interaction is

IS 3(1:)(S,
H, =_gﬂgNﬂN|:r—3_‘£—r)5(_—):|s

where 7is the radius-vector from g to un; r is the distance between
appropriate magnetic moments. Thus, the general Hamiltonian is the following:

Hy= gﬂHSz — gNﬁNHIZ + H, + H,.

Hyperfine splitting

The energies of levels are expressed as follows:
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E = gfHms + Amsmy.

For hydrogen atom: the nuclear moment is m; = £1/2 and spin electron
moment is ms = +1/2. The selection rules for ESR spectra are Ams = £1, Am; =
0.

Figure 3.2 shows that the energy of two transitions observed equals

E=gPH+ A2,
where A is the distance between neighboring bands. Taking the equation
hv=gfH
and substituting values of /# and £ and g. = 2 into it, and moreover assuming H

=10’ G, we get the frequency of electromagnetic energy equal ~10" Hz,
which falls within the ultrahigh frequency (UHF) range.

ESR band intensity

This parameter is defined as the area under the resonance absorption
curve and is proportional to the quantity of paramagnetic particles in the
sample. Their absolute quantity is estimated by comparing intensities of spectra
measured for the sample under study and the standard.

Band shape

The band shape in ESR spectrum is compared with Lorentz’s and
Gaussian band shapes, which are for Lorentz shape:

a

ST

and for Gaussian:
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Band width

The band width AHn.x is related to the half-height (AHy) by the
following expression:

AHmax = (2\/5 ) AH,, (the Lorentz shape)
and

AHpmax = 2|1 AHy, (the Gaussian shape).
In2)2

Usually, real bands are of an intermediate shape (Lorentz in the middle and
Gaussian at the borders).

Relaxation times
Relaxation times 7, and #, define the resonance band width as follows:

AH:z~l+~l-.

L b

Here ¢, is the lifetime of the excited electron spin. For organic radicals ¢ may
reach several seconds. The main contribution into the band width is made by
relaxation processes related to spin-spin interactions, proceeding during #, time,
which is inversely proportional to AH,.

Due to the information content, the ESR method offers considerable
possibilities of investigating primary and intermediate processes of radiolytic
conversions of the matter, because it detects particles with uncompensated
spin, free radicals (including cation- and anion-radicals), and, moreover,
particles in the triplet excited state. All the above-mentioned products are
formed at the substance radiation, produced by the interaction of ionizing
radiation with the matter transiting to ionized and excited states due to
complete and incomplete removal of electrons from molecular-orbits. Further
on, these states of molecules change due to dissociation producing (similar to
some cases of ion conversion in the gas phase) free radicals. Under common
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conditions (in solutions), short-living free radicals may be quite easily detected
at low temperature of the irradiated sample. This technique helps in registering
and studying properties of radicals of many radiated systems, including frozen-
up solutions. This will be discussed in more detail On the example of radiolysis
of biopolymers (Chapters 7 — 12).
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Chapter 4. Radiation chemistry of water and water solutions

4.1. PRIMARY PRODUCTS OF WATER RADIOLYSIS

Mass-spectrometric  studies of water vapor radiolysis allowed
experimental detection of the majority of primary products of water molecules.
Table 4.1 shows ionic composition formed after water vapor radiation,
reactions of ion formation, potentials of their occurrence and relative yield.
Clearly, H;O", HO" and H' ions are most popular. The intensity of H;O" ion
peak is proportional to square pressure of water vapor in the ionic source.
Therefore, this ion is formed in a secondary biomolecular reaction. The yield of
negatively charged ions is very low. Water radiolysis produces neutral radicals
H and OH, and molecular products H, and H,O..

Table 4.1
Basic ions formed in water vapor according to mass-spectrometry data
Ton Occuqence Relative intensity Reaction
potential, V at 50 V at 100 V
H 4.8;5.6 - 0.6 H,0+ 7 - H +OH
o 7.4:75 - 0.15 | HO+e >0 +2HO +
H»)
Ho' | 12013 100 100 H0+ 2 - H,0" +2¢
mo' | 08I 20 ~ | H0"+H,0 > H;0" + OH
OH"-O" 18.?;9168.8; 20 23 H,0+ 2z — OH' + H+2¢
H  |19.5;29.15; - 2 2 H,0+e >0 +H,+2e

Radicals H® and "OH are formed by the following reactions:

H,0"+ e =H"+"OH
H;0"+ & =2H" +‘'OH
H +e +H,0=2H"+°'OH
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OH' + ¢ + H,O=H" +2°0H
H,0* =H" + "OH.

Molecular products are formed in the interaction of radicals in the
absence of radical acceptors in the gas phase on the vessel walls or near water
molecules:

H' + "OH =H,0
H +°H= H,
HO. + .OH = H202.

Proceeding of the following reactions is also possible:

H® + H,0,="OH + H,0
.OH + H2 - H. + HzOz.

It has been proven (by Firestone) that D, is a good acceptor of H® and
*OH radicals. For instance, at water vapor radiolysis by Bparticles from tritium
the following reactions proceed:

H' +D,=D"+HD
‘OH+ D, =D"+HOD
D*+°D =D,.

Since the numbers of H" and "OH radicals equal one another and equal
the number of dissociated water molecules, then HD yield may be expressed as
follows (7' < 150°C):

G(HD) = G(-Dy) = G(Y) = G("OH) = G(-H,0) = 11.7.
In water vapor, up to 3.5 ionic pairs per each 100 eV are formed. For

irradiation of water vapor by 10 keV electrons, it has been found that total
yield of dissociated water equals:

G(—HZO) = Gionized molec. + Gexcited molec. — 291 +4.96=17.87.
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Note that the same ultimate yield of water dissociation, corresponded to
complete invoking oxidative or reduction component of water radiolysis e.g. G
= 8, may also be reached in the case of radiolysis of concentrated aqueous
solutions of acceptor of any of these components, if conditions suppressing the
inverse reactions of primary water radical recombination are obeyed in the
experiment. For example, in strong alkaline solutions of sodium nitrate (1 M)
the yield of nitrate ion dissociation equals G = 4 — 4.5 (it is determined by
nitrite-ion accumulation; two reduction equivalents are consumed for each
nitrate ion).

Liquid water radiolysis

Table 4.2 shows water radiolysis products and types of reactions, in
which these products are formed under the effect of ionizing radiation on water
and as a result of primary particle conversions in the following 107" s. The
Table is composed with respect to data on vaporized water radiolysis.

Table 4.2
Reactions possible in liquid water after radiation impact

Primary particle and maximal energy | Reaction products and relative
of optical absorption or appearance | intensity of the appearance peak (the
potential, eV mass-spectrum at electronic impact, £
=100 eV)
H,O0* (7.4 eV) ‘OH+H~+~2eV
H,0 (9.2) ‘OH* + *H
H,O + & (12.56) unpaired electron (100)
or H-O-H..."0-H, H;O0'+°OH+ e
H,0+*+ & (~18.7) OH +°'H+ e + Eun (23)
(-19.5) H +'0H+e (5)
(—18.6 and 26) O'+'H+e (2and1.7)
H,O (singlet) + & H,O (triplet) + e
e (5.6eV)+H,O H +'OH (0.6)
g (7.5eV)+ H,O O” +2H" (1.5)
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The differences in radiolysis of liquid and vaporized water are the
following: ions and excited molecules are closer to one another in liquid water;
LET is several thousand times higher; ions are hydrated.

Table 4.3
Time scale for radiation chemistry of water

Time, s Process, lifetime of particles
107"® | Molecule closing by an electron with 1 MeV energy
107'® | Molecule closing by an electron with 5 eV energy
107" | Vertical excitation
10°'* | Ion-molecular reactions. Molecular vibrations; dissociation; electron
thermolysis and its capture by a spur in liquid:
H,0* > H + OH
107" | Particle collisions in the liquid; internal conversion
H;0'+ 2 -> H' +H,0
1072 | Radical breakthrough at diffusion (d ~ 2 to 8x10™ cm’s™")
10" | Dipole relaxation; electron capture time in liquid (¢ — € hydr)
107! | Period between collisions in gas under 1,013 hPa (1 atm) pressure
10° | Radical recombination in a cylindrical track. Singlet excitation
lifetime (in organic systems)
107 | Radical recombination in spherical spurs
107 | Radical reactions with dissolved substances of 1 M concentration
(with activation energy equal 5 kcal/mol)
10~* | Diffusion of radicals between spurs in tracks of electrons with 1
MeV. Triplet excited state lifetime
107 =11 03 lifetime
Total: |y, w0107 | 4y 6 H,0* —" 5 H, OH
€ hydr ﬂ—i—) H,, H,O,, H,0, .H, .OH, € hydr
In the absence of dissolved compounds in encapsulated systems the

following reactions proceed with high yield:

H® + H,0,="0H + H,0
‘OH + H, =H' + H,0.
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In open systems H, is released and hydrogen peroxide is accumulated.
Then with water radiation the following processes should proceed:

"OH + H,0, =HOj +H,0
HOj +HO3 =H,0,+ 0.

Duration of water radiolysis active product formation and conversion
are shown in Table 4.3.

4.2. RADIOLYSIS OF FROZEN-UP AQUEOUS SOLUTIONS

The specific character of low-temperature radiation method is stipulated
by difficulties in recording radiolytic phenomena in a multiphase system,
represented by frozen-up aqueous solution.

However, if during freezing glasses are formed e.g. chaotic disposition
of solvent and dissolved substance molecules is preserved, the yield of water
radiolysis primary products will approach its value for the liquid-phase
radiolysis.

For such solvents—matrices, used for observation of radiolytic
properties of substances, acid, alkaline and mixed salt solutions are taken —
organic compounds and water solutions forming transparent quasi glassy-like
structures at quick freezing (by steeping to liquefied nitrogen). Variation of the
composition of these matrices creates conditions for accumulating one water
radiolysis product or another with the maximum yield and inspecting their
interactions with the substances under study.

In the investigations of glassy-like frozen-up aqueous solutions, we
managed to determine the origin and discover properties of the majority of the
primary products obtained at the water radiolysis (except for H; and H,O")
their radiation-chemical yield and, consequently, compose the material balance
of the primary products of the water radiolysis.

Contrary to the liquid-phase radiolysis, such determinations were
performed by direct measurements. For this purpose, low-temperature ESR and
spectrophotometry methods have been used.

Radiation-chemical yields of the primary products of water radiolysis
were determined. They were stabilized in various glassy-like matrices —
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alkaline and acid frozen-up solutions. For instance, radiolysis of frozen-up
aqueous alkaline solutions (KOH, 10 M) was studied by tracking accumulation
of radicals &*y, H" and O™. The latter is formed in the following reaction
proceeding in strongly alkaline medium:

H,0" + H,0 + OH = H;0" + O"-H,0.

It has been found that ey and O~ yields in the alkaline KOH 10 M
solution are identical:

G(es)=G(O)=3.4+0.2.

We may also introduce a correction per recombination of radicals eg
and O~ at low temperature due to tunneling of electrons during the time passed
after irradiation till registration of these particles. In this case, the value may
reach ~5 e.g. the value for the liquid-phase radiolysis. As we apply the method
of short-term pulse radiation (dozens of picoseconds), for pure water the
following values were recorded:

G(? hydr) =4.3.

In the case of radiolysis of frozen-up concentrated acid solutions (4.5 —
6 M H;PO,) at 77 K, we succeeded in registering only e and H,O conversion
products: H atoms, “OH radicals, and radicals formed from ions of diluted
acids interacting with H,O". In the presence of phosphoric acid, which in 1 M
concentration is effective acceptor of electrons, nitrate ions, in the glassy-like
solution, primary radicals can be invoked in the reactions and register total
yield of radicals (H atoms and OH radicals, phosphate and nitrate radicals)
equal 7. If we introduce a correction for the radical recombination reaction
with time, this value should be expanded to values corresponding to that
observed for radiation impact on vitrified solutions of concentrated alkaline.

Thus the balance of water radiolysis primary products is fulfilled for
concentrated alkaline and acid solutions and coincides with the measurement
results for radiation of pure liquid water. These results confirm the unity of
origins of the processes proceeding in all three types of aqueous systems and,
which of the same importance, allow for a conclusion about appropriateness of
frozen-up aqueous solution application as model systems for studying
regularities of aqueous solution radiolysis for various substances.
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The example of application of low-temperature radiation method to the
study of the radiolysis mechanism for dissolved compounds is presented by the
data on accumulation of primary radicals in lactose and disaccharide solutions
(refer to Chapter 8). Table 4.4 shows concentrations of primary radicals (water
radiolysis products) H" and O™ and total concentration of radicals in lactose
solutions irradiated at 77 K (*°Co, y-radiation, 50 kGy).

Table 4.4
Concentration of radicals (radical/g) in frozen-up aqueous alkaline
solutions (10 M KOH) of lactose

Lactose Total Radical H Radical O

concentration. M concentration of concentration, concentration,
’ radicals, x10'® x10'¢ x10'8

0.126 1.4 5.5 1.1

0.350 1.5 2.0 0.7

0.700 4.7 (2.8) 1.1 0.4 (0.25)
Note: Shown in brackets are concentrations of OH radicals in neutral

solutions.

As may be concluded from these data, disaccharide molecule interacts
with the oxidant component of water radiolysis and H® radicals: the
concentration of these radical products, stabilized at 77 K, decreases with
increasing concentration of carbohydrate in solution. Such method of radiation
impact on frozen-up aqueous solutions was also used in the studied of the
primary stages of biopolymer radiolysis (refer to Chapters 8§ — 11).

The use of low-temperature radiation technique for water solutions
allows for both observation of the primary stages of radiolysis of dissolved
compounds and the study of the following stages of conversion, for example,
for radicals to which dissolved compounds dissociate. These data may also be
related to detectable final effects of solution radiation. For example, the study
of amino acid deamination, radiated at different temperatures (77 and 195 K)
and pH, indicated electron participation in this reaction. As transiting from 77
to 195 K e.g. to conditions, when besides electron *OH radicals are also mobile
in the solution, ammonia yield does not practically change (Table 4.5). Vice
versa, as amino acid solution is added by inositol — *OH radical acceptor, the
yield tends to increase (radiosensitization effect, refer to Chapter 13).

In the process under discussion, the primary act is capture of an electron
by carbonyl group and corresponding formation of anion-radical. The ammonia
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(e.g. anion-radical) yield depends on the fact, if carboxylic group is dissociated
or not (refer to data on glutamic acid, Table 4.5). Further on, anion-radicals
degrade with ammonia release. The general process proceeds according to the
following scheme:

(0] o
I . I Il
R—(I?H—C—OH + € —R—CH—C—OH—>R—CH—C—OH + NH 5

+ +o

NH; NH;

Chapters 7 — 11 present more detailed information on the radical
formation and conversion mechanisms under the radiation impact on aqueous
solutions of biopolymers, obtained by the low-temperature radiolysis method.

Table 4.5
Amino acid deamination yield G(NH;3), analyzed by Conway, at irradiation
of their frozen-up aqueous solutions (0.05 M at 77 K)

Irradiated substance G(NH3)

G}]f/cine (pH 6.1) 0.035+0.15

H—(Ii—COOH [2.4]* 0.035 + 0.02**
NH, [9.8]

Leucine (pH 6.8)
(CH3)2CHCH2—(|3H—C00H [2.36] 0.03 £ 0.01

NH,
[9.6]

Lysine (pH 6.8)
H,N—(CH,)4CH—COOH [2.18] 0.1 £0.02

[10.53] N,
[8.95]

Arginine (pH 8.0) 0.02 £ 0.01
HZNﬁNH—(Cth—?H—COOH [2.17]

NH NH,
[12.48] [9.04]
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Table 4.5 (continued)
Irradiated substance G(NH>)
Glutamic acid
HOOC—(CH2)2—$H—COOH [2.19]
[9.25] NH,
[9.67]
pH 1.3 0.17 £0.01
pH3.0 0.04 + 0.003
0.04£0.01
0.06+£0.01**
+
oH 4.4 ) (0.04+0.01)
(0.06+0.01)**
(0.10£0.01;
| 0.5 M inositol)
pH 11 0.04 £ 0.01
Glycylglycine (pH 5.75)
0 0.04 £ 0.03
?HZCNHCHZCOOII (0.12 £ 0.04)
3 *%
NH, [2.3] (0.09 £ 0.01)
[9-10]

Notes: * Values in square brackets are pK for corresponding functional groups.
** Radiation was carried out in the presence of inositol (0.2 M), which

is “OH acceptor.
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Chapter S. Basic regularities of solution radiolysis

5.1. SUBSTANCES — THE RADICAL ACCEPTORS

Determination of reaction rate constants

Water and solution radiolysis products are results of the interaction of
radicals formed from water with one another and dissolved substances. All
water-soluble substances may be considered as water radical acceptors.
Interacting with water radicals, they form radicals of dissolved compounds. As
interacting with oxidative radicals ("OH, H20+), they oxidize the substance
(detach electron or H" or add *OH), whereas the interaction with reduction
components of water radiolysis (H' and e”) causes reduction of dissolved
compound.

To implement the process by one of these directions, radiation
chemistry uses the method of introducing substances consuming the
“unwilling” component of water radiolysis in their reactions and producing the
component necessary for the process proceeding into the solution. These
compounds are, for example, H,O,, Na,O, H; and CO:

H,0,+H 5> H,0+ OH; k=1.6x10*M™'s"; pH=10.4 + 3
NoO+2 5N, + 07 k=8.7x10° M s, pH="7

H, +OH - H, 0+ H'; k=4.5x10' M's™!; pH=7
H,+0 > OH +H'; k=8x10" M's™; pH=13
CO+OH — CO,+H" k=1.4x10° M 's™".

For making the process proceed in the desired (for example, oxidative)
direction for dissolved substance X, the following condition must be fulfilled:

k[H][H20,] >> &[H][X].
This means that the reaction rate of reduction radicals with the additive

compound must be much higher than the interaction rate of these radicals with
the dissolved substance.



Radiation Chemistry of Biopolymers 51

Determination of relative reaction rate constants is based on the
principle of competition kinetics. The solution contains potassium
hydroxylamine disulfonate (HADS), HON(SO;K),, and tested substance X, for
which the rate constant of the reaction with OH™ radicals should be determined.
It is known that dissolved HADS reacts with OH™ radicals forming only
potassium peroxylamine disulfonate (PADS), O=N(SO3K),, radical stable in
water. The selection of HADS and X concentrations may create conditions for
preferable proceeding of two processes in the solution:

HADS + OH™ = PADS + H,0; k= (4.9 + )x10' M 's™! 5.1
X + OH™ = products. (5.2)

PADS accumulation in the solution may be observed by ESR or
spectrophotometry method (the absorption spectrum of PADS falls within the
range of A between 220 and 260 nm).

Let us present the balance equation. The substance (HADS indicator)
conversion rate equals:

W = G(-HADS)xI = G(PADS)xI =k;[HADS][OH ], (5.3)
where I is the radiation intensity;

G(PADS)x I

(O 1= k[HADS]

(5.32)

Under stationary conditions, the variation rate of radical ‘OH
concentration equals zero, i.e. the number of "OH radicals formed equals the
number of them consumed in the reaction:

- l——)d ;;)H = G("OH)xI — ki [HADS][*OH] - k[X][*OH] = 0; (5.4)

after separation of variables, we get:
G('OH)xI = {k)[HADS] + ko[X]}["OH]. (5.5)

As we substitute (5.3a) into (5.3), the following expressions are deduced:
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k[HADS]+k,[X] |

G('OH)xI = G(PADS)xI t[HADS] (5.6)
ky[X]
I kl[HADS]‘ 57

G(PADS)  G[*oH]

_[x]
G(PADS)  [HADS]
dependence is linear (Figure 5.1b):

This means that in coordinates PADS accumulation

tear = .
& G|°*OH |

By k; and G("OH) values the reaction constants k, of the reaction (5.2) may be
determined, similar to how it has been made for the radiolysis of aqueous
solutions of compounds — biopolymer components and biopolymers
themselves. The tests have studied the dependence of stable PADS radical
accumulation on the radiation dose (Figure 5.1a). From initial linear areas of
PADS accumulation curves G(PADS) was determined. The dependence of
G(PADS) on concentration of compound X was studied (Figure 5.1b). The
linear anamorphism of G(PADS) dependence curve on the concentration of
compound X was composed in the dashed bound area in Figure 5.1b, and from
its tangent the rate constant of X reaction with “OH radicals was determined
(Figure 5.1c).

Table 5.1 shows rate constants of *OH radical reactions with the
components of the main biopolymers and biopolymers themselves. The
compounds-indicators of oxidant radicals were potassium hydroxylamine
disulfide (the alkaline medium) and the nitroso base (accelerene, the neutral
medium). Table 5.2 presents rate constants of water radical reactions with
compounds used as radioprotectors in radiobiology. These values were
determined with the help of various indicator systems.
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Figure 5.1. Accumulation (a) and yield of stable PADS radicals (b, c) at HADS solution radiation (see text) by
accelerated electrons (1.6 MeV):
a) (1) HADS 0.1 M solution without any additive; (2) the same in the presence of DNA (8.3x10—3
M, molecular mass equals 300 atomic units);
b) concentration dependence of G(PADS) at radiation of HADS and DNA;
¢) linear anamorphism of the concentration dependence
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Table 5.1

The rate constants of *OH reactions with compounds, determined with the
help of indicator systems PADS + "OH (pH = 12, 8.8)* and RNO + *OH

(pH = 6.5"%) [1, 2]

Compound k ("OH + compound), M"'s™"
(7+ 1.7)x10"°
DNA (5.6 + 1.1)x10° *
(2.2 £ 0.4)x10" **
RNA (1.9 + 0.3)x10° **
(7.6 = 1.5)x10°
Thymine (4.4£0.9)x10° *
(1.4 £ 0.1)x10° **
Thymidine (2.7£0.5) x10°
Thymidylic acid (6.9 £ 0.2)x10°
Uracyl (4.2 + 0.8)x1 9o9
(6.9 + 1.3)x10° **
Uridine (2.4 £ 0.5)x10°

(2.4 0.1)x10° **

Uridylic acid (2',3")

(1.9 + 0.5)x10°

(2.5+0.3)x107 **

S5-Aminouracyl

(8.8 +1.7) x10°

Cytosine 29+ O.6)x109
Cytidine 2.5+ 0.4)x10°
Deoxycytidine HCI (6.4 +£2.7)x1 0’

Deoxycytidylic acid

(8.5 £2.3)x10°

Hypoxanthine

(4.2 +0.8)x10’°

Adenine

(4.9 £ 1.0)x10°

Adenosine

(2.8 +0.3)x10°

Adenylic acid

(3.6 + 1.4)x10°

Deoxyadenosine

(2.0 + 0.4)x10°

Guanine

(4.1 +0.3)x10°

Deoxyguanosine (pH 11)

(1.25 £ 0.37)x10°

Deoxyguanylic acid NH
(pH 11)

(2.3 £ 0.6)x10°

(9.6 + 2.9)x10®

2-Deoxyribose

(8.8 + 1.9)x10°
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Table 5.1 (continued)

Ribose

(1.36 £ 0.45)x10°

(4.4 £ 0.4)x10° **

Disubstituted potassium glucose-1-
phosphate

(4.2 £ 0.7)x10’

(1.6 £ 0.4)x10° **

NazHPO4

(1.6 + 0.3)x10°

NaH2PO4

(8.2 £ 0.2)x10’

Human serum albumin

(4.0 + 0.8)x10° *

(9.4 +2.2)x107 **

[-Phenylalanine

(3.7£0.7)x10°

(2.8 + 0.6)x10° **

(1.2£0.35)x10"

Tyrosine 5
(5.6 £2.6)x10
Tryptophane (4.3 +0.9)x10"
Cysteine (5.6 + 1.9)x10°
10
Cystine (5.7+£0.9)x10

(3.1 £ 0.3)x10° **

Cystine (pH 11)

(4.4 + 0.8)x10°

Alanine

(9.8 £ 1.9)x10’

Glycine

(5.5+1.7)x10°

(3.7 £ 1.9)x10° **

Deoxyphenylaniline

(3.9 + 0.8)x10’

DNP (deoxyribonucleic protein)

(1.36 £ 0.3)x10'"

Benzene (pH 11)

(2.3 +0.2)x10°

Phenol

(2.4 +0.5)x10'"

(7.7 + 1.5)x10"°

Indole

(4.7 +0.8)x10"°

Corn starch

(2.9 + 0.5)x10° **

Waxy starch

(2.5 +£0.4)x10° **

(9.5 + 1.9)x10’

Glucose .
(3.8 + 1.1)x10°® **
Cellobiose (4.9 £ 1.0)x10°
(3.6 + 0.1)x10° **
Melibiose (3.8 + 1.2)x10° **
Lactose (244 0.2)x10” **
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Table 5.1 (continued)

Methyl glycoside (2.4 £ 0.3)x10° **
Methyl galactoside (1.6 £ 0.1)x10° **
Methy! arabinoside (2.4 £ 0.5)x10° **

The comparison of data in Tables 5.1 and 5.2 induce the following
conclusions:

1. The most probable places of damaging by *OH in biopolymers are the
following: in the protein molecule — sulfur-containing and aromatic
amino acid residues, particularly, their aromatic rings (this is also true
for H atom reaction); in nucleic acid molecules — nitric bases.

2. In molecules of nucleic acids about 80 — 90% of *OH radicals attack
bases, and 10 — 20% — sugar phosphate fragment.

3. Substances-radioprotectors are among the most effective acceptors of
both oxidant and reduction radicals. It may be suggested that one of
manifestations of the protective effect in the biological system is
induced by their competing with biopolymers for water radiolysis
products (see Chapter 13).

Therefore, the investigations of reactivity of flavonoids, which are
natural (vegetable) substances, nontoxic phenols and potential radioprotectors,
in relation to oxidant "OH radicals are of special interest. Flavonoids possess
several extraordinary pharmacological properties: they are antioxidants,
antimicrobial, antiviral and anti-inflammatory agents, has positive effect on
vision, release heavy metal salts from the organism. They are also used for
prophylaxis of cardiovascular system diseases: hypertension, thrombophlebitis,
and atherosclerosis. These compounds possess antiradical activity (radical

‘OH, e, HO; and other peroxide radical acceptors [3 — 5]). Table 5.3 presents

the rate constants of reactions for several flavonoids and allied compounds
(refer to Figure 5.2 for corresponding structures) in relation to radicals “OH,
obtained with the help of the above-considered method of competitive kinetics
[5]. Para-nitrosodimethylaniline with k(RNO® + *OH) = (1.25 + 0.25)x10'"°
I/mol-s was used as the indicator substance. As shown in Table 5.3, all the
above-mentioned natural compounds possess effectiveness as "OH radical
acceptors, the same as synthetic sulfur-containing radioprotectors
mercaptoethylamine (MEA) and mexamine.
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Table 5.2

Rate constants of radioprotector reactions with oxidant and reduction
components of water radiolysis

Radioprotector

k M s

p+"OH °

o
krp+€hydr’M S

Meso-inositol

(1.0 £0.12)x10°

Propyl gallate

(1.2 £0.2)x10"

(5.5 +5.2)x10°

3-Oxypyridine

(6.7 £0.6)x10°

2,4,6-Trimethyl-3-oxypyridine

(2.5 £ 0.4)x10°

(2.0 £0.2)x10’

4-Ethyl-6-methyl-3-
oxypyridine

(1.4 £0.1)x10°

d, /- Penicillamine

4.7x10°

5.1x10° (pH 6.5)

Penicillamine disulfide

6.5%10°

2-Mercaptoethyamine
(cysteamine)

1.49x10" (pH 1)

3.9x10'° (for H, pH 2)

2-Mercaptoethylamine
(cystamine)

2x10"° (pH 6.9)

4x10" (pH 7.3)

2-Mercaptoethanol

(6.5 - 5.1)x10°

2x10° (for H)

1.2x10"° (pH 6.5)

Mercaptoethylguanidine

reduced —SH - 2x10"° (pH 6.74)

oxidized —S—S— — 2x10" (pH 7.4)
2,2"-Dithiobisethylamine 1.1x10"° (pH 1) -
[B-aminoethylisothiouronium > 1x10'° _
(AET)
Thiourea 4.7x10° (pH 7) -

9

Selenourca (72 =55)x10 (PHT) | 4 0510° (pH 6 - 11)

(7.5 - 6.3)x10® (for H)
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Table 5.3
Reaction rate constants of flavones and flavanones* with “OH radicals [5]
Compound pH k.o > /mol-s

Quercetin (I) 6.0 (2.3 +£0.3)x10"

7.2 (1.3£0.1)x10"
Luteolin (II) 6.0 (2.2 £0.5)x10"

72 (1.3+0.1)x10"
Saliphoside (11I) 6.0 (2.0 £ 0.5)x10"°

7.2 (1.3 £0.2)x10"
Dihydroquercetin (IV) 6.0 (5.7+0.2)x10°

7.2 (7.3 £ 0.5)x10°
Phellavin (V) 6.0-7.2 (7.8 £ 0.5)x10°
Anthocyanin (VI) 72 5x10°
Alpizarine (VII) 6.0-7.2 (6.1 £ 0.6)x10’
MEA 6.0 —7.0 (1.6 £ 0.2)x10"°
Mexamine 6.0—7.4 (6.3 £ 0.3)x10’

Note: Digits in brackets represent numbers of structures in Figure 5.2.

FLAVONES

FLAVANONES

OH O

Quercetin
(3,3',4',5,7-pentahydroxyflavone)

OH O

v
H

Dihydroquercetin
(3,3',4',5,7-pentahydroxyflavanone)
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Luteolin Phellavin
(3',4',5,7-tetrahydroxyflavone) (8-(3-methylbut-2-enyl)-3,4',5,7-
tetrahydroxyflavanon-7--D-
glucopyranoside)

O0—Glu

O—Glu

OH

Anthocyanin
(pelargonidin-3,5-diglucopyranoside)

Saliphoside
(luteolin-7-glucopyranoside)

XANTHENONE

OH O

Glu OH
HO 0 OH

Alpizarine
(2-C-B-D-glucopyranosido-1,3,6,7-tetrahydroxyxanthone)

Figure 5.2
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Concluding the consideration of the possibilities of the method for
determination of the substance reactivity based on the application of
competition kinetics principles, let us indicate that the technique discussed
using a water-stable radical as the indicator substance may also be applied to
natural nontransparent systems, such as blood, cells, etc.

Other systems — the reactivity indicators — are also discussed in the
literature. The apparent advantage of these systems is relative quickness of
getting information about reactivity of the compounds under study in relation
to any radicals. The general disadvantage of these systems is possible
proceeding of secondary reactions between the indicator substance and
radiolysis products of the irradiated system. Therefore, for the purpose of
excluding such secondary effects in determination of the compound reactivity
the investigator must use a set of indicator substances.

5.2. CONCENTRATION DEPENDENCE OF DISSOLVED SUBSTANCE
DISSOCIATION YIELD

The radiation-chemical yield G is the main characteristic of radiolytic
conversion of any dissolved compound. For aqueous compounds of the same
compound, this value may vary from thousandth parts to 10 or more converted
molecules or ions with respect to radiolysis conditions per 100 eV absorbed by
the solution. The radiolytic decomposition rate of dissolved compounds is
defined by two reasons: the number of radiolyzed water molecules (8 as a
maximum) participating in the process and activity e.g. reactivity of
intermediate products of dissolved compound radiolysis in relation to
molecules of the initial compounds. In both cases, these “start-up” reasons of G
variation may be masked by secondary processes and inverse reactions. For
example, for radiolysis of biopolymers with various functional groups it is not
so easy to determine why one of the processes initiated by the radiation impact
proceeds with higher yield, whereas another proceeds with relatively lower
yield. Nevertheless, the general reasons determining degradation of biopolymer
and maximal (under sensitization conditions) and minimal (under protection
conditions) yields of the processes should be known, because -in practice
processes must be controlled towards both maximal degradation of this
component (radiosensitization therapy, for example) and suppression of the
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radiation damage (which is important for searching the most effective
protection). Let us determine and discuss the reasons for changing the
radiation-chemical yields of the main biopolymer conversions. The first reason
is conditions of injecting primary products of the water radiolysis into the
reaction. M.A. Proskurin has formulated the basic principles for creating
conditions involving water radiolysis products into the reactions [6]:

1.

Since compound concentration in the solution increases, active products
of water radiolysis are gradually injected: firstly, ionized (about four)
radiolysis products or the products of their conversion and, secondly,
excited or conversion products of H* and “OH radicals (about four also)
due to suppression of the radical recombination process proceeding in
the cell:

H® + *OH = H,0.

This is reflected in the character of the two-stage concentration curves
of radiolysis product yield. The levels at these curves correspond to full
involvement of two various types of water radiolysis products into the
reactions. The maximal yield of dissolved substance conversion, carried
out in this way, equals 8.

The geometrical image of the track indicating diffusion of active
particles participating in recombination reactions with dissolved
compounds changes with time. The curve of radiolysis product yield
under discussion displays the final picture of passed reactions with the
track development, the part of active water-derived products, included
in the reaction with dissolved compound, compared with the general
quantity of active reagents. The concentration dependence of compound
degradation yield possesses a plateau (Figure 5.3) and reflects the
effectiveness of dissolved compound in relation to water radiolysis
products. Curve 4 corresponds to the most reactive reagent.

Water represents rather structured liquid. As the solvent absorbs
energy, excited water molecules are formed. Excitation may migrate in
the system (via channels formed by the liquid structure), and it is
definitely probable that excitation may be localized on water molecules
present in the places, where the structure of water is distorted — in
hydrate covers of dissolved substances, for example. The interaction
level of excited water molecules neighboring the dissolved compound
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to molecules of the dissolved compound (e.g. their relation) and
reactivity of the dissolved substance in relation to H and OH radicals
are the reasons, which finally determine, if the excitation energy is to be
transferred to dissolved compound or water molecule dissociates to H
and OH radicals, which then will react with the dissolved compound.

G(AA) -

O : ] 1

Figure 5.3. The dependence of radiation-chemical conversion yield of

dissolved compounds on their concentration [6]:

1 — the most effective radical acceptor; 2, 3 — less active
acceptors; 4 — in the presence of “accessory” radical
acceptor (conjugated according to M.A. Proskurin)

3. Dissociation of water molecules into radicals and their involvement into

reactions becomes much simpler at simultaneous radiation impacting of
two compounds in the solution (conjugated radical acceptors, according
to M.A. Proskurin). One of these compounds preferably accepts one of
the water radiolysis components, and another compound accepts the
opposite component. In the presence of conjugated acceptors, high
conversion is provided for lower concentrations of the above
compounds compared with their separate radiation. The conjugated
acceptors may act in rather diluted solutions e.g. at rather long distances
between molecules of dissolved compounds from one another.
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The process of excited water molecule injection into the reaction in the
presence of compounds showing high proton affinity and, therefore, changing
the chemical origin of irradiated particles, for example, in the case of strongly
alkaline solutions, may be presented as follows:

e -HO «~H:--OH — O-H;O

Note also that all above-mentioned conditions may, principally, be
fulfilled in the case of cell radiation e.g. in the cell microareas representing a
liquid phase (a fluid or an aqueous solution) or to be more appropriate, a
selection of solutions in the range from the most diluted ones to rather
concentrated gels of compounds possessing several functional groups, if these
groups may also compete with one another in the molecule and conjugated
acceptors.
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Chapter 6. The regularities of radiolysis of aqueous
biopolymers and their components

6.1. BIOPOLYMERS AS RADICAL ACCEPTORS

The interest raised in 1950ies to radiolysis of aqueous biopolymers and
other biologically active compounds was mostly defined by the tasks of
radiobiology: a living cell protection against ionizing radiation and vice versa
stimulation of its decomposition, for example, in the case of cancer therapy. To
solve these problems, the primary stages of radiolytic processes proceeding in
all microareas of the living cells must be known.

Aqueous solutions of biopolymers represent a suitable model for
radiobiological investigations, because on average a cell contains up to 80%,
and some parts of it represent a set of organic and inorganic compounds in
different concentrations. At the same time, the cell also contains components
forming a solid phase and interphases form membranes. Therefore, the task of
taking into account radiolytic processes proceeding in this complex
heterogeneous system, the living cell, for the above-formulated purposes of
practical radiobiology and medicine must be reduced to estimation of direct
and indirect (via water radicals) action of irradiation in all components of the
system.

Biopolymers represent water radical acceptors, formed by the radiation
impact. The information about the role of water radiolysis products in
conversion of biopolymers were obtained with the help of various methods
used in radiation chemistry:

- the method of competing radical acceptors;

- the registration method for water radiolysis molecular products - H, and
H>0z;

- by radiolysis products of dissolved substances;

- the method of direct observation for primary radiolysis product
reactions with dissolved substances at express spectrophotometry
combined with the pulse radiation technique.
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The method of competing radical acceptors

The method of competing radical acceptors is based on a technique of
studying radiation-chemical kinetics of dissolved substance (an indicator)
dissociation in the presence of the compound under study (refer to Chapter 5).
This method was applied to the study of the reactivity of many biological
substances, by which the reaction rate constants of these compounds with
reduction and oxidation water radiolysis radicals were determined, for
biopolymers with *OH radicals, in particular (refer to Table 5.1).

First of all, the data shown in Table 5.1 indicate that biopolymers under
study and their precursors really behave themselves as typical *OH radical
acceptors. When estimating reactivity of biopolymers in relation water radicals,
one should pay attention to the fact that their rate constants, determined with
the help of the competing radical acceptor method, are usually overestimated
compared with the rate constants for lowmolecular analogues of the polymers.
One of the reasons for this is probable loss of mobility by the indicator
substance in the biopolymer solution either due to the structure of
macromolecules or fixing at any functional groups of this biopolymer.

Moreover, as comparing the reactivity of biopolymers and their
lowmolecular analogues, one also should take into account the fact that the
macromolecule reactivity estimated from reactivity of each component of this
polymer (for example, in the case of human serum albumin) appears higher
than the value obtained in the experiment (Table 5.1). The reason is that *OH
radicals in precursor solutions (amino acids and oligopeptides) mostly react
with the functional groups, which compose macromolecules of the biopolymer.

The registration method for molecular products

The registration method for molecular products of radiolytic
dissociation of water (H, and H,O,) in aquatic solutions of biomolecules
allowed for obtaining data on the participation of water radiolysis components
in reactions under the conditions, when the influence of the secondary
processes of H, and H,O, formation is eliminated.

As accepted for the application of this method, if the water radiolysis
components do not react with the dissolved substance, they recombine and
form H, and H,0,. In neutral solutions, these products are formed in the
following reactions:
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H' +°H = Ho; 6.1)
ehydr + enyar + 2H" — Hy + H20; (6.2)
*OH + *OH = H,0,. (6.3)

The concentration dependence of molecular product yield (Gp) at
aquatic solution radiolysis is the following:

Gm ~ G’ — B-[Ac]™.

It reflects the competitive processes of radical recombination formed in the
ionizing particle tracks. An intersect of the axis of ordinates, cut off by a
straight line (in Gn ~ [Ac]" coordinates) at extrapolation of the acceptor
concentration to zero, represents the maximum yield of molecular products H;
u H,0, for the ideal case, when all H® and “OH radicals formed in the track are
involved in recombination of the same radicals, exclusively.

G(H,)

= 8F 0.8
(]

O

= 6r 0.6
9]

E

S 4+ 10.4

E |

© 2 -0.2

0 01 02 03 04 05pA]"”

Figure 6.1. Concentration dependencies of the yield of:
1 — phenylalanine dissociation; 2 — ammonia formation; 3 -
tyrosine; 4 — phenylethyl amine; 5 — molecular hydrogen;
phenylalanine solution irradiation in the absence of O [1, 2]
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In the case of radiolysis of biopolymers and their components, the
above-mentioned concentration dependence (of the cubic root degree) was
determined for the yield of both water radiolysis molecular products and
dissolved substance radiolysis products. As an example, the regularity
discussed is observed for the case, when the main reactions consuming H® and
*OH radicals are addition reactions, for instance, to aromatic rings of amino
acids (Figure 6.1). Hence, if the processes of the following type proceed in the
system:

RH+H' =R+ H,, (6.4)

the type of the concentration dependence is preserved, and upper limit of Hy
yield must two-fold increase as compared with the first case. The
measurements of molecular oxygen yield at the radiolysis of aqueous solutions
of amino acids and glucose indicated a possibility of such processes in
biopolymers having aliphatic amino acid residues and monosaccharide units in
their structure. Radiolysis of aqueous thymine solutions of different
concentrations showed H, yield equal 0.46 or lower. For 0.03 wt.% DNA
solution, G(Hy) = 0.37. This indicates that, firstly, in DNA solutions of this
concentration, epyg: formed are completely captured by the biopolymer and,
secondly, in DNA solutions atomic hydrogen is not consumed by the reaction
(6.4), but, obviously, participates exclusively in addition reactions by double
bonds.

A technique for radiolysis product analysis

A technique for radiolysis product analysis mainly represents a direct
method for determination of the participation of water radiolysis products in
reactions. For example, the chromatographic method has determined the
products of OH addition to double bonds in the bases of nucleic acids,
phenylalanine (tyrosine), tyrosine (deoxyphenylalanine). The results of
chemical and physicochemical methods for analyzing the composition of
radiolysis products of nucleic acids and lowmolecular analogues provide for a
conclusion that *OH radicals attack both nitric bases and C—H bonds of DNA
sugar fragment (Chapter 10).
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The direct registration method of water radiolysis primary products
and observation for reactions with their participation during irradiation is
generally extended to the reactions with participation of hydrated electron
(enyar), because this particle may be reliably detected from optical absorption
spectra in the visible region. Multiple works were devoted to determination of
enydr reactivity in relation biological objects via determination of the reaction
rate constants. Among the biopolymers under study (protein, DNA,
polysaccharides), the highest rate constant in relation to epyq, is displayed by a
protein molecule. In the protein molecule, the sites for enyq; attack are presented
by sulfur-containing and aromatic amino acid residues (Chapter 7). Also, high
activity in relation to epyg is manifested by nitric bases in the molecules of
nucleic acids.

The methods of pulse radiation and express spectrophotometry gave an
opportunity not only to study primary stages of eny¢r involving into the reaction
with dissolved substance, but also to track the conversion of an intermediate
product, formed in the primary act: for instance, electron transfer to substances
possessing radioprotector or radiosensibilizer properties. It has been found that
the rate constants of electron transfer from DNA components to some
radioprotectors are close to diffusion ones, i.e. £k ~ 10 + 10" M5,
Apparently, in the native systems these processes are of great importance.

6.2. CONCENTRATION DEPENDENCE OF DISSOLVED SUBSTANCE
CONVERSION YIELD. RADIOSENSIBILIZATION EFFECTS

There are multiple data in the literature describing the studies of
radiolysis of biopolymer and lowmolecular analogue aqueous solutions in a
broad range of concentrations (107 = 0.1 M). The concentration dependence
curves for the yield of radiolytically dissociating initial compounds or the yield
of the products of their radiolysis are shaped similar to the saturation curves.
The plateau on these curves shows involvement of all water radiolysis products
into the reactions with dissolved substances. If any dissolved substance
predominantly reacts with one of the water radiolysis component, enyq,, for
example, its dissociation yield at the plateau will equal ~3.5, and in the case of
two components — ~7. Figure 6.2 presents concentration curves for the yield of
radiolysis products of two compounds: glucosamine (glucoproteid “precursor’)
and lactose (sisaccharide), which are malonic aldehyde (MA) and deoxy-sugar,
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respectively. Both these products are formed as a result of *OH radical
interaction with the initial compounds. As is observed, glucosamine solutions
saturated with nitrous oxide show G(MA) values almost twice higher in the
plateau area of concentrations compared with the case of irradiated solution
saturation with an inert gas, because N,O, the enqr acceptor, under
experimental conditions captures about 80% electrons, hence, forming *OH
radicals.

1

1.0

o
N
T

G(MA)

G(deoxy-sugars),
molecule/100 eV
o
N

o
[\
T

-5 -4 3 2 -1 1gC

Figure 6.2. Concentration dependencies of malonic aldehyde (1, 2) and deoxy-
sugars (3) yield at irradiation of glucosamine and lactose solutions
saturated by: 1 — argon; 2 — nitrous oxide; 3 nitrogen [2]

At the radiolysis of lactose solutions in the concentration range from
107 to 0.67 M, it has been found that the concentration dependence of one of
the main lactose dissociation product yield (deoxy-sugars) represents a typical
two-stage curve with a plateau in the concentration range of 107 + 8x10™ M
and at concentrations above 0.1 M. Such shape of the concentration
dependence is explained by participation of “OH radicals, produced from
ionized and excited water molecules, in the reactions (Chapter 5). It is of
interest that G values at the steps are approximately two-fold different, i.e.
identically to radiolysis of aqueous solutions of inorganic compounds.

The dissociating lactose yield observed in the concentrated solutions is
also two-fold higher than G values for lactose (4.27 + 0.44), recorded at the
first step. The comparison of data by G(-carbon) for various mono- and
disaccharides, obtained in the range of concentrations corresponded to the first
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step indicates a change of this value at transition from one type carbohydrate to
another. Therefore, it becomes evident that this value is determined by
conditions of the radiolysis proceeding: by involving radiolyzed water
molecules, which mostly depends on the ratio of rates of consecutive reactions
of dissociated carbon primary radical conversions.

In the current concentration range, the maximum dissociation of
dissolved sugar, observed for some studied compounds, equals 3.3 (in
centimolar cellobiose solutions). If we assume that the participation of electron
in these systems is negligible, then the yield of dissociated sugar, determined in
solutions of the same concentrations (at the first step), saturated with nitrous
oxide, equals G = 6.5, which precisely corresponds to complete involvement of
*OH radicals formed from ionized water molecules into the reactions, Gy =
3.4.

The discussed regularity is clearly observed only in the case of usual
non-chain reactions of radiolytic conversion of the dissolved substance. On the
contrary, the curve of substance dissociation yield has no plateau, and G may
reach tens or hundreds converted molecules per 100 eV of absorbed energy.
For example, in the case of glucosamine solution irradiation (in the absence of
0,), G (—glucosamine) value reaches 400 molecules per 100 eV of absorbed
energy [3].

Similar curves may be plotted for aqueous solutions of biopolymers —
DNA, proteins, etc. However, these concentration curves with steps are true for
the experimental conditions, when post-radiation processes are excluded,
similar to DNA solutions: hydroperoxide dissociation into radicals leads to
additional degradation of the biopolymer.

The study of radiolysis of DNA, which is a multifunctional organic
compound, in a broad range of concentrations using methods able to detect any
degradation products, determines concentration G(products) curves, the steps
on which correspond to the use of various types of radiolyzed water molecules
in the reactions. For example, the study of decomposition of nitrous
compounds in the DNA structure with respect to decreasing optical density in
the wavelength area of 1 = 260 — 265 nm (chromophore group degradation)
and DNA concentration in the solution, it has been found that in the plateau
area G(— chromophore groups) = 2 — 3. This G value indicates full
consumption of "OH radicals and enyqr, formed at water radiolysis.
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Figure 6.3. The concentration dependence of malonic aldehyde yield at DNA
solution irradiation under different conditions:

A) solutions saturated by: 1 — argon; 2 — nitrous oxide; 3 — nitrous

oxide in the presence of myoinositol;

B) solutions saturated by O,: 1 — in the absence of myoinositol; 2

— in the presence of myoinositol; 3 — myoinositol is injected to

the solution after irradiation termination [4]

The yield of chromophore group degradation id determined by the

prehistory of the DNA preparation used, the “completeness” — more precisely,

the degree of the initial DNA structure preservation at its extraction from the
tissue. The highest G(— chromophore group) value is observed for denatured
preparations (i.e. those with broken hydrogen bonds between cords).
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As studying the yield of one of the degradation products of DNA sugar
unit — the analogue of malonic aldehyde, with respect to the DNA
concentration in solution, typical concentration dependence with two steps was
obtained. This is possible in the case, if in the experiment all post-irradiation
polymer degradation processes are eliminated (Figure 6.3). The substitution of
inert gas-by nitrous oxide causes two-fold increase of MA yield in the plateau
area (MA is formed due to *OH radicals). It should also be noted that if
radiolysis is performed in the presence of O,, the obtaining of a characteristic
curve requires injection of a radical acceptor into the irradiated solution. This
substance inhibits the chain process of post-irradiation degradation. In present
case (refer to Figure 6.3), the irradiated DNA solution was added by
myoinositol — the acceptor of radicals formed a hydroperoxide dissociation and
reacting with DNA molecules.

The studies of aqueous protein substance radiolysis also determine a
plateau of the concentration dependence for the biopolymer degradation yield.
In this case, the most demonstrative are the results of observation for biological
activity of enzymes. As protein molecules are attacked by water radicals, the
whole system defining the main protein function is “totally disturbed”. The
radiation-chemical yield of the enzyme inactivation depends on the enzyme
origin and may vary from 0.009 to 0.55. As these solutions are saturated with
nitrous oxide, the enzyme inactivation yield is twice increased, i.e. it is mainly
induced by *OH radicals (Chapter 7).

When in experiments with aqueous solutions of proteins and complex
proteins — the enzymes, physicochemical properties were registered reflecting
the radiolysis stages close to the primary ones, in relation to dissolved
substance  concentration  (oxygenated  hemoglobin  oxidation  to
metahemoglobin, ferrocytochrome C reduction, ferricyanide ion recombination
in solution — the gelatin gels) the G value was found equal 3 — 6 molecule/100
eV. These yield values were recorded for the concentration range corresponded
to the plateau at the concentration curves and reflect full involvement of water
radical pairs into the reactions.

The values different from the average level G = 4.5 may be explained
by any processes proceeding in these systems, in which water radiolysis
products are consumed in parallel with the registered one or dissociation of one
molecule of the initial compound requires two or more radicals rather than one,
which represents the case of G value underestimation. Hence, the
“overestimation” may relate to either introduction of an additional amount of
radiolized water molecules (radicals formed from excited molecules) into the
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reaction or participation of their radiolysis products in the substance
dissociation.

6.3. RADIOLYSIS OF FROZEN-UP AQUEOUS SOLUTIONS OF
BIOPOLYMERS

The participation of @, H and "OH in reactions with dissolved
biopolymers is directly observed in the method of low-temperature irradiation
of substances applied in combination with the registration methods of
intermediate products: ESR, RTL, spectrophotometry, which was discussed in
the previous Chapters. Observing for accumulation of these products in
solutions-matrices and in the presence of biopolymers in them with respect to
the irradiation dose, the changes in ey, H and "OH yields may be related to
participation of these primary particles in the reactions with dissolved
substances. Table 6.1 shows the yield values for ey, H, 'OH and O™ in the
solvents-matrices for the studies of DNA radiolysis. Obviously, in contrast
with O7, in the presence of DNA the yields of ey and H are considerably
reduced with increasing DNA concentration. It may be concluded that even at
77 K DNA reacts with reduced component of water radiolysis.

Table 6.1
The yield of water radicals in alkaline and acidic DNA solutions irradiated
at 77 K [2]
. . DNA content, wt.%
Matrices Radicals 0 0.3 0 5 T
e st 3.4 3.4 3.1 2.2 0.8
10M o 34 3.0 3.0 3.0 3.0
KOH H 0.1 — 0.05 — 0
2R (except O") 3.4 3.0 3.6 3.6 3.6
H 0.8 0.6 0.4 0.15 0.15
45 M "DNA radicals 0 0.8 10 | 22 | 24
H;PO,
2R (except H) 1.9 2.7 3.1 4.1 4.3
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Similar to the case of the liquid-phase radiolysis, creating conditions for
proceeding of competing reactions (hence, one of them is taken for the
indicator reaction), the reactivity of dissolved substances in relation to water
radiolysis products may be determined.

Table 6.2
Relative reaction rate constants of substances (S) with electron
(pH 3) [2, 4]
kS+€
Substance % ‘_
H,PO; +2

Glycosamine 128
Lysine 341
Arginine 38+4
Leucine (pH 1.3) 103 £ 12
Glutamine 78 +£22
Glutamic acid: 77+ 15
pH 1.3 49+ 10
pH 3.0 2816
pH 4.4 475
Glycine 58+£12
Glycyl-glycine NO7 220
Guanine* 2,620 + 400
Uracyl* 1,680 + 250
Thymine* 1,250 £ 180
Adenine* 1,200 £ 180
Cytosine* 800 + 120
Inositol 12+2
Cystamine* 170 (310 £ 30)
1,2-Bisdiazoacetylethane** 280 £ 30
1,3-Bisdiazoacetylpropane** 505
1,4-Bisdiazoacetylbutane 300 + 50

Notes: * In 6 M H3PO;,.
** Solvents were irradiated in the presence of 5% ethanol.
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Thus, the reactivities of some compounds to electron were determined
(Table 6.2). Hence, for the “indicator reaction” the reaction of H atom
formation was assumed:

e + H,PO, = H + HPO, ™. (6.4)

Similarly, in frozen-up solutions the reactivity of chemical substances
in relation to e, *OH, "H and H,O" cation-radicals can be determined. Let us
consider this fact on the example of the study of some antioxidants-
radioprotectors reactivity in relation to the mentioned radicals with the help of
RTL and ESR techniques.

RTL method for determining antiradical activity of substances

As already mentioned in Chapter 3, the RTL method is based on the
observation of luminescence of the studied substances, irradiated at low
temperature, at their subsequent annealing. To study the acceptor properties of
compounds in relation to e and "OH, the solvent-matrix was represented by
10% gelatin solution, added by various concentrations of substances-
antioxidants. As the luminescence factor, thymine was added to the initial
solution. After sample irradiation by 10 kGy dose from a cobalt source at 77 K
the measures by RTL method were performed on a thermoluminograph
according to common technique. Typical luminescence curves for irradiated
solutions are shown in Figure 6.4. Obviously, these curves have a single peak
at Tmax = 105 K (Figure 6.4a). The presence of the studied substances in the
solution-matrix affects neither the luminescence curve shape, nor the
luminescence peak location; hence, the luminescence intensity and the peak
height change (Figure 6.4b).

The decrease of total luminescence and the increase of the peak at
introduction of substances into the solution compared with the initial gelatin
solution (the control) may be explained by capturing of electron by these
compounds during the sample irradiation and, as a consequence, reduction of
the quantity of stabilized electrons in the solution-matrix. Vice versa, an
increase in intensity of sample luminescence compared with the initial matrix
is explained by increasing es concentration as a consequence of effective
reactions between additives and ‘OH (H,O") radicals, which are then
eliminated from recombination with e.
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Figure 6.4. The temperature dependence of RTL intensity of samples irradiated at 77 K
a: 1 — 10% gelatin solution + 0.025 M thymine; 2 — 10% gelatin solution + 0.025 M thymine + 0.1

M CH3COOH; 3 — 10% gelatin solution + 0.025 M thymine + 0.1 M CH;COOH + 0.1 M
glucose. The curves were plotted 90 min after termination of irradiation. The dose was 10 kGy

b: The dependence of luminescence intensity at T = (105 + 2) K for 10% gelatin and 0.025 M
thymine solutions on the sample storage time in liquefied nitrogen: 1 — without additives; 2 — in

the presence of glutathione
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Figure 6.5. The change of luminescence intensity by RTL curves at Ty«
(105 £ 2) K with respect to the concentration of oxypyridines:
1 — 3-oxypyridine; 2 — 6-methyl-2-ethyl-3-oxypyridine; 3 — 2,6-
dimethyl-3-oxypyridine in 10% gelatin and 0.025 M thymine
solution. Cryostat heating rate is (16 + 2) deg/min at the dose

equal 10 kGy [5, 6]

The alternating increases and decreases of luminescence intensity peaks
on the curve at T,,x With respect to concentration of injected substance (Figure
6.5) is explained by the presence of several sites for e and *OH attack, various
functional. groups, in a molecule of the studied substance. The action of the
most “active” functional groups is displayed in the area of lower concentrations
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of these compounds. For such systems, the following expression for the
reaction rate is assumed valid:

w = kanse[e][AA], (6.5)

where kaase (by analogy with kas+on) is a coefficient proportional to the
reaction rate constant in the liquid phase. It is suggested that at comparison of
the efficiency of various functional groups equal change of the intensity Al
(a decrease or an increase) for two substances may testify about equal rate of e
(or "OH) elimination from the reaction. Then

Wl =wy = kl [e][AAl] = k2[€][AA2] (66)

and [ ]
. [aa \
k=k [AAZ] . 6.7)

As accepting for specific reactivity, for example, the case of glycine
(the lowest reactive compound among those under study in relation to e and
‘OH), one may compare the effectiveness of these compounds in relation to
radicals and directly their relative functional groups (Table 6.3).

Table 6.3
Relative interaction rate constants of antioxidants and other chemical
compounds with primary water radiolysis radicals at 77 K [5, 6]

Compound Rate constants of interactions with
e ‘OH
3-Oxypyridine (I) 7 20
6-Methyl-2-ethyl-3-oxypyridine (II) 4 3
2,6-Dimethyl-3-oxypyridine (III) 3 3
Spurdog liver extract 200 30
Peginol 15 50
Glutathione 300 500
Glucose 0.3 1
Glycine 1 1

Figure 6.5 shows concentration dependence curves of the luminescence
intensity peak changes at Tmax for irradiated gelatin solutions in the presence of
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additives I, II and III. For all three compounds, the initial drop of luminescence
intensity is explained by their acceptor properties in relation to electron. As
follows from the analysis of curves 1 — 3 in the concentration range of 0.001 —
0.1 M, the reactivity of these compounds in relation to & is ranked as follows:

I>11>111.

Using the equation (6.7) and assuming that k() = 1, one may
determine relative rate constants of e reactions with the substances II and I11:

kn('e_) ~ O.SkI(e—); km(é’) ~ 0.25k1(é').

Further run of the curve in the concentration range between 0.002 — 0.1
M reflects proceeding of two processes in the irradiated system. The first
process represents the interaction between dissolved substance and *OH, which
results in the luminescence intensity increase. The second process represents an
additional capture of electrons, which yield is increased due to "OH radical
elimination from reactions with them. The ratio of the rates of these two
processes define the shape of curves 1 — 3. For compound I, the rates of these
processes are significantly different, whereas for compounds II and III these
differences are lower, in the descending order. If one suggests that reaching of
the maximum in the concentration range between 5-107 — 5.107> M means
total involvement of *OH (H,O") radicals in the reactions with the studied
substances, then for the concentration range with A/ = const the following
sequence is observed:

ki(OH):ky(OH):ki(OH) = 10:1:1.

ESR studies of atomic hydrogen reactions with any substances at 77 K

This technique applies instability of H atoms (the tunneling effect),
generated by y-irradiation at 77 K in a glassy-like matrix, represented by 6 M
H3PO4 solution. Using typical ESR spectra of radicals formed in the post-
radiation period, this technique may help in the study of the reactivity of
various functional groups of substances in relation to H atoms. Let us discuss
this fact on the example of 4-oxy-3,5-di-fert-butyl-a-methylbenzylamine,
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which is the compound of the class of spatially hindered phenols [7], used as a
therapeutic measure, including the radiation damage of the organism [8].

CHj OH CH;
H;C_ C/ \C/CH3
/ AN
H;C CH;
(llHNHz-M
CH;

M = HCIl; HOOC(CHOH),COOH

ESR spectra of irradiated solutions I and II, recorded at 77 K directly
after irradiation and storage of samples in liquefied nitrogen are shown in
Figure 6.6 [9]. They represent the totality of ESR-lines of atomic hydrogen (a
doublet with @ ~ 50 mT), “matrix” and dissolved substance radicals: R; —
phenoxyl radical (H detachment from phenol hydroxyl group, extended
singlet), R, — radical-H adduct by C, or Cg¢ in the ring (splitting of 4.9 mT
doublets, 0.35 mT), and R; — H detachment radical from C, (the splitting
quartet 1:3:3:1 ~ 2 mT). All these radicals are formed in the reactions of H
atoms with corresponding functional groups of the compound directly at the
solution irradiation or in the post-irradiation period: Concentration of H atoms
with time of the sample storage liquefied nitrogen decreases, whereas of R; —
R; radicals increases (Figures 6.7, Table 6.4). Integration of these radical
spectra allowed determination of the values of their parallel yields and,
subsequently, estimate the relative reactivity of atomic H in reactions with the
mentioned functional groups of the current phenol:

[R,]: [Rs]: [R2] =10: <3: 1.
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Figure 6.6. ESR spectra of phenol hydrochloride (I) and tartrate (II) of the
mentioned structure (77 K), irradiated in 6 M H3POy4 solution,
recorded at 77 K
a: 1 — 40 min after; 2 — 4 h after; 3 — one day after; 4 — three days
after;
b: 1 — 3 h after; 2 — 8 days after; 3 — 40 days after;
Punr £ 0.015 mW; “x0.8” — amplification; below the spectra —
dashed simulation of spectra of the identified radicals
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Figure 6.7. The change in radical concentration in the irradiated sample 1 (5
kGy dose) with the storage time in liquefied nitrogen: atomic
hydrogen (1), and radicals R; (2), R» (3), and R;3 (4)
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Table 6.4

Radical concentration change (relative units) in the sample I during
storage in liquefied nitrogen (refer to legends of Figures 6.6 and 6.7)

Radical Atthe g;;dlatlon 8 days after | 40 days after | [R]4o — [R]o
2R, except 650 510 360 290+
for H
R, 80 185 190 110
R, 27 45 37 10
R3 - - - < 30**
‘OH 460 210 80 -380*
Notes: * Minus means a decrease of the radical concentration;

** R; concentration was determined by integrating the spectrum,
reconstructed by the boundary spectrum components with suggested
quartet HFS (1:3:3:1)
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Chapter 7. The problems of radiation chemistry of protein
molecules

Proteins represent high-molecular organic compounds with molecular
weight varying from dozens to hundreds of thousand units. They are the main
components of cells and are accumulated in seeds and eggs in the form of
nutrients. Protein molecules in the cell perform various functions (immunity,
respiration, muscular contractions, enzymatic catalysis, etc.) [1]. As radiation
affects the cell, the energy received is finally absorbed by protein molecules
(total concentration of dry protein in the cell reaches 60 wt.%, on average).
Therefore, the knowledge of initial damage localization in protein molecules
and the mechanism of propagation by them is important for forecasting the cell
radiation consequences and cell radioprotection, i.e. for the purposes of applied
radiobiology. We also face the problem of the radiation action estimation in
case of food preservation [2]. Hence, of importance is to know the origin and
the quantity of protein radiolysis products formed, some of which may be
toxic.

The dose ranges of ionizing radiation used for radiation treatment of
protein systems are related to the so-called doses of biological range: from
thousandth parts to units Gy. The exclusion is for microbial flora annihilation,
when the radiation dose may reach hundreds Gy or more. However, practice
also requires the use of higher doses absorbed by protein system, which may
reach dozens kGy, for industrial purposes, such as wool upgrading or
sterilization of corresponding materials used in medicine by radiation
treatment. In all cases, the questions of the control for radiation-chemical
processes in irradiated proteins are urgent.

For all these examples, the integrating factor is formation and
conversion of free radicals, because free-radical processes are predominant in
both radiation damaging of proteins and radiation modification of protein
systems: total yields of the radiolysis final products of and primary free
radicals are comparable (refer to Section 7.4). Therefore, the first and foremost
question to be discussed in this Chapter is the role of free radicals in the
radiation degradation of proteins. On some particular examples the author
considers their conversion till formation of final radiolytic effects. In relation to
free-radical mechanism, let us formulate the second topic to be discussed in
this Chapter — the role of free-radical products of water radiolysis in the



86 V.A. Sharpatyi

radiation damage of proteins. In addition, we’ll try to determine the regularities
of radiolysis of their aqueous solutions.

Analysis of the strategy for the study of protein radiation chemistry
indicates the following:

1. Aqueous solution of a polymer is irradiated.
2. We are dealing with radiation chemistry of polymers and separately
with radiation chemistry of water ad aqueous solutions.

Seemingly, if we take into account all basic laws of radiolysis of
polymers and aqueous solutions, we may gain an impression of the mechanism
of radiolytic conversion of protein molecules in the protein—water system.
Primarily, this is stipulated by a complex structural organization of this system
and manifestation of radiolytic features of both components of the system:

1. Protein is a polymer containing no monomeric units of constant
chemical composition, but contains residues of 20 amino acids with
various functional groups.

2. In protein molecules, amino acid residues interact differently with one
another and the solvent molecules, wherefrom microheterogeneity of
the system, the presence of clusters formed by polar and non-polar
(hydrophobic) amino acid radicals, a possibility of collective responses
to external energy depositions.

3. The existence of supermolecular organization (the hierarchy of
structures) is typical of protein molecules. This particularly provides for
their variable biological activity, which is extremely sensitive to the
radiation effects even in the low dose range.

So far as concerns the features of water radiolysis in proteins, they are mostly
induced by the interaction between water molecules and functional groups of
amino acid residues, which, in turn, structure water. Therefore, strictly
speaking, even in the case of irradiation of native proteins, but not their only
their solution, the radiolysis of structured water (water from hydrate covers and
water molecules in the cluster composition) should be considered. As a
consequence of these factors the estimation of manifestation of direct and
indirect irradiation effects on the protein—water system is hindered. Here we
may speak about the mechanisms of directed transfer of the energy absorbed by
the system from the solvent molecules to functional groups of macromolecules,
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generally predetermined by supermolecular structural organization of
biopolymer.

7.1. STRUCTURE AND COMPOSITION OF PROTEIN MOLECULES

A protein molecule is a polypeptide consisting of amino acid residues,
linked by —C(=0)-NH- peptide bonds. Amino acid residue radicals form
branches from the polypeptide chain. The variety of radicals by chemical and
physical properties (the radical chain length, volume, and configuration and,
therefore, the shape and relief of the protein particle surface) promotes
polyfunctionality and specific features of proteins.

The primary protein structure represents a sequence of amino acid
residues in one or several polypeptide chains composing the protein molecule.
The so-called secondary structure is formed by a system of hydrogen bonds
between polypeptide groups locating in the neighbor folds of a helix-shaped
molecule (a-helix sections) and between molecules (B-layer formation).

The tertiary structure of proteins represents location of molecular chains
in space, fixed by:

a) Van-der-Waals interaction forces between side radicals of
amino acid residues;

b) hydrogen, ionic or disulfide bonds;

¢) interactions between amino acid residues and water molecules.

Thus, the latter are structured by functional groups of proteins and together
with biomacromolecules form the integrated natural complex possessing
definite biochemical functions. By the quaternary structure of the protein we
mean a totality of a definite number polypeptide chains (subunits) located in
strictly fixed position in space resulting local interaction forces between
functional groups, located on the surface of protein globules, for example,
Coulomb’s interaction of dissimilar charged groups.

The proteins are most demonstrative showing the dependence of their
properties on the molecule shape, defined by intermolecular or intramolecular
energy interactions. An abrupt change in the properties of some native proteins
induced by various impacts is related to the molecular shape change from
globular to linear, which is stipulated by destruction of intramolecular bonds.
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Enzymes are protein substances, too. Beside protein fragments, they
sometimes contain residues of other organic compounds — co-enzymes, metal
ions and nonmetals (ionic co-enzymes). All these groups form the so-called
active site of the enzyme and endue it with specific catalytic activity.

For the most extent, the composition of protein molecules is interesting
for us with respect to answering the following questions:

a) what the protein molecule fragments are damaged first of all at the
radiation impact on the protein solutions;

b) what the origin of primary macroradicals formed is;

¢) what the sites in the biopolymer for water radicals are;

d) how these initial damages (unpaired electrons) in the molecules
transform to final radiolytic effects.

7.2. BASIC RADIOLYTIC EFFECTS IN PROTEINS

The basic radiolytic effects in proteins may be classified as follows:
polymer backbone degradation, crosslink (chemical bond) formation,
modification of amino acid residue radicals, the change in conformation and
crystallinity degree of the protein, oxidative degradation (in the presence of
0,), formation of low-molecular products, and damaging of an active site in the
enzymes.

Degradation of the polypeptide chain

The specificity of the protein molecule radiolysis is stipulated by the
presence of peptide bonds: one peptide bond is accounted for one monomeric
unit (of variable chemical composition) of this biopolymer. To put it
differently, the protein molecule possesses greater quantity of peptide bonds.
The peptide bond is characterized conjugation of electrons from nitrogen,
carbon and oxygen atoms that makes it similar to the double bond
~NH-C(=0)-. This is manifested in decreasing of its length (1.325 Ky
compared with C-N bond length (1.46 A). Oxygen and hydrogen atoms bond
to N and C atoms, which form a peptide bond, are located in the same plane.
The carboxylic group at the peptide bond is affined to electron. As dry
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preparations [3, 4] or aqueous solutions of protein [S] are irradiated, the
electrons released hit these carboxylic groups and are captured by them then
forming anion-radicals. In the presence of water, anion-radical are protonated,
and the energy gain reaches 3 eV per bond. Since each monomeric unit
contains one peptide bond, one may conclude about predominance of peptide
bond carbogroup attack by electron in the protein molecule. In anion-radicals,
the peptide bond affected by the light wavelength 2 = 365 nm is decomposed
[6]. Hence, acyl radical is formed, which degrades releasing carbon oxide
under the effect of 4 = 520 nm radiation.

~—CHR'-C(=0)-NH—~ —%— ~—CHR'-C (O")-NH—~ —> (7.1)
kY o CHR'-C =0+ H,;N— —"_s _CHR'’ + CO.

In aqueous solutions, the basic role in protein degradation is devoted to
*OH radicals. The sites for their attacks are functional groups of amino acid
residues (see Section 7.4). Hence, the forecasting of the radiation damage
localization sites in the protein molecule was based only on the information
about reactivity of individually irradiated amino acids and peptides in relation
to radical products of water radiolysis [7]. Beside the peptide bond, the
repeating unit of the protein contains —HC(-R)— fragment, where R is the
amino acid residue radical. It should be expected that beside the peptide bond
is one of the basic sites of localization of the primary radiation damage.
Actually, the ESR method applied to proteins irradiated at room temperature
[8, 9] and their frozen-up solutions after low-temperature irradiation (77 K) and
further annealing below 180 — 200 K in the absence of O, [5] has registered
free radicals, formed at H atom detachment from C atom. In frozen-up
solutions, this process is induced by "OH radical: the irradiation of glassy
gelatin solutions, annealed in liquefied nitrogen in the temperature range of 85
— 130 K, indicates the antibate shape of "OH radical (decreasing) and C, (Rgy
and Ry, refer to Table 7.2) radical concentration dependencies at the total
concentration of radicals [10] unchanged (within the measuring accuracy) in
the sample:

‘OH + RH=H,0 +R", (7.2)

where RH is the protein molecule.
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As demonstrated on the example of low-molecular model compounds
of R-C(=O)NHR' structure and polyamides of general formula —CONH-
(CH,),—~CONH-, where n = 1 — 10, C, type radicals, in which unpaired
electron is localized at the amino group, may be formed under the effect of H
atoms [11, 12]:

H"+RH=H, +R". (7.3)

Basing on these data a conclusion about possible proceeding of the
reaction (7.3) in the case of protein radiolysis (at least at dry substance
irradiation) was made. The process of radical C conversion in the absence of
O, is accompanied by polypeptide bond break. The data on model system
(amides and polyamides) radiolysis clearly illustrate the latter fact [11, 12].
The proceeding of the reaction (7.3) is confirmed by relatively high yield of
molecular oxygen: G ~ 2 molecules per 100 eV comparable with CO yield. At
irradiation of N-d-butyric acid amide and N-(ethyl-2d-) butyric acid amide (the
compounds modeling fragments of polyamides) propane and propylene were
detected, which total yield equaled a half of carbon oxide yield. This allowed
for the following scheme of formation and conversion of radicals:

C3H,CONHCH,C3H; — C;H,CONH C HC;H; —>
C3H, C O + HN=CHC;H;, C3H;C O — C ;Hs+ CO; (7.4)
2C 3H7 e d CH}CH2CH3 + CH3CH=CH2.

It is clear that carbon oxide is a specific indicator of the radiation
cleavage of peptide bond.

Turning back to the protein molecule radiolysis in aquatic solutions, let
us dwell on two processes concerning the entity of the polypeptide chain, in
which *OH and & take part (in the absence O,), on the example of radiolysis of
aqueous solutions containing various gelatin (Glt) and human serum albumin
(HSA) concentrations. The concentration dependence of molecular hydrogen
yield in irradiated gelatin air-free solutions [2] is linearized well in G(Hy) —
[Glt] coordinates. As extrapolated to zero protein concentration, such straight
line cuts an intersect G(H,) = 0.45 on the axis of ordinates. This means [13]
that molecular hydrogen is formed in recombination acts of primary water
radiolysis products, and reactions between biopolymer molecules and H;
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precursors in tracks proceed at rather high rates. The presence of saccharose in
irradiated solutions (1 — 8%) has no effect on the concentration dependence of
H, yield. This is no wonder, because saccharose (Sch) is an effect "OH
acceptor, and its reactivity with e is four orders of magnitude lower [14].

Table 7.1
Radiation-chemical yield of H, and CO from irradiated (D = 45 kGy)
evacuated gelatin solutions (Glt, M,, = 68,000) [2] and the gelatin
protection by saccharose (Sch) against degradation [15]

. Gelatin protection
Solutions G(H») G(CO) by saccharose, %
1% Glt (1.5x107* mol/l) + 0.32 0.01 20
+ 8% Sch (0.23 mol/l)
6% Glt (9x10~* mol/l) 0.25 0.09 0
10% Glt (1.5x107> mol/l) + 031 0.08 0
+ 1% Sch (0.029 mol/l)
Sch (dry preparation) 0.002 0.003 —

Sch considerably decreases CO yield, which is one of the protein
degradation products (Table 7.1). If we take into account that at irradiation of
aqueous solutions the accumulation of *OH radical conversion products should
also follow the analogous regularity:

Gm=Go—qC,

where g is a coefficient related to the track parameters, the type of radiation,
and radical acceptor origin [15], then according to the estimation protein
radioprotection by saccharose against degradation, induced by °‘OH, in
irradiated solutions varies in the range between 20 and 80%. The validity of
this regularity for estimating biopolymer oxidative degradation is indicated by
the results of irradiation of another water-soluble protein — human serum
albumin (HSA), namely, oxidative deamination in HSA concentration range
between 0.001 and 0.2%. In this case, in the absence of O, when the

interaction between & and protein is impossible and oxidative degradation of
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this protein is initiated exclusively by *OH radicals, the yield in deamination
process (ammonia release) obeys the linear dependence:

G(NH;) ~ [HSA] [16].

The diagram below (Scheme 7.1) presents the scheme of NH; and CO
formation processes proceeding at protein irradiation in solutions [17].

Contrary to CO, ammonia amide is released at irradiation of both air-
free and oxygen-saturated protein solutions. In the first case, total deamination
of protein is mainly contributed by "OH radicals: as transiting from & and "OH
reagents (HSA solution saturated with argon) to 2°OH (the solution is saturated
with nitrous oxide: ¢ + H,O + H = OH + N,), ammonia yield increases more
than two times [18]. This process of deamination represents hydrolytic
cleavage of C(=0)-NH, amide bonds (Scheme 7.1, reaction (6a)).

Thus, it should be noted that:

1) formation of both carbon oxide and ammonia amide at irradiation of
protein solution indicates cleavage of peptide bonds;
2) CO is formed only due to conversions of primary C-type radicals.

Polypeptide chain breaks may also occur as a result of isomerization of
primary anion-macroradicals, synthesized at the electron attack on carbo-
groups in peptide bonds. The role of electron and the role of this process of the
polypeptide chain break should become more urgent in case of irradiation of
dry protein preparations. The formation of breaks due to anion-macroradical
conversions is not accompanied by CO release. The latter may be released only
resulting photolytic impact on the anion-macroradical [3, 6].

A possibility of reaction (7a) proceeding is proved by ESR data,
obtained for gelatin and bovine thymus histone solutions irradiated at 77 K and
then thermally annealed [18 ~ 21]. Primary ‘R, radicals (doublet spectrum,
Table 7.2) with increasing temperature of the sample transform into R (quintet
spectrum, Table 7.2; in Figure 7.1, the radical with unpaired electron in proline
residue is marked by vertical arrows) in gelatin with the yield 5 times higher
compared with total thymus histone. These values correlate with molar content
of proline residues in gelatin and histone (30 and 6%, respectively).
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Table 7.2

Characteristics of free radicals identified by ESR spectra in wool fiber samples, y-irradiated by Co
source at 77 K [27]

g < )
Radical, = [E - _< _ s« fﬁ
number of HFS | 8 = g B KDA Supposed radical structure and S o =
components 73 g a,mT & g E formation reaction A=
p 52 o) & 8 5¢ g
S g = @8
1 2 3 4 5 6 7
Ri (Ryys), 6 125 | g, = a}B =22 >10 *CH-CHy-
(1:3:4:4:3:1), 5 2.003 77 - 150
sextet ay =45 0.1 ¢ +NHj} CH,CH,— — R, + NH;
~10 7 H
R> (Rar), 9 \1 77 — 300
triplet (1:2:1) 2.003 0
triplets (1:2:1) ao= a;* =08 ) Z+R 7\ by — R;
R3 (Rps), 2, 3 _ 500 25 |] —C (O)C4HRNH- 77 — 220
doublet (1:1) L0.3 | @ +—C(=O)CHRNH- — R;
. = 1 = °
Rl4,25é qzmlntet 9 |Ga=ap =221 2003 |<i0 |J ~C(=0) C H(CHa);NH— 300 —
(1:2:2:2:1) af} =45 R; (proline) + H >Ry 340
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Table 7.2 (continued)

1 2 3 4 5 6 7
RS (Rala + Rgly): ~6 20
4 (1:7:7:1)
~1.5 2.00 ; _ _
Ra, 4 (1:3:3:1) _.NH € CHCEONH 77 - 360
02 H + -NHCHCH;C(=O)NH- —
H2 + Rala
~2 2.00 —~NH C (HC(=O)NH-

Rayy, 2 (1:1) .
H + —NHCH,C(=O)NH- — H, | 77— 360
+ Rgly

Re, 2 (1:1), 3 - 2.003 40 [RSSR]®, & + RSSR — Rg 77— 360

doublet 0.4

R; (RS"), g1 =2.002 290 —

asymmetrical 10 - £2=2.029 RS", [RSSR]® —L» RS"+RS” 425

spectrum g3 =2.057

Notes: * H-adduct of Phen or Tyr aromatic ring.
** QT cleavage constants on ortho- and para-atoms of hydrogen.
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6mT \/
L

Figure 7.1. ESR spectra of gelatin solution (24%, 50 kGy dose), y-irradiated at
77 K and recorded immediately after irradiation and then after
annealing at 7 ~ 300 K during the period of time, indicated at the
right of the spectra

Finally, as follows from reactions (5) — (7a), the conversion sequence of
“proline” radicals (reaction (7a)) is not accompanied by polypeptide chain
cleavage, but just by the change in conformation of the initial macromolecule.
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Macroradicals and final products of radiolysis and cross-linking

Despite multiple works on protein radiolysis [3, 4, 22 — 25], literary
data on the conversion mechanisms of protein free radicals by stages are
absent. General picture of the conversion mechanisms for primary
macroradicals in irradiated proteins may be obtained from the analysis of ESR
data on protein samples, prepared at low temperature and then thermally
annealed: gradually heated up to temperatures, at which the whole relaxation
spectrum of molecular mobility in the polymer is subsequently realized [26, p.
178]. Free radicals stabilized at low temperatures subsequently with the
occurrence of one type of molecular mobility or another in polymer fragments
enter reactions, isomerize and recombine. Hence, the yields of free radicals and
final molecular products in the same samples, irradiated at low temperature,
and breaks and crosslink yields can be compared. To the greatest extent, such
analysis was performed in the study of low-temperature radiolysis of “dry”
protein preparation — wool keratin [27, 28] and frozen-up aquatic gelatin
solutions [10]. Let us discuss these systems.

ESR spectra obtained for the wool fiber irradiated at 77 K (Figure 7.2)
allowed for identification of several types of free radicals (Table 7.2), which
are also detected in other proteins. The variety of spectra observed for the
irradiated proteins of similar amino acid composition is explained by different
fractional yields of primary macroradicals.

All these radicals are formed due to proceeding of uniform primary
processes at the interaction of @ and H® with amino acid residues in
macromolecules (sulfur-containing fragments, aromatic rings, amino and
carboxylic groups, carbogroups of peptide bonds) and at C—H bond cleavage in
the peptide chain under the influence of H" and *OH.

As a sample is annealed in the temperature range between 150 and 180
K, the sextet components with AH = 12.5 mT related to R radicals (Ryys, Table
7.2) disappear from the spectrum. These radicals are formed at the interaction
of @ with protonated amino groups of lysine and guanidyl group in arginine,
which is also deamination process [27, 29]. As a result of Ry, radical
conversion and consequent reactions, additional hydrophobic groups or
crosslinks in macromolecules may be formed [28]:
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RCIL,CI; + RH (7.8)
. (Ryys reduction)
RCH,CH, + *R'H,
RCHzCHzR'HZ (783)
(crosslinking)

As temperature increases to 220 — 300 K, aromatic amino acid radicals R, (R2,
Table 7.2) disappear — the spectrum with AH ~ 10 mT and doublet in the
central part of the spectrum belonged to disulfide group anion-radicals. Hence,
in the range of weak fields, additional components typical of sulfur-containing
RS radical appear in the spectrum [23]. In the same temperature range, a five-
component ESR band with AH ~ 9 mT, the band of proline radicals, Ry,
forming by the reaction (7a) appear in the spectrum.

In the irradiated wool keratin, thyil RS radicals (R;, Table 7.2),
produced by the reaction (3) at C,—H bond attack by H atoms, are the most
heat-proof ones:

H' + ~C(=0)CHRNH— — H, + ~C(=0) C RNH—,

where R = H-Ry)y; CH3—Ra.. Spectral characteristics of Rgy and Rgj, radicals
(HFS and g-factor) indicate that the occurrence of unpaired electron at Cy is
not accompanied by its delocalization to flat fragments of the neighbor peptide
bonds. Obviously, their initial orientation in the macromolecule is preserved by
rigid structure of the biopolymer. It is also obvious that in the radicals of this
type free valence is shielded by amino acid radicals. These circumstances
might explain the latest elimination of Rgy and Rg, radicals (total spectrum —
the quartet with the component intensity ratio equal 1:7:7:1, Table 7.2) at
thermal annealing of both dry preparations and frozen-up solutions in the
absence of O, [26] — at the “highest” (for protein) temperatures. These radicals
recombine, and dehydroalanine in the polypeptide molecule is formed:
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~—C0 ~—C0 ~—C0 ~—C0
*CCH; + *CH ——> C=CH,* CHy
~—NH ~—NH ~—NH ~—NH
(7.9)
~—CO ~—CO ~—CO ~—CO
-(IJCH3 + °(|ICH3—> C=CH, + HCCH,s
~—NH ~—NH ~—NH ~—NH

As dehydroalanine units interact with amino groups, sulfhydryl groups
or RS® ions, formed, for example, due to conversion of disulfide anion-radicals
according to the reaction shown in Table 7.2, additional chemical bonds
(crosslinks) of lanthionine or ornithialanine type may be formed in
macromolecules of irradiated samples:

~—C0 -—C0
RNH, +  C=CH,—— RNHCH,—CH
~—NII ~—NII
(7.10)
N—(I:O ~—(|:O
RS + CHZ:-(I: (+ H+)__" RSCHZ—‘(I:H
~—NH ~—NH

The crosslink formation in irradiated proteins is significantly affected
by supermolecular structural organization of macromolecules. For example, at
irradiation of collagen (which molecules are spiral-shaped and packed by three
in strands, in turn, forming a structure shaped as a-spiral) in native preparations
(containing up to 10% combined water) or water solutions additional chemical
crosslink bonds between macromolecules are formed [30 - 35]. ESR
measurement data [5, 10] allows for relating crosslink formation in collagen
and gelatin to participation of macroradicals having unpaired electron in
damaged Pro and HO-Pro, Phen and Tyr residues (Table 7.2). It is particularly
remarkable that the highest yield of crosslinks is observed in the absence of O,
(i.e. without participation of peroxide radicals in such a process, which is
suggested in ref. [30]). The crosslink formation is significantly suppressed, if
proteins are irradiated in the presence of carbohydrates, which are "OH radical
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acceptors [2, 32, 35]. Beside the above-mentioned crosslinks, in the case of
irradiation of other water-soluble proteins, the formation of crosslinks was
detected, which might be explained by recombination of macroradicals with
unpaired electron at Lys, Arg [36 — 38] and Cys [39] residues.

As deoxyribonucleoproteid (DNP), the representative of the so-called
complex proteins — the natural complex of histone proteins and DNA, is
irradiated, covalent bonds — the crosslinks of the protein-DNA type — between
amino acid Lys (and Arg) and cytosine (modified by radiation in DNA
composition) residues are formed [40]. The cytidyl-lysine crosslinks are
formed not in the primary acts of cytidyl radical conversion (cytosine OH-
adducts), but as a result of reamination reaction between final molecular
product of cytidyl radical conversion (with saturated Cs—Cs bond) and lysine
amino acid residue: amino groups of these fragments in are located nearby in
the chromatin nucleosome (refer to Chapter 11 for details). One more example
of the influence of DNP supermolecular structural organization on the
protein—DNA crosslink formation is presented by the results of investigation
[41], performed on phage particles in the media of different acidity. It is shown
that at slight excess of the medium acidity above physiological pH level non-
covalent protein~DNA crosslinks with participation of HC~DNA pairs and Gly
and Asp residues are formed. As the medium pH decreases to 4, Schiff’s base
type protein-DNA crosslinks are formed due to the interaction between 2-
deoxyribosyl carbonyl group (an open form in depurinated DNA sites) with
lysine amino group in the protein. In the case of irradiation, such situation
(local acidulation) may be realized in the presence of *OH radical modified 2-
deoxyribosyl in the spur [42] containing aldehyde group or keto-group at C'l,
C'2, and C'3 atoms (the so-called alkaline-labile sites [43]).

Thus, these two examples indicate participation of the final products of
free radical conversions in the crosslink formation due to retaining functional
groups of reacting fragments near one another by the structural organization of
nucleosomes.

On the effect of denaturation of proteins

Denaturation of protein molecules is one of the manifestations of
radiation chemistry specificity for these biopolymers, which means the break
of secondary and tertiary supermolecular structure of proteins. Primarily, this is
related to C(=0)...HN hydrogen bond break in o-spiral shaped areas inside the
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molecule (despiralization) and in B-layers, formed by intermolecular hydrogen
bonds. It is shown [44] that at irradiation of dry preparations or HSA aqueous
solutions about 15 — 20 hydrogen bonds per one pair of ions formed in
macromolecule are broken. The molecule despiralization effects (the changes
in the secondary structure of protein) was comprehensively studied on the
example of aqueous solutions of collagen irradiated in a wide range of
concentrations [45, 46]. It is found that at irradiation of collagen solutions in
doses up to 1 kGy, "OH radicals induce 90% despiralization of the initial level,
whereas in the presence of O, this level reaches just 60%. The radiation-
chemical yield of the process equals 0.007 and 0.004 molecules per 100 eV
absorbed energy, respectively. In the presence of effective *OH radical
acceptors, G (despiralization) is 5-10 fold reduced.

Contrary to thermal denaturation of proteins, radiolytic denaturation is
the irreversible process. As is known [1], a-spiralized areas are formed by
amino acid Ala, Glu, Gly, Leu, Lys, Met, and Gis residues in the fragments of
polypeptides. The data on degradation and modification of these amino acid
residues, obtained in the study of final molecular products of radiolysis [29, 33,
34], and the data (incomplete yet) on the unpaired electron localization site (on
the origin of primary macroradicals, Table 7.2) at the same residues in the
composition of irradiated proteins allow for a conclusion that the radiation
irreversible denaturation of protein molecules results the formation and
conversions of macroradicals and, finally, molecular products. Hence,
generally, radicals possess unpaired electron either directly at the peptide chain
(Cq or anion-macroradicals, Table 7.2) or Cg and C, carbon atoms in its
branches.

Conversions of macroradicals and their heat resistance

Heat resistance of radicals in frozen-up aqueous protein solutions
depends on the phase state of the system. As the protein solution is frozen up at
77 K, glassy-like solutions and samples can be formed, uniform by shape and
representing polycrystalline mixtures of ice, protein and solid solution itself.
The phase state of the aqueous protein system and the phase ratio in it depends
on the amino acid protein composition, biopolymer concentration in the
solution and the freezing up rate. The fact that at 77 K the current sample
represents a glassy-like solution may be judged about by the following two
signs:



102 V.A. Sharpatyi

1. Sample transparency;
2. Total radiation-chemical yield of free radicals, including e, H" and

*OH reaching G ~ 7, which corresponds to complete involvement of
water radiolysis products into the reaction [47].

At 77 K, in glassy-like protein solutions at thermal annealing or storage of
samples in liquefied nitrogen, stabilized *OH, H® and @ may recombine with
macroradicals and undamaged molecules. In polycrystalline unglassified
samples, these processes proceed in microareas only, which represent the
uniform phase.

Turning back to the analyzed examples of radical conversion in the
aqueous protein systems in case of thermal annealing, the multistage type of
these conversions should be noted. The comparison of results of radical
thermal annealing in lysozyme, gelatin, serum albumin and thymus histone
solutions [10, 48, 49] with data on changes in the phase composition of these
aqueous protein systems [10, 50] indicates general coincidence of temperature
ranges, in which radicals are formed or transformed and any structural change
in the system are realized: arrangement of the water matrix due to
redistribution of protons [51], softening of glasses and crystallization of glassy-
like microregions formed from biopolymer-structured water and globular
protein itself at cooling down to 77 K [50].

As a consequence of such changes, primarily, at heating the sample to
100 — 105 K "OH, H and stabilized on traps in frozen-up aqueous matrix are
involved into the reaction first. In the case of glassy-like gelatin solutions,
frozen up to 77 K, the existence of two types of biopolymer-structured water
was observed. In the current aqueous protein system, these types form “soft”
and “rigid” matrices for the radicals — the water radiolysis products — stabilized
at 77 K [10]. Radicals stabilized in a “soft” matrix (e and "OH) recombine at
the liquefied nitrogen temperature.

As temperature increases to 120 and 150 — 155 K, concentration of
radicals in gelatin solutions decreases: the processes of macroradical isomerism
with cleavage of chemical bonds in the polypeptide chain (the breaks are
formed) and recombination of radicals become possible. Hence, total
concentration of radicals equals 50% of the initial one. It is admirable that such
changes in ESR spectra of irradiated dry preparations of proteins are observed
at temperatures exceeding the current range by 70 — 100 K (Table 7.2). It is
obvious that in this case, water (bound and structured) serves as the plasticizer
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in various microregions of macromolecule location promoting segmental
movements in macromolecules at low temperatures. This conclusion may be
confirmed by the results of RTL method, obtained for conformational mobility
of macromolecules in collagen [52], the three spiral shaped protein. Four stages
of collagen relaxation (4 temperature ranges) have been determined: 110 — 115
K, 155 K, 235 K and 320 — 325 K. Since water is evacuated from the samples
(at 400 K), all typical luminescence peaks disappear, except the peak at 235 K.
This allows for relating low-temperature maxima to the presence of several
types of structured water molecules participating in formation of three spiral
shaped structure of biopolymer [55].

ESR spectra of 10 — 20% gelatin solutions, heated up to 200 K, clearly
demonstrate Rgy and Ry, radical components; at 220 — 225 K, the samples
preserve these radicals in the total concentration about 20 — 25% of the initial
one. As the sample is heated up to temperature, at which, as shown in the case
humidified lysozyme, the bound water is cluster melted [50], macroradicals
recombine and their concentration decreases to zero. As for dry protein
preparations, temperature ranges of such preparations of the macroradicals are
also shifted to higher temperatures (Table 7.2).

Analysis of the data on radical conversions in protein solutions and dry
preparations does not allow for accepting a hypothesis [54] that C® radicals
(Rgy and Rap) disappear at the sample heating as a result of isomerization
proceeding with H atom detachment from a neighboring imino group due to
rehybridization of electron orbitals (sp3 - sp2 — sp°). It is suggested that the
latter radical reacts macroradicals. If it is true, the process of orbital
rehybridization with respect to the temperature range of Ryy and Ra, radical
existence is extended to the range between 77 and 225 — 230 K in frozen-up
solutions. Moreover, acceptance of this hypothesis requires an assumption that
molecular hydrogen is formed in recombination of H atoms. As follows from
the experiment, the yield of hydrogen from dry gelatin does not exceed 2% of
total gas yield (Table 7.1).

The relation to total yield of free radicals at low-temperature radiation
(G ~ 5 [23]) allows estimation of G(H) equal 0.1. This value is at least by an
order of magnitude below the estimated level, determined with respect to
amino acid composition of gelatin and the value of total radiation-chemical
yields of Rgy and Ry, radicals.

To conclude, let us note that the stage-wise considered conversions of
protein radicals, initiated by structural changes in frozen-up solutions allow for
explaining such effects of protein irradiation by deamination, the formation of
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breaks and crosslinks in the polypeptide chains, and select the ways for
controlling radical conversion processes, the radiation protection, in particular.

Radioprotection of protein molecules

At the initial stages of radiation damage of the protein, two mechanisms
of the radiation protection by special radioprotector substances may be
implemented, namely, the mechanisms of competition for water radiolysis
products and free-radical reaction inhibition [2, 25].

The first way of radioprotection is presented by the results of
investigations as follows (Table 7.1) [2, 32, 35, 46]. For example, in the case of
gelatin solutions [2] as high concentrated as 1.5x10™* = 1.5x10™° mol/l and
saccharose, the latter effectively competes with the protein for *OH radicals,
and the yield of CO with saccharose concentration increase from 0.03 to 0.2
mol/l decreases by an order of magnitude e.g. in the presence of 0.2 mol/l
saccharose the formation breaks in the polypeptide chain are suppressed by
80% and, as well, the process of Cq type radical formation. Radioprotection of
the protein molecules by the second mechanism via transmission of unpaired
electron from macroradicals, formed in the primary acts of radiolysis, to a
substance — the inhibitor of free-radical reactions (the substitution) as follows:

R.protein +InH=RH + In, (71 1)

may be illustrated by the radiolysis investigation data, obtained for dry protein
preparation mixtures and substances-radioprotectors containing sulfhydryl
groups [23]. As H atom is transferred from the substance-inhibitor to C,
radicals by the reaction (7.11), two products —stereoisomers — are formed.
Hence, occurrence of one of these products means recovery of the initial
structure of the macromolecule. As biologists put it differently, the initially
damage of protein molecule is repaired, and the biological activity is restored.
Hence, as a stereoisomer (epimeride) of this macromolecule fragment is
formed (for example, when sulfhydryl group approaches the flat-shaped C,
radical from the other side), this means the change in conformation of the
initial molecule. This may cause a loss of biological activity of the current
protein molecule, although, in principle, the interaction between C, radical and
the inhibitor results in elimination of the free valence in the damaged
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macromolecule, prevention of further degradation of biopolymer, and
formation of breaks in the polymer chain.

Analyzing a possibility of realization of these two radioprotection
mechanisms for substances-radioprotectors in relation to protein molecules
note that such processes must proceed directly in the irradiated cell. For the
substances competing for water radicals, aromatic and sulfur-containing amino
acids, glutathione, thymine [25] and other compounds containing aromatic
rings or sulfur-containing groups may be taken, present free in the cell or
included in protein molecules. The protective action of radioprotectors with
sulfhydryl groups at the cellular level proceeding by the competing mechanism
for water radiolysis products is presented by the investigation results of
biopolymer degradation in the cell, which is not a protein, but DNA:
occurrence of breaks in irradiated DNA of cell L5178Y suspensions in the
presence of mercaptoethanol (MET) in a wide range of concentrations in the
cultural medium were studied (refer to Chapter 12). It has been found that as
MET concentration in the suspension increases, DNA break yield gradually
reduced and, starting from some intermediate concentration remained
unchanged with the concentration increase (this illustrates the mechanism of
indirect effect of radiation). Hence, the maximal radioprotection effect reached
86%.

The inhibitors of free-radical reactions may be the same compounds
having sulfhydryl groups, spatially hindered phenols, etc., endogenous to the
cell and manifesting properties of hydrogen atom donor. Radioprotection on
proteins implemented by cysteine residues by the reactions (7.11) is confirmed
by ESR data, obtained in the experiments of thermal annealing of proteins,
evacuated and irradiated at 77 K [27]: in samples heated up to 280 - 360 K
primary radicals annihilate forming RS-type radicals, the concentration of
which increases with the sample temperature (Figure 7.2). To put it differently,
in terms of radiation chemistry of polymers [55, 56], in the irradiated cell
“external” and “internal” radioprotection mechanisms for protein molecules
may be realized.
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/\

Figure 7.2. ESR spectra of wool fiber irradiated by 80 kGy dose at 77 K,
measured at 77 K immediately after irradiation (1) and sample
annealing during 10 min at 180 (2), 220 (3), 300 (4), 320 (5), 340
(6), and 360 k (7). Data were recorded at Pyyr = 0.015 mW and

HF-modulation of 0.06 mT. Signal amplification is shown at the
right of the spectrum
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Also, in the irradiated cell, analogous processes are implemented with
other chemical components in it — the above-mentioned nucleic acid, lipids,
etc. All these experimental facts confirm the concept, proposed in 1950ies by
N.M. Emanuel, on the application compounds-inhibitors of free-radical
reactions as radioprotectors in the case of radiation pathology [57]. At present,
such elementary processes were registered (directly or indirectly) in cells and
tissues of animals, and the compounds possessing high antiradical activity are
used in clinics.

7.3. OXYGEN EFFECT AT PROTEIN RADIOLYSIS

Primarily, the presence of molecular oxygen in the protein solution is
observed at the initial stages of macroradical formation. Under these radiation
conditions, even in air, hydrated electrons are generally captured by molecular
oxygen:

€hyar T 02=03, (7.12)

because oxygen concentration in the solution saturated with the air equal
3x107* mol/l, and its reactivity in relation to & nyq, is high: k = 2x10'° I/mol-s.
Thus, in the presence of oxygen in protein solutions in the concentration range
between 5x107° — 5x10™ mol/l the yield of primary anion-radicals is
completely suppressed. This means “elimination” of macroradicals formed by
the “channel” of participation in reactions of reduction component of radiolysis
from all conversion stages of the protein degradation mechanism.

In the presence of molecular oxygen the mechanism of conversion of
macroradicals synthesized by *OH interaction with protein molecules is also
changed. For example, C radicals of the polypeptide chain react with O,
forming peroxide radicals at irradiation of both dry protein preparations and its
frozen-up aqueous solutions [49]:

R'+0,=RO;. (7.13)
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Investigations performed on peptides [59, 60] allowed for a conclusion
about proceeding of the following radical conversions in aqueous solutions
containing oxygen:

ROO® + HO, = R,O0H + O, (7.14)
H,O + ROOH = R,0H + H,0,, (7.15)
RCONHC(OH)R; = RCONH; + R,CO, (7.16)
H,O + RCONH, = RCOOH + NHs. (7.17)

Ammonia formation at irradiation of aqueous protein solutions in the
presence of O, (deamination process) is one of the main processes of radiolytic
degradation of said protein. In high concentration protein solutions, the yield of
NH; reaches G(NH;) ~ 4, which by the order of magnitude corresponds to
complete consumption of oxidative products of water radiolysis [16].

Protein  hydroperoxides represent unstable radiolysis products
transforming due to various mechanisms. For example, as observed for peptide
radiolysis, hydroperoxides having peroxide group at C atom are transformed as
follows:

OOH
|
R'CONH—CR'—COOH—>R'CONH—C(=O)R" + HO + CO,. (7.18)

This process representing decarboxylation is one of the main processes
of radiolytic conversion of polypeptides. The product formed by the reaction
(7.18) is hydrolytically decomposed by peptide bond. As a consequence, amide
and carboxylic groups are formed:

R'’CONHCOR" + H,0 = R'"CONH; + R"COOH. (7.19)

Beside the above-considered sequence of peroxide radical conversion,
the reaction of their disproportionation termination is possible [60]:

2RCONHC(OO*)RCOOH — 2RCONHC(O")RCOOH + O; (7.20)
0, + RCONHC(O")RCOOH — RCONHCOR + CO, + HO,.
The conversion of primary macroradicals in irradiated dry protein
preparations proceeds in the presence of oxygen in accordance with the chain
oxidation scheme [61] consisting of reactions (7.13) and (7.21):
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ROO" + R'H=ROOH +R'. (7.21)

Hence, hydroperoxides formed degreade to radicals and, therefore,
initiating chain branching at room temperature:

ROOH = RO’ + "OH. (7.22)

Also, similar processes proceed in lyophilizates of irradiated protein
solutions. These processes reason the protein oxidation degradation, observed
in the post-radiation period of protein oxidative degradation in lyophilizates,
irradiated in the presence of O, in ovum albumin solutions, also stored in the
presence of O, at room temperature [62]. It is worthy of note that injection of a
substance — free radical acceptor, into the solution of irradiated biopolymer
significantly decreases the oxidation degradation yield of this biopolymer. As
follows from the literature [63], the processes of oxidative degradation of
polymers in lyophilizates of irradiated solutions proceeding in the presence of
oxygen in the post-radiation period are typical of not only proteins, but also
polysaccharides and, obviously, all systems, in which peroxides may be
formed.

7.4. REACTIONS OF WATER RADICALS WITH SIDE BRANCHES
OF POLYPEPTIDE CHAIN

According to reactivity of amino acids in relation to water radiolysis
products, double bonds, aromatic groups of atoms and fragments with sulfur
atoms possess increased reactivity, and namely these functional groups, being
the sites for *OH and & nyqr attacks, define radiolytic properties of any amino
acid in the composition of the protein macromolecule [64, 65]. ESR spectra,
recorded in the irradiated aqueous frozen-up protein solutions, demonstrated
the above-mentioned types of primary macroradicals [5]. After heating the
sample up, the chromatography method allowed for determining a change of
amino acid residues in the protein composition, in which free valence is
localized in accordance to ESR data, namely: phenylalanine, tyrosine, lysine,
methionine, arginine, etc. [29].
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Let us list the basic types of water radical reactions with amino acid
residue fragments in the protein composition. They are:

for *OH radicals and hydrogen

a) addition by double bonds (C=C, C=N) to aromatic cycles;
b) H detachment at H-C, bond attack with H,O and H, formation;

Note that hydrogen reactivity is by an order of magnitude lower than "OH
reactivity;

for e hydr

a) addition by double bonds;
b) addition to aromatic rings;
c¢) capture by positively charged groups and groups having sulfur atoms.

The yield of the above-mentioned radical formation and conversion in
branches depends on the protein amino acid composition, namely, the number
of functional groups, attacked by water radicals, their location in the molecule
(on the surface or inside the globule), and even on the origin of amino acid
residues neighboring the one attacked by water radicals [18, 66 — 69].

The investigation results of radiation degradation of aromatic amino
acid residues, obtained at irradiation of proteins in case of injecting various
radicals from water (with respect to the origin of gas saturating the solution)
allows for obtaining data on the directions of primary macroradicals. For
example, in accordance with [33], as transiting from O,—saturated to
N,O-saturated irradiated collagen solutions, the yield of degraded tyrosine
decreases from 0.17 to 0 that, of course, does not mean termination of tyrosine
degradation. The analogous tendency is observed for HSA solution irradiation
[37]. Under current conditions of collagen irradiation (at & nygr conversion to
*OH is N,O-saturated solutions) tyrosine subsidence is compensated by its
accumulation in the process of phenylalanine by "OH radicals (via the stage of
Phen adducts, "OH radical formation). The radiation-chemical yield of Phen
degradation changes inconsiderably, but its values equal 0.38 and 0.52 indicate
that tyrosine formation from Phen is not the single process of radiolytic
modification of phenylalanine.
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In the case histone solution irradiation at 77 K (reagents & and H),
phenylalanine concentration increases at the background of Tyr degradation,
i.e. Tyr is reduced to Phen [29] and alanine concentration increases
simultaneously.

Summing up all these data on the conversions of aromatic amino acid
residues, a conclusion can be made that at Tyr interaction with H and & (+H")
H-adducts are formed — the radicals which conversions induce Tyr reduction to
Phen and CI-C bond break with formation of alanine and phenol derivatives,
similar to the case of phenylalanine and tyrosine solution irradiation [70].

On directional energy transfer in irradiated protein solutions and the role of
structured water

The analysis of data on decomposition of amino acids in the
composition of proteins at the liquid-phase irradiation indicates clear
discrepancy between their damage degrees to the sequences of reactivities in
relation radical products of water radiolysis: @nyq, 'OH and H" [18, 33, 64 —
69]. In relation to & and H', similar situation is observed for frozen-up
solutions and dry preparations [29, 71]. One of the reasons for this discrepancy
is location of amino acid residues in protein molecules and, therefore, the
influence of neighbor amino acids on the conversion of primarily damaged one
[18]. Another more important reason is impropriety of such estimation, because
radiolysis processes proceeding in different systems are compared. For
example, in one of these systems (diluted solutions of amino acids) & pyq is the
reagent, whereas according to [15, 47] in another system representing
essentially concentrated protein solution (basing on the sizes of
macromolecules and globules formed by them, and the track spurs) pre-
localized (mobile, dry) electron should play this role. Therefore, it would be
more correct to compare damaging of amino acid residues in proteins with the
reactivity of amino acids at irradiation of their highly concentrated solutions.

The low-temperature irradiation of frozen-up aqueous solutions and dry
preparations of proteins gives an opportunity to register participation of
electron (currently dry) under these conditions in reactions with various amino
acid residues immediately by typical ESR spectra of the primary macroradicals
— electron and H adducts (after -anion-radical protonation). The fractional
yields of primary macroradicals, calculated by these specific ESR spectra,
allows for considering the damaging degree of one or another amino acid
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residues in the protein composition reliable to a higher extent compared with
the accumulation of final molecular products, because we are speaking about
direct changes in accumulation of the primary radiolysis products, which are
macroradicals, and no neighboring amino acids participate in the reactions. The
data on ESR measurements, performed at irradiation of 10% gelatin and total
histone thymus solutions, and dry wool keratin preparations [16, 21, 27],
considerably different in the amino acid composition, performed at 77 K.
Primary macroradicals were identified: Ry (the radical with unpaired electron
localized on the carbogroup peptide bond); Ry (formed at electron attack on
protonated NH, and NH groups of lysine and arginine); R, (protonated
electron adducts of aromatic rings); Rss (“cystine™). The fractional yields of
these radicals and the relative damage level of the fragments were also
determined (Tables 7.2 and 7.3). Comparing these data, note that sequence of
fragments damaged by mobile electron is the same for all proteins:

S—S > peptide bonds > lysine > aromatic rings.

Hence, note also that each protein possesses self scale of relative damage
degree of the mentioned fragments. It is worthy of note that in this sequence
aromatic amino acids were ranked at the last place, whereas reactivity of the
peptide bond carbogroup is higher than for positively charged amino and imino
groups (lysine and arginine). Actually, the determined damaging hierarchy of
amino acids is different from that determined by the individual reactivity of
amino acids in relation to e hyg,. One may suggest that the sequence of yields of
amino acid radicals reflects just a contribution of molar content of
corresponding amino acid residues (shown in brackets in Table 7.3). However,
taking the peptide bond damaging in each protein for the unit, because the
amount of these units in any protein is the highest, we get that the relative
damage of lysine (and arginine) in gelatin composition is twice higher than in
frozen-up histone solution. Meanwhile, molar content of these amino in gelatin
is twice lower.
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Table 7.3

The fractional yield of primary radicals (in %) in proteins at 77 K and relative damaging degree by
electron of the main fragments at G’ (R,p) = 1; shown in brackets are concentrations of fragments
according to [71]

Fractional yield of radicals,

Fragment damaging degree

Irradiated system G concentration of fragments, % : _
R R, R Res | 2o | S-S Peptide Lysine Aromatic
P . o : bond rings
Gelatin 40 30 15
> + 0. 15 - 4 3 1
10% solution 30206 1 o0y | 13y | @5y | °
Thymus histone 65 27.5 7.5
’ S - 1
10% solution 0 (100) | (22.5) | (4.9 0 0 ? 4
. 25 >10 7 40
1k + 1
Wool keratin 1.2£0.1 (100) | (10) @ | (10) 0 4 3 1
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These data allowed for a conclusion that the damaging degree of an
amino acid residue, obtained at irradiation of frozen-up protein solution,
mainly depends on the fact how homogeneous is the system formed by
functional groups of amino acid residues with the solvent molecules e.g. how
uniform their pseudo-microphase is and, therefore, how freely water radiolysis
products access them. The conclusion is analogous to the case of liquid-phase
irradiation of proteins [18].

The data under consideration indicate preferential damaging of amino
acid residues, which form the uniform microphase with water molecules and
hydrate layers in native proteins, induced by water radiolysis products,
structured by biopolymer. NMR measurements of water molecule relaxation
parameters have indicated a decrease in the amount of water molecules bound
to macromolecules with increasing irradiation dose. Hence, the radiation
denaturation of protein happens, completing at the dose about 1 kGy [72, 73].
It may be suggested that this dose level corresponds to complete radiation
degradation of water structured by current protein-collagen (degradation of the
structural organization of the hydrate protein layer). Taking into account the
concentration of collagen solutions and other irradiation conditions (weight
content — 0.1%, inert gas saturation, 0.5 mol/l tert-butyl alcohol concentration
— "OH acceptor, only electrons are active), one may estimate the quantity of
protein-bound water, which gives 15% for dry collagen. The value obtained
correlates with the quantity of adsorbed water (total and structured) in collagen
fibers, for instance, human tendons. It has been shown [34] that irradiation in
low doses (5 — 25 Gy) decreases water concentration in these native
preparations by 11% (by 4% for total and by 7% for structured water). Hence,
in the case of collagen solutions the radiation-chemical degradation yield of
structured water molecules due to ey participation (in the absence of
oxygen) equals G ~ 1.

The value obtained correlate satisfactorily with the radiation-chemical
yield of primary macroradicals — the electron adducts in irradiated glassy-like,
frozen-up aqueous gelatin solutions [10] and denaturation yield (recorded by
formation of insoluble fractions) at the liquid-phase irradiation of other
proteins [22, 24].

The conversions of primary radicals of amino acid residues are affected
by neighbor amino acid residues [18]. Therefore, a damage may migrate by
their functional groups. Hence, the sequence of amino acid residue disposition
and possible cluster type of interaction of their functional groups (both
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hydrophobic and hydrophilic) in the peptide molecule should be taken into
account.

All these effects must affect the composition and the ratio between
yields of the final molecular products of protein molecule radiolysis and,
certainly, define specificity of the radiolysis mechanism of one or another
protein.

7.5. RADIOLYSIS FEATURES OF AQUEOUS SOLUTIONS OF
PROTEID

Damaging of the active sites of enzymes

The typical feature of enzymes is their activity — the property reflecting
the biological essence of these natural polymers and, therefore, the integrity of
structure of these molecules. The studies of changes in the enzymatic activity
of such proteins, irradiated in aqueous solutions, carried out with respect to the
enzyme concentration and the origin of gas, with which the solution is
saturated, are of special value, because under typical conditions of radiation-
chemical investigations the scientists manage to get data on the effect on both
primary structure of biopolymer and its supermolecular structural organization
(the secondary, tertiary and quaternary structure of protein). For example,
studies of papain aqueous solution radiolysis demonstrated the concentration
dependence of the enzymatic activity change in solvents saturated by different
gases: inert (nitrogen), nitrous oxide and oxygen (Table 7.4). It has been found
that the enzyme activity decreases with papain irradiation. Two types of
activity decrease (reversible and irreversible) were recorded. The yield of total
activity loss shows low dependence on the origin of gas saturating the solution,
to put it differently, on the damaging agent (& nyar, H, *OH) reacting with the
active site of the enzyme. This indicates that oxidative and reducing radicals
react with this enzyme with similar efficiency.
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Table 7.4

Radiation-chemical yield of papain activity loss at irradiation in aqueous
solutions [74]

Gas saturating Total activity Irreversible Reversible
solution loss activity activity
N 55405 40+04 1.5£0.9
0O, 58+£0.2 3.0+£03 28+0.5
N;O 55+0.5 1.8+£0.2 3.7+£0.7

The observed effect of reversible activity loss by the enzyme is induced
by oxidation of sulfur-containing groups of cysteine residues. Papain
radiolysis, the enzyme which active site includes a residue of cysteine, may be
considered as a example of directional transfer of absorbed energy to this
active site in the protein molecule. In this case, the effect of directional damage
is coordinated with the ideas that the place of the primary localization of this
damage in the protein molecule is determined, firstly, by high reactivity of
sulfhydryl group in relation to both “OH and & pyq: and, secondly, by obvious
absence of steric hindrances at these particles access to the active site of the
enzyme.

Radiolysis of hemoglobin aqueous solutions

The studies of low-temperature (77 K) radiolysis of 20%
oxyhemoglobin (HbO,) and methemoglobin (Hb™") solutions indicated a
remarkable feature of radiolytic behavior proteins containing heme. The latter
in the composition of prosthetic groups of proteins demonstrate highly
effective acceptor properties in relation to mobile electrons formed at low-
temperature irradiation of aqueous solutions [75 — 77]. Analogous conclusion
was made about acceptor properties of porphyritic rings as the entire system to
electron [78], where radiolysis of water-alcohol compared with concentrated
solutions of some porphyrins and metalloporphyrins were studied. It has been
found that the interaction between electron and metalloporphyrins reduces
central Co(1I1) and Mn(Ill) ions, and the electron transfer rate depends on the
origin of metal and porphyrin-ligand.

For HbO solution, it has been found that the electron entrapped by
heme transits to the center of the porphyrin ring and, finally, is localized on
distal hystidine forming an electron adduct on its imidazole cycle [77]. At
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thermal annealing of HbO solutions in the temperature range of 77 — 105 K,
these anion-radicals react with O,, located in heme at Fe*". Hence, peroxide
radicals are formed.

Thus, in this system the reduction component of water radiolysis
(electron) initiates proceeding of oxidative processes of macroradical
conversion in the protein globule.

The considered examples of directional transfer of energy, absorbed by
the solution (via water radical participation in the reactions), to definite protein
fragments and further migration of a damage by macromolecule from primary
to final localization place should be added by the data on serum albumin
radiolysis in aqueous solutions [18, 67 — 69]. In the composition of albumin
globules, three types of bonds (functional groups) differently accessible for
attack by water radiolysis products and stabilizing albumins’ structure were
found. For example, in the case of HSA, tyrosine residues located on the
globule surface and enclosing o-spiral-shaped areas are initially damaged [69];
water radicals (mostly *OH) induce denaturation of bovine serum albumin
macromolecules, hydrophilic areas of the polypeptide chain untwist, and
albumin globule degrades [69].

7.6. CONCLUSION

The analysis of data from the literature on the radiolysis of aqueous
solutions of proteins, obtained in recent 12 — 15 years, indicated some
regularities specific for these systems. Essentially, in this Chapter we discussed
only one of the questions among the problems of protein molecule radiolysis —
the predominant role of free radicals in the radiation damaging of protein and
their predominant role in this process. All radiolytic effects discussed may be
interpreted as a result of macroradical conversions. Main ways of their
conversions, sometimes down to formation of final products of protein
radiolysis and manifestations of the final radiation effects for proteins were
determined. These processes are:

a) deamination of two types: lysine and arginine amino group detachment
and amide groups at peptide bond break (“amide” ammonia releases);

b) the formation of breaks in polypeptide chain: at attack of carbogroups
of peptide bonds by mobile electrons (in dry proteins and frozen-up
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solutions) and & yar, C—H bonds by "OH and H® radicals (H detachment
reactions), at e nyqr attack on disulfide bonds (S—S bond break);

c) the change in macromolecule conformation at &y attack on peptide
bond carbogroups in proline residues;

d) crosslink (additional covalent bonds) formation: as a result of
macroradical recombination with localization of unpaired electron in
polypeptide chain branches with the type C, radicals of the proline unit,
etc., at the interaction of sulthydryl and amino groups in branches with
dehydroalanine double bonds in the polypeptide chain, formed at
irradiation;

e) the increase of hydrophobic group concentration in proteins — at
degradation and detachment of polar groups of Lys, Arg and Asp
residues.

A possibility of realization of two protective mechanisms of substances-
radioprotectors possessing antiradical activity has been determined, namely:
the competition for water radicals and inhibition of free-radical reactions. In
this relation, let us note that oxidative degradation of proteins (and other
biopolymers lasts in the post-irradiation period in both solutions and their
lyophilizates, irradiated and stored in the presence of oxygen (in air). The yield
of these processes is significantly suppressed, if prior to irradiation any
compounds — radical acceptors were added to solutions of biopolymers. These
are the systems, in which both protective mechanisms are implemented.

Beside these more or less resolved questions, this Chapter touches upon
such problem ones as, for example, the role of protein-structured water and its
radiolysis:

a) at primary stages of the protein radiation damage;
b) in conversions occurring at irradiation of macroradicals.

One may suggest that in the closest period, beside the questions of maximal
protection of irradiated proteins — the systems repairing radiation damages in
the cell, the study of oligopeptide radiolysis mechanisms in the composition of
lymphocyte receptors (responsible for immune functions of the organism),
these investigation directions will be urgent for investigators.
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Chapter 8. Radiation chemistry of polysaccharides

Carbohydrates represent one of the classes of compounds composing
cell structures and manifesting its viability. Plant tissues contain about 80%
carbohydrates, whereas in animals this level does not exceed 2%. As fragments
in the composition of nucleic acids and glycoproteids, carbohydrates represent
the main “construction material” for these natural complexes, which are
responsible for hereditary characters and immune functions in the organism
affected by ionizing radiation. Hence, the study of the radiation degradation in
such systems is induced by the purposes of their radioprotection. At preserving
foods by radiation treatment (corn, flour, vegetables and fruits), control for
concentration of toxic products of carbohydrate radiolysis in vegetables grown
on radionuclide-contaminated soils, it is urgent for investigators to determine
the origin of these toxicants and decrease their concentration in products to
innocent for consumption.

The radiation processing of polysaccharide-containing agricultural and
food industry wastes to the mass digestible by bacteria and animals determines
the ways of increasing the yield of radiation-chemical processes. The fourth,
medical, aspect of the problem is related to the application of radiation-
modified natural and biologically synthesized polysaccharides as blood plasma
substituents in medical practice. This supplies the deficiency in donor blood,
reduces danger of possible introduction of viral or any other infection to
recipients. Moreover, under emergency conditions, biological compatibility
with the human organism gives an opportunity to render timely aid to victims
with no respect to their blood type. Hence, such problems as radiation
sterilization of medical forms of preparations and the storage time (reduction of
possible post-irradiation degradation) should also be solved.

Thus, for reaching the target effect, the knowledge of the mechanisms
of radiation degradation of polysaccharide (carbohydrate) containing systems
defines the possibilities to control these processes [1].

Note that the investigations in the field of radiation chemistry of
polysaccharides, carried out in Russia by the followers of Academicians N.N.
Semenov, N.M. Emanuel and N.K. Kochetkov, formed grounds for the
complex approach to solving the mentioned questions. It has been found that in
irradiated polysaccharide-containing systems the main role in degradation of
carbohydrates is devoted to free radicals: the yield of final molecular products
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of radiolysis is comparable with the yield of radicals, generated by ionizing
radiation [2 — 5].

8.1. STRUCTURE OF CARBOHYDRATES, POLYSACCHARIDES

Carbohydrates are compounds containing hydroxyl groups and carbonyl
group (aldehyde or ketone) in the molecule structure. According to the
presence of aldehyde or ketone group in the structure, carbohydrates
(monosaccharides) are subdivided into aldoses and ketoses, which in the
individual crystalline state represent cyclic semiacetals of multiatomic
aldehydo- or ketoalcohols, and in solvents are present in the equilibrium
noncyclic forms.

Of monosaccharide molecules the presence of several cyclic forms —
conformers, is typical. These conformers differ by from one another by
location of various parts of the cycle. Contrary to isomerization, at mutual
transitions of conformational forms the integrity of bonds between atoms is
preserved. By analogy to cyclohexane molecule, conformations of the pyranose
ring (the main structural unit of carbohydrates) in the six-membered
carbohydrates are divided into C (“chair”) and B (“boat”) types.

Natural polysaccharides are polymers including glucoside
(glucopyranose) ring as a monomeric unit, bound by glycoside bonds in
positions 1 — 4, 1 — 6, and 1 — 3. In this sequence of monomeric units, in one
unit hydrogen atom of semiacetal hydroxyl is substituted by another
monosaccharide residue, which, in turn, has semiacetal hydroxyl hydrogen
atom substituted by the third monosaccharide residue, etc. Firstly, various sorts
of cellulose and starches, dextranes and other polysaccharides differ from one
another by the ratio of glycoside bond types, branching degrees of
macromolecules and, therefore, spatial structure.

Table 8.1 shows characteristics and properties of some natural
polysaccharides (glucose superpolymers) having identical composition
(monomeric unit is a-glucopyranose residue) differing by spatial location of
monomeric units, the number of intramolecular and intermolecular hydrogen
bonds — various starches, cellulose and dextrane, the latter produced by
Leuconostoc mesenteroides bacteria. Clearly, the basic macromolecular
properties of these natural polysaccharides are mostly defined by the ratio of
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Table 8.1
Characteristics of some natural polysaccharides [3]
Structure Macromolecular composition, % Fraction Humidity
Polysaccharide | Type of | Max particle | Amylopectine Amylose molecular weight, % ’
granules size, um a-1,6-, a-1,4- a-1,4- dalton
Laminar 32,000 — 160,000
. lase)
Corn (maize) | granules (amy
starch various 25 77 23 250,000 - 13
shapes 500,000
amylopectine
lopectine)
Lens- 32,000 — 160,000
(amylase)
Potato starch lf:ﬁf; 100 77 23 250,000 — 12
granules S OO,OOO.
(amylopectine)
Laminar- 250,000 —
ga";g com uniform 25 96 4 500,000 12
granules
Amylopectin | Loose > 100 9% 4 >2,000,000 1
starch granules
Torus- 10 98 2
Dextrane shaped (x-1,6-) (oe-1,3-, 250,000,000 11
granules a-1,4-)
Cotton MIC'I‘O 98.5 200,000 4
cellulose fibrils a-(B-1,4-)
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quantities of various types of glycoside bonds in the volume and polymer chain
branching (refer to various starches). Potato starch granules include branched
amylopectin starch with a-1,4-glycoside bond (with “crystalline” zones sized
60 A and less regulated, with abundant branching points) and linear
polysaccharide amylase manifesting intense intra- and intermolecular
interactions. The crystallinity index is 0.2 for potato starch and 0.7 — 0.8 for
cellulose.

In native starch, linear amylase exists in two crystalline shapes: B-shape
(hexagonal lattice: a = b = 18.5 A, ¢ = 10.4 A) and A-shape (orthorhombic
lattice: @ = 11.9 A, b = 17.7 A, ¢ = 10.52 A; y = 120°). Both these
conformations represent two-strand dextrorotatory spirals with 21 A (6 glucose
residues) with antiparallel packing of two strands in the crystalline cell. In the
B-conformation, there is a hexagon-regulated channel, filled with water
molecules. The elementary cell of B conformation contains 36 — 40 water
molecules, a half of which id linked by hydrogen bonds to starch
macromolecules, are the rest of them are bound to one another. The A
conformation cell contains 9 — 10 water molecules. The following transition
was observed experimentally:

B conformation — A conformation + H,O.

This dehydration of the crystalline structure happens at long-term thermal
effect and simultanecous mechanical compression, elongation and shear stresses
[6].

The radiation impact induces order degradation in granules — the
process called homogenization or decrystallization of the sample, and
decreasing “sensitivity” to water absorption [7]. The mechanical impact
induces dehydration of the sample. This is the difference in the effects of
mechanical and radiation impact on the sample of native potato starch.

In dextrane, monomeric units are bound by a-1,6- bond, and branching
points are mostly located at C3 atoms. This polymer has no crystalline phase
and is represented by irregular coils with high density in the center, abruptly
reduced to periphery. Concluding the above-mentioned, it should be
emphasized that differences in physical and chemical properties, and biological
activity of these biopolymers is defined by both molecular and spatially-
structural factors.
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8.2. THE ROLE OF ‘OH AND ELECTRON IN CARBOHYDRATE
DEGRADATION

Primary radiolytic processes proceeding in aqueous solutions of
carbohydrates and polysaccharides are the following: formation of radicals in
these systems due to C—H bond break at any carbon atom in the composition of
oxymethylene unit or glycoside bond (in the case of di-, tri- and
polysaccharides) at radical *OH attack on them. The relative yield of each of
these radicals in biopolymer is defined by structural features of the
macromolecule fragment. The main difference in radiolysis of aqueous
solutions of mono- and disaccharides versus polysaccharides is due to the
presence of molecules with open aldo- and keto-groups. As shown by direct
ESR methods applied to investigations at radiolysis of aqueous frozen-up
solutions of carbohydrates and polysaccharides, the reactions with dissolved
substances mostly involve “OH (H,0") and H" radicals [2 - 5, 8 — 10]:

RH + H' ("OH) = R* + H, (H;0), (8.1)

where R® is radical formed by hydrogen detachment from any other
oxymethylene unit in the monomeric cycle. The reaction rate constant for “OH
radicals in aqueous solutions equals ~10° M™'s™, and for H* radicals ~10®
M's™'. The reactivity of & wyqr particles in relation to carbohydrate molecules
(mono- and disaccharides) is by 2 — 2.5 orders of magnitude lower compared
with H' radicals.

Application of low-temperature irradiation technique to these systems
allows for studying radiochemical properties of carbohydrates. For example,
the study of photoemission of electrons in carbohydrate solutions, irradiated at
77 K, it has been found that e dislodged by visible light from the traps are
involved in the reactions with *OH radical, formed from water and dissolved
carbohydrates (R°):

+°OH=HO"; (8.2)
+°R=R™(+H') > RH. (8.3)

QX ©

Electron makes no contribution to the process of polysaccharide
degradation, if the latter contain no aldehyde, keto- or carboxylic groups, but is
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entrapped (stabilized) by carbohydrate molecule hydroxyls. As a result, the
lifetime of such particle increases [10, 11], and it becomes able to participate in
recombination of primary radicals (type (8.3) reactions). This is the reason that
may explain formation of glucose stereoisomers (epimers) by C2 and C4
atoms, which are mannose and galactose, in irradiated glucose superpolymers —
starches and cellulose [5]. Moreover, transferring of such “stabilized” electron
from, for example, sugar fragment of a macromolecule to another, electrophilic
fragment, apparently, to a nitrous base of nucleotide in DNA composition
becomes possible [10, 11] (refer to Chapter 10). The radical yield from
dissolved sugar increases with the amount of carbohydrates in aqueous (even
frozen-up) solution, reaching for the highest concentrated ones the level G = 4
radicals/100 eV (Table 8.2).

Table 8.2
Radiation-chemical yield of radicals from glassy-like glucose solutions,
irradiated at 77 K [12]

. . Glucose concentration, M
Matrix Type of radicals 0 01 03 7 75
e 34 3.6 34 4.2 4.4
H* 0.1 0.1 0.1 | 0.03 | 0.01
2R’, except for O~ 34 | 36 | 36 | 57 | 70
H* 0.8 0.7 0.4 0.2 0.1
Hs;PO4, 4.5 M Rolucose 0 - 0.3 1.0 1.6
>R’, except for H' 1.9 | 27 | 27 | 27 | 3.6

In the case of higher diluted solutions of carbohydrates (<1 M), we may
also obtain these values G(2R), if conditions promoting involvement of
additional amount of "OH (H,O") radicals are created. Usually, these radical
recombine in pairs, and proceeding of the reverse reactions (8.2) and (8.4):

¢ + H,0" = H,0. (8.4)

As carbohydrate solutions irradiated in liquefied nitrogen are heated up
(thermal annealing of irradiated samples), stabilized oxidative component of
radiolysis, “OH radical, enters into reactions with dissolved sugars. The yield in
these transformations depends on the annealing temperature and carbohydrate
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concentration in solutions. From 10% to 30% of *OH radicals, stabilized at 77
K may participate in reactions with dissolved sugars. Figure 8.1 shows changes
in ESR spectrum of irradiated glassy-like glucose phosphate solution and
variations in the concentration of radicals, formed from the solvent and glucose
(conventional units) according to reaction 8.1 [13].

Gg, —
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Figure 8.1. ESR spectra of 0.15 M glucose solution and 6 M H3PO, irradiated
(30 kGy) at 77 K. After irradiation termination the sample was
heated up (a): 1 — 23 min at 98 K; 2 — 13 min at 143 K; 3 — 38 min
at 173 K
The dependence of radical yield on glucose concentration in
frozen-up phosphate solution (b)

The dependence of variation in radical concentration on the sample
temperature (c)
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Such antibate dependence of changes in concentrations of "OH radicals
and carbohydrate was recorded in the experiment on thermal annealing of wet
cellulose preparations, y-irradiated at 77 K [8].

Contrary to polysaccharides with their monomeric cyclic units, some
monosaccharide molecules are linear in the solution, i.e. having open aldehyde
and keto-groups. Both aldehyde and keto-groups may capture electron and,
thus, form anion-radicals. This type of processes representing formation and
transformations of anion-radicals may make a significant contribution into the
mechanism of carbohydrate transformation at irradiation of monosaccharides,
but not polysaccharides, because in the latter case only the end unit of the
macromolecule has open carbonyl (aldehyde or keto-, the so-called reducing,
RA - the reducing agent) group.

As compared with total quantity of monomeric units, the contribution of
end groups to the total process of radiolytic degradation of the biopolymer
molecule is rather low.

In the case of polysaccharide irradiation, the basic radiolytic effects are
the following:

- formation of breaks and crosslinks in macromolecules of mono- and
disaccharides;

- formation of formation of new reducing and carboxylic groups, deoxy-
and deoxyketo-units in the macromolecule composition.

Among the products of polysaccharide and their aqueous solution
radiolysis, low-molecular compounds of the monomeric unit degradation were
detected: CO, CO,, CHy, aldehydes, ketones, formic and other carboxylic
acids, and alcohols [14]. The values of their radiochemical yields depend on
the irradiation conditions (dose, dose rate, the origin of solution saturating gas,
the presence of additives — radical acceptors, etc.). The formation of all these
products of radiolysis is stipulated by transformation of primary radicals,
which are macroradicals.

8.3. THE ORIGIN OF CARBOHYDRATE RADICALS

By type of occurrence in the system under discussion, it is desirable to
divide radicals into primary and secondary ones. Primary radicals are formed at
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radiolysis of aqueous solutions as a result of interactions between
macromolecules and radicals "OH, "H and & yyar, whereas at irradiation of dry
polysaccharides due to break of C—H, C—OH and CO-H bonds hydroxyalkyl,
alkyl and alkoxyl radicals are formed. Total radical yield from polysaccharides
equals G(radicals) = 3 — 4. Secondary radicals are mostly those formed at
transformation of primary radicals by reactions of dehydration (allyl) and
isomerization with C—O and C—C bond break (acyl, alkyl, etc.) [15 — 27] (for
their structure and spectral characteristics, refer to materials below).

In polysaccharides, the places for attack by radicals “OH and *H may be
all C-H bonds in the anhydride carbohydrate ring. Electrons mostly attack
carbonyl groups (if they are present in the macromolecule, beside the end ones)
with formation of anion-radicals.

In the primary acts of irradiation of dry carbohydrate preparations, the
break of C—H, C—OH and CO-H bonds, induced by “H and "OH radicals, is
confirmed by the structure of radical products, identified by ESR spectra,
obtained at irradiation under low or room temperature (Table 8.3), as well as
the composition of gas released during irradiation and the value of
radiochemical yields of H, and H,O (the products of *H and *OH radical
interaction with the macromolecules by reaction (8.1)), comparable with the
total yield of macroradicals. The latter may be illustrated by the ratio between
yields of H,, HD and D, recorded at irradiation of deuterated (—OD) glucose
and dextrane (Table 8.4).

Comparing spectral data shown in Tables 8.3 and 8.5, identical origin of
primary macroradicals formed at irradiation of glucose superpolymers under
study, independently of the crystallinity degree (the phase composition) of the
sample, which may be 100% amorphous (dextrane) or 70 — 80% crystalline
(cellulose), should be noted.

The yield of primary radicals in irradiated polysaccharides depends on
the origin of this polymer, more particularly, on the ratio between amorphous
and crystalline microregions in the sample, and the content of adsorbed water
in the sample, hence, for example, on the sample evacuation conditions (Table
8.6). Contrary to fractional yields, total yield of the radical formation is
independent of the sample crystallinity degree.
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Table 8.3

ESR spectrum characteristics for radicals, identified in evacuated potato starch preparation, irradiated
at 77 K (decoded according to [17])

Radicals; apparent HES Band Hyperfine Temperature range for
localization site for unpaired -fact,or width, AH | interaction (HFI) radical registration, K;
electron £ (mT) constant, mT reactions, notes
Triplet .
R; (C3, C5) 2 003 6.6 3.0 77-313; Ry > Ra
R, (C5, C2) szlp(;gt 6.3 2.6-2.9 77-313; R, - Ry
Triplet
R3 (C2, C6) border 4.7 2.2 77 — 337; R3 > Ra
components
R4 (C4) —— 4.0 - 77 — 337
Rs (RO...H) Doublet 1.5 0.9 77 — 200
Re (C1) Doublet 2.6 — 77 — 337; R = RC=0
_ Doublet [Ra] increase in the range of
: —C(=0)-CH- 1.5 -
Rar ~C(FO)-CH 2.0067 223 = 273: from Ry, Ry, Rs
Singlet [Ra] increase in the range of
—-C= 0.4 -
R-C=0 2.0009 230 - 313: from Rg
RO Singlet 2 - 77-337

2.005
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Table 8.4
The yield (G) of gaseous products of glucose radiolysis and related
superpolymers [21]

Product | \Nondeutera- Deuterated (OD) glucose Poly- | Dex-
ted glucose glucin | trane
H, 1.7 2.9 (H, - 1.88; HD — 1.00; D, — 0.02) 3 3
H,0 0.15 24 (H0- 0-6;()1{5?0 -1.3D0- 1 503 | 0.05
CO 0.05 - 0.5 0.05
CO, 0.01 0.1 0.09
CHy 0.003 - 0.002 | 0.002
CH,O 0.004 - - -

One of the main processes in the radiation degradation of
polysaccharides is water release (dehydrogenation, see the next section for
details). The yield of water increases with the radiation dose. As transiting
from low-molecular carbohydrates to polysaccharides, the water yield
decreases. As mentioned above, data in Table 8.4 confirm water release in dry
carbohydrates mostly happen due to C-OH and C-H bond breaks. It is
indicated [32] that water molecules are formed from hydroxyl groups of
neighbor monosaccharide units of the polymer, which form the crystalline
phase by hydrogen bonds. Using this hypothesis, one may explain a relatively
high yield of heavy water (~20%) in y-irradiated deuterated (—OD) glucose.

_C_

)

|

0—C— —» D,0+ —C* + *0—C— (8.5)

ST

The conclusion about polymer crystallinity effect on the ratio of yields
of various primary radicals is indirectly confirmed by the fact that the number
of disordered (amorphous) microzones in the sample and the yield of alkoxy!
radicals RO" are bound by a proportional dependence. The yield of RO ... HC
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Table 8.5
Free radicals formed due to cellulose photodegradation at room temperature, identified by RYDMR
(reaction rate or yield detectable magnetic resonance) spectra [29]

Radical Radical Spectrum Nomb Hylfaerﬁlne mtc.eractlor;{%PIIFl) fact Relative
adica structure width, mT umber o nten-sny constant, g-tactor yiel d, %
components ratio MHz
R; Ci 3 2 1:1 70.1 2.003 5
R; Cs 6 3 1:2:1 64.1 2.003 10
R3 CO 2 1 - - 2.005 10
R4 0:C5—CH- 2 2 1:1 42.1 2.004 15
Rs C4H:C5;0H 4.5 2 1:1 112.2 2.003 5
Rg —CsH- 8.5 5 1:4:6:4:1 56.1 2.003 15
R7 HCO 12— 15* 2 1:1 322.5—-392.5* 2.003 10
Rg RCO 0.4 1 — — 2.001 2-5
RP Rs ... Ry 17 — 25* 4 L:1e1 1203 =1963% |5 603 25
42.1 - 70.1**
Ro HC, < 4 3 1:2:1 45 2.003 ~3
Rio CeHo— 6.7 4 1:3:3:1 64 2.004 ~3
R]] C(5)(CH3)< 6.6 5 1:4:6:4:1 48 2.003 ~3
Ri> CHj; 7.5 4 1:3:3:1 70 2.003 ~3

Notes: * — initial and final HFI values
** — initial and final HFI values for R; (in the structure of the radical pair, RP) with hydrogen atom of
hydroxyl in the neighboring C6H,OH
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Figure 8.2. RYDMR spectra (1 — 3) typical of initial (1) and subsequent (2, 3)
stages of photocatalytic degradation of cellulose containing a
sensibilizer, obtained at room temperature, at different exposure of
the sample to UV-irradiation (4 = 248.3 nm) of constant intensity;
the oval encloses the top of the spectrum 1, registered at lower
constant time of recording. Curve 4 was recorded for cellulose
sample containing no sensibilizer at higher amplification than in
cases of spectra 1 — 3

type and alkoxyl radicals, bound by hydrogen bond to hydroxyls, becomes
relatively high at transition to samples containing higher amount of oriented
(crystalline) microzones (Table 8.6).

Table 8.6
Radiation-chemical yield of free radicals in glucose and its superpolymers,
irradiated in vacuum [15]

Irradiated Irradiation . . .
T fradical | G(radical
preparation temperature ype ot racica (radical) G(Z radicals)
Undeuterated 77 RO...H ~0.5 -
and deuterated R 25-3.0 34-2.8
(OD) glucose 300 Ra 1.0-1.5 -
RO ...H 0.5-1.0 3-4
Dextrane, 77 RO+RO...H 1 —
polyglucin R 2 3
Dextrane 300 Ra 0.5-0.7 -
RO 1.5-2.0 2.8

At transition from one type of polysaccharide to another, the value of
radiation-chemical yield of molecular hydrogen changes insignificantly (Table
8.7). It is worthy of note that H, is mostly formed at C-H and CO-H bond
break, and over 60% of molecular hydrogen is released at C—H bond breaks
only, whereas the rest 40% - at C—H and CO-H bond breaks. The yield of
radicals in the latter process increases with transition from monosaccharide to
polymers: G(RO ... H + RO) varies from 0.5 to 1 (Table 8.5).
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8.4. PRIMARY MACRORADICAL TRANSFORMATIONS

The following reaction types are typical of the primary radicals
irradiated of glucose superpolymers, occurring due to C—H and C-OH bond
breaks: dehydration (B- and o-elimination of H,0), isomerization with C-C
and C-0O bond splitting, rearrangement of C—H bonds in anhydroglucose cycle
(AGC), and hydrolytic splitting of [B-bonds in carbon-centered glycoside
radicals (irradiation in the presence of water).

Dehydration of the primary free radicals in carbohydrates is indicated
by the experimental results obtained for water-free glucose and superpolymer
samples (starches and dextrane), irradiated at room temperature [18]. The same
samples were subjected to ESR studies for formation and accumulation of the
primary and secondary radicals, and to mass-spectroscopy for the composition
of the radiolysis gaseous products. The identical analytical shape of the dose
dependencies of secondary allyl radicals and water accumulation was
determined [18, 21]. It has been found that after absorption of 30 — 50 kGy
dose by the sample, further irradiation causes a sharp increase of water release
rate, and bands typical of allyl radicals, centered at g = 2.007 (Figure 8.3),
begin dominating in ESR spectra [18]. At the background of primary radical
bands with uneven number of components, centered at g = 2.003, their
presence in the total ESR spectrum causes its asymmetry, which increases with
the irradiation dose. Analogous changes in the spectra, testifying about
occurrence of allyl-type radicals in the sample, are also observed at heating up
carbohydrates (starches, in particular), irradiated at low temperature [10].

The ESR spectra of allyl radicals with the mentioned g-factor (for the
liquid phase, g = 2.004) show a doublet and quadruplet HFS relating to the
number of protons in the radical, which interact with unpaired electron [3].

Radicals of the allyl type were also detected at irradiation of
multiatomic alcohols, mono-, di- and polysaccharides in the absence of O;
[33]; at thermal annealing of “dry” sodium alginate [19] and cellulose [20]
preparations, irradiated at 77 K.
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Figure 8.3. Accumulation of water, released at radiolysis of glucose
preparations; ESR spectra for glucose irradiated by 35 (a) and
300 kGy (b) doses (T'=300 K)

The mechanism of carbohydrate primary radical dehydration is
disclosed at the analysis of the investigation results of isotope composition of
water molecules (light, heavy and mixed), dose dependencies of their
accumulation and the values of the radiation-chemical yield at radiolysis of
deuterated glucose samples, in which H atoms were substituted by deuterium in
hydroxyls only (Table 8.4) [18]. The noteworthy feature of deuterated glucose
radiolysis at room temperature is the difference in dose dependencies of
accumulation of three types of water molecules: mixed water (HDO) shows
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Figure 8.4. Three-dimensional molecular models of *C3 in the anhydrogluse
cycle (two projections): alkyl (a), allyl (b) and dienyl (c) radicals
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linear dependence, light water (H,O) demonstrates quadratic accumulation
curve and heavy water (D,0) — the shape typical of the curve with “saturation
plateau”.

The formation of mixed water (HDO) in this system is explained by B-
elimination of water molecules (reaction (8.6)) proceeding spontaneously at
room temperature in carbohydrates [21]:

—COH-HCOH-HCOH- - -COH-COH=CH- + H,0. (8.6)

Its yield equals 55% of total water yield (Table 8.4). In this case, linearity of
the dose dependence directly testifies about spontaneous dehydration of the
primary radical (B-elimination of water) at room temperature, because the
primary radical formation under the effect of irradiation id the limiting stage
for this process. In case of glucose irradiation, such “source” of water may be
represented by primary hydroxyalkyl radicals with unpaired electron at each of
six carbon atoms. In the case of polysaccharide with glycoside C1-O-C4
bonds, hydroxyalkyl radicals "C1, *C4 and "C5, as well as alkyl radicals might
participate in 3-elimination of water.

The occurrence of light water indicates that, firstly, only atoms of
hydrogen added to carbon atoms participate in H,O molecule formation and,
secondly, its “origin” is related transformations of primary not alkyl radicals
("OH detachment radicals), but hydroxyalkyl radicals ("H detachment radicals).
Moreover, note that oxygen atom participating in light water molecule
formation is never related to hydroxyls. At light water formation, oxygen
atoms are originated by O5 oxygen of the cycle, and two hydrogen atoms are
used, which occur at C—H bond break at the second and the fourth carbon
atoms. This logic of reasoning causes a conclusion that light water formation at
radiolysis of deuterated (—OD) glucose (or a polymer) is induced by
transformations of the primary hydroxyalkyl radical *C3 by the mechanism of
B-elimination of two (seemingly) water molecules as follows: firstly, H atom is
detached from C2 and C1-O5 is broken, and a “half” of light water molecule is
formed (Figure 8.4); hence, H-C4 and C5-0O5 are broken, which gives the
“entire” water molecule. (In principle, an alternative sequence of p-C—H and y-
C-OH bonds’ break in the primary radical is possible: first, H-C4 and C5-0O5
break, and then H-C2 and C1-0O5 bonds, respectively). Thus, dehydration of
the primary radical *C3 induces production of a radical with conjugated double
bonds in AGC - the dienyl radical.
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The mentioned sequence of elementary transformation acts (the
mechanism) of primary radical "C3 with formation of dienyl radical *C3 within
cellulose AGC was confirmed by computer modeling: the program used
allowed for analyzing the run and direction of water molecule elimination with
respect to the most profitable energetic way [24]. As shown by computer
analysis, the first alternative of the sequence of elementary B-elimination acts
(H-C2 and C1-0S5, and then H-C4 and C5-0O5 bond break) is energetically
more profitable. In dienyl radical *C3, formed in AGC, unpaired electron is
delocalized in the conjugation system, which, beside p-orbital at atom C3,
includes two m-bonds (C1=C2 and C4=CS5). Most likely, due to delocalization
of unpaired electron, ESR spectrum of such radical should represent a single,
apparently, slightly split band, whereas for polycrystalline sample [25] the
spectrum represents an extended singlet.

In experiments performed on cellulose samples, irradiated at liquefied
nitrogen temperature and then heated up, spectra with a doublet (¢ = 1.2 mT)
HFS for allyl radicals (at room temperature) were registered, which at 7= 400
—~ 420 K was substituted by a singlet (which might be ascribed to dienyl radical
— unpaired electron is delocalized by the system of conjugated m-bonds).

Finally, the conclusion about the “two-stage” mechanism of a single
molecule of light water release in this system is confirmed by a quadratic
dependence of this water type accumulation on the irradiation dose [18].

It may be suggested that heavy water formation in this glucose
preparation indicates the realization of a-elimination of water (reaction (8.7)),
so that the initial part of the dose dependence tends to the S-shape.

—*COH-HCOH- —» —~C(=0)-HC’~ + H;0 (8.7)

The “teething” induction period might be explained by the initial absence of
acid in the sample and its consecutive occurrence as the radiolysis product
during irradiation at room temperature. After absorption of 150 — 160 kGy by
the sample, an abrupt decrease of the curve tangent (by ~10 times) might
testify about limiting the dehydration process by reached stationary
concentration of acids in the sample. For the initial dose range, the yield of
D,0 gives 20% of total water release.

The type of radical dehydration (- or a-elimination of H,O) with allyl
radical formation proceeding in both frozen and liquid solutions are stipulated
by the medium acidity: B-elimination dominates in neutral solutions, whereas
a-elimination dominated in acidic ones. At further irradiation of carbohydrates,
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allyl-type radicals may also lose water [4]. As a result, a system of conjugated
bonds is formed in sugar or polysaccharide molecules. This is the reason for
coloring of irradiated samples (yellow or brown, if the number of conjugated
bonds exceeds 3 — 4), which is observed at relatively high irradiation doses
[20].

Recombination of allyl radicals may be the reason for the occurrence of
deoxyketo-groups in the composition of irradiated polysaccharides:

~C(=0)~C H-+ & (+ H") = —C(=0)~CHy-. (8.8)

The content of deoxyketo-groups in irradiated carbohydrates is the
estimating parameter for the yield of allyl radicals, which in case of radiolysis
of monosaccharides equals 30 — 50% of total yield of initial degradation
compounds, whereas in polysaccharides this quantity reaches 10% only [23].

Isomerization of primary radicals with C—O and C-C bond breaks in
polysaccharide AGC. Radical C1 isomerization with C5-O5 bond break was
observed at thermal annealing of frozen-up aqueous solutions of polyglucin
and dextrane, irradiated in liquefied nitrogen, due to typical ESR spectrum
shape: during heating the sample from 77 to 115 K the doublet of C1 radical is
eliminated with simultaneous occurrence and increase of quintet components.
Hence, total concentration of radicals in the samples was constant. Such
changes in the spectrum may be explained by formation of a radical, in which
unpaired electron interacts with four equivalent protons. The unique position of
this electron in the polymer AGC is localization at C5 atom — HCS5 (reaction

(8.9)) [16].

(|3H2—O—~ C|H2—0—~
CH—O ‘CH o\\
HCOH C*~0—~ —> HCOH C—0—~ (8.9)
HCOH—HCOH HCOH—HCOH

The alternative way of radical C1 transformation is isomerization with
C2-C3 bond break in AGC. This is indicated by formation of secondary acyl
radicals in starches (Table 8.3) and one of the final molecular products of their
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transformation, which is carbon oxide. The yield of acyl radicals and G(CO)
depend on the structural features of irradiated polysaccharides (Table 8.6).

The alternative ways of primary radical C1 transformation s are clearly
observed at the comparison of CO (formed from C2) and CH,O (formed from
C6) yields in irradiated waxy and corn starches (Table 8.7). These glucose
superpolymers demonstrate high content of amylopectin and amylose e.g. the
ratio between glycoside C1-C4 and C1-C6 bonds (Table 8.1).

Table 8.7
The yield (G) of polysaccharide degradation products at irradiation of
their dry preparations in the presence of O, (7=300 K) [8, 17]

. . Corn Potato | Waxy
Radiolysis product Glucose Amylose starch | starch | starch
H, 4.1 34 3.5 4.5 8] 4.8
CcO 0.01 0.2 1.4 1.5[8] 23
CH,O (primary) 0.004 - 0.04 0.05 0.03
—CHO 0 - 6 - 9
CH,O (secondary) - - 8.7 - 5.5

Analysis of the data obtained [17] allowed for a conclusion that the
processes of formation of these products are, generally, mutually exclusive e.g.
stipulated by transformations of the same radical-precursor, namely, primary
radical with unpaired electron at C1 atom in the glycoside C1-O-C4 bond.

Gcom starch (CHZO) . Gwaxy starch (C )

G (CH,0)” G co) ®

waxy starch corn starch

Since formaldehyde molecule must be formed by free (non-participants
of glycoside C1-C6 bonds) groups of atoms — C6H,OH, with respect to ESR
measurement results one may conclude that among starches this type of
degradation (radical *C1 transformation with formaldehyde formation by C6) is
mostly typical of linear fragments of amylopectin macromolecule and the
whole amylose molecule. Therefore, radical *C1 transformations must include
alternative stages: isomerization with C5-O5 bond break in AGC and further
CH,O formation or isomerization with C2-C3 bond break and further CO
formation (from C2) [3, 15] (Figure 8.5).
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Figure 8.5. The mechanism of *C1 radical conversions via the first and the second ways for the starches of
various types [23]



146 V.A. Sharpatyi

Corn starch contains amylose in the quantity 5 — 6 times higher than in
waxy starch, and at transition from waxy to corn starch formaldehyde yield
increases by 60% only. Hence, one may conclude that in accordance with the
current sequence of elementary acts of radical °Cl transformations
formaldehyde is formed from linear fragments of amylopectin.

A possibility of primary radical "C1 transformations by these two ways
was demonstrated [27] in the experiments, performed on irradiated samples of
crystalline water-free a-D-glucose. It is shown that secondary radicals "C5 and
*C3, relatively unstable at room temperature and formed at primary radical *C1
isomerization, induce formation carboxyl groups by the chain mechanism in a
solid (radical "C5) and carbon oxide (radical "C3), which is shown in Figure
8.5. The first of these reactions produces carboxylic acids with the yield
G(COOH) ~ 20.

In polysaccharides, the isomerization in AGC of primary radicals with
C—-C and C-O bond break is most strongly proved by the structure of final
molecular products formed at radiolysis of starches (potato and wheat) —
carboxylic and dicarboxylic acids, and tribasic citric acid [34]. Molecules of
these acids contain from one to five carbon atoms in the linear chain that
reflects C—C bond breaks in AGC, whereas for dicarboxylic and citric acids
they reflect radical “C1 isomerization proceeding with C—O bond break. The
formation dicarboxylic acids is induced by primary hydroxyalkyl radical *C1
transformations [35 — 37]. One of carboxylic groups is formed with
participation C1 atom (radical "C1 isomerization with C5-O5 bond break) and
the second as a result of transformations of peroxide radicals (isomerization of
peroxide radicals with O—O and C—-C bond breaks), formed by any atoms. The
direction of this process (Figure 8.5) depends on the fact if *C1 radicals occur
in AGC, at the branching sites in amylopectin macromolecules of in the
structure of linear amylose.

In the first case, radical *C1 isomerization with C5-O5 bond break in

AGC and the occurrence of radical >HCS5 (reaction (8.8)) and then at the
interaction with oxygen — peroxide radical >HC500°, the transformation of

which induces formation of tartaric and fumaric acids (refer to Figure 8.11, see
Section 8.5 for details).
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Figure 8.6. The conversion stages of R} and R radicals in irradiated
cellulose (for characteristics, see Table 8.5)

3)

The RYDMR measurements carried out on cellulose at room
temperature confirmed the results of experiments on low-temperature y-
irradiation with further thermal and photo annealing of other glucose
superpolymers — dextrane, polyglycine, starches (both dry and frozen-up
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aqueous solutions) — the regularity of alternative ways of radical “Cl
isomerization with C5-05 or C2-C3 bond splitting in AGC [29 — 31]. This
method allowed for observation of radical transformations both as individual
particles and in the composition of radical pairs and, therefore, with the help of
a radical-companion to search for the behavior of a radical-partner in the
composition of the current radical pair (distant by 5.8 — 6.2 A for cellulose).
This gave an opportunity to determine that the formation of the primary
hydroxyalkyl radical °C1 at cellulose irradiation is accompanied by formation
of another type of radical — alkyl HC1 — due to C1-O bond break in the
glycoside C1-O-C’4 [30]. This radical detected in the composition of the
radical pair is also isomerized with C5-O5 bond break, and the spin-spin
interaction of the formed radical >HCS5 with its companion alkoxyl radical R3
(Table 8.5) allowed for detecting migration of unpaired electron from C5 to C6
(refer to rearrangement of C—H chemical bonds below) with formation of

formyl radical HCO by C6.
The RYDMR method registers two types of HCO radicals. At

relatively long-term UV influence on the sample, mainly, HCO radical
spectrum with HFI constant increased by 17% compared with the first
spectrum of detected (Figure 8.2). Both spectra possess additional sub-splitting
in doublet bands. It may be suggested that in these radicals unpaired electron
interacts with different neighboring protons (see Section 8.6 for details).

Transformations of the primary hydroxyalkyl radical “C1 in cellulose
by the second route (isomerization with C2—C3 bond break) is accompanied by
vinyl radical formation with unpaired electron transfer to C3 and consecutive
break of C'1-O'1-C4H< glycoside bond in the polymeric chain due to (-
elimination of water (reaction 1, Figure 8.6).

This result differs from that observed at radiolysis of starches (Figure
8.5). Obviously, the occurrence of O'1-C4 bond break is stipulated specificity
of the monomeric unit of cellulose (cellobiose residue): there is a hydrogen
bond —C3-OH...0'5< between two AGC. This hydrogen bond between
hydroxyl at C3 atom and oxygen in the ring of neighboring residue adhere
additional rigidity to this fragment of the macromolecule, compared with
starches, which is obviously manifested in the break formation (stress
removal). It is worthy of note that in cellulose the process proceeds at room
temperature [30].
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To the greater extent, such specificity of the cellulose structure affected
the transformation of hydroxyalkyl end radical "C3 (reaction 3, Figure 8.6).
The analysis of RYDMR spectra allowed for a suggestion that due to structural
rigidity of the mentioned fragment of the polymer radical *C3 conversions
(Table 8.5) is implemented by the mechanism of specific a-elimination of
water molecule. Hence, from the first AGC deoxyaldehydes with two and four
carbon atoms are formed, whereas from the neighboring AGC a molecule of
glucose instead of water molecule is released and, as a result, a break occurs in
the polymeric chain.

Using RYDMR spectroscopy method in cellulose at room temperature,
the third type of radical “C1 isomerization was detected: isomerization with
C1-0O-C' glycoside bond break, O-C'4 B-bond break and unpaired electron
transfer to neighbor AGC with formation of C'4 alkyl radical. As a resulting
this reaction, in the first AGC lactone is formed, and the neighbor AGC
degrades with formation of low-molecular products. Hence, in macromolecule
glycoside bond is broken.

The third type of radical transformations represents rearrangement of
chemical bonds C-H and O-H. Actually, in irradiated samples of
polysaccharides this process is induced by the radiation effect on the radicals.
According to estimation results, in different polymers, polysaccharides, in
particular, seeming activation energy of the radiation effect on the radicals and
their annihilation may vary in the range of 0.3 (for alcohol radicals) — 0.6
kcal/mol (for peroxide radicals in polytetrafluoroethylene) [38, p. 347]. The
changes in spectra observed by RYDMR method in cellulose, UV-irradiated at
room temperature, are explained by radical conversions by stages

‘Cl > °C5 - *C6 -» HCO’

with formyl radical (and, consecutively, formaldehyde) formation. In this
sequence of radical conversions, C—H bonds are rearranged at C6 (C6-H bond
breaks) and C5 (C5-H bond is formed) atoms, and in hydroxyalkyl radical *C6
formed O-H bond breaks in hydroxyl-group, and C5-H and C6=0 bonds are
formed. The bond C5-C6 is broken simultaneously, and as a result formyl
radical is formed. According to estimation, duration of the formyl radical
formation is (8 — 10)x107® s or shorter [29].

Another example of rearrangement of chemical bonds in the radical is
the sequence of elementary acts of conversions of primary alkyl radical "Cé6:
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*C6 — "C5 — "C6H;

(the interaction between methyl radical and C-H bond forms methane). This
sequence of primary alkyl radical *Cé conversions was also determined for
cellulose and lasted during 107 s.

The fourth type of primary radical of polysaccharides conversions is
represented by hydrolytic splitting (hydrolysis) of B-bonds in carbon-centered
glycoside radicals. As for cellulose, this relates toradicals with unpaired
electron at C1 and C4 atoms; in PS and AS, beside C1 and C4, atom C6 (in the
branching point of amylopectin) participate, whereas in D — C1 and C6 atoms.
For radiolysis of aqueous hyaluronic acid, it has been shown that in glycoside
macroradical (C1-O-C3) with unpaired electron at Cl atom [-bond is
hydrolyzed with formation of hydroxyalkyl radical “C1 in the first AGC and N-
acetylglucosoamine derivative of the second AGC [37, 38]. As estimated, for
the liquid phase [39, 40] the rate constant of B-bond radiolysis in glycoside
radical is by 4 orders of magnitude higher than analogous value for usual
glycoside bond in polysaccharides.

Table 8.8
Composition of gaseous products from linen fabric treated by low-
temperature plasma (80 mA, 5 min 295 K) in nitrogen or in air; the error
in gas release rate determination (maximal values) is + 25% at the level of
confidence equal 0.9 [41]

Products I* P**, Pa Number of molecules, 10
nitrogen air | nitrogen | air nitrogen air
H, 0.77 0.84 6.4 7.8 1.3 1.6
H,O 0 1.1 0 7.2 0 1.5
CO, 0.3 2.3 5.7 12.5 1.2 2.5
CO 0 0.02 0 0.1 0 0.02
-0, 0.12%** 1.8 0.8 12 0.15 24
Notes: *  The intensity of molecular peak in the mass-spectrum

**  Partial pressure of gaseous products
*** Traces of oxygen in used nitrogen
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Figure 8.7. Radical "C1 conversions in cellulose and starch: vicinal bond hydrolysis, break formation in
macromolecule and CO,
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Let us illustrate a possibility hydrolytic splitting of the glycoside bond
in the carbon-centered radical on the example of linen fiber (consisting by 90%
from cellulose) degradation, induced by low-temperature plasma (acting
agents: electron, ions, excited gas plasma molecules, etc.). Linen fiber
(cellulose) degradation by plasmolysis mostly proceeds by the free-radical
mechanism [41]. Table 8.8 shows the composition of gaseous products of linen
fabric treated by low-temperature plasma in nitrogen and in air (mass-
spectrometric measurements). Clearly, in the absence of oxygen (“nitrogen
plasma™) no water is released in the sample, but is consumed in the reaction.
Analogous situation of water consumption in polysaccharide is also observed at
y-irradiation of potato starch — in the dose range from 10 to 30 kGy, at
transition from irradiation in air to evacuated samples the water consumption
twice increases [42].

In the case of linen fiber treatment by “air plasma”, water is released
and similar to carbon dioxide is accumulated in the sample with relatively high
yield (Table 8.8). Hence, values of the yield of carbon dioxide and molecular
oxygen consumption by the sample are comparable. It follows from these data
that:

a) water formed during radiation degradation of cellulose (and starch)is
absorbed by the sample e.g. consumed in the reaction with radicals;

b) water and molecular oxygen absorption by irradiated sample and
carbon dioxide formation are processes related to proceeding of
alternative conversions of the same primary radical, which is identified
as "C1 radical (Figure 8.7).

As analyzed in the review [14], the role of free radicals n the radiation
degradation of starches indicates a dependence of starch degradation on the
initial humidity of the sample and a significant increase of it with time, as well
as of radicals stabilized at room temperature in the post-irradiation period
(water is consumed in reactions with radicals). The rate of water consumption
by the irradiated sample depends on the origin (structure) of starch: in amylose
corn starch humidity decreased by an order of magnitude in 50 days, whereas
in potato starch — by two times during 100 days.

The effect of carbon-centered glycoside radical hydrolysis was
discussed [4, 43] at the study of methane formation mechanism in irradiated
polysaccharides (see Section 8.6 for details).
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8.5. OXYGEN EFFECT

The presence of O; in the irradiated system affects the accumulation of
molecular products of polysaccharide radiolysis, formed in both primary acts
of their degradation (H, and H,O) and the products, which formation is
stipulated by deep degradation of pyranose cycle (Table 8.9).

Table 8.9

The yield of radiolysis products from glucose superpolymers (polyglucin
and dextrane), irradiated at room temperature [32]

Radiolysis products Polyglucin Dextrane
evacuated with O (evacuated)

H, 3 2 3

CO 0.5 2.9 0.05
CO, 0.09 0.96 0.01
H,0 0.03 0.15 0.05
Malone dialdehyde 0.08 0.06 0.05
Deoxy-compounds 0.08 0.05 0.04
Carboxylic groups 5.4 8 4

The oxygen effect is explained by proceeding of two basic processes:
the competition between molecular oxygen and the macromolecule for
hydrogen and ey, and its interaction with macroradicals formed. The
reactions of macroradicals with O, form peroxide radicals of two types,
possessing different ESR spectra with respect to dormancy of peroxide group
rotation around C-O bond e.g. with respect to the place of peroxide group
localization in the damaged monomeric unit. In the case of dry polysaccharide
irradiation in the presence of O,, RO, formation is the main process [36, 37]:

R + O, =RO.. (8.10)
This is testified by the equality of total radical accumulation and molecular
oxygen consumption by the irradiated sample:

G(ER") = G(- 0)) =3.2.
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The molecular oxygen reacts with both primary and secondary radicals
with respect to the fact, if primary radical conversions, discussed in the
previous Section, manage to proceed (degradation, isomerization or hydrolysis)
until they are reached by diffusing O, [1, 8, 32]. For example, this is confirmed
by the composition of dicarboxylic acids in irradiated starches (Table 8.10).

Table 8.10
The yield (weight part) of dicarboxylic
acids formed in corn and potato
starches, irradiated in air by 500 kGy
dose, 7= 300 K [35]

Acid Yield
Tartaric 42.4
Citric 33.5
Malic 16.4
Succinic 4.6
Malonic 1.8
Fumaric 1.3

The formation of dicarboxylic acid is the result of inclusion of an
additional oxygen atom into the monomeric unit, because a “procurement” for
the “first” carboxylic group is C100°® fragment. To put differently, occurrence
of the second group in AGC is related to the occurrence of peroxide radical in
the presence of O, and its conversions. In the dose range of 40 — 500 kGy the
probability of the recurrent radiation damage of the same monomeric unit is
extremely low, and it may be concluded that radiation-induced free-radical
chain processes proceed in starches by the reactions (8.1), (8.11) and (8.12):

RH- — R* +H’, (8.11)
H +0, = HO}. (8.12)

Chain propagation reactions are (8.10) and (8.13):
ROO* + HR®* =ROOH + R, (8.13)

and chain branching reactions (8.1), (8.14) and (8.15):
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ROOH — RO" + "OH, (8.14)
RO® + HR — ROH +R", (8.15)

Recombination of radicals formed by the reaction (8.14) causes the
chain termination. Hence, the following products — peroxide and
hydroperoxide — are formed:

RO®+RO" = ROOR, (8.16)
*OH + *OH = H,0,. (8.17)

Obviously, the reactions (8.13) and (8.15) in the samples of native
starch are possible only between neighbor H and O atoms (in C-0O, C-OO and
H-C bonds) with a monomeric unit or in two units of neighbor chains due to
their segmental mobility. Hydroperoxide decomposition by the reaction (8.14)
is accelerated by y-irradiation. Beside the processes (8.1), (8.13), (8.15), in
polysaccharides irradiation may also induce peroxide macroradical conversion
via isomerization with C—C and O-O bond breaks.

Identical macromolecular compositions of corn and potato starches
(77% of branched amylopectin and 23% of linear amylose, Table 8.1) and
“identical” dominant doublet HFS of ESR for both starches, irradiated at 77 K,
allowed for a conclusion about the highest yield of primary radicals *C1 from
these samples. Obviously, consecutive conversions of "C1 radicals are induced
by the stress in AGC fragment (of radical) of C'4-O1-C1—-(—0O5-)—C2-C3
atoms, occurred during re-hybridization of orbitals and retained by both (left
and right) parts of the macroradicals. By isomerization of radical °Cl
proceeding with C5-O35 bond break and radical "HCS formation this stress in
the damaged AGC (radical) may be removed.

This conclusion is confirmed by relatively high total yield of the final
products of radical *C5 conversion — malic, tartaric, malonic and fumaric acids
(70%, refer to Figures in Section 8.6). In radicals "HC5 formed, water is B-
eliminated (by C4-C3 bond) of C—H bond at the 4" and the 5" carbon atoms is
rearranged with H atom transfer from C4 to C5. The interaction between
radicals *"HC5 and O, produce peroxide radicals, the conversions of which are
accompanied by either malic and fumaric acids (fumaric acid is formed after
additional rearrangement of chemical bonds, peroxides by C5 atom) or tartaric
and malonic (peroxides by C4 atoms, refer to Figures 8.12 and 8.13 [37]) acid
formation.
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Figure 8.8. The mechanism of citric acid formation in irradiated starches
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Further transformations of the radical *C4 formed in the monomeric
unit, modified by radiation, may proceed by two routes: with peroxide radical
formation either directly (tartaric acid) or after [B-elimination of water (by
C3-C2 bond, malonic acid). Comparing the yields of tartaric and malonic acids
and suggesting being identical the consecutive stages of peroxide radical
conversions up to final products, it may be estimated by how many times the
rate of malonic acid release, compared with tartaric acid, due to water release
from radical *C4: 42.4:1.8 ~ 20.

For citric acid, three stages of the primary alkyl radical "C2 (the initial
detachment of *OH from C2) are prior to the peroxide radical formation:

- B-elimination of water (an allyl radical C2—C3=C4 is formed);

- migration of H atom from C1 to C2 atom;

- isomerization of the radical *C1 with radical "HC5 formation; at its
interaction with O, peroxide radical is formed.

Conversion of the latter radical is accompanied by C5-C6 bond break,
consecutive formation of two aldehyde groups (one of which is formaldehyde),
and then by reaction of their disproportioning (the Cannizzaro reaction) — the
formation of methanol and 3-ketoglutaric acid. In the interaction with butyric
acid (which is also the product of starch radiolysis) citric acid is formed [37]
(Figure 8.8).

In the mechanism of succinic acid formation, prior to the stage of
peroxide radical formation by the same C5 atom, three stages of the primary
alkyl radical "C2 proceed (Figure 8.9). Contrary to the previous case, instead of
the primary alkyl radical *C2, here water molecule is eliminated by "HCS5
radical: H is detached from C4, and OH group — from C3. In this case, no
glycoside bond break is observed. The break of macromolecule in this point is
possible only as a result of consecutive hydrolytic splitting of the glycoside
bond.

Current schemes demonstrating transformations of primary radicals *C1
and “C2 up to formation of corresponding carboxylic acids are composed with
respect to the fact that according to ref. [4] at room temperature isomerization
(bond break) and dehydration in solid polysaccharides (starches) proceed at
high rates (with the activation energies ranging within 35 — 42 kJ/mol), and the
rate of O, interaction is by an order of magnitude higher compared with the
rate of radical interaction.
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The formation of aldehyde and carboxylic groups in the polymer
composition is one of the basic processes of radiolytic modification of
carbohydrates. Their yield significantly increases (similar to the yield of carbon
oxide — the product of aldehyde group transformation) at transition from
irradiation of evacuated samples to irradiation in the presence of O,.

Both these functional groups in irradiated starches are formed as a
result of transformations of the same precursor, peroxide radical [1]. The
increase of yields (by the same value, AG = 2.5) of carbon oxide and
carboxylic groups —COOH also relates to peroxide radical transformations, for
example, in irradiated polyglucin at transition from vacuum to O, (Table 8.9
[32]). These peroxide radicals are formed by the reaction (8.10) at oxygenation
of allyl type radicals [1]:

(a)
—
. +0O9
N—CH—C(:O)—N—>~—'(|:H—C(=O)—~— X
I (b)

. (8.18)
— »~C=0 + HO-C(=0)—~—»~*+CO

— »~—CH(=0) + COy +*—

Table 8.9 shows that the yield of CO in the presence of O, is an order of
magnitude higher compared with irradiation in vacuum. This is the reason that
the sequence of reactions by (8.18b) route involves any carbon atom in the
glucopyranose ring, whereas in evacuated samples a possibility of CO, (or
carboxylic group) formation is realized specifically by means of "C1 radical
(with initially attached two oxygen atoms). Oxygenation of allyl radicals gives
up to 50% of total yield of the polymer degradation process.
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8.6. FORMATION MECHANISMS FOR LOW-MOLECULAR
PRODUCTS

Radiation degradation of polysaccharides proceeds by two routes:
modification of macromolecules (occurrence of carboxylic, aldehyde, keto- and
deoxyketo-groups) and formation of low-molecular products (with the number
of carbon atoms from one to six — carboxylic acids, aldehydes, ketones, sugars,
alcohols, esters), including gases (hydrogen, carbon oxide and dioxide). The
radiation-chemical yields for the sum of products formed by each of these two
directions are comparable.

Schemes of the formation mechanisms for molecular products of
radiolysis, starches, for example, are of a hypothetical character due to their
yielding from the results of radiolysis investigations, performed for model
systems — mono- and disaccharides.

Formic acid and carbon oxide

Impropriety of transferring such data to radiolysis of polymers is
obvious due to dropping differences in the structural organization of glucose
and glucose superpolymer and, therefore, in the specificity of radiolysis of
these two systems: separate molecules and macromolecules with the well-
developed supermolecular structure. For example, it is assumed that carbon
oxide in irradiated glucose is formed by its elimination from hydroxyalkyl
radical °C1 after hydrogen transfer from hydroxyl at C1 to O5 and C1-C2 bond
break [45]. Hence, oxidation of the end radical *C2, formed in this case,
produces pentacarbon sugar — arabinose. However, the material balance by the
yield of end products of glucose radiolysis is not observed: G(CO) = 0.05 [18],
whereas arabinose yield is 5 times higher [45]. In polysaccharides with
glycoside C1-O—-C4 bonds (starches, cellulose) such process may not proceed,
because C1 atom has no free hydroxyl. In various types of starch, with respect
to concentration of linear macromolecules (amylose) and branchings
(amylopectin), G(CO) value varies from 0.2 (amylose) to 2.3 (waxy starch
containing 96% of amylopectin) [17, 46]. In this case, only traces of arabinose
are detected [46].

After analyzing the data on accumulation of two basic low-molecular
products of starch radiolysis — formic acid (with the yield G = 2.5 — 3 [47 — 49]
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that gives 80% of total yield of carboxylic acids [48]) and carbon oxide (with G
up to 2.3), let us present a scheme for the sequence of the elementary acts (the
mechanism) of their transformation.

As comparing yields of the main degradation processes of native starch
preparations, of special urgency is the indication that total yield of HCOOH
and CO (G ~ 4) [16, 47 — 49] in by more than an order of magnitude higher
than the yield of breaks in polymeric molecules (G ~ 0.3 for the initial dose
range [50]). Here data of the experiments, performed under identical
conditions, are present. Formally, it is obtained that one act of break
occurrence in a macromolecule is accompanied by “processing” up to 12
carbon atoms into CO and HCOOH. For this purpose, they should be taken
from, at least, two neighboring monomeric units of macromolecule -
anhydroglucose cycles (AGC).

The yield of breaks in the irradiated starch is independent on the sample
irradiation conditions, i.e. either it proceeds in the presence of oxygen or the
sample is evacuated [49]. The yield of HCOOH is 1.5 — 3-fold higher at starch
irradiation in the presence of O,, with respect to the type of starch [48]. In the
absence of O,, potential source of formic acid in AGC is O5-C1-01 fragment,
because C1 atom is bound to two oxygen atoms. At irradiation in the presence
of oxygen any of the rest carbon atoms may participate in HCOOH molecule
formation. This process includes stages of peroxide radical formation from the
primary radicals (since the material balance is observed: G(XR") = G(- O,) = 3
[18]) and peroxide radical isomerism with C—C bond break in AGC and O-O
bond break in peroxide radical, which proceed according to the sequence of
reactions as follows [35]:

—C OH-HCOH- —22_ 5 _C(00"OH- — (8.192)

— —~C(=0)OH + H(O)COH-.

The process of carbon oxide molecule formation in polysaccharides
irradiated in the absence of O, includes stages of C2—C3 bond break in AGC
and acyl radical (CO precursor) formation at the interaction of already formed
end hydroxyalkyl radical “C3 and aldehyde group by C2 atom according to the
reaction (8.19b) [35]:
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~HC30H + HC2(=0)-HC1(05~)-0~ >
(end °C3

radical) (8.19b)

— ~H,COH + O=C -HC(0O~)-O~.
(acyl radical)

In evacuated samples of cellulose exposed to mechanical or UV
influence (in the presence of sensibilizer) at room temperature C2—-C3 bond
break with the end radical *C3 formation resulting isomerization of the primary
radical "C1 was detected using RYDMR method [29, 31]. Acyl radicals (with
unpaired electron at C2 atom) are identified by ESR spectra (a narrow band
with g = 2.0009, which disappears at sample irradiation by light with Apax ~
500 nm) in evacuated samples of dextrane [16], potato starch [17] and frozen-
up glucose solution [13], irradiated at 77 K. The measurements were performed
after annealing of the samples at temperatures approaching room temperature.
At irradiation of glucose superpolymers in the presence of O,, H atom may also
be detached from aldehyde group by peroxide radicals [1]. Therefore, the yield
of CO in the presence of O, increases compared with evacuated samples (in the
case of polyglucin — low-molecular dextrane — at transition to irradiation in the
presence of O, G(CO) increases from 0.5 to 2.9 [32]). As the samples are
affected by radiation or heated up, allyl radicals are converted with CO release
and corresponding end radical formation. The energy of C—C bond break in
allyl radical in the polymer composition does not exceed 10 kcal/mol [38].

For instance, note that the mechanisms of formic acid and carbon oxide
formation at irradiation of native corn starch preparations at room temperature
in the presence of oxygen must include their relative yield as the reference
value:

G(HCOOH) 2.5[5] _

G(CO) ~ 1.4[3] 178
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Figure 8.10. The mechanisms of formic acid and carbon oxide formation in irradiated starch and cellulose
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This means that the process of processing into HCOOH and CO molecules
requires minimal number of carbon atoms: 7 for the first product and 4 for the
second product (7/4 = 1.75) or 8 and 4 (8/4 = 2), respectively, i.e. 11 (7 +4) or
12 (8 + 4) carbon atoms are involved. Hence, it should be taken into account
that the source of HCOOH molecules is represented by peroxide radicals,
whereas CO release from acyl radicals, in turn, formed from aldehyde groups.
Describing radiolytic effects in corn starch, the use of data on the properties of
these radicals provided limitation by “degradation” of three AGC (Figure 8.10)
[50].

Beside HCOOH and CO accumulation, the diagram indicates formation
of formaldehyde (the first AGC degradation), glycol aldehyde (the second and
the third AGC degradation) and glyoxal (the third AGC degradation) [47].
Note that for the first AGC the requirements to radiolysis product balance are
observed: the yield of two CO equals

G= l—‘i><2=0.7
4

that coincides with the yield of formaldehyde (G = 0.65), observed in the
experiment. The yields of glycol aldehyde (G = 0.15) and glyoxal (G = 0.03)
are several times lower than it follows from balance considerations for the
yield of two CO molecules at degradation of the second and the third AGC (for
glycol aldehyde) and one CO molecule at degradation of the third AGC (for
glyoxal). All these facts may be explained as follows: in the presence of
carboxylic acids and other radiolysis products these aldehydes are unstable and
degrade (participate in redox reactions) and/or polymerize. As detected [51],
during initial 4 days after irradiation, the concentration of glycol aldehyde in
irradiated corn starch (containing 13% of water, at 298 K, irradiated by 20 kGy
dose in the presence of oxygen) two-fold decreases. As accumulating in
irradiated starches, HCOOH and CO may enter chemical reaction, which is
indicated by bell-shaped curves of dose dependencies for accumulation of these
products [38, 48].

It should be noted that the diagram in Figure 8.10 shows free-radical
processes of formic acid and carbon oxide accumulation in irradiated starches
and cellulose. For dextrane or polyglucin, which are glucose superpolymers
with «-C1-O-C6 glycoside bonds and, consequently, free hydroxyls by C4
atom, a possibility of primary radical *C1 isomerization with C5-O5 [16] bond
break [16] and conversions of peroxide radicals formed (in the presence of
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oxygen) should be taken into account. These reactions may also produce

formic acid, aldehydes — acyl radical precursors and, consequently, carbon
oxide [17].

Formaldehyde

It is one of the basic products of native polysaccharide radiolysis, which
maximal radiation-chemical yield (G) equals 5 — 10 molecules per 100 eV of
absorbed energy with respect to the origin of polysaccharide, sample
irradiation and analysis conditions (Table 8.7: humidity, irradiation in the
presence of oxygen or in inert atmosphere, analysis duration for CH,O since
irradiation impact removal). In the case of cellulose irradiation, similar yield of
xylose is observed: G(xylose) = 10.1 £ 2.0 [8]. As follows from coincidence in
symmetry of xylose and glucose molecules (the carbon backbone C1-C2-C3-
C4-C5 fragment), xylose in polysaccharide is formed as a result of C6 atom
removal from glucoside residue; hence, formaldehyde is formed from this C6
atom. With respect to all above-mentioned about the reactions of primary
radicals of carbohydrates, it may be concluded that xylose is synthesized by
isomerization of primary hydroxyalkyl radical *C6 with C5-C6 bond break in
the glucose residue and O—H bond break in hydroxyl at C6 atom, accompanied
by H atom transition from C6 to C5:

C6HOH-C5H(O~~)—-C4—~ — *CHO + CH3(0O—~)-C—. (8.20)
(xylose)

Hence, the yield of formyl radical formed by C6 atom according to the diagram
(8.20) might be equal xylose yield. The yields of CH,O, recorded in
experiments on irradiated glucose (starches) superpolymers, are always below
G ~ 10. Most likely, this may be related to proceeding of formyl radical
reactions directly in the solid phase (for example, recombination — glyoxal
formation, and CH,O reactions with ketones, oxidation, polymerization, etc.
reactions) or during preparing the irradiated sample to analysis on
formaldehyde at contact with water, including extraction of the radiolysis
products for analysis [52].

However, another reason for reaction (8.1) product yield decrease,
observed at transition from irradiated cellulose to starch, is also possible. For
example, for corn starch the yields are the following: G(xylose) ~ 0.04,
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G(formaldehyde) ~ 0.65 [47]. Taking into account similar time condition of
analysis of the radiolysis products, such difference in formaldehyde and xylose
yields is, most likely, related to the existence of several formation mechanisms
of these products. It is obvious that as transiting from cellulose to starches, the
ratio of primary radical yields and the fractional contribution of their
conversions with xylose and formaldehyde formation are changed. First of all,
this may be caused by variation of the crystalline phase content in irradiated
samples (the crystallinity index equals 0.7 — 0.8 for cellulose and 0.2 — 0.25 for
starch), if it is considered that in the crystalline phase monomolecular
decomposition of primary radicals (currently, radicals with unpaired electron at
C6 atom) are predominant — radical isomerization with C5—C6 bond break.

Beside the scheme present on hydroxyalkyl radical *C6 conversion
proceeding in the absence of oxygen, another possibility of formyl radical
formation (and, consequently, formaldehyde) by means of the primary radical
*C1 conversion sequence is obvious (8.21a):

C6H,OH-HC5-(HC40OR'~)O5C1-HC(~)OR —»

— CH,OH-HC5 —(HC4OR'~)
. (8:21a)
0=C1-(HC2~)OR - C HOH-CH,~(HCOR'~)

COOR—(HC2~) - HC O + CH3—HCOR'~COOR—-(HC2~)

In this case, the sequence of elementary acts of radical *C1 conversions
is the following: isomerization with C5—-OS5 bond break and unpaired electron
transfer to C5 (AGC is disclosed by the reaction (8.9)), rearrangement of C—H
chemical bonds at C6 and C5 atoms in the formed radical “C5, and then radical
*C6 is isomerized with C5-C6 bond break. Hence, beside formyl radical, 5-
deoxyxylonic acid is formed.

Among the polysaccharide radiolysis products, the compounds of this
type were chromatographically detected [23]. The scheme (8.21a) helps in
explaining why at transition from cellulose to starches the ratios of yields
change from G(xylose) > G(formaldehyde) to G(xylose) < G(formaldehyde):
xylose is not formed. For more details of this mechanism, see below.

Beside this sequence of elementary acts of radical "C1 conversions with
formyl radical or formaldehyde formation by the reaction (8.21a), the
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mechanism of these products formation at polysaccharide irradiation in the
presence of molecular oxygen should also be considered. This sequence
possesses the same first stage — radical *C1 isomerization with C5-O5 bond
break in AGC by the reaction (8.9). The subsequent stages, proceeding in the
presence of molecular oxygen, are the following: peroxide radical formation by
CS5 atom and its conversion with C5-C6 and O-O bonds break. An aldehyde
group is formed by C5 atom, whereas formaldehyde is formed by C6 atom. At
the irradiation of aerated starches the yield of CH,O is twice higher than for the
inert atmosphere [52].

The conclusions about a possibility of the formyl radical formation as a
result of primary “C6 and "CI radical conversions are confirmed by RYDMR
measurements of free radical conversions in cellulose at room temperature,
initiated by UV-irradiation [29]. The initial stage of photocatalytic degradation
of cellulose indicates a typical anisotropic doublet spectrum of the formyl o-
radical with ~12.5 mT splitting. As the time of UV exposure of the sample
increases, the intensity of components of this doublet (I) decreases and.
simultaneously, another, more intensive doublet of the formyl radical with 13.6
mT splitting (IT) occurs in the RYDMR spectrum. As suggested, the difference
in the hyperfine (HF) splitting in formyl radical is related to two conformations
of it, “bent” and “linear ones [53, p. 201]. Both doublets (I and II) possess an
additional splitting. In the doublet I, in the range of intense fields, the triplet
HFC with the central band of twice higher intensity compared with the
intensity of the border bands (1:2:1) and the HFC constant equal 0.2 mT
(spectrum 1, Figure 8.2) is clearly observed. For the doublet II, the bands are
split into 5 components (< 0.2 mT) showing the ratio of intensity, also close to
a binomial 1:4:6:4:1 (spectrum 2, Figure 8.2). As the time of sample exposure
to UV irradiation is extended, the intensity of the doublet II lines is much more
extended, and at this background the presence of bands of the initial doublet I
becomes hardly observable (spectrum 3, Figure 8.2).

Analysis of the data allowed for a conclusion about the formation of
two kinds of formyl radicals (HCO®-I and HCO®-II) in irradiated cellulose,
occurring at UV-irradiation of the sample longer than in the first case.

Additional splitting of the doublet lines with the constants about 0.2 mT
indicates that unpaired electron at the radical HCO® interacts with protons of
the surrounding. In the case I, it is interaction with two equivalent protons.
These protons might be two protons of C5 atom in xylose molecule (reaction
(8.17)) or (the second alternative) one proton belongs to xylose 5-deoxy-group
and the second proton — to hydroxymethylene unit hydroxyl of the neighbor
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glucose residue (in the elementary cellulose cell), bound by a hydrogen bond to
formyl radical formed:

H-C=0...HO~.

Sub-splitting to quintet of HCO®~II doublet in the spectrum indicates
the interaction with unpaired electron with four equivalent protons. It may be
suggested that three of these four protons belong to methyl group formed
during C-H and O-H chemical bonds rearrangement in the radical *C6 with
hydrogen transition from hydroxyl at C6 to C5 in alkyl radical *C5 (process
(8.3), Section 8.4). Hence, similar to the radical *CHO-I (the second
alternative), the fourth proton may belong to hydroxyl at C6 of the
hydroxymethylene unit of the neighbor glucose residue.

According to the estimation, the rearrangement of chemical bonds in
the alkyl radical "C5 takes (8 — lO)xlO’8 s [31]. Taking into account sub-
splitting of the formyl radical doublet (into triplet or quintet), it may be noted
that S-deoxy-group formation in the glucose residue takes the same or shorter
time.

According to the estimation [29], the yield of formyl radical (II) in
cellulose, irradiated at room temperature, does not exceed 10% of total quantity
of radicals, detected in the sample. Hence it appears that formaldehyde
formation by this route of free-radical degradation of cellulose must not also
exceed 10% of total yield of cellulose degradation products.

The third route of formaldehyde formation relates to the primary
hydroxyalkyl radical °C5 conversions by the isomerization reaction with
C5—C6 bond break and hydrogen transition from hydroxyl C6 to C5 (reaction
(8.21b)):

CH,0H-C5 (-0—)-HCOR'~ — CH,0 + HC (-O—)-HCOR'~.  (8.21b)
Resulting recombination of a radical with unpaired electron at C5 atom,
formed in this case, D-xylose is synthesized. Basing on the above-mentioned

experimental fact for starch radiolysis that

G(xylose) < G(formaldehyde),
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it may be concluded that the primary radical *C5 conversion with formation of
formaldehyde by C6 atom and D-xylose might be the predominant process.

One more alternative of the radical *C5 conversion by the reaction
(8.21b), namely, not its recombination but isomerization with C5-O5 bond
break and AGC disclosure with an oxo-group (or deoxy-group) formation by
C5. In the first case, unpaired electron is transmitted from C5 to Cl. The
possibility of such process indicates results of experiments with irradiated
crystalline preparations (monocrystals and crushed crystals) of xylose,
arabinose and disaccharides (saccharose, lactose) [54]. As determined in these
experiments, the fineness factor of crystals does not affect the yield of primary
*C5 radicals, but has an effect on the yield of molecular products of radiolysis
— carbonyl compounds and oxy-acids: the yield of carbonyl compounds
(>C5=0, °C5 radical isomerization with C5-O5 bond break and unpaired
electron transmission to C1 atom) in monocrystals of monosaccharides and
saccharose is 1.5 — 3 times higher than in powders.

For polysaccharides irradiated in the absence of oxygen, the process of
radical "C5 isomerization under discussion with consequent recombination of
°*Cl radical must yield in L-xylose formation. Among radiolysis products,
xylose L-isomer recognition may finally confirm a conclusion about the
existence of this sequence of elementary acts of the primary °C5 radical
conversion.

Fractional yields of D-xylose and formaldehyde, formed by the above-
considered routes, are determined by the yields of radicals “C6 and "C5, are not
determined yet.

The above-mentioned mechanism of formaldehyde formation in
polysaccharides, irradiated in the presence of molecular oxygen, may be related
to both conversions of C6—C5-00" peroxide radical caused by radiation and
spontaneous into hydroxyl and alkoxyl radicals, formed from the peroxide
radical by reaction of hydroperoxide molecule substitution. Hence, alkoxyl
radical formed in this act may appear the precursor of formaldehyde after
C5-C6 bond break in it.

Implementation of the first alternative related to the mechanism of
peroxide radical annihilation by irradiation [38] is possible in the current
system: for example, in the case of irradiation of native potato starch in the
presence of molecular oxygen, the dose dependence of formaldehyde
accumulation curve has a shape typical of saturation curves (in the studied dose
range of 0 — 30 kGy the saturation plateau was observed at 6 — 8 kGy, with the
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dose rate equal 67 kGy/h and 7 = 300 K [52]). According to the estimation
made in the suggestion that in the presence of molecular oxygen in starch
CH;O is formed only via peroxide radicals, and the rate constant of radical
annihilation by radiation at 7 = 300 K is & = 0.36 kGy™". This value is by an
order of magnitude, approximately, higher than the analogous value for the
radiation annihilation of peroxide radicals in polytetrafluoroethylene
(completely eliminated at the dose exceeding 60 kGy, 7'= 300 K [38]). Hence
it appears that in the case of starches irradiation by 30 kGy dose at the dose rate
equal 67 kGy/h, the process of peroxide radical treatment by radiation,
including formaldehyde as the final product, lasts about 1 h. By the moment of
extracting products of radiolysis from irradiated starch (by water extraction)
not only formaldehyde formation from peroxide radicals in the solid phase will
be finished, but CH,O molecules in the starch solution or suspension may enter
the above-mentioned reactions (the yields of formaldehyde detected in starches
are G ~ 1 or lower [47, 52]).

Implementation of the second “peroxide” alternative and the
contribution of such a process into total yield of formaldehyde in the irradiates
polysaccharides may be estimated with respect to the results of accumulation
of peroxides and free radicals in the postradiational period on the example
lyophilizates of starches (amylose, amylopectin), dextrane, and ovalbumin
solutions irradiated at room temperature [32]. Immediately after lyophilization
of irradiated solutions of the above listed biopolymers, ESR investigations
detected no radicals in these samples. Only peroxides were detected (H,O,,
ROOH, ROOR), which total concentration equaled ~2x10™* mol/l. A day or
two after, lyophilizates stored in the oxygen atmosphere at room temperature
obtained radicals (two types of peroxide and alkoxyl ones), which
concentration increased with time increasing by an order of magnitude after
200 days of storage. The shape of the accumulation curve for free radicals in
the lyophilizates is similar to the peroxide accumulation curve in the same
solutions. Similarity of these curves indicates peroxides as the source of
radicals. Hence their initial total concentration has not exceeded the
corresponding concentration of peroxides in the solution (2x10™ mol/l).
Transiting to native starch samples with respect to all above circumstances (6%
lyophilizate solutions; not all peroxides are sufficient for consideration, but just
a one third part of them — hydroperoxides by C6 atom only at 30 kGy dose)
and the sample storage time before analysis equal ~1.5 h, note that the
concentration of radicals formed due to spontaneous degradation of peroxides
during 1.5 h after irradiation termination does ton exceed 1.5x1077 mol/g.
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Hence it appears that the yield of formaldehyde in the process most sufficient
for us does not exceed G = 0.05.

Thus, the above-considered reactions of formaldehyde formation in
irradiated polysaccharides by the free-radical mechanisms indicate that the
main contributors into this process are primary °Cl, *C5 and °C6 radicai
conversions. The two-fold increase of CH,O yield, observed at the starches
irradiation in the oxygen atmosphere, is mainly caused by radiation-induced
C5-C6—00°" peroxide radical conversions.

Methane

Among gaseous products of dewatered polysaccharides radiolysis
(starches: potato (PS) and amylopectin (AS); cellulose (C); dextrane (D)),
irradiated in the absence of oxygen at room temperature, methane was also
detected. As native PS, AS and C preparations are irradiated, no methane is
formed; at D irradiation methane is formed, but its yield is lower as compared
with the water-free form [43]. Figure 8.11 presents curves of methane
accumulation in polysaccharides with respect to the dose of irradiation [43,
55]. In this family of curves two areas may be outlined — for relatively low and
relatively high doses. Obviously, in all polymers the initial yield of CHy4 is low.
As the dose increases, the methane yield increases simultancously, and the
curves show two plateau (in the initial (low) dose range and at high doses) or
demonstrate a tendency “to enter” a plateau (for AS and PS). Hence, the
difference in stationary concentrations of CHy4 (corresponded to the plateau at
both low and high doses) is the highest between D and other three
polysaccharides (6 — 20 times), whereas between PS, AS and C it falls within
the range of 2 — 3 times.

The step-like shape of dose curves indicates two sources of methane in
these irradiated systems. Already at low doses, one of these sources produces
CHy4 (let us call it conditionally “primary”). Hence, relatively low, compared
with other polymers, quantity of methane id accumulated in D; at PS
irradiation the highest yield of methane is observed in the initial dose range
(Figure 8.11, Table 8.11).
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Figure 8.11. Accumulation of methane in water-free samples of potato (PS)
and amylopectin (AP) starches, cellulose (C), and dextrane (D)
samples, vy-irradiated at room temperature; o — methane
accumulation in the native dextrane. The mass-spectrometry

data, molecular CH} ion peak intensity was determined by the

intensity of a fragment CH3 ion (m/e =15), the statistic data
error is 4 — 6%

Table 8.11 presents radiation-chemical yields of methane G(CHa),
calculated by initial sections of curves (formally, by initial points of the dose
dependencies).

It is obvious that another source of methane (“secondary” methane) is
represented by any product of macromolecule radiolysis, accumulated during
irradiation of the sample and degraded by radiation or due to relative instability
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at room temperature: for each polysaccharide, stationary concentration of
methane is reached at appropriate doses (the second plateau on the curves).
Generally, the radiation degradation of polysaccharides proceeds by the free-
radical mechanism [1, 43]. It might be suggested that one of free macroradicals
is the immediate source of the secondary methane.

Table 8.11
Radiation-chemical yields of methane in water-free
polysaccharides, y-irradiated under vacuum at room
temperature [55]

Sample G(methane)
Potato starch 0.14
Amylopectin starch 0.08
Cellulose 0.04
Dextrane 0.008

The following suggestion also seems natural: methyl radical must be
immediate precursor of methane. This radical possesses mobility in irradiated
polymers even at low temperatures and, moving in the matrix, may enter the
reactions with immovable fragment of a macromolecule:

‘CH; + HR =CH; + R".

So far as concerns the place of origin of the primary CHy in AGC, the
precedence should be devoted to the atom C6. Thus atom is bound to the
greatest number of hydrogen atoms (two of them). As a consequence, to form
the methyl radical from hydroxymethylene group by C6 atom, a hydroxyl
should be removed from it, one H atom should be added to it, and C5—C6 bond
should be broken. Of course, all the above-mentioned should be related to free
(non-involved into glycoside bonds) hydroxymethylene C6H,OH groups of
polysaccharides only. Therefore, it is no wonder that at transition from
irradiation of starches and cellulose (polysaccharides with glycoside C1-O-C4
bonds) to dextrane (glucose superpolymer possessing a-C1-O-C6 glycoside
bonds) the yield of the primary methane (G ~ 0.008, Table 8.11) is 5 — 10
times lower.

It may be suggested that in the irradiated polysaccharide this primary
methane is formed as a result of alkyl radical *C6 conversion ("OH detachment
radical; in hydroxymethylene units C—OH bond breaks at radiolysis of dry
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carbohydrates only [1]) with methyl radical formation according to Figure
8.12.

[ ]
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Figure 8.12. The mechanisms of *C6 and *C1 radical transformations with
methyl radical formation in irradiated dry polysaccharides

The first and the second stages of the process A represent
rearrangement of chemical bonds C-H at the 5“‘, 6" and 4™ carbon atoms, and
the act of methyl radical detachment by alkyl radical with double C4=C5 bond
formation in AGC. The scheme is composed with respect to the investigation
results on isomerization of the so-called end and middle alkyl radicals of the
polymer with formation of methyl radical in y-irradiated polyethylene [53, p.
226].

As suggested, he the secondary methane formation is related to Cl
glycoside radical (C1-O-C6) conversion, occurred at atom H detachment from
C1 atom in the primary act or as a result of H-C1 bond attack by H atoms or
*OH radicals. This is the circumstance, which may explain methane formation
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in both water-free and native D samples. Among primary radicals, the
hydroxyalkyl radical *C1 is mainly detected in native polysaccharides at room
temperature. The first stage of this radical conversion includes B-bond break
with lactone formation from the initial AGC and unpaired electron transfer
from C1 to C6 of the neighbor AGC, proceeding in accordance with Figure
8.12B [55]. Further conversion of alkyl radical *C6 proceeds according to the
scheme in Figure 8.12A.

An additional reason for the benefit of the scheme in Figure 8.12 is the
already mentioned fact of the water-induced methane formation inhibition in
irradiated native polysaccharides by the reaction in Figure 8.12B (hydrolytic
splitting of the B-bond). Therefore, the plateau at the dose curves (at reaching
stationary concentrations) of methane formation by irradiation of water-free
samples (Figure 8.11) might be explained by accumulation of water in
irradiated samples due to dehydration of free radicals formed [43]. If it is
assumed that the outcome of the methane accumulation dose curves to the
second plateau is related to the rate of B-bond hydrolytic splitting in glycoside
radicals of polysaccharides (the lower the plateau is, the higher the inhibition
rate of methane formation is), then the relative efficiency of H,O interaction
with glycoside radicals in polysaccharides is as follows:

D:C:AS:PS =1:0.8:0.5:0.15.

For the purpose of checking the suggested mechanism of methane
formation, the sequences of elementary acts of radicals *C1 and °Cé6
conversions, demonstrated in Figure 8.12, were modeled by analogy to ref.
[24], according to the program allowing the analysis of proceeding and the
route of primary "C1 and *C6 radical conversions with rearrangement of C-H
bonds and C—O and C-C bonds dissociation in the AGC composition with
respect to selection of the most energetically profitable route. The computer
modeling of primary "C1 and *C6 radical conversion are equivalently reflected
by routes (2) and (3) (Figure 8.12) [55, 56].

The use of a highly sensitive technique of nano-layer magnetic
resonance spectroscopy (RYDMR) for the study of the origin and free radical
conversions in cellulose at room temperature, occurring UV-irradiation of the
sample in the presence of a sensibilizer, confirmed the sequence of elementary
acts of radical conversions, presented in the Figure 8.12A [31], and estimate
times of their occurrence in the surface layer of the sample: the first and the
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second stages of the process presented in Figure 8.12A last (5 — 8)x107* s, and
the stage of methyl radical formation takes about 107 s.

Mono- and dicarboxylic, citric and quinic acids

Among radiolysis products of native potato and corn starch preparations
(12% humidity, y-irradiation by 40 — 1,000 kGy dose in air at room
temperature), citric, dicarboxylic (succinic, malic, fumaric, tartaric, malonic),
pyruvic and glyoxylic acids were detected [34, 47]. All these acids are
members in the set of eleven carboxylic acids of the so-called glyoxylate Krebs
cycle — one of the metabolism components, the assembly of biochemical
processes providing vital activity of the organism. Therefore, inclusion of such
compounds, derived by radiation modification from polysaccharide-containing
waste of food industry and agriculture, into cattle forage would also promote
increased digestibility of the forage and solution of the problem of this waste
type utilization with the help of a simple y-irradiation technology [1].

These acids were recorded at irradiation of native starches, but not their
solutions. Since the radiation degradation of macromolecules proceeds by the
free-radical mechanisms, in solid samples primary radicals must convert by
monomolecular degradation reactions. The above-listed acids are compounds
containing 2 — 5 carbon atoms. This indicates that the stage of final molecular
product formation must be preceded by C—C bond break in polysaccharide
AGC. Such process in starches, y-irradiated in the presence of molecular
oxygen, is realized as a result of formation and conversions of peroxide
radicals [1]. These radicals are formed due to primary alkyl and hydroxyalkyl
radicals with molecular oxygen. In the first case, C—C bond break is
accompanied by occurrence of two aldehyde groups in AGC; in the second
case, it is accompanied by formation of one carboxylic and one aldehyde group
by the reaction (8.22) below [1, 35]:

—COH(O0")-HCOH- — —-C(=0)OH- + H("0)COH~- (+HR) — (8.22)
- CHO- (-H,0 +R").

The process of C—C bond break in AGC also happens due to
conversions of oxygenated (peroxide) secondary (allyl) radicals by the reaction
(8.18a) [1].
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The formation of carboxylic acids with unsaturated bonds and deoxy-
groups indicates that, at least, one of the stages in the multistage conversions of
appropriate primary radicals represents dehydration of a radical according to
the mechanism of H,O B-elimination with allyl radical formation [1].

Thus, the composition (structure) of carboxylic acids indicates that
during their formation in starch AGC dehydration, oxygenation and radical
conversions with C—C chemical bond break may also proceed. In some cases
of polysaccharide, low-temperature irradiation and subsequent annealing of the
samples, some stages of the primary free radical conversions were recorded by
the ESR method [1].

For cellulose tested at room temperature, the RYDMR method allowed
for detecting the basic sequences of elementary acts of primary radical
conversions up to formation of the radicals-precursors of the final molecular
products. This gives an opportunity to compare results of the RYDMR
spectrum analysis, implemented on irradiated cellulose, with the mechanisms
of carboxylic acid formation in other polysaccharides.

Among the mechanisms of carboxylic acids under consideration, the
most “huge” mechanism seems to be formation of the tribasic citric acid [37].
The final stage of this acid formation is the reaction of nucleophilic addition of
formic acid to carbonyl group of keto-dicarboxylic acid (both these acids
represent starch radiolysis products). In the carbonyl group, the electrophilicity
of C and O atoms is different: the m-bond is partly polarized, and a-proton
from HCOOH in the acidic medium is one of the main products of starch
radiolysis (the yield of which reaches 80% of total initial yield of the acids
[48]). The bell-like shape of the dose dependence of this acid accumulation
indicates the participation of starch in reactions with other products of
radiolysis.

Let us analyze a possibility of this process realization according to the
free-radical mechanism, basing on the above data on reactions typical of
irradiated polysaccharides and suggesting that in citric and dicarboxylic acid
molecules one of carboxylic groups is formed from —~O5-C1(—0O’'1)- fragment.

The molecule of citric acid contains two deoxy-groups (the second and
the fourth carbon atoms). The most probable process providing their formation
in the molecule (with respect to conversions within AGC of only one radical) is
conversion of the primary radical *C2, hydroxyl detachment radical from the
second carbon atom according to the mechanism of H,O [-elimination,
namely, H atom detachments from the third carbon atom and OR from the
fourth carbon atom (allyl radical is formed) with subsequent H atom transfer
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from hydroxyl at C3 atom to C4 atom (the phenomenon of tautomerism); by
C3 atom a keto-group is formed (Figure 8.8).

Time of occurrence of detachment radicals “OH in AGC is (3 - 7)x10_9
s. The radical dehydration with allyl radical formation in AGC lasts about (1 —
3)x107 s [31]. As shown by computerized modeling, migration of the double
bond C3=C4 — C3=03 (due to tautomerism) may be accompanied by H-C1
and H-C2 bond rearrangement (H atom transfer from C1 to C2 and unpaired
electron migration from C2 to C1). This process in AGC of irradiated cellulose
lasts about (8 — 10)x107™® s. Allyl radical "C5, formed in this case at the
interaction with molecular oxygen (k ~ 2x10'® I/mol-s), produces peroxide
radical and hydroperoxide group by C5 atom.

Peroxide C5 conversion in the irradiated starch includes rearrangement
with the break of chemical bonds C5-C6 in AGC and O-O in the peroxide
group. As a result, an aldehyde group —C5HO and hydrated molecule of
formaldehyde by C6 in AGC are formed. The latter represents an ideal
“procurement” as a reagent-companion for the aldehyde group —C5HO in the
Cannizzaro reaction. This process (disproportioning) induces occurrence of
methanol (the yield” of methanol in corn starch is G ~ 0.1 at the dose about 10
kGy [47]) and 3-ketoglutaric acid. As mentioned above, the interaction of 3-
ketoglutaric acid with formic acid produces citric acids (with the yield up to
33.5% of total yield of multibasic acids [33]).

Thus conversion of the primary alkyl radical *C2 up to formation of
citric acid molecule consists of 6 stages (a sequence of 6 elementary acts).
Duration of these stages of the free-radical process (without consideration of
non-radical reactions duration — the Cannizzaro reaction and nucleophilic
addition at the interaction between 3-ketoglutaric and formic acids) falls within
the range of (3 — 7)x10™ — 107 s. Note that at the sample irradiation the latest,
sixth stage may represent conversion of not peroxide itself, but peroxide
precursor — peroxide radical "C5 [22]. This note also concerns the schemes 4
and 5.

The alternative conversion of the primary radical *C2 relates to succinic
acid formation and includes 5 stages. The sequence of elementary acts is the
following: rearrangement of bonds H-C1 — H-C2 (unpaired electron transits
to C1), radical "C1 isomerization with C5-O5 bond break and alkyl radical *C5
formation, B-elimination of H,O (from C4-C3), radical *C5 oxygenation and
hydroperoxide group formation by C5, hydroperoxide (or peroxide radical *C5)
conversion with C4-C5 bond break in AGC and O—O bond break in peroxide
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group and, finally, succinic acid and glycol aldehyde formation (after
hydrolysis of two glycoside bonds in AGC). The yield of succinic acid equals
4.6% of total yield of multibasic acids [35].

The comparison of citric and succinic acid yields indicate that the
differences in them may be stipulated by the effect of the following factors: a
stress in the AGC fragment C1-C2—C3-C4 appearing due to a change in
configuration of chemical bonds at unpaired electron occurrence at C2 and
“retaining” the macroradical structure by right and left halves of the initial
polymeric molecule, the quantity and sequence of radical *C2 conversions,
radical reaction durations (f-elimination of water, H-Cl1 and H-C2 bond
rearrangement, isomerization with C—C and C-O bond break).

Among these factors, obviously, the first is the most valuable. The
stress occurred in the above-mentioned AGC fragment and, obviously, the
structure of this monomeric unit define the route of radical *C2 conversion —
the reaction of water 3-elimination type by C3—-C4 then leading to citric acid,
or C1-H and C2-H bond rearrangement leading to succinic acid (V). In the
case of citric acid, rearrangement of the above-mentioned chemical bonds
under the effect of ionizing radiation happens in the allyl type radical and
requires lower energy than in the case of succinic acid, for which
rearrangement proceeds in the alkyl radical. The difference in optical
absorption spectra of such radicals equals ~1.8 eV [53]. The second factor,
which is the difference in the structure of the initial radicals eliminating ROH
and H,O and the energy performance of this process, may also affect the
relative yield of citric and succinic acids. In the first case, a break occurs in the
macromolecule (the stress in the radiation-modified AGC is removed). In the
second case, water molecule is released, and C5-C4=C3 fragment in AGC
obtains flattened configuration of o-bonds. Quantitative estimation of the
relative validity of each of these factors requires additional investigations.
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Tartaric acid (after hydrolysis
of glycoside bonds, 42.4%)
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Malonic acid (after hydrolysis
of glycoside bonds, 1.8%)

Figure 8.13. The mechanism of malonic acid in the irradiated starches

If the differences in the mechanisms of radical *C2 conversions by two
routes affect upon the time of molecule formation for each of two mentioned
carboxylic acids (speaking about radical conversions but not about non-radical
reactions), these times must not exceed the error range in the estimation of
times of the elementary acts of reactions between radicals [31]. Hereof, the
differences in the yields of citric and succinic acids are most likely related to
conditions of non-radical reactions proceeding.
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CH,OH—CHO + COOH—CHHCOH—COOH
Malic acid (after hydrolysis of
glycoside bond, 16.4%)
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CH,OH—CHO + COOH—CH=HC—COOR
Fumaric acid (after hydrolysis
of glycoside bond, 1.3%)

Figure 8.14. The mechanism of fumaric acid formation in irradiated starches
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The ratio of citric and succinic acids yields is 7:1 [35]. Since the yield
of glycol aldehyde is G = 0.15, at the observation of the material balance
conditions by the products, in accordance with Figure 8.9, the equality of the
yields of glycol aldehyde and succinic acid is determined. Therefore, the citric
acid yield should be:

G =7x0.15-1.05.

The formation of malic, fumaric, tartaric and malonic acids is related to
conversions of the primary hydroxyalkyl radical *C1, the initial elementary act
of which represents isomerization with C5—O5 bond break — the disclosure of
AGC and formation of a “procurement” for one (or two) carboxylic group
—C1OO0H. For alkyl radical “C5 formed in this case, two routes of conversions
are observed:

1) conversions related directly to the radical "C5 — dehydration (-
elimination of water — H atom detachment from C4 and OH detachment
from C3 - the route to malic acid formation) or 3-bond hydrolysis and
consequent (B-elimination of water (the route to fumaric acid formation,
Figure 8.13);

2) chemical bond H-C4 and H-CS5 rearrangement (H atom transfer from
CS to C4 and unpaired electron transfer to C4, which is the route to
tartaric and malonic acid formation, Figure 8.14).

The formation of malic acid includes 4 stages of the primary radical *C1
conversions, whereas fumaric acid is formed in six stages (Figure 8.14). Most
likely, the shorter number of stages is the reason for more than an order of
magnitude difference in the yields of these acids: 16.4% (for malic acid) and
1.3% (for fumaric acid) [35]. The attention should be paid to the dehydration
act (proceeding by C2—C3 bond, after H atom transfer from hydroxyl at C4 to
C3 due to tautomerism phenomenon, stage 4’) of allyl radical *C5 formed. As a
result, the carbon backbone C4-C3-C2-C1 of disclosed AGC possesses a
conjugation chain of double bonds. This process is energetically more
profitable for a radical rather than for dehydration of an acid molecule (which
requires heating to 383 K).

According to estimation, the sequence of radical *C1 conversion with
malic acid formation (except non-radical reactions) proceeds during time
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within the range of (3 — 7)x10~° = ~107" s, whereas the time of fumaric acid
formation is 3 — 5 times longer [29].

The general stages in the sequences of radical *C1 conversions with
tartaric and malonic acid formation (scheme (5)) are the following:
isomerization with C5-O5 bond break and H-C4 and H-C5 bond
rearrangement (H atom transfer from C4 to C5 atom and, correspondingly,
unpaired electron transfer from C5 to C4 atom). Obviously, the latter stage is
realized due to action of the “structural” factor: sp> —» sp” transition at C4 atom
removes stress in C4—-C3-C2—C1 fragment in alkyl radical *C5 of disclosed
AGC. This is the factor affecting the yield of tartaric acid (which is the highest
— 42.4% [35]). For tartaric acid formation, the sequence consists of 4 stages;
for malonic acid — it is 5 stages (Figure 8.14). The yield of tartaric acid is 25
times higher than for malonic acid [35], which is due to additional stage — [3-
elimination of water in malonic acid.

The formation mechanisms of the above-mentioned monobasic
(pyrotartaric and glyoxylic) acid formation in starches are related to
conversions of the primary radicals, formed by H atom detachment from C4
and C2, respectively, and include the following stages. For pyroracemic acid,
four stages are observed:

1) C5-0S5 B-bond hydrolysis;

2) B-elimination of water (H atom detachment from C5 atom and OH-
group detachment from C6 atom);

3) the interaction of occurring allyl radical with molecular oxygen;

4) hydroperoxide formation by C5 atom, which degradation with C3—-C4
bond break leads to pyroracemic acid formation with the yield G ~
0.01.

For glyoxylic acid, four stages are observed:

1) C1-0S5 B-bond hydrolysis;

2) peroxide radical and hydroperoxide formation by C2;

3) hydroperoxide degradation with C2—-C3 bond break;

4) glyoxylic acid (G ~ 0.03) and erythrose (G ~0.01) formation.

The alternative process of C400H. hydroperoxide (or its precursor —
peroxide radical) degradation with- C4-C5 bond break is accompanied by



Radiation Chemistry of Biopolymers 185

acetic acid formation (G ~ 0.03). According to the estimation results, all these
processes proceed at a time shorter than 107 s,

As one of the intermediate stages of the radical conversions, all the
above-considered mechanisms of carboxylic acid formation include oxidation
— oxygenation of one radical or another with formation of peroxide radical and
then peroxide. The exception in the sequence of the mechanisms of carboxylic
acid formation is the free-radical mechanism of quinic acid synthesis.

Quinic Acid (QA) was detected only at irradiation of waxy corn starch
(WCS). Its yield equals 0.7 wt.% of total quantity of carboxylic acids (low-
molecular ones, including formic and acetic acids giving 89% yield, and high-
molecular acids giving 11% yield; see Table 8.12) [57].

Table 8.12
Composition and yield (wt.%) of carboxylic acids in the irradiated waxy
corn starch [57]

Acid Yield
Tartaric 37
Citric 28
Malic 12.5
Succinic 4.1
Fumaric 0.3
Quinic 0.7
Glucuronic 0.9
Formic + acetic 4
High-molecular 10.9

According to the estimation results (at 0.9kGy dose), the radiation-

chemical yield of quinic acid equals G(QA) ~0.02 per 100 eV of absorbed
energy. This relatively low yield and the fact of QA detection exclusively in
the irradiated starch containing 96% amylopectin (a-glycoside bonds 1 — 4
and a-1 — 6 per every 20 monomeric units) allowed for a suggestion that QA
molecules are synthesized only during modification of anhydroglucose cycle
(AGC)with two types of glycoside bonds — in the branching points of
amylopectin. Obviously, due to low concentration of amylopectin in natural
starches (from 15 to 25 wt.%) no QA synthesis at their irradiation was
observed.
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Figure 8.15. Structural formulae glucose and quinic acid residues

The comparison of the structural formulae of a-D-glucopyranose (a)
and quinic (cyclohecane tetrahydroxycarboxylic) acid (b) in Figure 8.15
unambiguously indicates that at “radiation construction” of QA molecule (b)
from AGC (a), the following conversions happen in AGC: Oxygen atom is
detached from the cycle, deoxy-groups by atoms C3 and CS5 are formed, and
carboxylic group occurs at C4 atom. The final stage is formation of chemical
bond C1-C6 and, as a result, a cyclohexane ring is formed.

The data obtained [24, 29, 35] indicate a possibility of the “radiation
construction” of the QA molecule in the framework of the free-radical
mechanism. As is known, the elimination of semi-acetal oxygen from AGC in
cellulose (B-glycoside 1 — 4 bond) is induced by the primary alkyl radical *C3
conversions (OH detachment) [29]. Figure 8.16 presents a scheme according to
the data from [27]. It shows the totality of elementary acts (the mechanism) of
radical C3 conversions. At the first stage of this multistage process, a dienyl

radical C1=C2-C3=C4-C5 and H,O molecule are formed. (from H atoms
detached from C2 and C4 atoms and OS5 atom, the mechanism of B-elimination
of water), stages 1 — 3 (Figure 8.16).

In the dienyl radical atoms C1, C2, C3 and C4 are located in the same
plane, from which the atom C5 is displaced by 0.7 A [24]. Obviously, similar
to the cellulose AGC, the presence of glycoside bonds in WCS (R-O-C4,
C1-0-R’, and C6—0O-R"" bonds in the branching points) induces a stress of the
dienyl radical structure. As a consequence, the modified AGC of WCS may
also demonstrate rearrangement of chemical C—H bonds at C6 and C5 atoms
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Figure 8.16. The mechanism of quinic acid formation in amylopectin starch
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with H atom transition from C6 to C5 atom and, respectively, unpaired electron
transition from C5 to C6 atom [24]. As a result of B-bond hydrolysis in
*C6H-O-R" radical (B-break of a vicinal bond [58]) with a suggested
formation of water molecule, previously observed at the same place, an end
hydroxyalkyl radical *C6H-OH [41] (Figure 8.16, stages 4 and 5) occurs. As
this radical attacks the C1C2 bond by CI atom, a chemical C6—C1 bond is
formed, and the ring is locked. As alkyl radical *C2 formed by the addition
reaction of radical “C6HOH by double bond, is reduced, a cyclohexane-3,4 ring
in amylopectin molecule (by the place of the previous branching point) is
formed (stages 6 and 7).

As the irradiated sample contacts water, hydrolysis of glycoside
C1-0O-R’' and R—0O-C4 bonds in modified amylopectin AGC and hydroxyl-
group tautomerism by C4 atom at double C3=C4 in the final product of WCS
radiolysis, a keto-group by C4 and deoxy-group by C3 atom are formed (stage
9). The formation of compounds of this type was detected at y-irradiation of
crystalline D-glucose:

G(3-deoxy-4-ketoglucose) ~0.19 [45].

The interaction of keto-group with formic acid (stage 10) produces quinic acid.
The analogous process (the reaction of nucleophilic addition) also proceeds for
citric acid formation — at the interaction of the precursor (3-ketoglutaric acid)
with HCOOH (Figure 8.10) [35].

Time ranges, obtained by RYDMR technique, and the sequences of
basic radical types conversion in cellulose exposed to photo influence [31]
allowed for estimation (in the first approximation) of conversion times of
analogous radicals in radiation-modified AGC of WCS. Hence, it is suggested
that due to the presence of three glycoside bonds in AGC (the branching point
of amylopectin) the primary "C3 radical conversions proceed similar to AGC of
cellulose crystallite.

It seemed to be of interest to compare times of formation of radicals in
the polymer and the rate constants of their reactions in the multistage sequence
of elementary acts of the primary "C3 radical conversions up to QA formation
and, therefore, determine the limiting stage.

At dehydration of the primary radical in cellulose, the allyl type radicais
(and water molecules) are formed during (1 — 3)x10™ s [31]. The time of
double bond rearrangement in dienyl radical (stage 4) is comparable with
duration of the consequent rearrangement of chemical C—H bonds at C6 and
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C5 atoms, which is (5 — 8)x1078 s [31]. To estimate time for hydrolytic
splitting (B-break) of the glycoside bond in the radical “C6H-R’’ with the end
alkyl *C6HOH radical formation, the following experimental data were used.
The rate constant of saccharose inversion (k = 4.2x107 1/mol-s) was accepted
for as the basic value and, taking into account the fact that carbon-centered
carbohydrate radicals at the glycoside bond possesses k(g) four orders of
magnitude higher than in the case of usual glycoside bond [59], for the radical
‘C6HO-R"” we obtain the constant of B-bond hydrolysis equal k(g) ~ 4.2.
Therefore, for these radicals the time of B-bond hydrolytic splitting may be
estimated under the suggestion that their concentration in irradiated WCS is
107 M, £ =60 min.

According to the data obtained [60], for the liquid phase, the rate
constant of alkyl radical addition by double bond is rather high: 10° I/mol-s. In
this case, when C6—C1 chemical bond is formed at the cycle of six carbon
atoms locking, the rate constant of the reaction is higher and the process
duration may be comparable with the time of rotary vibrations of
macromolecule units of the polyethylene type in a liquid solution equaling 1078
s. Thus the limiting stage in formation of the cyclohexene ring proceeding due
to primary °C3 radical conversion (Figure 8.16) may be represented by the
above-mentioned stage of hydrolytic B-bond in the radical “C6HO-R"".

Therefore, for the purpose of active effect on the yield of quinic acid in
the free-radical process of this sequence, “dry” e.g. native WCS samples must
be irradiated in the absence of oxygen.

As the first condition is observed, the possibility of the primary
peroxide radicals, C500°, in particular, is observed, and the radical *C2
recombination is provided (stage 7, Figure 8.16). As shown in the scheme
mentioned, the formation of radical C500° and rearrangement of C6-H and
C5-H bonds are competing processes. The conversions of C500° radical are
accompanied by C5-C6 bond break with aldehyde group formation by C5
atom and formaldehyde molecule formation by C6 atom. For starches
irradiated in the presence of molecular oxygen, G(CH,O) ~ 0.7;
disproportioning of the aldehyde group C5SHO and CH;O leads to formation of
carboxylic (by C5 atom) and alcohol (methanol — by C6 atom) [35].

The irradiation of water-free native WCS preparations (the second
condition of irradiation) excludes premature hydrolytic splitting of the
glycoside bond R—O-C4, which might impede rearrangement of C6-H and
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C5-H bonds and, hence, the end hydroxyalkyl *C6HOH radical formation
(stage 5, Figure 8.16).

Table 8.13
The decrease of water content and increase of gaseous products at )
irradiation of native and evacuated polysaccharides at room temperature

[61]
Native samples, O, Water-free samples
Polysaccharide ~ —_ —_ —_ -
humidity, % % 5 8N :% g‘i g 5
o] &) > o1 O & C
Potato starch, 13 6.7 14.3 0.6 0.1 0.5 0.2 0.5
(100)
Amylopectin 7.6 3.5 0.7 0.3 1.5 0.1 1.8
starch, 11 (175)
Dextrane, 11 4.9 6.8 09 04 1.3 1.0 0.5
(135)
Cellulose, 4 25 1.9 1.1 0.6 1.2 1.0 0.3
(115)

The following experimental fact is noteworthy: the relative QA yield in
WCS, irradiated in the presence of molecular oxygen, is 40 times lower
compared with the yield of citric acid (Tables 8.10 and 8.13). The multistage
part of both processes is practically identical (7 and 6 staged, respectively) and
includes identical basic stages of radical conversions. To be more correct, their
sequence is different and includes different primary radicals — *C3 and *C2,
respectively (compare schemes in Figures 8.10 and 8.16) [35]. To the authors’
point of view, such difference in the yields of acids is defined by two factors.
Firstly, citric acid is formed at modification of all AGC, whereas QA is formed
from AGC branching points (~100/20 = 5), and the dominating factor (8)
represents the formation and conversion of the peroxide radical by C5 atom (is
defined by molecular oxygen access to radical "C5).

As follows from the above-mentioned, in the absence of molecular
oxygen both oxygenation of any radical in the multistage process of the
primary alkyl radical *C3 conversion and the possibility of hydroxyl-alkyl
radical *C2 recombination (stage 7, Figure 8.16). Taking into account the fact
that quinic acid is detected only at the irradiation of waxy corn starch aerated
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native preparation and accumulated in the sample with relatively low yield
(Table 8.13), it may be assumed that this product is formed in AGC only — the
branching points of amylopectin (in amylopectin it is present after every 20
monomeric units), and O, access to free radicals in this modified AGC is
hindered.

To conclude this Section, let us note that:

1) The schemes of free-radical mechanisms shown for carboxylic acid
formation in starches (polysaccharides) exposed to radiation are
stereotype — they include the above-mentioned reactions as the stages
of the radical conversions. The main difference in the formation
mechanisms of each dicarboxylic acid — this is the order in sequences
of such stages, which is obviously stipulated by lower or higher stress
of AGC, modified by irradiation. The comparison of acid synthesis
durations (falling within the range of 7x107° = 1077 s) and the values of
their radiation-chemical yields (from the hundredth parts to units)
shows that dehydration and (-bond hydrolysis proceeding in primary
radicals during conversions increases time of reactions and reduces the
yield of acids;

2) The formation of acids is mostly related to the conversions of primary
hydroxyalkyl and alkyl radicals of “C1, *C2 and *C4 type.

8.7. THE ROLE OF ADSORBED WATER IN FORMATION AND
CONVERSIONS OF MACRORADICALS; RADIOLYSIS OF THE
STRUCTURED STARCH-WATER SYSTEM

The investigators of radiolysis of polysaccharides are meeting
extremely high variability of parameters characterizing degradation processes,
even at operations with the same type of polymers. This is stipulated by
unequal content of water, adsorbed by the polymer, which radiolysis defines
the degradation of macromolecules [43, 61].

To clear it up, let us consider two sets of experiments. In the first set
performed in the sealed ampoules in the air atmosphere the samples with
natural humidity were irradiated (the so-called native, dry preparations), which
were potato and amylopectin starches (PS, W — humidity 13 wt.%;
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Figure 8.17. a is the adsorbed water content in j-irradiated potato starch (PS), dextrane (D) and cellulose (C)
samples with respect to irradiation dose; 1 — native PS samples with 13% humidity; 2 — water-
free samples; 3 — D with 11% humidity; 4 — C with 4% humidity, according to mass-

spectrometric measurements

b is the accumulation of Hy (1) and CO; (2) in native PS samples, j-irradiated at room
temperature and in the presence of molecular oxygen, in sealed ampoules with respect to the
irradiation dose
The abscissa axis presents the irradiation dose, kGy; the axis of ordinates presents: a — the water
content in the samples, (mol/g)x 107; b — the released gas quantity, (mol/g)x 1 0>
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AS — humidity 11%), dextrane and cellulose (D — humidity 11%; C, cotton —
humidity 4%). The second set of experiments samples, preliminarily dried and
then evacuated, were irradiated. In the irradiated samples, the mass-
spectroscopic method was used for the study of gaseous product accumulation
and H,O and O, absorption (native preparations).

mol/gx10”
3 .
2
1
2
1 L
3

0 200 D, kGy 400

Figure 8.18. The rate of H; (1), CO (2) and CO, (3) accumulation in water-free
PS samples, irradiated at room temperature, with respect to the
irradiation dose
By the abscissa axis —the irradiation dose, kGy; by the axis of
ordinates — the quantity of gas released, (mol/g)x10~

Figure 8.17 shows dependencies of the water content on the irradiation
dose in native and evacuated PS samples (curves 1 and 2). The analogous dose
dependencies are also recorded at AS, D and C irradiation. As for evacuated
samples, the dose dependencies of gaseous products’ accumulation approach
the linear shape (Figure 8.18). At irradiation of native samples by doses ranged
within 0.01 — 0.8 MGy, bimodal curves of H, and CO, with respect to the dose
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with the first maximum in the range of 0.03 — 0.1 MGy and the second in the
range of 0.5 — 0.6 MGy were recorded. The curves for water content change in
these samples on the irradiation dose are antibate to H, and CO, accumulation
curves.

From these data it may be concluded that in native polysaccharides y-
radiation induces two processes. One of them proceeds with water absorption
(the descending branches of the dose corves). The second process is
accompanied by water release (the ascending branches of the same curves). As
water is accumulated in the sample, it begins being absorbed. Water absorption
in the irradiated polysaccharide is stipulated by the interaction between water
molecules and macroradicals formed, whence the water release is related to
dehydration of primary radicals in polysaccharides.

Figure 8.17 shows that independently of the polysaccharide type and its
crystallinity degree, water is absorbed by macroradicals in the samples
practically to the zero humidity (mass-spectrometric measurements). Except
for AS, it happens in the initial, always the same dose range. Therefore, it is
natural to suggests that in the case of native polysaccharide radiolysis the
macroradicals formed enter uniform reactions and mainly interact with water
molecules from the hydrate layer of the polymer. Hence, at transition from
starches and dextrane to cellulose the rate of water absorption increases by 3 —
4 times. Obviously, such difference may be caused by a transition to more
regulated (crystalline) structure of the sample that predefines the interaction of
a radical crystallite with water from the monohydrate layer in the damages
AGC — in this reaction in said AGC the stress occurred is removed.

So far as concerns water molecules eliminated by primary
macroradicals, they react with both previously formed primary radicals and the
radicals representing products of the primary radical conversions. It is worth of
the note that independently on the crystallinity degree of the polymer (PS, D
and C; Figure 8.17) and the dose range, in which the water content in samples
increases (0.05 — 0.2 MGy) and the maximal yield of water (~4x10™> mol/Gy)
are equal, except native AS samples. In this case, water is accumulated in the
dose range 2.5 times broader, and the maximal value of water eliminated by the
radicals is twice higher compared with other polysaccharides.

The shape of the dose curves for “burning off” water, eliminated by the
radicals in these samples, is also worthy of the note. If in PS and D this process
is initiated at ~0.2 MGy dose, an abrupt decrease of AS and crystalline C
sample humidity is initiated at ~0.5 MGy, and at 0.65 MGy sample humidity
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Figure 8.19. The change of radicals in aerated y-irradiated (7 = 300 K) samples
of polysaccharides of natural humidity 4 days after irradiation: 1
— dextrane; 2 — potato starch; 3 — cellulose (cotton, lint, 7%
humidity, 3 days after contact with water); 4 — cellulose (paper,
2.3% humidity); 5 — waxy corn starch ; 6 — corn powder
(commercial preparation, 12 — 15% humidity)

became lower than 10% of its maximum. Therefore, it may be suggested that in
PS and D botheliminated water molecules and radicals reacting with them are
mainly located at the same place — the place of their formation, and water
molecules may react with the radicals, which are the products of primary
radical conversions. In AS and C, such potential reagents (H,O and
macroradicals) are accumulated and stabilized in hardly accessible places for
one another (apparently, in different microareas, incompatible by the structure).
This is testified by the extreme shape of the dose dependencies of macroradical
accumulation in the dose range within 0.02 — 4 MGy for starches [56, 57] and
cellulose [58] (Figure 8.19): hydrolysis reactions and subsequent
recombination of radicals require relatively high concentrations of the reagents
(much higher doses exceeding 0.5 — 0.6 MGy).

The study of the dose dependence of humidity of irradiated native
samples, measured by a derivatograph e.g. under conditions of complete
elimination of adsorbed water from the samples by their heating up to 400 K,
shows the analogous dose dependence of the water content change in all
studied polysaccharides, similar to mass-spectrometric measurements.

The values of radiation-chemical yields of water absorbed, molecular
oxygen and accumulation of gaseous radiolysis products of these
polysaccharides (Figures 8.17 and 8.18), estimated by the initial sections of the
curves (Figure 8.17, curves 1, 3 and 4), are shown in Table 8.13, where in the
second column (in brackets) the values of the radiation-chemical change of
water content in the samples, estimated by the data of derivatographic changes,
are present.

These values reflect the total part of water molecules, adsorbed by the
polymer, G(derivat.) both subject to radiolysis, G(mass-spectr.) and possibly
involved at the sample heating up to 400 K in the reaction with the polymer
radiolysis products or hydrolysis of glycoside bonds of the polymer.

For the initial dose range (0 — 0.05 MGy), the values of molecular
hydrogen accumulation in the native polymers vary from 1.9 (for C) to 14.3
(for PS), and in evacuated ones from 0.5 (for PS) to 1.5 (for AS). Herefrom, in
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the initial dose range the accumulation of molecular hydrogen in the native
compounds is stipulated by radiolysis of water, adsorbed by polymers.

The inverse property of the water content and H, accumulation curves
for polysaccharides in the whole dose range indicates that molecular oxygen is
formed both due to radiolysis of water absorbed by polysaccharide and water
synthesized during macroradical dehydration (at dose 0.2 MGy or higher, see
maxima 1 and 2 on the curve 1, Figure 8.17). Identical shape of H, and CO,
accumulation dose dependencies indicates participation of the same radical
precursor — ‘H atom, the water radiolysis products — in formation of both
molecular products.

It is worthy of note that recalculation of H yield in cellulose, G = 1.9),
per amorphous phase (27%), in which the most quantity of water, leads to the
same yield (G ~ 7), obtained for fully amorphous dextrane (G = 6.8, Table
8.13). Radiation-chemical yields of O, absorption in these polymers show the
similar ratio. These experimental facts allowed for a conclusion that this route
of radiation degradation of the polysaccharide—water system is related to water
radiolysis in the amorphous (with irregular structure) phase of polysaccharide.

Also, the radiation degradation of polysaccharides proceeds in the
crystalline phase, which is proved experimentally [63, 64]. It has been found
that as exposed to radiation impact, starch is amorphized (the crystalline phase
volume decreases and the amorphous phase volume increases) and loses its
water binding ability. This ability is caused by the presence of hydrogen bonds
between hydroxyls of macromolecules and water molecules that forms a
monohydrate layer. In macromolecules of irradiated polymer OH-groups
participating with water molecules in hydrate cover formation, due to primary
macroradical formation and conversions, are replaced by new non-polar
functional groups (keto-groups, for example; see the next Section for details).
The occurrence of non-polar groups in a macromolecule breaks the system of
hydrogen bonds in the monohydrate layer that affects the hydrogen binding
ability of the polymer [1, 7].

Also, crystallites are amorphized as irradiated in an air-dry (with 70 —
80% crystallinity) cotton cellulose (containing 7 wt.% of water). This
phenomenon was recorded for 1 — 2 MGy dose [63]. The irradiated cellulose
also demonstrated degradation of the system of inter- and intramolecular
hydrogen bonds. It has also been found that the yield of OH-groups free from
hydrogen bonds increases with the irradiation dose [63, 64].

The above experimental data allow for an unambiguous conclusion that,
basically, radiolytic degradation of polysaccharides proceeds in the interfacial
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region between amorphous and crystalline phases of the polysaccharide—water
system.

The product of radical *OH recombination ("H “antipode”) is H,O,. In
irradiated native PS this compound, similar to molecular hydrogen, is
accumulated only in the initial dose range due to radiolysis of water, adsorbed
by the polymer. As dose increase, the yield of H>O; (similar to the yield of Hy)
decreases [65]. It may be suggested that H, and H,O, accumulation decrease in
PS (and other polysaccharides) with the dose increase is the consequence of the
interactions between molecular products of water radiolysis and its radicals
proceeding as follows:

H, + *OH = H,0 + °H, (8.23)
H202 + .H = HzO + .OH (824)

All these data (plus high yields of water “degradation” at relatively low
amounts of it in the irradiated system falling within the range of 13 — 14%,
Table 8.14) allow for a paradoxical conclusion that the radiation degradation of
native (“dry”) polysaccharides is determined by the radiolysis of water
molecules from hydrate layers of polymers structured by these polymers and,
therefore, participation of "H and *OH radicals in these reactions.

Equilibrium humidity starch radiolysis

Some investigations on radiolysis of native polysaccharides and other
biopolymers (proteins, DNA) demonstrate an effect on the degradation of
water macromolecules, structured by a biopolymer (the hydrate layer of the
polymer) [61, 66 — 68]. Biopolymer degradation is initiated by the radiolysis of
water molecules in the polymer hydrate layer. To estimate the contribution of
water radiolysis into the degradation of potato starch (PS), for example, let us
compare the results of tests on y-irradiation of native PS preparations not only
with different water content, but also possessing different structures of the
PS—water system. Let us consider radiolysis of native PS preparations
possessing the equilibrium humidity (from 5 to 45%) and PS gels (jellies) 69 —
72]. To put it differently, we are speaking about radiolytic degradation of PS in
these systems, possessing identical chemical composition (PS + water), but
having different concentrations of water structured by starch.
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As mentioned above, as native PS samples are irradiated at room
temperature, water proves itself in three ways: it is radiolized (*OH and ‘H
radicals are formed, which then react with macromolecules), is involved into
the reactions with the primary radicals with H detachment from C1, C4 and C6
by glycoside bonds (in these radicals O—C B-bonds are hydrolyzed) and,
finally, it is released and accumulated in the sample during dehydration of
radicals formed from the polymer. As a consequence of these processes
proceeding, the dose dependence of H,O content in the samples irradiated at
room temperature is of the extreme type, having a minimum in the dose range
between 0.03 and 0.1 MGy (Figure 8.17). In this dose range water content in
the sample does not exceed 10% of the initial (the initial humidity of PS is
13%) and 5% of the maximal quantity, reached at 0.2 MGy. Therefore, it has
been concluded that in this dose range the “opposite” processes with water
participation (water radiolysis + its consumption for B-bond hydrolysis in
carbon-centered °Cl, °C2 and °C6 radicals and water synthesis during
dehydration of radicals) are almost compensated. If under these conditions the
PS—water samples of the same composition (87% PS and 13% water)
possessing different structures (solution and gel, for example) are irradiated,
any changes in the yields of either PS radiolysis products or water release (at
transition from solution to gel) may be ascribed to the action of a structural
factor (because primary processes of ionizing radiation energy absorption in
the systems possessing the same structure are suggested to be identical).

Let us compare data on RA and water accumulation in the native starch
samples of identical humidity but different synthesis technique [61, 70]. In
other works [55] a usual commercial PS of “pure” brand with 13% humidity
was used. Some authors [70] primarily humidified PS samples in a desiccator
above water until the equilibrium humidity of 44.4% was obtained. Then in
dessicators with sulfuric acid of different concentration the samples obtained
the required equilibrium humidity exposed at room temperature in darkness
during 4 — 5 months. Such method of sample preparation provided a gradual
hydration of all three hydroxyls in the monomer unit of PS (water structuring)
with the humidity increase (/) in the samples: one hydroxyl at W = 12%, two
hydroxyls at W = 19% and three hydroxyls at W = 25%. As follows from the
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Figure 8.20. Radiation degradation of PS at room temperature — native
preparations of the equilibrium humidity (a, 44 kGy vy-
irradiation dose) and their jellies (b, 33 kGy irradiation dose)
with respect to their wetness degree:

1 — the yield of reducing agents (RA) (PS depolymerization);
2 — the yield of water [60]

data [60] shown in Figure 8.20, the yields of RA and water in PS with 13%
humidity depends on the sample preparation conditions. For common native PS
G(RA) = 6.5, and for the samples with equilibrium humidity G(RA) = 2.5. The
yield of water equals G(H,O) = 0.5 in the dose range of 30 — 100 kGy (if the
opposite water processes are compensated) and G(H,O) = 32 for the cases one
and two, respectively. As transiting from PS samples of the equilibrium
humidity the increase of G(H,O) is most likely induced by the decreasing
contribution of one of two components into the resulting process of water
accumulation: it is reduction of the part of H,O molecules involved into
hydrolytic splitting of glycoside bonds in macroradicals. It is obvious that
under conditions of PS equilibrium humidity the greater part of water
molecules is included into the regular structure of intermolecular bonds of
macromolecules [71, p. 132].

This conclusion may be also confirmed by the shape of the water yield
G(H,0) concentration curve depending on PS humidity (Figure 8.20, curve 2):
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for PS samples with low humidity (5 — 13%) the curve has a plateau; for the
samples with W =20 — 44.4%, G(H,0) gradually increases from 70 to 180 per
100 eV of absorbed energy. Such shape of the concentration dependence
demonstrates the presence in a native starch (in proteins, for example [66, 68])
of microareas possessing at least two types of structural organization of water.

The tests of PS of the equilibrium humidity indicate the presence of two
types of intermolecular hydrogen bonds in these systems [72]: type 1
represents 2 hydrogen bonds between hydroxyls of neighbor macromolecules;
type 2 represents hydrogen bonds (1 in each chain) in the sequence “PS
hydroxyl...H,O...PS hydroxyl”. In a water-free starch hydroxyls of
macromolecules are bound by type 1 hydrogen bonds only. As the starch is
humidified, hydroxyls in its molecules are hydrated and starting from 25%
equilibrium humidity (when all 3 hydroxyls in the molecule are hydrated) only
type 2 hydrogen bonds are present in the sample.

The following feature of native PS radiolysis is worthy of the note: as
humidity of samples increases from 5 to 44.4%, RA yield (RA accumulation in
irradiated PS testifies about its depolymerization, reaction (8.18) decreases by
an order of magnitude, approximately. Similar situation of polysaccharide
depolymerization suppression is observed at the irradiation of humidified
cellulose (C) samples: the yield of C depolymerization reduces by 15%,
approximately, with the humidity increase from 1 to 70% [73, p. 276].

The above-considered examples of G(H,0) and G(RA) concentration
dependencies on water concentration in PS samples indicate a paradoxical
situation:

1) an original mechanism of direct radiation effect on “PS aqueous
solution” in relation to water — H,O is released almost proportionally to
its concentration in the irradiated system;

2) water represents a kind of radioprotector in relation to degrading
polymer [66].

The discrepancies with the common ideas on radiolysis may be solved
under the suggestion that this PS—water system (having low water quantity, up
to 25% humidity) represents the entire single-phase system and radiolysis
processes proceeding in it mostly involve the polymer and water from its
hydrate layer e.g. water structured by polymer hydroxyls. Therefore, the role of
water as the original radioprotector may be explained as follows: the
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Figure 8.21. The formation mechanisms of H and OH detachment primary radicals in starch—starch and
starch—water structured systems
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occurrence of a water molecule at the polymer hydroxyl instead of hydroxyl of
the neighboring molecule (the substitution of type 1 hydrogen bonds by type 2)
must affect both the rate of primary macroradical conversions and the
mechanisms of these conversions. Since in PS hydroxyls are located at the
second, the third and the sixth carbon atom, the above-said should also be
related to primary radicals: hydroxyalkyl (H atom detachment), alkyl hydroxyl
detachment), and alkoxyl radicals at carbon atoms listed above. At transition
from water-free to humidified starch samples, changes in the mechanisms of
primary radical formation are also obvious.

Unusually high yields of molecular hydrogen (14.3 [61]) and water (32;
Figure 8.20, curve 2) in 13% humidity PS (corresponds to hydration of 1.3
hydroxyl units per PS monomer unit) with respect to the interaction between
the polymer and H atoms and *OH radicals formed (reaction (8.1)) indicate that
these processes proceed directly in the place of radicals *H and "OH occurrence
in the hydrate layer of the polymer. The explanation of the water yield, twice
exceeding G(H,) in this case, requires involvement of an additional route of its
formation in the primary acts of PS radiolysis. This routeis fully realized in the
case of water-free samples (hydroxyls of neighbor macromolecules are bound
by type 1 hydrogen bonds as, for example, in cellulose crystallites, by C6
atoms).

Figure 8.21 shows primary stages of water molecules and free radicals
formation in irradiated structures systems — polysaccharides. In water-free
starches the system of intermolecular H-bonds is the following:

Both hydrogen atoms are bound to oxygen atoms by hydrogen bonds
(oxymethylene wunits of 2 macromolecules form something like a
“procurement” of a water molecule). High yield of water molecules compared
with the yields of alkyl and alkoxyl radicals in such structured system may be
explained by proceeding of reactions 1 and 2 (Figure 8.21). According to these
reactions, the yields of primary radicals (pairs of radicals) must equal the value
of H,O molecule yield, which, in turn, must twice exceed G(H;). All this is
observed in the present case. Moreover, the equation
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G(H0) = G>C=0),

where 2>C=0 is the sum of carbonyl groups (keto-groups by C2 and C3
carbon atoms and aldehyde groups by C6 atom). Unfortunately, there no
reliable data yet in the literature on the yield of keto-groups and aldehyde
groups for completely dried irradiated PS. For C, G(2>C=0) = 58 [73]. This
value is at least comparable with that required for PS according to the
equations (2) and (3), Figure 8.21.

So far as concerns the initial yields of corresponding primary radicals
and alkoxyl radicals, the data in the literature present for PS, C and other
polysaccharides at room temperature are highly overestimated. This may be
explained by instability of paramagnetic particles in the presence of water
formed in the primary acts of radiolysis (reactions (2) and (3), Figure 8.21) -
their recombination and, as well, in the ESR-measurements at room
temperature relatively high doses of ionizing radiation were always used,
which promoted radical recombination under the radiation effect [38].

The RYDMR method [29, 31] was used for testing evacuated C at room
temperature, exposed to UV-irradiation (in the presence of a sensibilizer). In
these tests, a full set of radicals typical of irradiated polysaccharides was
detected and their predominant formation in pairs was determined [29]. The
HFS of the radical spectra, registered by common classical ESR method under
stationary conditions of irradiation at room temperature, is significantly
simplified. This testifies about the presence of lower number of the types of
radicals in the sample compared with RYDMR method. Such data indicate that
by the moment of radical ESR-registration beginning under stationary
conditions in irradiated C at room temperature the processes of radical pair
formed recombination are globally finished and, therefore, their yields are
underestimated.

The final confirmation of the suggested scheme of native PS radiolysis
requires additional experiments determining fractional yields of the primary
radicals in the reactions (2) and (3), Figure 8.21.

Radiolysis of starch gels (jellies)
As PS gels with different water content (prepared by PS heating with

water up to gelatinization point and then cooled down to room temperature) are
irradiated, the “solidified” aqueous starch solutions, which differ from the
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previously considered PS solutions by higher developed regular system of
water molecules (bound by hydrogen bonds and forming together with PS
macromolecules the cell walls, the edges of the a three-dimensional structure),
demonstrated the following features of radiolysis [69, 70].

1) As the water content increases by 10% (from 84 to 95%), the yield of
PS, G(RA), decreases by twice (Figure 8.20b);

2) In this case, free water (squeezable liquid) is released in the sample,
which yield for maximal PS concentration used (16%) reaches G(H,O)
= 2,800 [74]. This equals 20% release of water, absorbed by PS, from
the gel volume.

In the case of starch gel y-irradiation, the dominating role of polymer-
structured water radiolysis may be illustrated as follows. The formation of a
single macroradical (by H detachment from hydroxymethylene unit at the
attack of H-C bond by water radical) is accompanied by the change of
configuration of C—C and C-OH chemical bonds remained in the radical
(tetragonal sp3 conversion to flat spz). This leads to breaks of hydrogen bonds
between AGC hydroxyls and water molecules participating in the formation of
three-dimensional lattice edges. This act is accompanied by releasing up to 500
molecules of water from a single cell (squeezing liquid) [74].

In y-irradiated native cellulose the analogous process also takes place:
The fraction of OH-groups in the polymer, free or weakly involved into
intermolecular hydrogen bonds with water molecules from the hydrate layer
covering the surfaces of intermolecular cavities in this polymer, increases with
the dose [64]. Analysis of the data allowed for determining a correlation
between PS depolymerization and degradation of its gels and suggesting the
following interpretation of the experimental results. The initiating process for
the gel degradation may be presented by the primary radical formation,
detachment radical *H or *OH from oxymethylene unit in AGC (Figure 8.21,
reactions (1) and (2)).

At any such act hydrogen bonds linking PS macromolecules to chain
bridges from water molecules break. Therefore, one of the components in the
three-dimensional structure of cells in the gel is destroyed. If even a single
“edge” of the cell is destroyed, water molecules existing in these cells leave
them. Among alternatives, the following may be suggested. Firstly, at
irradiation hydrophobic groups (keto-groups, aldehyde and carboxylic groups)
occur in the composition of macromolecules, which may lead to a change in
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the polymer swelling degree and affect the quantity of water retained in the
cells [75, Chapter 11]. Secondly, beside depolymerization of macromolecules,
at PS irradiation intermolecular crosslinks are formed. As the frequency of
crosslinks increases, the possibility of formation of freely fold coils from the
fragments of macromolecules, which represent edges of the cell, is reduced.
This is displayed in reduction of the polymer swelling degree and, therefore, in
release of great quantity of squeezing liquid [76].

The latest suggestion may be indirectly confirmed by two facts as
follows:

1) The increase of elastic strength of irradiated gels with their humidity
[76];

2) Radiation syneresis is accompanied by gel cracking. Small are formed
in the case of more humid gels, whereas large and deep cracks are
observed for jellies of lower humidity [69].

Finally, a choice between these hypotheses is possible after implementation of
additional investigations.

Thus, the analysis of the above results allows for a conclusion the PS
degradation in gels is significantly defined of radiolysis of PE and its hydrate
cover. Radiation decomposition of H,O in hydrate layer of the polymer
(polymer-structured water) proceeds with the yield 3 times higher (reaction
(8.1)), approximately, than the radiolytic yield of water molecules (G(-H,0) ~
4), registered in the case of irradiation of aqueous dilutes solutions of low-
molecular substances. The same yield is observed for the radiolysis of water
located in the three-dimensional lattice of the jelly. As the cells are destroyed
(or the swelling degree of the polymer changes due to formation of crosslinks
or hydrophobic groups in its composition), water is released from them
(squeezing liquid). Therefore, G(H,O) becomes extremely high.

8.8. POST-RADIATION EFFECTS IN POLYSACCHARIDES

The degradation processes in polysaccharides, irradiated in the presence
of oxygen, is also continued after radiation removal. These reactions in the
presence of oxygen proceed in both native preparations and aqueous solutions.
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Figure 8.22. a. Radiation aftereffect in dextrane solutions in the absence of the air exchange: the changes of
1 — total concentrations of peroxide compounds; 2 — characteristic viscosity of the solution; 3 —
solution pH; 4 — optical density of UV-absorption of the solution
6% solutions of dextrane with initial pH ~ 9; 35 kGy radiation dose
b. Post-radiation formation of peroxide compounds (total) during storage of solutions in the air (1

— 3) and free radicals (4) in Iyophilizates; the irradiation dose: 1 — 50; 2 — 200; 3 and 4 — 150
kGv
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Figure 8.23. a. ESR spectra (and their analysis) for lyophilizate of irradiated
6% solution of dextrane (pH 7, 30 kGy dose) during storage in
the air:
1 — 0.5 h; 2 — 4 days; 3 — 60 days; 4 ~ 7.5 months. Before
been lyophilized, the solution was stored at room temperature
during 1 month with regular air exchange (during sampling),
after lyophilic drying — 14 days without air exchange. Spectra
were registered at 7'~ 300 K, Pygr ~ 0.5 mW; HF modulation
amplitude ~ 0.4 mT
b. The change of total radical concentration in the lyophilizate
depending of the storage time in the air (initial solution pH
8.5; 80 kGy irradiation dose; aftereffects in the solution — 5
days)
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For example, in irradiated dextrane solutions, stored in the air at room
temperature, peroxide compounds (H,0,, ROOH, ROOR) are accumulated and
degrade, breaks and intermolecular crosslinks are formed in polymeric chains,
carbonyl and carboxylic groups are formed in the polymer structure, low-
molecular aldehydes, ketones and acids are formed, too [32, 77]. The
accumulation of peroxides and acids in solutions follows the extreme time
dependencies (Figure 8.22a, b); the storage time dependencies of solution pH
demonstrate the basic tendency of the solution acidity increase. The injection
of compounds — free radical acceptors into the solution significantly decreases
the yield of peroxides. In lyophilizates (polysaccharide solutions, lyophilized
after irradiation) the following free radicals are detected: alkoxyl and peroxide
of two types (for the first type — unpaired electron is localized on the end
monomeric unit, for the second type — unpaired electron is localized on the
“middle” unit, with the anisotropy parameter equal g| — g = 0.01; Figure
8.22b, curve 4; Figure 8.23a). Their concentration in the samples increases
with the time of storage in the oxygen (or air) atmosphere (Figure 8.23b) [77].

All these facts are explained so that in irradiated solutions of dextrane
(and in starch) radical-chain processes of the polymer oxidative degradation
proceed, initiated by degradation of peroxides via formation of free radicals by
the reaction (8.14), and their consecutive conversions in the presence of
oxygen are described by the reactions (8.1), (8.10a), (8.15) — (8.17).

Hence, the occurrence of carboxylic and carbonyl groups in the
polymer composition relate to radical conversions of the RO,-II type:

—CH(OH)COO(OH)CH(OH)- — —CH(OH)-COOH + (8.25)
+ OCHOH + OCHOH- (+ HR) — CH(O=)- + R® +H;0,

whereas by radical conversions of RO,-I type (Figure 8.23a), formic acid is
obtained (reaction (8.26)):

HCOO*(OH)CHOH- — HCOOH + "OCHOH- — products. (8.26)

Periodic variation in solution pH, observed in the tests, may be
explained by conversions of peroxide radicals, which occur in already modified
carboxylic groups of monomeric units according to the scheme, composed with
respect to the above reactions:
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—05-"C1(OR)—-C2(0)OH (+ O,) = -05-COO"(OR)-C2(=0)OH
(+ R’'H) - —05-C1(=0)-OR + R’ + HOC2(=0)OH (8.27)
{H2CO;3 = CO,T + H,0} (+ H,0) - —OH + CO,T + HOR.

Carbon dioxide release from dissolved lyophilizate should be
accompanied by increasing pH of the medium. Beside formation of carboxylic
groups, this process provides regularity in the solution pH variations.

X X
X

On the example of the above-discussed systems we have tried to show
basic routes of free radical conversions, basing on the comparison of the data
on the origin and dynamics of accumulation of native polysaccharides and their
molecular (final) products of radiolysis. Turning back to the problem of
controlling radiolytic processes, let us outline two basic directions in creating
conditions of polysaccharide irradiation for the purpose of radioprotection (for
example, at food canning — to provide preservation of their organoleptic
properties after radiation treatment) or stimulation of polysaccharide
degradation (decreasing molecular mass in order to increase digestibility of
cellulose-containing forage by the cattle). In the firs case, compounds — radical
acceptors should be used (the inhibitors of free-radical reactions or
antioxidants, if irradiation happens in the presence of molecular oxygen, and
oxidative processes with participation of peroxides are initiated [78]). Hence,
reacting with alkoxyl (RO%) and peroxide (ROQ") radicals, InH suppress such
oxidative degradation processes of macromolecules (refer to Chapter 13). In
some works [79, 80] on the example of sephadex (cross-linked dextrane) in the
presence of InH with sulthydryl group direct ESR measurements demonstrated
a possibility of radical substituting (R + HSR’ = RH + SR’) proceeding. Thus,
elimination of unpaired electron not at all means repair (reduction of the initial
structure) of damaged sugar unit [10], and may be the reason for stereoisomers
(epimers) formation [81] (Chapter 10). It has been found [82] that at irradiation
of deaerated aqueous frozen-up ribose solution its stereoisomers are formed.
Figure 8.24 shows the scheme for formation of such stereoisomers. The
solutions were irradiated at 195 K. Under these conditions, ribose hydroxyalkyl
radicals and electron e stabilized on the matrix traps were registered. As
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affected by visible light, electrons left the traps and recombined with radicals,
and their concentration decreased.

—0 Ribose ——O Lyxose
NOH [ ] ]
on o M ¢y
HO HO
OH OH
HO ——— 0 Arabinose
i on ° °
e o Cs.Ca
OH OH
(RH) (*R) Ol
—O Xylose
e o + -
R+e >R — ,RH OH on-,
HO C3
OH
/ i
: /
/C\C \ / e, H* C
\ | o \\C
OH OH
OH

Figure 8.24. The scheme of glucose stereoisomers (epimers) formation

After defrosting the samples obtained, the products shown in the Figure
8.24 were chromatographically detected in the solution. The process of sugar
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epimers formation was registered at thymidine irradiation under the same
conditions [83]. The formation of glucose epimers — mannose (by C2) and
galactose (by C4), is also observed at the irradiation of polycrystalline cellulose
and starch samples in the absence of oxygen [1]. As follows from these data,
the radiation conversion of carbon atom configuration is also possible for
polymers, which include carbohydrate chains. Their realization must cause a
change of the initial macromolecule conformation. For example, in the case of
DNA, the formation of 2-deoxyribose residue epimers must be accompanied by
the change of spatial orientation of a nitrous base and, therefore, represents a
potential possibility of occurrence of gene mutations (transversions and
transitions) [11, 84, 85] (Chapter 10) in this site of DNA.

For the purpose of stimulating degradation of polysaccharides (the
second case), humidified preparations or aqueous solutions should be irradiated
in the presence of molecular oxygen (processes (8.3), (8.4), (8.9)) and
substances — radiosensibilizers. For instance, due to electron “conversion” to
OH-group in solutions saturated by nitrous oxide the “initial” yield of oxidative
degradation of carbohydrates two-fold increases: OH-group interacts and
electron does not react with oxymethylene units in carbohydrate molecule.
Nitrate-ion and chloroacetic acid should be belonged to radiosensibilizers: at
their interaction with electron oxidant radicals are forms [5, 10], which then
may participate in reactions with carbohydrate molecules. At the irradiation of
solutions of carbohydrates and the mentioned compounds or even their
mechanical mixtures (more or less homogeneous), the yield of oxidative
degradation of carbohydrates is much higher compared with radiolysis of
individual compounds [3, 5].

Speaking about stimulation of polysaccharide degradation by the free-
radical mechanism, new approaches to resolving this task should also be
outlined. It is shown that degradation of a-diol type compounds (monomer
units of polysaccharides have such structural units) is implemented by means
of primary radical fragmentation by the coordinated mechanism with
simultaneous break of two bonds, vicinal in relation to localization of unpaired
electron, via pentatomic cyclic transition state of the reagent [58, 86, 87]. In
this case, injection of additives forming such pentatomic cycles (the
intermediate complexes) into aqueous solutions helps in increasing yields of
the mentioned processes. For example, the injection of dextrane and borax and
Cu(ll) salts laminarin, forming pentatomic complexes from hydroxylic groups
of polymers, into aqueous solutions increases the yield of these polymers
degradation by 2 — 2.5 times [87].
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To conclude this Chapter, note that currently radiation chemistry of

polysaccharides is the branch of chemistry of biopolymers, the most developed
concerning the investigations of the free-radical mechanism of their radiation
degradation. The facts as determination of initial sites of damage localization
(unpaired electron) in the irradiated polymer (determination of origin of
primary macroradicals) and the basic types of development of these damages
(primary free radical conversions) are self-explanatory.
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Chapter 9. The radiolysis method for glycoproteids

9.1. STRUCTURE AND PROPERTIES OF GLYCOPROTEIDS

Organic compounds including protein and non-protein fragments (the
latter represent a prosthetic group) are called the conjugate proteins or proteids.
Glycoproteids are biopolymers consisting of a protein and a carbohydrate
fragments. Muconic compounds are belonged to these substances — the
polymers including proteins, polysaccharides and lipids, linked by covalent and
ionic bonds. Mucoproteids composed of proteins (the predominant component
of the natural complex) and carbohydrates (oligo- or polysaccharides) are the
components of mucous linings of the animal organs, blood and milk;
mucopolysaccharides are the components of connective tissues, liver and
lungs. Among glycoproteids are immunoglobulins (A, E, D, G, M), lg,
produced by B-lymphocytes and plasmatic cells. Ig function as antibodies,
which protect the organism from dangers of intervention of the aliensubstances
— antigens. The structure of immunoglobulins is based on a dimer consisting of
two light (L) and two heavy (H) polypeptide chains, to which oligosaccharide
fragments are bound. IgM have five such fragments consisting of mannose and
N-acetylglucosamine residues. The structures of IgA, IgE and IgD also include
fucose, galactose and N-acetylneuraminic acid. Some immunoglobulins are
freely disposed in the blood serum (IgE), intestinal and bronchial secretion,
pituitary membrane (IgA) and so on; Ig(G, A, M, D and E) are found in the
membrane (the surface) of B-lymphocytes.

The above-listed compounds are responsible for many functions of the
cells and the organs of animals, affected by irradiation. For example, it is
known that one of the consequences of an animal and a man irradiation is
disturbance of the immune functions of the organism. At the molecular level,
this might be explained by radiolytic modification of oligosaccharide units of
glycoproteids, which form receptors. In the cell membranes, receptors
(antibodies) extend to the environment and participate in the recognition of
various substances-antigens. A change in the conformation of glycoproteid
fragment induced by radiation modification prevents its (antibody’s) contact
with the antigen — the immunity is disturbed.
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There are scanty works in the literature devoted to the investigations of
the radiation effect on glycoproteids. In this Chapter we discuss radiolysis of
one of the glycoproteids, the so-called total blood substance (TBS) and
compounds modeling some fragments of this natural complex. The
composition of this TBS complex (Figure 9.1) is studied well. TBS determines
species differences in animals and a man, and participates in immunization
phenomena. TBS extracted from gastric mucous cover protects stomach walls
from proteolytic action of the enzyme. TBS extracted from pig’s gastric
mucous cover is a high-molecular compound (MM = 300,000 — 400,000) with
the polypeptide chain of the TBS complex (15 wt.%) including 400 — 450
amino acid residues [1]. More than a half of these residues are oxyamino acids
(serine and threonine) and proline, added by an insignificant quantity of
aromatic amino acid residues. The polypeptide backbone has branches of
carbohydrate chains, which contain from three too twenty monomer units,
representing N-acetyl-substituted residues of glucosamine and galactosamine,
linked to one another by glycoside bonds. Carbohydrate chains are bound to
the peptide backbone by threonine and serine amino acid residues (mostly O-
glycoside bonds), particularly, by locations of hydroxyl groups in these amino
acids. Figure 9.1 shows a fragment of TBS complex, artificially composed of
identified units so that it includes all determined types of bonds.

The irradiation of aqueous solutions of glycoproteids causes
degradation of these biopolymers. TBS is depolymerized: the solution viscosity
decreases (Table 9.1), molecular composition of the biopolymer (the quantity
of neutral sugars and amino sugars) (Table 9.2), and the quantity of amino
acids (Table 9.3) change.

Table 9.1
The change of glycoproteid solution viscosity (0.1%, F1 fraction) induced
by irradiation [2]

Irradiation dose, Gy Relative viscosity
0 1.43
5 1.39
100 1.12
1,000 1.07
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Figure 9.1. The structure of glycoproteid (a hypothetic fragment) according to
the data of biochemical analysis methods [1]

Table 9.2

The change of neutral and N-acetyl-substituted amino sugar composition
(%) in glycoproteid (F1 fraction) at irradiation of its 0.1% solution [2]

Irradiation N-Ac- N-Ac-
Hexose Fucose . .
dose, Gy glucosamine . | galactosamine
0 21.6 8.3 24.19 13.85
1,000 18.6 6.4 21.82 13.16
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Table 9.3
The change in amino acid composition (%) of glycoproteid (F1 fraction) at
irradiation of its 0.1% aqueous solution by 1 kGy dose [2]

Amino acid Non-irradiated solution Irradiated solution
Serine 1.94 1.84
Threonine 3.59 3.20
Proline 2.59 2.07
Glycine 0.34 0.36
Alanine 0.80 0.73
Valine 0.54 0.50
Leucine 0.38 0.38
Isoleucine 0.15 0.13
Asparaginic acid 0.22 0.26
Glutamic acid 0.71 0.76
Tyrosine Traces Traces
Phenylalanine Traces Traces

The yield of biopolymer radiation-induced degradation registered in the
irradiated aqueous solution depends on the origin of saturation gas. For
example, at transition from the solutions saturated with Ar to the ones saturated
with N>O the yield of radiolysis products, which absorb in the range of 260 —
360 nm, increases twice, approximately. Analogous results were obtained for
other glycoproteids — acidic amino polysaccharides: heparin, keratan sulfate
and chondroitin-4-sulfate [3 — 5]. These data indicate the predominant
responsibility of *OH radicals for degradation of said polymers in solutions.

9.2. RADIOLYTIC PROPERTIES OF GLYCOPROTEID
COMPONENTS

To make head of the radiolysis mechanism of a glycoproteid complex,
let us consider radiolytic properties of compounds in its fragments: protein,
amino sugars and their N-acetyl-substituted derivatives, oligo- and
polysaccharides. It might be suggested that all listed components of the TBS
complex generally define its radiation-chemical properties. As analyzing
radiolytic properties of some TBS complex components, let us manage to
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estimate the most probable sites in the glycoproteid molecule to be attacked by
primary radicals of water, analyze properties of macroradicals formed (and
possible routes of their conversions) and relate the final effects of irradiation on
the glycoproteid molecules in aqueous solutions to primary stages of radiolysis.

Polypeptide radiolysis

The mechanisms of primary radical formation and conversions in a
polypeptide, which is a protein molecule, are already discussed in detail (refer
to Chapter 7). The mechanism of amino acid radiolysis was also discussed and
a conclusion was made about water radical attack sites in amino acid residues
in the protein molecule. With respect to the amino acid composition of TBS
protein fragment composition, one may state apriori that the electron attack
sites (at irradiation of solutions in the absence of oxygen) are carbonyl groups
of peptide bonds, end protonated amino groups of lysine, arginine, C=O double
bonds of carboxylic and carboamide groups of asparaginic and glutamic amino
acids, if these groups does not participate in formation of any internal bonds of
the TBS complex. Radicals "OH and “H (in the absence of molecular oxygen in
the solution) attack H-C, bond of the polypeptide chain in the protein
fragment (Chapter 7). The second ranked sites for water radical attack must be
tyrosine and phenylalanine aromatic rings, which quantity in TBS is rather low.
This conclusion is based on the ESR data [6] identifying radical H-adduct of
phenyl ring among free radicals in the irradiated phenyl-B-D-glucopyranoside.

The TBS complex composition also includes amino sugar, N-acetyl-
substituted amino sugars and neutral sugars.

Glucosamine radiolysis

The typical feature of glucosamine radiolytic properties in aqueous
solutions, which differs it from radiolysis of neutral carbohydrates, is its
interaction with hydrated electron. The rate constant of glucosamine reaction
with the electron equals 4.2x10® /mol-s, which is comparable with the rate
constant of *OH reaction with -carbohydrates. The electron participation in
reactions with glucosamine may be proved by the results of atoms H yield
change in phosphate glassy-like solutions of glucosamine of various
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concentrations, irradiated at 77 K. In this case, atomic hydrogen is formed by
the reaction as follows:

¢+ H,PO7 =H + HPOJ. (9.1)

The observed decrease of atomic hydrogen accumulation with
increasing glucosamine concentration in the solution (Table 9.4) reflects
proceeding of the following competing process:

e + glucosamine — products. 9.2)
Table 9.4
The yield of radicals G in frozen-up solutions of glucosamine (GA) [7 — 9]
GA | GER) | GO) [ GER) [ GH) | GERY) [ GCOH)
coneetiyaion | jomkoH 5 M NaH,PO, H,0
0 3.8+1.3 2 1.9 0.7 0.7 0.7
0.11 - 1.5 - - - —
0.55 - - 2.5 0.05 - -
1.10 35+0.2 0.45 22 0.03 1.6 £0.3 0.8

The influence of y-irradiation on frozen-up aqueous solutions of
glucosamine produces radicals from it via reactions with electrons and “OH (O™
in alkaline medium and H,O" in acidic medium) and *H radicals. Data from
Tables 9.4 and 9.5, as well as test results on photoannealing of electron and
tests, in which isothermal conversions of paramagnetic particles, stabilized at
77 K (the tunneling effect for  and *H), show that in both cases, the rates of
¢ and "H recombination processes (proceeding by the reactions & + & =e¢ , &
+ O =0 and H® + "H = H,) are significantly reduced in the presence of
glucosamine in this matrix due to reactions (9.2) and (9.3):

H' + glucosamine — products. (9.3)
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Table 9.5
The change (A) of total concentration of radicals and O™ (x 10" g™') in glucosamine (GA) alkaline
solution at photoannealing of electrons by 4> 540 nm [7 — 9]

. AR’ _ AO™ . AR’ - AO™ . AR’ _ AO
D , R ] s ’ ’ ’ ’
k%ss % % o % 2R % O % >R % o o,
10 M KOH, without GA 10 M KOH + 0.27 M GA 10 M KOH + 1.1 M GA
0.7* 0.4 1.2 0.2 1 0.3
5 93 . 75 87 50 70 50
0.08** 0.1 0.16 0.1 0.3 0.15
1.6 0.8 1.3 0.3 2.0 0.2
10 90 81 90 67 80 50
0.15 0.15 0.16 0.1 0.4 0.1

Notes: * Before photoannealing.
** After photoannealing.
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Heparin radiolysis

Heparin is a heteropolysaccharide with MM ~ 10,000, which
macromolecule contains repeating tetrameric units of sulphated disaccharide
aminoglucose residues, linked by o-1-4- bonds. Tetrameric unit contains two
glucosamine residues with two types of sulfate groups:

COONa CH,OSO;Na COONa CH,080;Na

0 0 0 o)
OH O Non OH O N oH
—0 0
0S0;Na NHSO3Na OH NHSO;Na

Heparin is of interest for us as a polymer simulating structural fragment
of a glycoproteid without polypeptide chains. Heparin is degraded by radicals
*OH and ‘H (similar to polysaccharides), and electron. The sites for electron
attack are N-sulfate (substituted amino) groups. As a result, macromolecule
desulfation is initiated. At low-temperature irradiation primary radicals of H
detachment fro C1 and C4 atoms are formed with the highest yield
(conversions of these radicals are discussed in Chapter 8). The main result of
irradiation is formation of breaks in macromolecules (by glycoside bonds) [10].

9.3. FORMATION AND CONVERSIONS OF RADICALS IN
GLYCOPROTEID COMPONENTS
Glucosamine radicals
The influence of radicals *OH and "H on glucosamine molecule induces
C-H bond break in anhydrocarbohydrate cycle with formation of radicals by

the reaction:

HOC<«H + *OH("H) = HO"C< + H,O(H>). (9.4)
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Figure 9.2. ESR spectra registered at different temperatures and the change in concentration of radicals in
glucosamine chloride polycrystalline evacuated preparation, irradiated at 77 K [9]
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Hence, similar to the case of neutral monosaccharides, H atoms may be
detached from all carbon atoms. In the glycoproteid molecule, glucosamine and
galactosamine residues are ring shaped. Let us consider the structure of radicals
formed at radiolysis of glucosamine and its derivatives (ring shaped):
glucosamine chloride (GA-HCl) and N-acetyl-substituted glucosamine
(N-Ac-GA).

At low-temperature irradiation of GA-HClI radicals are detected; hence,
the predominant yield is observed for radicals, the ESR spectrum of which
represents a doublet band with AH ~ 2.6 mT (Figure 9.2). After heating the
sample up to 170 K, an additional wide (~8 mT) band with five equidistant
components is observed. The ratio of intensities of these components with
respect to their resolution approaches a binomial e.g. a quintet. The change in
intensities of the doublet “a” and the quintet “b”, which reflects variation in
concentrations of corresponding types of radicals, follows the inverse
dependence, hence, total concentration of radicals in this intermediate
temperature range remains constant within the measuring error. Thus, it should

be concluded that at the sample heating the radical conversion R}, — R} .
As regards the structure of GA molecule and ESR bands characteristics,

it may be concluded that in this case R, radical is isomerized with C5-O5
bond break, because C5 atom is the only site in the radical, where unpaired
electron may interact with four equivalent protons (with splitting on each of
then is ~2mT). The radical R}, conversion proceeds according to the scheme,
analogous to the reaction (8.9), Chapter 8.

Radicals in irradiated N-acetylglucosamine (N-Ac-GA) and their conversions

HFS of the irradiated N-Ac-GA spectrum differs from that of the
above-discussed GA base and GA-HCl spectrum. This is stipulated by
occurrence of a substituent in the N-position and formation of radicals from
this group at irradiation, which will be discussed below. Note that the character
of conversions in primary radicals formed in the anhydroglucose ring and the
yield of corresponding reactions of radical conversions is changed compared
with GA base and GA-HCI. The reason is the origin of the substituent, which

interlocks the amino group. The allyl radical formation of RY, type is the
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Table 9.6

Characteristics of ESR spectra and radicals recognized in glucosamine chloride (GA-HCI) and N-acyl-
substituted glucosamine (N-Ac-GA)preparations, irradiated at 77 K [9]

Radical | HFS | Ao mT AHgi, mT | g-factor | Suggested structure of the radical Temperature

(max) range, K

R, 1 0.6 - 2.002 GA- 77 —215
Rz @ 1:1 3.9 2.6 2.003 c 77 - 290
Ry |16:4il | 9.0 2.0 2003 | —CwHOM, - ClsH-CeHOH | 215-337
R4 1:1 4.2 - 2.003 —C'(OH), except CT 77 - 150
Ra I 1,55 125 2.007 _C*(=0)—CH- 95 180
Rs 1:2:1 6.7 - 2.003 2Hg or 1H, and 1Hg 77 - 130
Re ? 4.5 - 2.003 ? 77— 150
Ry 1:1 3.0 2.0 2.003 I1H 77— 180
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typical feature of radical conversion in irradiated N-Ac-GA at thermal

annealing. ESR spectrum parameters for R radical are stipulated by

delocalization of unpaired electron by the fragment including a carbonyl group,
the double bond of which is conjugated with p-orbital of unpaired electron, and
the difference of the factor g =2.007 from that for free electron is explained by
a significant part of the orbital component. Table 9.6 shows parameters of
identified radicals. As follows from the data on thermal annealing, the

formation of type R}, radicals is related to conversion of the primary radicals
of "R4 type by the reaction with water molecule release and H,O B-elimination

HO--H H H H H
[ -H0O o | | o | .
01 O SR s o o
H OHOHOH H OHOHOH H O OHOH
Acetamide padiolysis

Acetamide is a compound modeling the side fragment of N-
acetylglucosamide. The analysis of ESR spectra of irradiated acetamide
showed that anion-radical formation (doublet 1:1, AH ~ 2.9 mT, g = 2.003) at
the electron attack on >C=0 bond is one of the main processes of radiolysis of
this compound. As impacted by fvy-radiation, anion-radical decays with
formation of an acyl radical (AH = 0.4 mT, g = 2.0009). The scheme of radical
formation and conversions with participation of electron in the reactions with
N-acetyl-substituted group in amino sugars with respect to the data on
acetamide radiolysis may be presented as follows [9] (see the scheme (9.6)).

This process must proceed at higher rate in the presence of water,
because hydration of the anion-radical gains energy up to 3 eV.

Thus, the electron participation in reactions is reduced to damaging of
N-acetyl-substituted amino groups in the carbohydrate fragment of
glycoproteid. Finally, a sequence of conversions of radicals formed in this unit
must be accompanied by carbon oxide and methane release, and amino group
formation at carbohydrate units. So far as concerns radiolysis of aqueous
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solutions, all these processes must proceed in the absence of molecular oxygen,
because oxygen intercepts the electron and, therefore, O, radicals (or HO;

with respect to the medium pH) participate in the reactions.

Chitosan radiolysis

Chitosan is a glucosamine superpolymer (MM = 10,000 - 70,000)
demonstrating radioprotector properties: its intravenous injection to mice,
dosed 20 mg/kg, 15 — 30 min prior to irradiation by 8 Gy (minimal absolutely
lethal) dose increases survivability of animals to 73% [11]. Chitosan is
produced from chitin — the natural analogue of cellulose, consisting of N-
acetyl-B-D-glucosamine residues, linked by [-1,4-glycoside bonds - by
enzymatic deacetylation (full or partial) or treatment by concentrated alkaline
[12].

Similar to polysaccharides (Chapter 8), primary radicals in irradiated
dry chitosan preparations are H and OH detachment radicals from carbon
atoms. Irradiation of aqueous solutions produces H detachment radicals only
(formed at water "OH radical attack on C—H bonds in the monomeric units).
Contrary to neutral amino sugars, the ring shaped ones react with electron at a
rate comparable to that for “OH radical [13].

Basic processes of chitosan degradation are the following [14]:
deamination (G ~ 3), break formation in the polymer chain (G = 4.2 + 0.3),
molecular hydrogen (G = 1.3) and carbon dioxide (G = 1.5) release. ESR
spectra of chitosan and chitin (Figure 9.3 [15]), irradiated at low temperature,
recognized the radicals of H detachment from C1 (1:1, a = 3.0 mT - splitting)
and C4 (1:2:1, a ~ 2.6 mT) atoms and the radical of amino group detachment
from C2 atom (doublet 1:1, @ ~ 2 mT; triplet 1:2:1, a ~ 3.8 mT). As irradiated
chitin is heated up to 7 ~ 200 K, *Cl1 and ‘C4 concentrations decrease
(significantly for the latter) and GluNHC'(OH)CH3 radical is detected (1:3:3:1,
a ~ 1.4 mT), where Glu is a fragment of the polymeric chain. Total yield of
radicals at 77 K is 3.0 for chitosan and 2.3 for chitin. Irradiation of chitosan at
T = 300 K accumulates carboxylic (G ~ 0.6) and carbonyl groups in it, the
yield of reducing groups being equal 25 + 2 (determined by copper index) [15].
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1 20mT H

Figure 9.3. ESR spectrum of evacuated chitosan, y-irradiated at 77 K [15]

Chitosan deamination results the interaction of glucosamine residue
amino group with electron [13]. As it captures the electron, C2—N bond breaks,
ammonia is released and alkyl radical *C2 is formed. Analogous process was
detected in proteins irradiated at low temperature — deamination of lysine
amino acid residues (Chapter 7). According to estimation, the concentration of
alkyl radicals of amino group detachment *C2 in the sample at 77 K is 20 —
25% of total quantity of radicals or higher.

For “C2 radical, three alternatives of conversions exist [16]:

a) by type of B-elimination of water (H detachment from C3 and OR —
from C4). Hence, a break occurs in the polymeric chain, and in the
monomeric unit deoxy(C4)- and keto(C3)-groups are formed;

b) isomerization with C3—C4 bond break, double C2=C3 bond and radical
with unpaired electron at C4 formation;
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¢) rearrangement of chemical H-C bonds at C1 and C2 with unpaired
electron transfer to C1 and then radical *C1 conversion (Scheme 9.1):

H OH OH
0
OR-—a—> R'OH + \ OR
HO \
[24]
OH OH
——0 O

l ol T /®
. 0 \

. I
R'+ CHO-CH-HC~OR

+ RO\ OH

CHO-CHOH-CH,;0H +0, c + HOR",
Glycerol aldehyde NHAc
Malic and tartaric acids
(in irradiated starches) CHO-CH,0H + HOC OH COH

NHAc
2-acetamido-2-deoxy-
tetradialdose

Scheme 9.1

Scheme 9.1 and subsequent ones show compounds, recognized at
radiolysis of glucosamine and/or N-acetylglucosamine aqueous solutions [13].

The possibility of a) alternative implementation is proved by detection
of citric and succinic acids among starch radiolysis products. These acids have
the above-mentioned functional groups at C3 and C4 atoms (Chapter 8). The
sequence of elementary acts of this process was already discussed in detail
[17].
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Radical "C2 conversions by the route b) are confirmed by the results of
glucosamine radiolysis in solutions, for which glyceraldehyde with the yield G
= 1.3 in 0.05 M solution was detected [13].

The first stage of radical "C2 conversions by the route c) — the
rearrangement of H-C bonds at C1 and C2 atoms in the ring — is similar to the
process proceeding in cellulose [16]. Radicals *C1 may convert by two routes:
*C1 isomerization with C5-O5 bond break and unpaired electron transfer to
C5. This process is registered by the ESR method at low-temperature
irradiation of glucosamine [18]. The subsequent stages of radicals °C5
conversions, for example, in dry starches irradiated in the presence of oxygen
produce malic and tartaric acids [17] (Chapter 8).

Another possible route for *C1 conversions is isomerization with
*C1-01-C"4 glucoside bond break, keto-group formation by C1 and unpaired
electron transfer to C'4 of the neighbor monomeric unit. Radical *C'4
conversions, for example, in the presence of oxygen may cause accumulation
of type 2-amido-2-deoxytetradialdose (from glucosamine residue) and 2-
acetamido-2-deoxytetradialdose  (from N-acetyl-substituted glucosamine
residue) compounds. The latter product was detected at irradiation of N-actyl-
2-glucosamine aqueous solutions, saturated with nitrous oxide in the presence
of O,. The yield reached 0.5 (0.01 M solution) [13].

In radicals with unpaired electron at carbon of *C1-O1-C’4 in the
presence of water, O1-C'4 B-bond may be hydrolyzed [11]. In this case,
hydroxyl groups occur at C1 atom of the current bond and at C'4 atom in the
neighbor monomeric unit. At H transition from hydroxyl C10OH to OS5, by Cl1
atom an acyl radical is formed eliminating CO, which formation is chitosan
was detected [15].

If at chitosan irradiation in the presence of molecular oxygen the
deamination act is accompanied by peroxide radical C200" and then peroxide
by C2 atom formation, after dissociation of the latter with O—-O and C1-C2
bond break (as it happens in irradiated starches [9] an aldehyde group at C2
atom is formed. Resulting the rearrangement of chemical bonds at C1 (Scheme
9.2), arabinose may be synthesized.
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Scheme 9.2

If beside glucosamine residues chitosan sample includes N-acetyl-f3-D-
glucosamine residues (incompletely deacetylated), a possibility of electron
capture by carbonyl group in acetyl with anion-radical formation should be
taken into account. This process is observed for the above-considered
acetamide, proteins and peptides, irradiated at low temperature: electron
attacks carbonyl group of the polypeptide bond. Anion-radicals recognized at
77 K in irradiated proteins (low resolved doublet with ~1.5 mT splitting) are
protonated at sample heating up to 190 — 200 K (at the interaction with water
molecules, which obtain mobility due to structural changes in the matrix). A
neutral radical is formed — H-adduct with the ESR parameters similar to the
initial anion-radical (low resolved doublet R, Chapter 7).

As indicated [3], ESR spectrum parameters and GIuNHC'(OH)CHj
radical registration conditions for chitin, first irradiated at 77 K and then
annealed at 200 K(methyl group rotates), allow for a conclusion that the radical
is formed from the primary anion-radical of acetyl. Subsequent hydrolysis of
N-C bond in the radical induces formation of amino group in anhydroglucose
ring and acetic acid molecule with identical yields [14].
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The mechanisms of chitosan radiation degradation demonstrate
participation of macroradicals, formed due to electron attack. The main result
of such influence is polymer deamination. This process is accompanied by
breaks in the polymer chain: by glycoside bonds or as a result of monomeric
unit decomposition. Hence, taking into account the yield of breaks in the
chitosan macromolecule and the yield of deamination, it may be assumed that
the latter value and, correspondingly, the electron participation in the polymer
degradation give over 2/3 part of the effect (71%). The rest 29% (~30%) of the
primary macroradical degradation are given by H atom detachment.

The mechanisms of chitosan primary radical conversions are presented
basing on the studies of dry polysaccharide radiolysis. As aqueous liquid
solutions of chitosan are irradiated, the electron (&pnyg) eliminates amino
group, therefore, these mechanisms are also suitable for explaining conversions
of alkyl *C2 radical.

The radiation chemistry studies of glucosamine and N-
acetylglucosamine were performed for 0.01 — 0.1 M aqueous solutions, i.e. in
conditions of complete involvement of water radicals into reactions with
dissolved substances (the indirect effect of radiation is maximal) [13].
Electrons attack N—=C2 fragment, and “OH radicals — H-C bonds at each of 6
carbon atoms, and H detachment radicals are formed. The latter fact in these
systems is confirmed by the composition of recognized radiolysis products in
the absence of molecular oxygen: they are compounds containing keto- (or
aldehyde) group at each carbon atom. The formation mechanisms of these
compounds have been already considered [13]: the first stage of hydroxyalkyl
radical conversion is oxidation (H transfer from hydroxyl to any reagent).
Using the yields of corresponding radiolysis products of N-acetyl-substituted
glucosamine in aqueous solutions [5], the contribution of each H detachment
radical to the monomeric unit degradation may be roughly estimated (Table
9.7). Relatively low yield of an oxo-product by C1 may be explained by radical
*C1 participation in various processes (see Schemes 9.1 — 9.3). For instance,
one of them produces arabinose in irradiated solutions of these monomers
(about the mechanism see below).
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Table 9.7
The yields of ketones and aldehydes — some products of N-

acetylglucosamine radiation modification in aqueous solutions (0.01 — 0.1
M), saturated with N,O [13]

H d;c;Z??;lent Molecular product G(product)
°Cl 2-acetamido-2-deoxygluconolactone 0.15
C2 1-acetamido-1,3-dideoxypent-2-ulose 0.1
'C3 1-acetamido-1-deoxypent-2-ulose
‘C4 2-acetamido-2,3-dideoxyhexos-4-ulose 0.35
°C5 2-acetamido-2-deoxyhexos-5-ulose 0.4
*Cé6 2-acetamido-2-deoxyhexodialdose 0.5

In the case of dry chitosan irradiation, the yield of molecular hydrogen
G = 1.3 may be used as the basic value for the estimation of H detachment
radicals contribution into degradation of this polymer, if we accept that H, in
polysaccharides is formed by the reaction

H°+HR=H,+R".

Then the part of H detachment radicals into chitosan degradation equals 1.3/4.2
~ 0.3, which means ~30% - the value deduced before by the difference
between total degradation process yield and the contribution of electrons into
this process, which promote deamination of the polymer. Direct measurements
of the radical concentration in chitosan at low temperature gave G = 3.0 [14].
This value exceeds the estimation, but is lower than it would be required under
a suggestion that one radical produces one break in the polymer chain.

Basing on the radiolytic effects of carbohydrates (Chapter 8), note that
CO; formation in irradiated chitosan (and chitin), glucosamine keto- and
deoxyketo-derivatives — in solutions of chitosan, glucosamine and N-
acetylglucosamine, is related to H detachment primary radical conversions.
The mechanism of CO, formation in the absence of O, (this means by ClI,

because only this atom is bound to two oxygen atoms) is shown in Scheme 9.3
[19].
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—> ol C=0 v, CO; + products
NH,
Scheme 9.3

Arabinose synthesis is also related to conversions of H detachment
radical fromC1 in the presence of O,. The mechanism of this process in
glucosamine and N-acetyl-substituted glucosamine solutions is considered
[13]: after O1—C'4 B-bond hydrolysis in *C1 and H transition to O5 acyl radical
C1 eliminates CO, and for N-acetyl-substituted glucosamine the end radical
*C2HNHACc is formed. As it interacts with water, acetamide is detached and the
end hydroxyl radical is formed, oxidation of which (H removal from hydroxyl)
produces arabinose (Scheme 9.3; G(arabinose) = 2.1).

The formation of N-acetylglucosamine keto- and deoxyketosugars [13]
with respect to data on cellulose and starches [17] represent a multistage H
detachment primary radical conversion. For example, *C3 radical conversions
include the stages as follows: B-elimination of water with cyclic O atom
participation [20], rearrangement of bonds in the allyl type radical, its
isomerization with C1-C2 and O—H bond break in hydroxyl at C1, and formyl
radical detachment (Scheme 9.4a). Then the formyl radical is dimerized
forming glyoxal, detected at cellulose and starch irradiation.
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Scheme 9.4 (continued)

Deoxyketo-group —C4H,—C3(=0)— formation in N-substituted
glucosamine ring includes the following stages of radical *C2 conversion
(Scheme 9.4b): B-elimination of water and subsequent tautometric H transition
from hydroxyl at C3 to C4 atom, rearrangement of chemical H-C bonds at C1
and C2 atoms [16], in the polymer — B-bond hydrolysis in the glycoside radical
*C1 and C1-C2 bond break with H transfer from hydroxyl at C1 atom to C2
atom. Subsequent hydrolysis of C5-O5 bond in the radical produces 1-
acetamido-1,3-dideoxypent-2-ulose, registered in the irradiated aqueous (0.01
M) N-aceylglucosamine solution (G = 0.1 [13]).

Concluding the analysis of chitosan radiolysis mechanism, two points
should be outlined:

a) 30% of chitosan degradation effect in the absence of O, is given by H
detachment primary macroradicals, and the yield of single product CO,
(G(CO,) = 1.5) is even a bit higher than 30%. On the other hand, the
yield of radicals in chitosan is lower than the degradation yield. It may
be suggested that converting, some radicals transmit unpaired electron
to neighbor monomeric units and initiate their decomposition. For
example, as shown for cellulose, radical ‘Cl conversion induces
decomposition of two neighbor monomeric units due to unpaired
electron transfer from C1 to C'4. Finally, it appears that the quantity of
radical conversion products in the system increases without changing of
their total amount. This conclusion is confirmed by the above-
mentioned value of the reducing (carbonyl) group yield in irradiated
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chitosan (~8 carbonyl groups per 1 radical). Degradation of neighbor
monomeric rings has no effect on the number of breaks in the polymer.

b) Chitosan degradation is induced by participation of electron, *OH and
*H radicals [21], superoxide and alkyl radicals [22]. This means that at
irradiation of aqueous solutions chitosan effectively captures all
components of water radiolysis. Taking into account the linear polymer
structure, the presence of two hydroxyl and one amino groups in the
monomeric unit (as it has been shown for the starch, for its water
structuring), note that the same properties are typical of chitosan.
Apparently, the ability of polymer to structure water (gel formation)
and, consequently, “distant” capturing of water radicals by it [24] is
provided by its high efficiency as a radioprotector: as it is injected to
the animal organism prior to the radiation impact [11] (radioprotection
based on competition for water radicals, manifestation of indirect
radiation effect).

Oxygen effect

Damaging of TBS complex carbohydrate fragment by “H radicals (in
dry preparations) of "OH radicals (in aqueous solutions) proceeds via attack of
these radicals on C-H bonds in anhydroglucose ring and alkyl radical
formation. As mentioned above, in the case of dry preparations, further
conversion of such radicals is mostly defined by the origin of a substituent
interlocking amino group, whereas in the case of deaerated aqueous solutions it
depends on the ratio of the reaction rates of primary radical disproportioning or
their isomerization. In the presence of molecular oxygen in solution, peroxide
radicals must be formed. Hence, the yield of carbohydrate unit radiolytic
degradation increases. The main type of peroxide radical conversion of the
liquid-phase radiolysis is the following:

HO-C«-00 — HO, +>C=0. 9.7

As follows from the data obtained [21], according to this scheme conversions
of peroxide radicals by C2, C3 and C6 atoms in the monomeric unit of
glucosamine oligomers (irradiation at pH 3) proceeds. Proceeding of this
process may also be confirmed by radiolytic oxidation of manna sugar for
mannose in aqueous solution [24].
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At radiolysis of compounds with glycoside bonds, peroxide radicals
derived from primary radicals with unpaired electron localization on carbon
atoms, involved in glycoside bonds, or onC5 atoms enter the reaction as
follows:

RO, +R'O; = RO" + 0, + R'O". (9.8)

9.4. RADIOLYSIS OF GLYCOPROTEID AND RADICAL
CONVERSIONS

As TBS aqueous solutions are irradiated, the molecular mass of the
polymer decreases and monosugars (fucose and galactose) are extracted.
Among products of TBS carbohydrate fragment degradation, malonic aldehyde
(MA) or its analogues, deoxysugars (DS), and deoxyketosugars (DKS) were
detected. The yield of these products depends on the origin of gas saturating
the irradiated solution (Table 9.8). For example, the yield of MA is two-fold
increased at substituting the inert gas by nitrous oxide.

Table 9.8
Relative yield of carbohydrate fragment degradation products at
irradiation of 0.1% TBS solution (5 kGy dose) [25]

Solution saturating gas MA DS DKS
Ny 0.041 0.237 0.190

N,O 0.070 0.297 0.210

0O, 0.012 0.195 0.110

This indicates the dominating role of "OH radicals in formation of the
current product. Table 9.6 shows that the presence of molecular oxygen in the
solution significantly affects the yield of the radiolysis products under
consideration. Carbohydrate fragment of the polymer is the main site for the
water radical attack. However, amino acid residues of the protein fragment are
also decayed by radiation (see Table 9.3). The preferable sites for *“OH attack in
TBS are C—H bonds in oxymethylene units of carbohydrate TBS fragment and
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Figure 9.4. ESR spectra of evacuated TBS preparations from (a) pig stomach
mucous cover, (b) histone protein and (c) potato starch, irradiated
at 77 K and recorded at different temperatures. See [9] for details
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Table 9.9
Characteristics of ESR spectra and radicals recognized in evacuated glycoproteid preparation,
irradiated at 77 K [24]

Radical HES AH,o1, g-factor Suggested radical Radical formation. and conversion
AHpii, mT structure reaction
) Registrati 77 - 340 K
R, Singlet 0.8 2.004 o cgistration range
1 Rl —)Rk,Rl-—)Rs,R}—)RA
R, TPt 1 50 45 | 2,003 C4Cs 77~ 340 K; Ry = Ra; C5 — Ry
Doublet of 25 15
R; doublets 08 2.003 Cs 77— 273 K; RC{syHOH — RH + CHO"®
1:1:1:1 '
. 77-273K
RO Singlet 2 2.005 RO H detachment from OH group with C—C
bond break and by reaction with RH
. Asymm. RC®.. HO Very low, at 30 kGy dose, 77 K
CHO | gouplet 121 | 122 2001 (©) C'HO —» CH,0
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Table 9.9 (continued)

—C*H—C—
Ra Asymm.' 14 1 2.007 [l Formed from Ry, R3
doublet 1:1 - CHO
R, Singlet 0.4 20009 ”2 ] Formed from R, 242 — 340 K;
O O R; - Ry —> CO
O_._
Ry Triplet 3.0 2.7 2.003 H— H Formed from Ry;
1:2:1 280 - 340K
OH
uintet —HC, s OHHC® Formed from Ry; 77 — 276 K;;
Rs 194'16' 4-1 8 2 2.003 @ ) concentration increase at 240 K
4:6:4: CH,-O—

Note: R* is a radical, the valence in which is localized in the neutral sugar unit rather than amino sugar.
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C-H bonds in the polypeptide chain of the protein fragment (refer to Chapter
7). The role of hydrated electron is reduced to attacking acetyl groups of N-
acetyl-substituted glucose- and galactosamine chains of the complex. As
mentioned above, some amount of electrons is consumed for damaging
protonated amino- and other groups in branches of the polypeptide chain,
tyrosine aromatic rings.

ESR spectra of glycoproteid irradiated at 77 K represent an overlapping
of ESR bands of several radicals (Figure 9.4).

As irradiated sample is gradually heated up, the spectrum shape
changes. The analysis of ESR spectra performed allowed for recognizing
several types of radicals, formed at radiolysis of glycoproteid, divided into
primary and secondary ones (Table 9.9).

The changes in ESR spectra, observed at annealing of the samples are
the result of primary radical conversions. Comparing the data on radiological
properties of glycoproteid and its models, discussed in this Chapter, a
conclusion can be made about basic reaction types of formation and
conversions of radicals in this natural compound. Radicals *OH and “H induce
breaks of Cn—-H, where n = 1 — 6, in the carbohydrate fragment of biopolymer
and, therefore, radicals are formed. Type °C1 radical conversions depend on
the monomeric unit of this radical formation: in the neutral sugar or amino
sugar unit. The comparison of the data on radiolysis of model compounds [25]
indicates that in the second case isomerization of *C1 radicals with C5-05
bond break and further conversions of H°C5 radical formed dominates. If *C1
occurs in a unit of neutral sugar, its isomerization may cause either C5-0O5
bond break or changes involving C1 and C2 atoms. Apparently, the first case is
realized, when this monomeric unit of neutral sugar is bound to neighbor
glycoside C6—O—C1 bond. So far as concerns the second route of *C1 radical
conversions, the most probable is proceeding of o-elimination of water,
intensified in the acid medium:

H 0 _H 0
H . H H
OH U O—R—— OH U O +HOR (9.9)
HO HO
H OH H
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The radicals of H'C2< (RA) type, formed by the reaction (9.9), may
interact with other radicals, forming deoxy-sugar groups. The formation of the
allyl type radicals is proved by direct registration of ESR bands of irradiated
glycoproteid with the following parameters: AH = 1.4 mT and g = 2.0067
(Figure 9.3). Another confirmation is the detection of 2-deoxygluconic acid
among radiolysis products of glucose aqueous solutions. The yield of 2-
deoxygluconic acid is 1, i.e. the value equals a half of total yield of the detected
radiolysis products of glucose aqueous solutions.

Since radicals in the sugar fragment of the polymer are formed due to H
atom detachment from any C atom in the anhydrocarbohydrate cycle, the
formation of detected monosugars, fucose, for example, might be explained by
type *R2 radical conversion, presented by the formula (9.10) below:

CH,0OR

Galact

o
CH,0H

(o) 0

CH20
0 0 OHH [} hllmmatlon
P "
CH;C=0 ©-10)
g =0
CH

2 Fucose

CH,OR
CH,0H o
0 0 OH
+
o - HC
HN=C=0 OH
CH; Ry

It may be suggested that conversions of analogous radicals ([3-
elimination of water) in other units of the damaged TBS fragment induce the
polymeric chain degradation. Type *C6 radical conversions may be performed
by two routes in relation to either this carbon atom is located in the free end
group or ‘Cé6 is included in the glycoside bond. It may be suggested that



Radiation Chemistry of Biopolymers 249

formation of the formyl radical, detected at relatively high irradiation doses,
happens owing to the radiation effect:

(|)H
Iﬁ
o/l H H ? O H
I/H | Y. hv |/H \l
C ¢ Ly GHo+ ¢ C 9.11)
I\ OH H /I I\ OH H /I
HO OR HO OR
H OH H OH

(Pentatomic carbohydrate:
arabinosc, lyxosc)

Carbohydrates with the number of carbon atoms lower by one were
detected in the tests on model systems (disaccharides). Hence, in the second
case, according to ESR data, it may be suggested that “C6 is converted with
allyl radical formation, which contains a keto-group:

CH,OH CH,OH CH,OH

0 , 0 0)
kT \ . [}Eliminatiop \ i
— > o C—H C—H
OH H H
TN (I) HO |/ HO
«CH
H HO HO HO (9.12)
/_0 + COH
| \| S CH,0OH
C C
NOH | /] —0
110 OR \
OH C—H
HO OR

OH i
HO /
HO |
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CH,OR’ CH20R‘ CIIoOR‘ CH,OR!
. 0 —O
H I8! /H
—»HOC —->HOC OR=—> HOC *OR—>
OH U OH I8 OH
HO OR /
H HO H HO H H
(MA)
CH,OR' CH,OR' (9.13)
0 o)
i - s \ H - (|2HzOR' COH
+
—» HOC - 'OR——X(—lHOC . —2—’>HCIJOH + 912 +ROH
H H -
\ \ OR CHO COH
C C
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CHZOH CHQOH cn2011 (I?HzOH
I C——0
/N
-HaO —OR—>
C OR—> C-OR=<= HC HC-OR
OH 011 OH \\ /
HO
o
HO H HO H o Ol O
IF'C')'I:I """"" 1 Hz?_OH HZCI:_OH (9]4)
: N _ HC(=0)OH
t-}-----n 1 *C—O0—R 4+g* HC—OH
— HC—OFRi+ | —>+l;" Lt T
----- H + H
HC=0 (|: 2 () ? 2 CHOCH,CHO (MA)
HC=0 HC=0
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(9.15)

O HO 0 HO
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It may be suggested that malonic aldehyde (MA) and deoxysugars,
registered among radiolysis products, are formed due to radical “C5 or, for
example, “C1 conversions (see diagrams (9.13) — (9.15)).

For type °Cl radicals in aqueous solutions, the reaction of hydrolytic
splitting of B-O—C4 bond (in the glycoside bond) is possible. This process was
detected for radiolysis of gilauronic acid [13] (reaction (9.16), a — b).
Reaction (9.16) is the main process of radiolytic depolymerization of oligo-
and polysaccharides in aqueous solutions [26 — 29].

‘00C

H,C_{OH:
0 0 HO
HO ©
OH y N 0
=0
+Hy0 H;C
D-glucuronic acid N-acetyl-D-glucosamine
9.16)

Hyaluronic acid [-BGlcUA-(1—3)-BGlcUAc-(1—»4)-],

It may be suggested that such process as C3—OP bond hydrolysis is also
realized in the case of DNA solution irradiation, which is one of the reasons for
forming breaks in DNA strands at the cell irradiation (Chapter 10).

The schemes of radical conversions in the irradiated glycoproteid,
discussed in this Section and including formation of some detected final
products, must be added by the case of glycoproteid irradiation in the presence



254 V.A. Sharpatyi

of molecular oxygen. However, the multistage sequence of the radical
conversions may not be presented in full yet. It may be just stated that the
mentioned sequence includes stages of peroxide radical formation and C-C
bond break, neighbor to the peroxide group [30], for example, by the following
reaction:

H 0~0 H 0 H
VP S S S e S S S S S T
(I)H(l)H (I)H ) (I)H CI)H OH
RO (Acid) (RO

The scheme (9.17) explains formation of carboxylic and aldehyde
groups with equal yield (1:1) at irradiation, for example, of potato starch in the
presence of oxygen (Chapter 8) [31, 32].

Finally, the following conclusions should be made. Firstly, free radicals
play the dominating role in radiolytic degradation of glycoproteid aqueous
solutions. Secondly, these radicals are formed at a damage of carbohydrate
fragment of the biopolymer. Similar to radiolysis of polysaccharides, the
reason for observed radiation effects (reduction of the biopolymer biomass,
formation of monosaccharides and other low-molecular products) is
conversions of primary alkyl macroradicals proceeding by the following
reactions:

1) dehydration (- or B-elimination of water) or analogous process with
hydroxyl group formation at the end of the carbohydrate unit;

2) isomerization with C—C and C-O bond break in anhydrocarbohydrate
units;

3) formation of peroxide radicals at polymer irradiation in the presence of
molecular oxygen, the conversion of which change the radical
degradation mechanisms: C—C bond breaking processes dominate over
dehydration of radicals.

For radiolysis of glucosamine superpolymer aqueous solution specific is
electron interaction with amino group, which is accompanied by deamination
by "C2 and formation of the corresponding radical. Its subsequent conversions



Radiation Chemistry of Biopolymers 255

are analogous to conversions of radical “C2H (OH detachment radical) in
carbohydrates (Chapter 8).
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Chapter 10. Radiation chemistry of DNA aqueous solutions

It is common knowledge that the decisive role in development of
radiobiological reactions causing cell death, occurrence of gene and
chromosomal mutations is belonged to the unique cell structure called DNA —
unique because it is responsible for hereditary information storage and
transmission.

10.1. DNA STRUCTURE

DNA is a double-stranded macromolecule, each strand of which
represents a sequence of monomeric units — four nucleotides (in relation to the
number of nitrogen bases), linked to one another by phosphoroether
C’3-OPO-C'5 bonds. The nucleotide includes residues of phosphoric acid, 2-
deoxy-D-ribose (B-furanose form) and nitrogen base, bound to a “sugar”
fragment (2-deoxyribosyl) by C’lI-N-glycoside bond. A single-chain
polynucleotide (a strand) with the self system of chemical bonds forms the so-
called primary structure of DNA. Both DNA strands are linked to one another
by hydrogen bonds (the secondary structure), in which atoms O...H...N (of
oxo- and nitro-groups) of complementary nitrogen bases are involved:
thymine-adenine (two hydrogen bonds) and cytosine-guanine (three hydrogen
bonds). According to some conditions (wetness degree, ionic strength of the
environment) DNA, preserving the general shape of polydeoxyribonucleotide
bispiral structure, exists in variously modified conformations (over 10 forms,
among which A, B and C crystalline forms, were studied by the X-ray
diffraction analysis), between which intertransitions are performed. Each of
conformation structures in the cell is responsible for a definite function.
Biologically, the A-form is the most adequate for transcription process
(information transmission from DNA to RNA), B-form - for replication
processes (extension of the information volume), and C-form — for DNA
packing in the structure of chromatin supermolecular structure (information
storage).

A-DNA is a spiral with 25.6 A step and 11 nucleotide pairs per a spiral
turn; for B-DNA the step is 33.8 A at 20 A diameter, and each turn contains 10
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nucleotide pairs, a gap between nucleotides is 3.38 A; for C-DNA the number
of nucleotide pairs per turn is 9.1 with a gap between nucleotides equal 3.32 A.

DNA molecules possess two conformations, linear and circular shaped,
existing in coiled and supercoiled states. In chromatin and chromosomes DNA
is present in the supercoiled state, and several levels of supercoiling are
realized. Such supermolecular structural organization of biopolymer is
belonged to the tertiary structure of DNA.

Molecular mass of DNA depends on the tissue origin and varies from
units to hundred million Daltons.

10.2. RADIOLOGICAL EFFECTS

The effect of ionizing radiation on DNA in aqueous solution induces
two basic processes: dissociation (modification) of nitrogen bases and
degradation of the sugar-phosphate DNA backbone — formation of breaks in
the macromolecule chains, single-strand (SB) and double-strand (DB) breaks.
The occurrence of chemically modified bases in the DNA composition may be
the reason for formation of point mutations. SB are repaired by enzymatic
systems of the cell, whereas DB in DNA are lethal for cells; single-strand
breaks, unrepaired by the enzymes may also produce additional DB. The
number of SB in DNA increases linearly with the irradiation dose, and the
number DB — proportional to the irradiation dose square [1]. The DB/SB ratio
depends on the molecular mass of DNA and damaging degree of the polymer.

Both processes (decay of bases and degradation of DNA sugar-
phosphate backbone) change the basic biological function of DNA - the
transcribing ability [1 — 3].

At irradiation of aqueous solutions of DNA, water radiolysis products,
which are radicals *OH, "H and & yyar, attack all components of the monomeric
unit — the nucleotide. The reactivity of “OH radicals in relation to nucleotide
fragments is reflected by the following sequence:

base:2-deoxyribosyl:phosphoric acid residue ~ 1,000:100:1.

In relation to H atoms, the reactivity of these fragments is about an order of
magnitude lower, than for *OH radicals. Analogous sequence of hydrated
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electron reactivity looks as follows: 10(5):10:1. The main routes of DNA free
radical formation and conversions are shown in Scheme 10.1.

Primary base radicals are formed as a result of *OH, *H and &
addition by double bonds of nitrogen bases (A) with formation of radicals-base
adducts — the intermediates, macroradicals, then involved in reduction and
oxidation reactions:

‘OH(H,e)+A=A-OH(H, #). (10.1)
Preferable site for ‘OH and ‘H attack in pyrimidines are C6 and C5 atoms, and
C8 atom in purines (OH- and H-adducts of pyrimidines and purines are
formed). The electron in pyrimidines attacks C6 atom and electron adducts of
pyrimidines are formed. As they are protonated (at the interaction of anion-
radical with water molecule) H-adducts of pyrimidines are formed:

A" +H,O=A+OH". (10.2)
Table 10.1

Concentration of radicals (radical/g) in alkaline solutions (10 M KOH) of
thymine, irradiated at 77 K [4]

Thymine In prepared samples [07], 10" [TH]™, 10"
concentration, | [T*], |[R],10"" | Before After | (after thermal
M 10" bleaching | bleaching | annealing)**
of e of e
0 (15)* 0 - 11£04 [ 3.6+04 0
0(130) 0 - 275 25104 0
0.01 (15) 1+04 {32+04 | 97+1 | 7.0%0.7 | 0.34+0.14 (20)
0.03 (15) 2610416704 12+2 51£0.6 | 3.3+04(115)
0.03(130) [2.7+04|29+04 | 27+£5 | 25+04 | 3.5£0.2(70)

Notes: * Shown in brackets: in the first column — irradiation dose (Gy), in the
last column — duration (min) of sample exposure to 158 K;

** [TH]", in the samples before and after bleaching of & i equals (2.5 £

1.2)x10'.
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Figure 10.1. ESR spectra of irradiated solutions: 10 M KOH (1), thymine (0.03
M, dashed line — 0.01 M) in 10 M KOH (II, III), recorded at
different UHF intensity levels: (@ — Pmin, & — Pmax> ¢ — Pmin), after
irradiation by visible light (I, II: Prax — Pmin = 20 dB); I and II -
before thermal annealing, irradiation dose is 1.5 Mrad, III — after
thermal annealing of the radicals during 30 min (a), 70 min (b),
100 (c) at 158 K, Ppyin at 13 Mrad dose
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Table 10.2
Computerized analysis of anisotropic ESR spectra of nitrogen bases, irradiated in frozen-up aqueous

solutions [6]

liiﬁ;:;;l_ g1 8| AL Ay diso | d'iso | d"iso | d1 d| a'y a'| ) a

TH | 0.00417 8.38 598 | 21.15| 21.55| 21.55| 17.80 | 17.41 | 56.53 | 55.87 — -
TOH | 0.00001 7.00 6.00 | 21.70 - - 16.65| 1575 19.75| 17.50 | 26.50 | 14.65
GH | 0.00345 5.60 8.21 | 36.00 | 36.00 - 3.14 4.22 — - 0.10 | 25.47
GOH | 0.00206 6.00 9.00 | 32.80| 3.45 - - - - — 0.83 | 23.00
AH | 0.00026 8.14| 10.46 | 38.27 | 40.17 - 0.04 | 11.41 - - 0.19 | 15.85
AOH | 0.00100 870 11.63| 29.94| 3.14 - 1.20 | 10.40 - - 320 | 18.70

UOH 0.00005 | 11.50 | 11.00 — — - 1.50 | 18.80{ 13.80 | 20.00 — —
COH 0.00019 9.00 8.65 - - - 0.03 | 18.50| 10.20 | 23.50 1.40 | 21.70
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A conclusion about reactions (10.1), (10.2) proceeding is illustrated by
the data of ESR measurements of alkaline solutions (10 M KOH) of thymine,
performed at low temperature (77 K). Thymine anion-radicals, formed under
the effect of y-irradiation at 77 K, are stable in this glassy-like matrix up to T ~
158 K [4]. If the sample is exposed to this temperature during 1.5 h, gradual
recombination of thymine anion-radicals may be observed (the doublet
intensity decreases) and TH type radicals are accumulated (octet component
intensity increases, Figure 10.1). In this case, total concentration of T~ and "TH
radicals remains constant (Table 10.1). With respect to the fact that in this
solution (0.03 M T~ + 10 M KOH) concentration of protons approach zero, and
water molecules are mobile in this matrix at 160 — 170 K, it may be concluded
that the observed conversion of the radicals (within the measurement accuracy
at 100% yield) is stipulated by the reaction (10.2). At irradiation of DNA
preparations in acidic medium anion-radicals are mostly protonated by the
following reaction:

A”+H'=NBH. (10.3)

To obtain data on the structure of primary radicals of bases, ESR
spectra of individual bases and DNA, irradiated in glassy-like (alkaline and
phosphate) matrices at 77 K and then annealed at T = 180 K, were analyzed.

It is found that ESR signals observed at 77 K are provided by
paramagnetic particles, formed at the interaction of bases with &, *H, and "OH
(H,0"). The reactivity of bases in relation to the products (the totality of
products) of water radiolysis at 77 K is reflected by the following sequence —
G:T:A:C = 3.5:2.2:2:1 [5]. At irradiation of DNA solutions under the same
conditions, radicals are formed from all four bases, and their fractional yield
corresponds to the above-mentioned sequence. Computerized analysis of
the spectra recorded at fy-irradiation of polycrystalline and glassy-like
nucleotide solutions and nitrogen bases, implemented by the program of
anisotropic ESR spectrum reconstruction in the variation search mode,
coincides with the experimental spectra (Figure 10.2) [6]. ESR spectrum
parameters shown in Table 10.2 allowed for determination of unpaired electron
site at each H- and OH-adduct in nitrogen bases.
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Figure 10.2. ESR spectra (theoretical at the top and experimental at the
bottom) for radical H- and OH-adducts of nucleotides (thymine,
adenine, guanine) and nitrogen bases (cytosine, uracyl), formed
at y-irradiation of their frozen-up aqueous solutions (1 Mrad

dose, 7= 77 K) and subsequent annealing of the samples up to
1170 - 180K

From these data follows, for example, that for guanine, “OH only
effectively attacks C8 atom in the imidazole cycle, and unpaired electron in
OH-adduct of guanine is delocalized by the fragment, in which it may interact
with one nitrogen and two hydrogen atoms. Hence, hyperfine interaction (HFI)
constant with one hydrogen atom (at C8 atom) is comparable with that for N7,
whereas for the second H atom (in hydroxyl at C8) this value is an order of
magnitude lower.

10.3. MACRORADICAL CONVERSIONS

The conversions of nitrogen base radicals induces formation of
glycols and peroxides (in the presence of molecular oxygen, refer to Section
10.4), pyrimidines, base derivatives with saturated bonds, deep degradation
products and base deamination products in the DNA structure [7].

Using radiochromatography methods at irradiation of aqueous DNA
solutions in the absence of oxygen, macromolecules with modified thymine
bases, the compounds with saturated C5-C6 bonds were recognized: 5,6-
dihydrothymine, cis- and trans-5,6-dihydroxy-5,6-dihydrothymine, 5-hydroxy-
5,6-dihydrothymine [8]. Such composition of DNA radiolysis products allows
for a conclusion that in the case of pyrimidine bases, “OH and & (+ H") formed
at radical attack on C5 and C6 atoms enter disporoportionation (oxidation and
reduction) reactions with free radicals of various origin.

As mentioned above, "OH, *H and e, formed at the radical attack on
pyrimidine C5 and C6 atoms, convert and initiate deamination of bases. Table
10.3 shows data on this process (by ammonia release) under the effect of "OH
and @ hyar in aqueous solutions of DNA and thymine [9]. In the presence of
€ nyar acceptors (nitrous oxide or cadmium ions) only *OH radicals were
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involved in reactions with DNA and thymine. These data show that both *OH
and e initiate this process with the same efficiency.

Table 10.3
The yield of deamination in DNA and thymine solutions under different
irradiation conditions, pH 7.0 [9]

Irradiated solution Ar N,O Ar, Cd* 0,
concentration *OH, & hydr 2HO" "OH ‘OH, O3
—3
33x10°MbyDNA | 35,05 | 13403 | 07402 |225+025
nucleotide
0.01 M thymine 0.28+0.04 | 0.16£0.02 | 0.18+0.02 | 0.40+0.05

As known from the data of biological investigations, in neutral aqueous
solutions of base-modified nucleotides containing saturated bonds C'1-N bond
is hydrolyzed forming hydroxyl group C'1OH (or aldehyde >C’'1=0 group) in
2-deoxyribosyl and detachment of the base derivative with saturated bonds. As
the base derivatives with saturated bonds occur in the irradiated DNA, C'-N
bond is hydrolyzed, and such modified base is detached from the sugar-
phosphate backbone (reaction (10.5)). A residue of 2-deoxyribose, free from
the base (apurine or apyrimidine sites), the acyclic toutomeric form of which
includes the aldehyde group, occurs in DNA. In the alkaline (and acidic)
medium, at this site of the macromolecules phosphoether bonds break (see
below for details). The main routes of nitrogen base radical are also considered

[7].

Macroradicals of DNA sugar fragment and their conversions

The detachment of H atom from C'-H bonds in 2-deoxyribosyl at the
attack of *OH radicals represents the main process of 2-deoxyribosyl radicals,
H atom detachment radicals, and alkyl radicals R=C", (n=1 - 5):

RH +*OH = R" + H,0. (10.4)
The fractional yields of the radicals in the DNA composition is not yet

determined experimentally, but as indicated by the data on radiolysis of
crystalline carbohydrates are different and depend on the structural features of
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2-deoxyribosyl in nucleotide and the origin of heteroatom of the substituent
group (O or N) in the methylene unit. The reaction (10.4) reflects primary
elementary act of 2-deoxyribosyl modification in DNA by neutral *OH
radicals. The studies of carbohydrate solution radiolysis allows for a
conclusion that in the case of humidified DNA, not only “OH may react with 2-
deoxyribosyl, but also its precursor — the charged particle H;O" [10]. In this
case, a cation-radical of 2-deoxyribosyl is formed, which deprotonation at the
interaction with water leads to formation of a neutral alkyl radical R® of the
origin similar to that formed in the reaction (10.4).

The formation of alkali-labile sites in DNA

Studying radiolysis of dry samples and frozen-up aqueous solutions of
DNA by ESR method, the investigators have found out that sugar fragment
radicals in DNA are not registered in these systems. Moreover, the occurrence
of free bases, modified nucleosides and breaks in sugar-phosphate chain [1]
among radiolysis products in the case of DNA solution irradiation indicates the
primary damage of sugar unit of the polymer. In the nucleotide, the sugar unit
contacts with water molecules of the hydrate layer and, therefore, compared
with the base is less protected against the impact of "OH radicals (H,O").

The radical yield in sugar, irradiated individually, is by an order of
magnitude higher than the yield of radicals from the bases. At irradiation of
nucleosides and nucleotides ESR spectrum of base radicals is registered, which
yield approaches the yield of carbohydrate radicals. In the irradiated DNA, the
yield of “sugar” radicals approaches zero (ESR data), and the base radicals
dominate; the yield of breaks is an order of magnitude lower than that of the
base dissociation [1].

Therefore, it may be suggested that during DNA irradiation in
nucleotide an electron is transmitted from 2-deoxyribosyl primary radical to the
base [11]. Analyzing the structure of recognized products of the radiation-
modified DNA sugar chain at irradiation of its solutions or cells (alkaline-labile
2-deoxyribose residues, the so-called alkaline-labile sites in the polymer
composition) — I, II, III, IV [1], see reactions (10.5), (10.6), (10.7), (10.8) — it
may be concluded that radiolysis products II, III and IV are formed as a result
of primary alkyl radicals "C1, *C2, "C3, *C4 [12]. In the case, if "OH radicals
attack C—H bonds by C3 and C5 atoms, -bonds are hydrolytically split in the
radicals formed or these radicals convert by type of a-elimination of water
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(Chapter 8) with occurrence of breaks in the sugar-phosphate chain (reactions
(10.9) and (10.10)).

"‘O ° . "‘O
O OH, H, 2,q (+H) 6)
(B)————-2 > ~OH + (10.5)
g H,0
with
I saturated
(2) i bonds
0= OH HO 1
(5)02 10 N >L@ (10.6)
con O l
{ v products
~0
0]
© N —0 + H (10.7)
(e Q III
{ l
~QO
O O
; com + (BH (108)
O Q v
! l

The reactions (10.6) — (10.8) reflect the processes of primary alkyl
radicals "Cl, °C2 and °C4 conversions, related to unpaired electron
transmission from 2-deoxyribosyl radical to the base. The initiating stage of the
processes (10.7) and (10.8) is formation of an intermediate complex, an ion-
radical pair. As is observed from the literature, the rate of radiolytic
conversions of radicals in the presence of ions (in the composition of ion-
radical pairs) is by one to two orders of magnitude higher than the radical
reaction rate proceeding under usual conditions [13 — 16]. For the chain
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processes with participation ion-radical pairs at 77 K, & plays the role of the
chain carrier [13].

Note that the product I is formed as a result of nitrogen base damage in
the nucleotide, in primary base radical conversions (the radicals-adducts of
'OH, *H and ). The product II is detected only at DNA irradiation in the
presence of molecular oxygen. Basing on the analysis of ESR data, obtained
for irradiated model compounds, which are carbohydrates (Chapter 8), the
product II formation may be related to conversions of C200° type peroxide
radical by the reaction (10.6).

Products III and IV contain a carbonyl group >C’1=0. It may be
suggested that both these compounds with the carbonyl group by C'l are
formed in single-type conversions of radicals with unpaired electron at C'l
atom: III — directly from C’'l; IV — from C’4, which isomerizing with
O-C'1bond break in the furanose cycle forms "C’l radical. Both these radicals
demonstrate hydrolytic splitting of C'1-N bond and, consequently, >C’'1=0
carbonyl group formation.

The possibility of glycoside bonds hydrolysis in "C’1 type radicals has
already been indicated [17]. It has been noted that the glycoside bond
hydrolysis rate at transition fro intact molecules to radicals increases by 8 — 9
orders of magnitude. If this conclusion is extended to C'1-N glycoside bond-in
the DNA structure, according to the data from [18] for DNA solutions with pH
2.4, as transiting to macroradicals of *C’'1 and H'C'1 types the rate constants of
these bonds hydrolytic splitting should reach the level of k=10*s7".

For *C1 and H'C1 type radicals containing aglucon with an aromatic
structure, the rate of N-glycoside bond hydrolysis should be higher even at
neutral pH due to additional polarization of N-glucoside bond due to a
significant shift of the spin density to the aromatic ring. For example, for
benzyl and oxybenzyl radicals, splitting on carbon exo-atoms protons equals
1.640 and 1.517 mT [19], whereas for methyl radical it is ~2.3 mT. Thus about
1/3 part of the spin density in these radicals is concentrated at the aromatic
ring. This is the reason why N-glycoside bond in nucleotide *C1 and H'Cl
radicals becomes much more polarized, the excessive positive charge being
devoted to "C’'l. Taking into account that some part of water molecules
forming the “structured water” in the native polymer structure neighbors the N-
glycoside bond, one may suggest that due to such structural organization of
DNA occurrence of unpaired electron at *C'l' gives an opportunity to form a
radical-ion pair, in which OH™ plays the role of anion. This anion interacts
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with *C’1 radical. This interaction breaks O—H bond in hydroxyl and induces
the electron transmission to the base with subsequent protonation of the
electron adduct of the base. The reactions between radicals and anions were
broadly discussed in the literature [14 — 16]. It has been shown [20] that the
energy balance of these radical conversions is positive.

Cp—oc' /\/ HO@_}:C\/\ HD
A A AV A

st i
(»-0 = (poH+OH H (10.9)
HO O
(P—o-c_. o (ol \\\CH Q)
—> H \@ — q
C—CH, G ¢t
3 0
O’OH + HOCH 0

C—Ch, HC—Ch,
(—o (P—o0 (10.10)
HOC :
Ho_ HOC
— HC e ~—> HC ey +BY)
\ /Y \ o/
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3 _
@—cl) CP—-(I) (10.11)
— &+ (POH + CHO-CH,-CHO + HN))

Thus, finally, 2-deoxyribosyl derivatives with carbonyl groups
(aldehyde or keto-group) — potential apurine or apyrimidine sites — occur in
DNA, and modified bases, the molecular products of base H-adduct
conversions, are released to the solution [12]. At rendering alkaline irradiated
DNA solutions, cells or tissues in these three types of DNA sites and those,
occurred in DNA structure by the reaction (10.4), phosphoether bonds are
hydrolyzed and, therefore, SB are formed in the sugar-phosphate DNA
backbone. These four types of molecular products of 2-deoxyribosyl
modification in the DNA structure represent alkaline-labile sites (ALS) of the
polymer [7]. Single-stranded breaks (SB) formed at rendering alkaline the
irradiated systems are usually called secondary (additional) in relation to the
primary SB, detected immediately after irradiation of DNA, solutions, cells or
tissues without their preliminary alkalization [1]. The formation of primary SB
is due to conversions of 2-deoxysibosyl macroradicals “C’3, *C’'5 and "C'4 (in
the presence of molecular oxygen), proceeding by the reactions (10.9) —
(10.11) [11, 21] and is accompanied by free base release from nucleotide,
modified in DNA.

The scheme for SB formation suggested was composed basing on ESR
data on compounds modeling DNA fragments with respect to the fact,
registered at irradiation of DNA solutions: simultaneously with one SB
formation in the polymer chain, one undamaged base is released [22].

As calculated per 1 cell and 1 Gy, the mean radiation-chemical yield of
SB in DNA at irradiation of cells equals 750 £ 250, whereas ALS yield is three
times lower (Table 10.4).
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Table 10.4
DNA degradation in irradiated cells [23]

Number of damages, cell/1G
Type of damage Data range : Mean valze
Single-stranded breaks 500 — 1,000 750 £ 250
Alkaline-labile sites 200 - 300 250 £ 50
Sugar damages 800 — 1,600 1,200 £ 400
Base damages 1,000 — 2,000 1,500 + 500

As mentioned above, the significance of hydrated electron for damaging
sugar fragment is minimal (its reactivity, compared with *‘OH radical, in
relation to carbohydrates is about 10 — 50 times lower [10]). Apparently, in the
case of humidified DNA (DNA B-form — water concentration in the hydrate
layer is 30% higher than in C-form), electron is stabilized by water molecules
of the hydrate layer of the polymer near 2-deoxyribosyl. Obviously, this
increases the electron lifetime, which promotes its transition to nitrogen bases
(anion-radicals of bases are formed) or involvement into recombination
reactions with any free radicals of DNA.

It has been shown [24, 25] that as DNA interacts with low energy
electrons (below 15 eV), it may perform their resonance capture (during 107
s) with formation of intermediate molecular anion, accompanied by C-H bond
splitting in 2-deoxyribosyl and subsequent sugar-phosphate chain break. The
yield of this process is low — below 0.001 per 1 captured electron.

10.4. OXYGEN EFFECT

As molecular oxygen is present in the solution, & hygr amd primary
radicals of nitrogen bases (OH-, H- and electron adducts) enter reactions with it
forming peroxide radicals:

e +0,=03, k=12x10" /mol-s; (10.12)
Rpna + 02 =ROS5, k=10%-10" I/mols. (10.13)
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If molecular oxygen concentration in the irradiated system (DNA solution or
any microarea of the cell) is rather high, then resulting the reaction (10.12)
hydrated electron is eliminated from the primary interactions with DNA bases.
In the radicals ROO® formed by the reaction (10.13) peroxide groups are
located at pyrimidine bases and, supposedly, guanine.

The first stage of peroxide radical conversions is formation of
hydroperoxides ROOH by the substitution reaction as follows:

RO +RH(DNA) - ROOH + R*(Rpxa), k=102 =10 I/mols. ~ (10.14)

In the structure of irradiated DNA pyrimidine base hydroperoxides were
chromatographically determined [26], and their properties were studied on
model systems by chemiluminescence method [27]. Spontaneous
hydroperoxide dissociation (reaction (10.15)) initiates chain processes
proceeding by the free-radical mechanism:

ROOH — RO" + *OH, (10.15)
RO" + RH =ROH +R’, (10.16)

in accordance with the sequence of reactions (10.1), (10.13), (10.14), (10.16)
that is the reason for post-irradiation degradation of DNA. The effect of post-
irradiation degradation of DNA in solution may reach ~50% of the total effect.
If irradiated DNA solution is added with an acceptor of oxidative radicals
("OH, RO"), myoinositol, for example, in a rather high concentration, the yield
of post-irradiation degradation of the polymer is reduced approaching zero [28,
29].

The conversions of the primary radicals of nucleic acids with unpaired
electron at the sugar fragment are studied much better than conversions of
nitrogen base macroradicals.

In the absence of molecular oxygen, radicals formed from sugar unit of
nucleic acids by the reaction (10.1) are involved in the reactions, which may be
divided into two groups according to radiolysis data on carbohydrates,
nucleosides and nucleotides:

1) primary radical conversions within a single monomeric unit;
2) reactions involving two radicals and proceeding with unpaired electron
transfer to neighbor fragments of the polymer.
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The first group includes the following processes:

. Radical isomerization reactions with cycle disclosure by C—O and C-C

bonds and carbonyl group formation. For RNA, C'2-C’3 bond break is
possible. As a result, the phosphoether bonds should also be broken;
B-elimination reactions analogous to [-elimination of water (refer to
Chapter 8) with respect structural features of sugar 2-deoxyribosyl unit.
It may be suggested that such conversions predominantly involve
radicals with unpaired electron, localized at C'S and C'3 atoms. During
these reactions H atom is detached from C’4 atom, phosphoether bonds
break and end phosphate groups are formed, 3- and 5-phosphate ones,
respectively. The same end groups must also be formed due to a-
elimination of phosphate groups and H-atoms detachment with them
from C'4 atom.

Radical °C’'l conversions in DNA and RNA are different, because

hydrogen atoms in methylene unit (C;H,) have lower mobility than H atom of
oxymethylene unit in ribose. Apparently, in DNA, in radical "C’'1 the bond
>C'1-N is hydrolyzed, and this process is accompanied by >C'IOH groups
formation and free nitrogen base release. The formation of free bases was
detected at radiolysis of DNA precursors and DNA solutions [22]. As follows
from the above-said, at radiolysis of RNA, its nucleosides and nucleotides [3-
elimination of 5'-phosphate group, and (- and a-elimination of the nitrogen
base may be provided by primary radical *C’1 and *C'2 conversions.

1.

The second group of reactions consists of:

Radical recombination reactions capable of inducing crosslinking of
molecular chains. If one of the radicals is "H, a stereoisomer (an
epimer) of the initial sugar may be formed (see the next Section for
details). Such products are detected at radiolysis of frozen-up
carbohydrate, glucoside, nucleoside and nucleotide solutions. The
probability of epimerization product yield increases with transition to
DNA, because bulky radicals are formed in this case, and their
reaction with mobile H atoms is less probable due to steric factor.

Radical disproportionation reactions, in which compounds with
carbonyl groups should be formed, for example, deoxyketosugars
detected in the radiolysis of DNA solutions and even at radiolytic



274 V.A. Sharpatyi

degradation of DNA, irradiated in the composition of
deoxyribonucleoproteid (DNP) — the natural DNA and histone
proteins (Chapter 11).

In the presence of molecular oxygen, the mechanism of primary radical
conversions is modified by their interaction with O,, forming peroxide radicals.
Such radicals were registered at radiolysis of frozen-up carbohydrate, oligo-
and polysaccharides and DNA solutions. However, a reliable recognition of
unpaired electron localization site at the damaged unit (sugar fragment or
nitrogen base) by ESR data in not possible yet. As follows from analysis of
chemical products of DNA radiolysis, the composition of products and changes
in the yields of single and double breaks at transition from solution radiolysis
in the absence of molecular oxygen to radiolysis of solutions containing
molecular oxygen, occurrence of peroxide radicals and, correspondingly.
hydroperoxides at the sugar unit of DNA is quite possible.

The analysis of the radiolysis data for low-molecular analogues of
nucleic acid sugar fragment indicates that in the current system formation and
accumulation of final radiolysis products is defined by competition between
conversions of primary radicals of the sugar fragment. Only very rapid first
order conversions of the primary radicals may compete with the process of
peroxide radical formation (reaction (10.4)). The formation of peroxide
radicals and subsequent formation of hydroperoxides ROOH from them should
cause break of C—C bonds neighbor to the peroxide group. Actually, the yield
of DNA strand breaks at irradiation in solutions in the presence of molecular
oxygen is higher compared with DNA irradiation in the absence of molecular
oxygen.

Phosphate unit damage in nucleotide is induced by participation of
radicals "OH or their precursors H,O" in reactions with phosphate. As shown
on the example of the study of radiolytic properties of frozen-up aqueous
solutions of phosphoric acid and glucose in phosphoric acid, the system of
variable composition modeling radiolysis of the sugar-phosphate fragment of
nucleotide, the yield of carbohydrate radicals increases with gradual increasing
concentration of dissolved sugar in the phosphate matrix from 0.15 to 6 M
(Chapter 8, Figure 8.1b). Hence, total yield of radicals (of phosphate and
glucose) formed at 77 K does not change. It is worthy of note that in 1 M
glucose solution the quantity of radicals from sugar equaled ~70%, whereas in
2 M solution about 100%. Since phosphate-ion concentration in these solutions
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equals 4.5 M, one may conclude that in the carbohydrate-phosphate system
with the component ratio 1:1, i.e. analogous to nucleotide structure, only sugar
component radicals are formed. It may be suggested that, primarily, in this
system a phosphate cation-radical is formed, and at 77 K the hole migrates
from phosphate to glucose with further deprotonation of the sugar cation-
radical formed in reactions with water molecules or, for example, phosphate
radical reacts with carbohydrate molecule:

H2P04 +RH= H3PO4 + R', (1 017)

where RH is carbohydrate molecule.

Therefore, a conclusion can be made that initially occurred damage at
the phosphate fragment (unpaired electron) of nucleotide is finally localized at
the carbohydrate fragment.

Currently existing data allows for presenting a diagram of the basic
routes describing formation and conversions of the primary radicals in DNA,
irradiated in aqueous solution (see Scheme 10.1).

Free-radical mechanisms of DNA radioprotection

Similar to proteins (Chapter 7), at the primary stages of radiation
degradation of DNA free-radical mechanisms of its radioprotection are
subdivided as follows: the competing mechanism for water radicals and the
mechanism of free-radical reaction (FRR) inhibition [30].

Realization of the competing mechanism for water radicals between a
radioprotector (RP) and biopolymer (BP) depends on the observation of the
condition of preferable interaction between water radicals and the
radioprotector. In the case of "OH radicals, the following ratio should be
observed:

k(*OH + RP)x[*OH]x[RP] >> k(*OH + BP)x[*OH]x[biopolymer],

where k("OH + RP) is the rate constant of the reaction between "OH radical and
RP.

By analogy, biopolymer may be protected against the action of the
reduction component of water radiolysis on it — & pyg, and "H. If molecular
oxygen is present in the irradiated system, the latter capturing these two
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particles (& nyqr and *H), eliminates them from the reaction. Hence, less active

free radicals, superoxide-ion O, and superoxide radical HO%, are formed.

Therefore, for the purpose of preventing the interaction between these
superoxide radicals and DNA in the irradiated cell, substances also reacting
with superoxide radicals or enzymes “utilizing” these radicals, superoxide
dismutase, for example, should be used as radioprotectors.

There is an additional condition for implementing the protective
mechanism using radioprotectors. In general, radicals of additives, formed in
the primary acts, or molecular products of their radiolysis must not react with
biopolymers. But if the radicals of the additives or final products of their
radiolysis react with the biopolymer and, therefore, accelerate its degradation,
then such additives should be belonged to the class of radiosensibilizers.

Realization of the FRR inhibition mechanism is implemented by free-
radical substitution reactions [31, 32]:

R'pna + InH = RH(DNA) + In’, (10.18)
RO + InH = ROH + In", (10.19)
ROO" + InH = ROOH In". (10.20)

In the present case, it is suggested that R°pna, RO®, and ROO® are the base
radicals.

The contribution of each reaction to the total effect of DNA
radioprotection is nonequivalent and depends on the radiation conditions
(primarily, in the presence or in the absence of molecular oxygen),
macroradical origin (the site of unpaired electron localization at the base and,
apparently, at 2-deoxyribosyl) and the inhibitor molecule (its reactivity in
relation to radicals). For example, the process (10.18) may only be realized in
the absence of molecular oxygen. For DNA radicals, the rate constant of this
reaction equals 10’ — 10® /mol's (cystamine) and 10* — 10° Vmols (screened
phenols) [32]. If the irradiated system contains molecular oxygen, all R'pna
radicals reacting with it (k = 10® — 10° I/mol's) transit to peroxide radicals,
which then will react with InH (the reaction (10.20)). Maximal rate constants
of the reaction (10.20) vary within the range of 10° — 10® I/mol-s with respect
to the fact, how hindered the access of InH to peroxide radical is and what the
origin of the inhibitor is. In the case of screened phenols, the rate constant
varies within the range of 10—~ 10° /mol's, whereas for compounds with
double bonds (quinines, for example) they are 1 — 2 orders of magnitude
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higher. Similar situation of the reactivity in relation to alkoxyl radicals is
observed (the reaction (10.19)). However, it should be taken into account that
RO’ radicals are formed at peroxide dissociation by the reaction (10.15), and in
irradiated cells and tissues peroxides effectively interact with glutathione
peroxidase. As a consequence, stationary concentration of alkoxyl radicals in
these systems is minimal. Hence, the contribution of the process (10.19) into
the cell radioprotection effect is also minimal.

Nevertheless, the yield of DNA degradation in solutions in the post-
irradiation period, induced by decomposition of peroxides formed at irradiation
and proceeding of the reactions in the presence of oxygen and reaction
proceeding by the free-radical mechanism ((10.15), (10.1(5)), (10.16), (10.13),
(10.14)), may reach 50% of total effect of the radiation degradation of
biopolymer [28, 29].

As shown in the study of DNA solution radiolysis, macroradical repair
by the reaction (10.18) with formation of the initial compound is possible in the
only case, if unpaired electron in this macroradical is localized at 2-
deoxyribosyl. Hence, if in the macroradical formed the unpaired electron is
localized at the nitrogen base, then in the reaction between this radical and the
inhibitor the initial structure of the molecule may not be reduced, and modified
nitrogen base with saturated bonds is formed. No repair of primarily damaged
molecule of biopolymer happens. In the DNA molecule, modified in this
manner, N-glycoside bond is hydrolytically split (reaction (10.4)), and apurine
or apyrimidine site (ALS) — the place of potential break in the sugar-phosphate
chain in DNA - is formed (see Chapter 13 for details).

If in the DNA radical unpaired electron is localized at the nitrogen
bond, then resulting the reaction (10.18) a damage “representing” unpaired
electron is eliminated at this site in the macromolecule (the radical is
recombined), and the double bond in the base is replaced by a single one.
Hence, the initial structure of the macromolecule is not reduced. In this case, as
well as at processes (10.19) and (10.20) the effect of radioprotection is only
implemented via elimination of DNA macroradicals (replacing them, low
activity inhibitor radicals are formed) and, therefore, their reactions leading to
polymer degradation are prevented.

As unpaired electron is localized at 2-deoxyribosyl of DNA, the
reaction (10.18) reduces the initial structure of the macromolecule (strictly
speaking, this represents the radioprotection effect [10]) or produces 2-
deoxyribosyl residue epimers (C'l-, C'3-, C'4-stereoisomers) [33, 34]. The
interaction between FRR and these three types of sugar radicals should result in



Radiation Chemistry of Biopolymers 279

the conformation change (disposition of atoms in the space) of the sugar
fragment and, therefore, the entire macromolecule [35].

It has been proved [33] on the example of frozen-up ribose solution
radiolysis (77 K) that the conformation of sugar molecule may be changes by
radiation. Radicals formed at the interaction of *OH with the sugar molecules
by the reaction (10.5) and e i were recognized. As irradiated by visible light or
at heating irradiated samples up e releases from the trap and recombines with
sugar radical decreasing their concentration:

e +R'=R (+H) > RH. (10.21)

After defrosting the irradiated samples, among basic molecular products
of ribose radiolysis, lyxose, arabinose and xylose were detected (see Chapter 8,
Figure 8.24)). It should be noted that ribose epimer synthesis by the reaction
(10.21) under conditions of monosaccharide irradiation in a rigid messenger
(frozen-up aqueous solution, 7= 77 K, migration of photoannealed electron in
the system) takes place.

Analogous results in formation of initial deoxyribosyl epimers are
observed at irradiation of frozen-up nucleotide (thymidine) solution [34]. After
defrosting the irradiated samples, among thymidine radiolysis products,
epimers by C3 and C4 carbon atoms were detected: 1-(2-deoxy-B-D-treo-
pentofuranosyl)thymine and 1-(2-deoxy-a-L-treo-pentofuranosyl)thymine.

In the case of DNA solution y-irradiation even at room temperature and
so much at irradiation in the nucleosome composition, B-DNA (possessing a
crystalline structure [36]), realization of elementary acts of 2-deoxyribosyl
radical conversions by reactions (10.21) seems to be quite real. Firstly, due to
the fact that crystalline DNA “fixes” the macroradical structure during some
time, enough for proceeding of this radical recombination with the electron.
Secondly, as mentioned above, the electron formed has no reactivity in relation
to cyclic 2-deoxyribosyl, but is only stabilized by it and, therefore, as the
recombinant is preserved in the irradiated system longer than hydrated
electron. Moreover, Cl-, C3- and C4-stereoisomers of 2-deoxyribosyl residue
of DNA, irradiated in the cell, may also be formed due to an ability of variable
valence metal ions, present in the native DNA, to act as recombining agents
(electron donors) in relation to 2-deoxyribosyl radicals [35].

Thus, the formation of 2-deoxyribosyl epimers in DNA may be realized
at the cell irradiation either in the presence of radioprotectors or without them
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(as some background process [35]). Note that this very process may be one of
the reasons for changing DNA conformation [37].

10.5. ABOUT MOLECULAR MECHANISMS OF RADIATION
MUTAGENIC ACTION

By definition, mutations (spontaneous or induced by ionizing radiation,
for example) represent jump-like changes in chromosomes, inherited and
definitely affecting various signs of the organism (biochemical, physiological,
and morphological). With respect to the measurement unit or the primary
origin, mutations are subdivided into gene, chromosomal and genome ones [2,
38, 29].

Gene (point) mutations are stable changes of nucleotide type or location
in DNA molecule within the coupled triplet (in 1 nm radius). The formation of
point mutations does not disturb entity of the chromosome, and its protein
component is.not involved.

Chromosomal mutations represent rearrangements of chromosomes;
intrachromosomal (separation, duplication or 180° inversion of any area of the
chromosome) and interchromosomal rearrangements, which is the exchange of
fragments between unpaired (nonhomologous) chromosomes.

Gene mutations are the change of the number of chromosomes.

From positions of the molecular ideas of interest on the reason for
mutations, radiation-induced in the organism, according to common opinion,
the occurrence of point mutationsis related to loss of bases or their
modification in DNA composition, induced by ionizing radiation. Hence, either
full loss of complementary properties (specific coupling) in the composition of
DNA (coupling with any of four bases happens: pyrimidine hydroperoxides,
glycols, some products of purines degradation) or modified bases display some
coupling specificity. For example, uracyl and hypoxanthine (cytosine and
adenine deamination products) formed at DNA duplex “construction” couple
with adenine and cytosine, respectively. At the places of occurrence of such
radiolysis products the meaning of DNA codons is changed and, therefore, the
protein synthesis controlled by mutated genes may proceed with single
substitutions of amino acids.

It is the author’s point of view that another reason for point mutations is
the primary damage of the sugar fragment of DNA - the formation of alkyl
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radicals and then molecular products of their conversions — 2-deoxyribosyl
epimers by C'l, C'3 and C'4 atoms. This statement is based on the test results
of the radiolysis of frozen-up aqueous solutions of monosaccharides and
thymidine (195 K), when macroradicals in a rather rigid matrix are stable, and
*OH radicals and e formed from water are mobile [33, 34]. As mentioned in
the previous Section, under these conditions alkyl radicals may react with
electrons and, recombining, form epimers. For DNA, the structure of the
polymer itself plays the role of “rigid matrix” for 2-deoxyribose residue
radicals. The occurrence of alkyl radicals and 2-deoxyribosyl epimers in the
DNA structure must change orientation (deviation of N-glycoside bond and
displacement of functional groups) of nitrogen base in the nucleotide in
accordance with rehybridization of orbitals (initial fragment : radical : epimers
= sp3 : sp2 : sp3). According to computer modeling data, the highest deviation
(up to 50°) is observed for the bases in the case of "C1 radical (duplicating for
epimers), and the lowest deviation (0°) is observed for *C5 radical (Figure
10.3) [37, 40]. Figure 10.3 explains the mechanism of epimers formation in the
nucleotide (a — initial nucleotide, b — radical, ¢ — epimers). If the repair
enzymes miss such changes in the structure of modified nucleotide in DNA
molecule, then coupling of bases containing a stereoisomer in the nucleotide
with extracanonical (by Watson-Crick) bases may proceed in the subsequent
acts of DNA replication (the duplex formation). The base coupling only
depends on the fact if hydrogen bonds manage to form between them e.g. if the
distances in atomic pairs N...N and N...O in fall within the range of 2.74 —
3.15 A [36, 37]. Hereof, a conclusion is induced about a possibility of
occurrence of such types of gene mutations as transitions and transversions at
the initial damaging of the sugar fragment of DNA [35, 37].

The launching mechanism of chromosomal mutation, as follows from
their title, is related to the formation of breaks in the sugar-phosphate backbone
of DNA. More than 60-year investigations of the radiation chromosomal
aberrations (CA) allowed for determining the depencence of CA formation on
the mitotic cycle stage (G1 — presynthetic stage; S — DNA synthesis stage; G2
— post-synthetic stage) under the effect of ionizing radiations. For example, in
G1 phase the chromosome behaves itself as a single effective strand — the
DNA molecule (the same is the break and exchange unit). In the G2 phase, the
chromosome is represented by two chromatids, each behaving oneself as an
independent break and exchange unit, and now the chromosome responses to
the radiation impact as a structure consisting of two effective strands. Such
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chromosome rearrangements are called aberrations of the chromatid type [38,
39].

T~ *0H-HO

2-deoxyadenosine-3’,5'-diphosphate
in 2-endo-, anti-conformation

) /+ InH ="In B

Figure 10.3. 3D model of nucleotide: epimers formation
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The ESR data obtained for irradiated DNA and compounds modeling
some fragments of it induce a conclusion that the base and sugar fragment
modifications (including formation of breaks in the sugar-phosphate backbone)
and, consequently, formation of potential mutation sites, both point and
chromosomal, in DNA are initiated by free-radical mechanisms. Therefore, to
decrease (if not to prevent) the yield of mutations of the first two types,
radioprotectors should be used, possessing free radical acceptor properties and
competing with DNA for water radiolysis products and, thus, acting as FRR
inhibitors (antioxidants for irradiated biological system, if molecular oxygen is
present in it).

However, it should be noted that application of FRR inhibitors may
promote an increase of Cl-, C3- and C4-stereoisomer yield and subsequent
increase of the point mutation frequency of the “sugar origin” compared with
the background one (for example, at cell irradiation in the absence of InH).
Actually, some tests performed on drosophila flies and mice indicated that their
irradiation in case of the presence of substances possessing InH (radical
acceptor) properties in their organisms led to an increase of the point mutation
frequency, as compared with irradiation under usual conditions [39]. If in this
case point mutations were provided by modifications of nitrogen bases, then
transition to irradiation in the presence of InH would decrease the yield of
point mutations (as well as the yield of base degradation products and break
formation in the sugar-phosphate backbone) [35].

To conclude the Chapter, let us emphasize that beside the common
ideas about the occurrence of gene (point) mutations of DNA due to the initial
modification of bases in the macromolecule structure, the possibility of
occurrence of potential sites for point mutations in it due to primary damage of
2-deoxyribosyl (H detachment radical formation and their conversion to 2-
deoxyribose residue epimers) should also be taken into account. The changes in
the base disposition in space due to occurrence of 2-deoxyribose stereoisomer
in DNA replication acts may lead to formation of hydrogen bonds with
extracanonical (by Watson-Crick) bases and potential sites for point mutations
(transversions and transitions).
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Chapter 11. Chromatin DNP radiolysis

11.1. COMPOSITION AND STRUCTURE OF DNP COMPLEX

Chromatin deoxyribonucleoproteid (DNP) is a natural complex based
on DNA (30 — 40 wt.%) and proteins (30 — 50% - histones; 4 — 33% -
nonhistone proteins). The quantity of proteins in DNP and the size of DNA
molecules vary within a wide range with respect to the extraction method and
the object origin.

Table 11.1
Histone fraction content in calf tissues, %
e g
s | 8| 2| s | «| 5| 5| E | &
= £ b7 O = B8 g ) =
S = 8 = 3 o 3 = =
i = 5 z 3 3 M
=
m
H1 19.5 18.9 24.1 21.1 20.4 18.7 16.3 20.5
H4 18.3 17.6 23.1 15.8 16.1 20.7 17.3 20.0

H2A 18.1 19.2 14.4 19.3 15.7 14.0 16.9 11.8

H2B 24.6 22.9 26.9 27.8 22.7 324 28.4 26.7

H3 19.6 21.3 11.5 16.0 25.2 153 20.7 21.9

The methods of biochemical analysis allowed for dividing histones into
five fractions (Table 11.1). Primarily, histones are block structured: they
demonstrate dense grouping and block arrangement of charged and
hydrophobic amino acids, respectively. DNP in the cell nuclei is a part of more
complicated complex, which is chromatin, the chemical substrate of
chromosomes, from which DNP is extracted. Judging by description of cell
nucleus treatment techniques, frequently in physicochemical investigations
chromatin rather than DNP is used. Chromatin represents chromosomes,
uncompacted in the interphase nucleus (interphase is an intersect of the mitotic
cycle between one mitosis end and beginning of another one).
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DNA

112A, 112B, 113, 114

Figure 11.1. Chromatin structure model in the cell nucleus and DNP packing (DNA MM ~ 2x10%, ~10° A
long) within its subunit
a — interphase chromosome; b — monosome [1]
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Figure 11.1 shows supermolecular and molecular organization of
eukaryote chromosome and chromatin as an assembly of nucleosomes
(monosomes). Nucleosome diameter is about 100 A. It contains DNA fragment
140 — 230 nucleotide pairs long (MM > 10°). The monosome chain is bound by
DNA strands 15 A in diameter and 140 A long, occupied by nonhistone
proteins.

Each nucleosome (the cor-particle) represents a globule formed by 4
histone proteins (pairs of 4 histone molecules H2A, H2B, H3, H4 form an
octamer). DNA is located at the external surface of the globule (in nucleosome
DNA exists in B-conformation, 20 A in diameter). Histone H1 is located at the
top, linked to DNA coil. In the cor-particle DNA forms 1.75 coils, has 146
pairs of nucleotides and represents a supercoil with 27 A step. Globular
particles are located as far as 30 — 70 A from one another [1].

Histone proteins contain abundant basic amino acid residues (totally,
histones contain about 20 amino acids). C-terminal areas of H2A, H2B, H3 and
H4 are hydrophobic ones (possess the secondary coil structure), and N-terminal
areas are hydrophilic (basic) ones.

DNA packing in nucleosome is provided by electrostatic interaction of
negatively charged phosphate groups of DNA with cationic Lys and Arg
groups, located at the surface of the globular part of the histone octamer [2].
Cationic groups of N- and C-terminal areas of histone molecules (preferably
H3 and H4 histones) additionally stabilize the structure of nucleosomes. The
protein fragment is bound to DNA fragment by covalent phosphoether and
phosphoamide bonds. Chelate bonds with participation of bivalent metals
participate in the bond between the protein fragment and DNA fragment by
adenine bases. There are ideas about tertiary and quaternary DNP structures —
the supercoils.

11.2. BASIC RADIOLYTIC EFFECTS

Generally, radiolytic properties of DNP in solutions are determined by
the level of DNP structural organization, which, in turn, depends on the ionic
strength of the solution, DNP concentration and the environment pH. As
affected by radiation DNP molecular mass changes due to formation of breaks
and crosslinks in DNA and histone chains, and DNA-histone bonds break.
These facts predetermine the change of macromolecular properties of the entire
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DNP. Irradiation of DNP solutions induces formation of radiolytic degradation
products of both DNA and histone fragment.

Deamination is one of the basic processes of DNP radiolysis, in which
both fragments are involved. Table 11.2 shows that this process (studied by
ammonia formation, Conway [3]) is stipulated by modification of the
functional groups having nitrogen atom (amino, guanidine, imino groups etc.),
the protein fragment of DNP complex: G(NH3) values obtained at DNP and
histone irradiation (in both cases, histone concentrations are similar) are
comparable.

Table 11.2
Ammonia yield (G, analysis by Conway) in aqueous solutions of DNP,
DNA and histone, saturated with O,, 7= 300 K [3]

Irradiated solution G(NH3)
0.055% DNP + 0.7 M NaCl 4+0.5
0.09% DNA 0.58 £ 0.05
0.033% histone + 0.7 M NaCl 4.7+0.5

Table 11.3
The yield of chromophore group degradation products in DNA fragment

at DNP irradiation in solutions at different temperatures [4]
DNP com-positic.m. (DNA, hi.stone), its 77K 195 K 173K
concentration, origin of saturating gas
DNP (1 - 1.7), 0.6% air 030+£0.10 | 1.24+0.1 | 1.8+0.2
DNP (1 —1.7), 0.6% air + 0.2 M inositol | 0.50 £ 0.10 - -
DNP (1 - 1.7), 0.6% argon 0.40%0.10 — —
DNP (1 —2), 1.8% air 0.57+0.15 | 14+0.1 {3.1£0.3
DNP (1 - 2), 1.8% air + 0.2 M inositol 0.77 £ 0.15 221+0.2
DNP (1 —2), 1.8% argon 0.66 +0.15 —
DNP (1 - 2), 1.8% argon + 0.2 M| 0.70 £0.25 - -
inositol
DNP (1 - 1), 2.3% air 1.00 + 0.20 - -
DNA 0.2%, air — — 1.7+£0.2

Similar to radiolysis of DNP individual components — DNA (Chapter
10) and protein (Chapter 7), the yield of any product of these fragments
radiolysis at irradiation of DNP solutions depends on the biopolymer
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concentration. For example, the yield of chromophore group degradation
products in DNA (double bonds in the bases) increases with DNP
concentration (Table 11.3).

Primary radiolysis processes, the role of water radical

The products from both fragments are formed under the effect of water
radicals, and their yield depends not only on the conditions of competing for
water radicals of each active site of DNP fragments. As comparing data on the
study of amino acid residue degradation in histone, irradiated individually or in
DNP composition, induced by "OH radicals (irradiation of solutions in the
presence of molecular oxygen, the electron acceptor), it follows that DNA
fragment has a different effect on the degradation of amino acid residues in the
histone fragment. Once, degradation is sensibilized (arginine, glycine); in
another case, it protects them from degradation (phenylalanine, histidine,
leucine, serine). It is worthy of note that in both cases, total degradation yield
of the histone fragment is the same (G = 1.6). Generally, data on the primary
processes of DNP radiolysis in aqueous solutions e.g. on the role of water
radicals in DNP degradation, sites of their attacks and macroradical
conversions were obtained by the method of the intermediate product
registration — radicals, implemented using ESR technique at low temperature.
For example, as comparing the yields of radicals, detected at irradiation of
frozen-up aqueous solutions containing no DNP and solutions of the same
composition in the presence of DNP, a decrease of the yield of radicals, @ nyqr
and "OH, stabilized at 77 K may be observed. Hence, their yield also decreases
with increasing DNP concentration in solution. Vice versa, the yield of radicals
from DNP increases. Therefore, even at 77 K during irradiation radicals ¢ and
*OH (or H,0") are involved into the reactions with dissolved DNP. Table 11.4
shows the yields of radicals, the sum of radicals and biopolymer radicals,
registered in DNP solutions of various concentrations, aerated and evacuated,
irradiated at 77 K. The yield of the primary radicals of biopolymer is
independent of the presence or the absence of molecular oxygen in the
solution.
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Table 11.4
G(R) in DNP and DNA solutions at 77 K [4]
DNP composition (DNA:histone), . .
concentratiolrjl and saturating gas origin G(ZR) G(R biopotymer)
DNP (1:1.7), 0.6%, air 0.6 0.08
DNP (1:1.7), 2.3%, vacuum 0.8 0.5
DNP (1:1.7), 9%, air 1.2 0.8
DNP (1:1.7), 9%, vacuum 1.3 1.0
DNA, 1.56%, air 0.8 0.4
Table 11.5
G(deamination) in aqueous DNP solutions irradiated at 77 and 195 K (in
brackets) [4]

DNP composition G(ammonia), by Conway
(DNA:histone), concentration In }he absepce of . In the presence of
and the origin of saturating gas OH radical OH radical acceptor

acceptor (inositol) (0.2 M inositol)

DNP (1:1.7), 0.6%, air 0.15 +£0.05 0.09£0.01
DNP (1:1.7), 0.6%, argon 0.04 £0.02 0.02 £0.01
DNP (1:1), 1.08%, air 0.30+£0.03 0.10 £ 0.03
DNP (1:0.8), 1.4%, air (0.32£0.02) (0.13£0.07)
DNP (1:1.6), 1.4%, air 0.03 £0.10 0.16 £ 0.02
DNP (1:1.6), 2.3%, air 0.30+0.15 0.33 £ 0.04
DNP (1:1.6), 2.3%, argon 0.45 +0.05 0.03 £ 0.03
DNP (1:1), 2.3%, air 0.30 +0.03 0.32 +0.01
Histone, 0.6%, air (0.42 £ 0.07) (0.18 £ 0.06)

0.01 £0.001 0.01 £ 0.002
DNA, 0.6%, air (0.06 £ 0.006) (0.04 £0.01)

The predominant role of water radicals in the DNP degradation is
clearly displayed in the comparison of radiation-chemical yields of
deamination — one of the most important processes of DNP radiation
degradation — obtained for DNP solutions irradiated in liquefied nitrogen
(when & are mobile) and at 195 K (when both  and *OH are mobile). Table
11.5 shows these values and G(deamination) for the case of histone and DNA
irradiation. Similar to the case of the liquid-phase radiolysis at low-temperature
irradiation of DNP solutions, deamination is related to histone fragment
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degradation: for the radiolysis of 0.6% histone solution and 1.08% DNP
solution (histone concentration is the same in these systems), G(deamination)
values are equal. Deamination happens due to participation of both electron
and "OH radical in the reaction: as transiting from 77 to 195 K, G(deamination)
value abruptly decreases in the presence of “OH radical acceptor — myoinositol
(at irradiation, when "*OH radicals are mobile e.g. at 195 K).

As follows from the comparison of G(deamination), recorded for the
same liquid solutions, DNA as a fragment of the DNP complex affects
deamination proceeding in the histone fragment, initiated by e and ‘OH
radicals.

Data in the Table 11.5 obtained at the study of solutions saturated with
an inert gas or molecular oxygen indicate a significant influence of oxygen on
the deamination process. Since the presence of molecular oxygen has no effect
on the primary radical yield (see Table 11.4), note that molecular oxygen
participates in their conversions that affects the yield of the final products of
DNP radiolysis.

11.3. ON THE ORIGIN OF DNP RADICALS

ESR spectra of aqueous solutions of DNP and histone, irradiated at 77
K, are similar by shape and are characterized by overlapping ESR bands of
several types of radicals (Table 11.6). The following conclusions can be made:

1) a six-component band is detected in ESR spectra of DNP and histone
solutions;

2) ESR spectra of histone solutions has a quintet band;

3) similar to DNA solutions, as DNP solutions are irradiated by light with
A =300 nm or annealed after irradiation in the presence of molecular
oxygen, their spectra change.

An octet of “TH radical is registered (Figure 11.2). In this case
(annealing), *TH radical concentration gives about 70% of the initial
concentration of DNP radicals. Data shown allowed for a conclusion that the
formation and conversions of radicals in one of the DNP fragments are affected
by another one, and the presence of histone in DNP sensibilizes the yield of
radicals in the DNA fragment ("TH type radicals).
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Table 11.6

Radicals recognized by ESR spectra in irradiated (60 kGy) DNP and histone solutions [S]

Radical The number of HFS AH. mT .Total Suggested Temperature range of radical
components ’ width, mT structure detection

R, 5.1:4:6:4:1 or 2 9 —CH,CH"'CH,-

R, 1:2:2:2:1 and 2 9 2FH(2 fgmr:%; Histone, 77 — 190K
R, 1:2:1 2 4 2H (1.9 mT)

R 6.1:3:4:4:3:1 2.3 12.5 *CH,CHy— Histone, 77 — 235 K
R'» 6.1:3:4:4:3:1 2.1 11.2 *CH,CH>— DNP, 77 — 160 K

R; 2.1:1 1.5 2.5 =C"-O DNP, histone, 77 — 160 K
R4 3.1:2:1 23 - 2H DNP (low), up to 160 K
Rs 2.1:1 - 22 Anion-radical DNP, 77- 190K

R 8.1:3:5:7:7:5:3:1 2 14 TH® DNP, 77 - 190 K
RO ZA?(‘);?;";Z’CZI‘Z‘TS o | - 5 ROO" DNP, histone, 150 — 205 K
*OH 2, asymmetrical doublet 4 10.5 ‘OH DNP, histone, 77 — 120 K
e & 1, singlet; g =2.001 - 1 ‘est DNP, histone, 77 — 100 K
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Table 11.7
Radiation-chemical properties of histone amino acids at 77 and 300 K [5]
Amino acid corillll)s(:gi[:fon GR) at Damage AHmat 77 | GC-AA) in G%xi;??r?em
> 77 K level, CG K, mT DNP solution .
C (mol%) solution

Arginine 8.3 1.2 10 14 0.35 0.16
Lysine 14.4 1.1 15.8 13 0.28 0.31
Histidine 1.7 0.26 0.44 8.4 0.04 0.13
Asparaginic acid 4.8 0.4 1.92 6 - -
Asparagine - - - 6 0 0
Glutamic acid 83 0.4 3.32 13.5 - -
Glutamine - - - 6 0 0
Serine 6.1 0.4 2.44 2 0.05 0.13
Tyrosine 2.5 0.06 0.15 2 0.15 0.16
Threonine 5.6 34 19.0 9 0.10 0.09
Alanine 13.8 1.4 19.3 3.5 0.12 0
Valine 6.0 2.4 10.1 10 0.5 0.10
Glycine 8.5 2.3 19.5 2.7 0.15 0.04
Isoleucine 4.0 - - - 0.07 0.10
Leucine 7.7 1.2 9.2 4.5 0.01 0.26
Methionine 1.0 0.6 0.6 34 0.04 -
Proline 5.4 1.0 5.4 52 — -
Phenylalanine 1.9 0.3 0.57 4.3 0.05 0.09
Cysteine 0.6 0.5 0.3 12.0 - -

Note: * G(—AA) represent radiation yields of each amino acid degradation
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The presence of DNA in nucleoproteid complex may also present an
explanation of some differences in spectral characteristics of histone fragment
radicals (Table 11.7).

1
0 2

Ll L
6 264 26 4 02 4 6 2 6 2 6

Figure 11.2. ESR spectra of DNP solutions (2.1 wt.%) from calf thymis,
irradiated (60 kGy) in the absence of molecular oxygen at 77 K,
recorded at 77 K immediately after the irradiation (a) and
annealing of the samples at room temperature during different
time periods: b—9s;c~14s;d - 18 s;e — 30 s [5]

A conclusion about unpaired electron localization sites in some DNP
primary macroradicals, detected at 77 K, can be made basing on the
comparison of radiation-chemical characteristics of low-molecular components
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of the nucleoproteid complex with the ESR data. Let us discuss this point in
more detail.

Table 11.7 shows G(R") values — the number of radicals formed at
absorption of 100 eV with deduction of G(e &) — registered at low-molecular
radiolysis of amino acids in the histone structure, and the ESR spectrum width
for these radicals. Columns 2 and 4 of the Table show the amino acid
composition of histone (mol%) and the damage level of amino acid residues,
i.e. a relative contribution of each amino acid into total formation of histone
radicals. This value is the product of G(R") multiplication by molar fraction of
amino acid. Data shown in column 4 indicate that according to radiation-
chemical properties, 8 of 19 studied amino acids with the contribution of 5
conditional units should be considered.

As comparing ESR spectrum width of irradiated amino acids and
biopolymers — histone and DNP with respect to radiation-chemical properties
of amino acids, one may conclude that the localization sites of unpaired
electron in histone and DNP are lysine and arginine amino acid residues. Data
on deamination of amino acids, histone and DNP in frozen-up solutions allows
for a conclusion that one of the basic DNP macroradical types is formed at the
electron attack on protonated end amino and guanidine groups of lysine and
arginine amino acid residues of histone with subsequent ammonia and
guanidine detachment. This type of R, radicals (Table 11.6) is characterized by
six-component ESR band. The hyperfine structure (HFS) of this band is
explained by the interaction between unpaired electron and four protons AHg,
= 2(AHp, = AH,). According to rather approximate estimation, radicals with
the six-component ESR line give about 30% of total quantity of macroradicals.

The main difference in ESR spectra of irradiated histone and DNP is
that in the first case, the ESR spectrum recorded at 77 K contains a quintet
band. Due to this band overlapping in the central part by ESR bands of other
radicals and, primarily, a triplet (R4) with approximately the same splitting (1.9
mT), it appeared impossible to get a ratio of the component intensities in the
ESR bands under discussion. One might suggest (as an alternative explanation)
that the registered ESR band is at triplet (1:2:1, AH ~ 1.9 mT) of doublets (1:1,
AH = 3.9 mT). Apparently, a conclusion about the origin of this radical can be
made basing on, firstly, radiation-chemical properties of amino acid residues in
histone, irradiated in the aqueous solutions and in DNP structure and, secondly,
total ESR band widths for individual amino acid components and peptides,
irradiated under the same conditions (Table 11.7). In Table 11.7, the last two
columns show yields of amino acid residue degradation at irradiation of histone
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and DNP aqueous solutions. If one suggests that at low-temperature radiolysis
*OH radicals participate in addition by double bonds and H detachment at
attack of C—H bonds in amino acid residues in the case, when "OH radicals are
formed directly at these functional groups, a conclusion can be made that
unpaired electron is localized on histidine, proline, serine, leucine (type R; and
R’; radicals) and phenylalanine (type R"; radicals). The damage level of these
amino acid residues (except proline, which degradation was not studied)
significantly decreases at transition from histone to DNP solution. Moreover,
the quantitative analysis of the amino acid composition recorded after
defrosting the irradiated DNP solutions under the conditions of radical
detection, the greatest degradation level was observed for lysine, arginine and
aromatic amino acid residues. With respect to the fact that amino groups of
lysine and arginine amino acid residues in DNP participate in formation of
bonds with negatively charged phosphate groups, and radicals from lysine
amino acid residues, for example, are formed at amino group detachment (after
electron capture by them), it may be assumed determined that such primary
processes are the reason for the bond break between DNA and histone, i.e. the
bonds of the electrostatic type. As a result of water radical attack on aromatic
rings of amino acid residues, oxy-products of substituted diphenols and
semiquinones of these diphenols type are formed. These processes were
discussed in the previous Chapters for the case of radiolysis of phenylalanine,
tyrosine, and tryptophan. The products of radiolytic conversion of aromatic
amino acids may react with compounds present in solutions. In this case, it
may be suggested that the intermediate products, such as all types of
semiquinone radicals, derived from tyrosine or phenylalanine, may react with
DNA fragment, inducing any damages in it (conformational variations, strand
breaks, etc.). Such effects were registered at radiolysis of DNA solutions in the
presence of modified aromatic amino acids (3,4-deoxyphenylalanine). Since
these amino acid residues in the histone fragment of DNP are disposed near
DNA, the great role of the processes with participation of semiquinone radicals
in the DNA fragment modification is obvious.

11.4. DNA FRAGMENT DEGRADATION

The conversions touching upon the DNA fragment in the irradiated
DNP in aqueous solutions may be judged about at irradiation of radiolytic
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effects, stipulated by degradation of each component of the nucleotide:
nitrogen bases — 2-deoxyribose and phosphate ones. In the experiments, double
bond breaks in nitrogen bases (chromophore groups)l, accumulation of sugar
fragment degradation product, the analogue of malonic aldehyde, a compound
with the end group —-HCOPCH,CHO forming a dyed complex with
thiobarbituric acid with Amax = 532 nm, and formation of phosphate-ions
determined by the reaction with ammonium molybdate, were registered.

At the irradiation of DNP aqueous solutions, conditions, at which one
type or another of water radiolysis products (&, ‘OH, "H) is preferably
involved into the reaction, it is determined which particular water radicals
attack the DNP fragments. It is of interest to compare data on radiolysis of
aqueous and frozen-up DNP solutions at 77 and 195 K. For example, at 77 K
mostly "H, & and component e .. H,0" pairs are involved in the reactions with
the dissolved substances, if dissociation of water molecules into ions has
happened near any functional group of the biopolymer. Beside these particles,
at 195 K *OH radicals are involved into the reactions, which are mobile at this
temperature. The study of radiolysis at 273 K gave an opportunity to
significantly eliminate the post-irradiation processes, which have made the
picture of the primary effects more complicated.

Tables 11.3 and 11.8 show yields of chromophore group degradation
and accumulation of DNA fragment sugar-phosphate unit degradation
products, registered under different conditions of DNP solution irradiation
(different temperature of irradiated solutions, in the presence of molecular
oxygen and other additives —radical "OH acceptors, etc.). The comparison of
data from Tables 11.3, 11.4 and 11.8 indicates that one of the main processes
of DNA radiolytic degradation in the DNP composition in frozen-up aqueous
solutions is degradation of nitrogen base chromophore groups:
G(—chromophore groups) is comparable with total yield of radicals, registered
at 77 K.

The yield G(Rpiopolymer) increases with DNP concentration in the
solution within the measurement accuracy proportionally to the concentration.
The total yield of radicals increases to a lower extent, specifically in the case of
higher concentrated DNP solutions (Table 11.4); hence, the relative part of
*OH radicals in total concentration of the radicals significantly decreases.

! The analysis was performed by the spectrophotometry method for DNA
solutions after deproteinization (histone removal) of DNP and strand separation
in DNA.
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Table 11.8
The yields of radiolysis products at irradiation of DNP and DNA aqueous
solutions at 77 K (55 kGy) [4]

DNP compgsition (DN.A:histone.), .its G(MA) G(PO 3— ) G(organic
concentration, saturating gas origin phosphate)
) o) . - 0.0014 10.02 "
DNP (1:1.7), 0.6%, air (+15%)* | (+ 100%)* 0.025
]-)NI.’ (1:1.7), 0.6%, air + 0.2 M 0.0004 0.013 :
inositol
. o 0.0014 0.01
DNP (1:1.7), 0.6%, argon +10%)* | (+ 150%)* 0.025
gl;l:;tgllzl.7), 0.6%, argon + 0.2 M 0.001 0.002 3
DNP (1:1), 2.3%, air 0.003 0.03 0.25
DNA, 1.56%, air - 0.2 0.45

Note: * Additional release of products into the solution after irradiation
removal — the post-effect.

Similarly, the yield of other radiolysis products also increases with the
DNP concentration in solution. Therefore, registered processes of DNP
radiolytic degradation under current irradiation conditions are induced by
radical products of water radiolysis. In these processes ¢ and “OH radicals
(H,0") are involved.

Similar to the liquid-phase radiolysis, the yield of carbohydrate-
phosphate DNA fragment degradation products in the DNP composition is by
1.5 — 2 orders of magnitude lower compared with the yields of nitrogen base
degradation products. The comparison of the data on accumulation of the
radiolysis products under discussion, obtained from DNA at DNP and DNA
individual exposure to radiation under identical conditions indicates that the
presence of histone in the complex structure affects degradation of the
nucleotide components.

The comparison of chromatin DNA and DNP solution radiolysis
(Tables 11.9 and 11.10) indicates that the sugar-phosphate DNA backbone
degradation yield in the DNP composition is three times lower than at
irradiation of individual DNA [1]: histone in DNP and chromatin competes
with DNA for “OH radicals (inositol is *OH acceptor).
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Table 11.9
DNA degradation in chromatin DNP solutions ([DNA]:[histone] = 1:1.7)
and individually (5§ kGy, air, T = 273 K) [6]

Irradiated solution G(chromophore group) G(breaks)
0.2% DNA 1.7£0.2 0.3
02% DNA in DNP ,
solution, 0.7 M NaCl 1802 0.1
Table 11.10
DNA degradation in chromatin solutions (10.5 kGyj, air, 273 K)
Irradiated solution G(DNA degradation)x10° *
0.037% 7
0.037% chromatin + 0.05 M inositol 2.5

Note: * The yield was determined by comparison of the areas enclosed in
densitometric curves of electrophoregrams [6]

The oxygen effect

As mentioned above, the yield of primary radicals from DNP is
independent on the presence of molecular oxygen in solution. However, the
yield of carbohydrate-phosphate chain of DNA (see Table 11.8) and histone
fragment (see Table 11.5) degradation products depends on this factor. The
experiments on annealing of DNA solutions, irradiated at 77 K, indicated that
as biopolymer radicals recombined in the samples containing molecular
oxygen, immediately peroxide radicals (ROO®) were formed, and their
concentration increased in the temperature range of 163 — 203 K. Similar to
irradiated DNA solutions (Chapter 10), in the samples containing no molecular
oxygen in this temperature range thymine structure radicals (typical
octacomponent ESR band, Figure 11.2) instead of peroxide radicals were
registered.

Thus, it should be noted that molecular oxygen manifests its effect at
the secondary stage of the radical conversion of biopolymer only:

R.DNP + 02 = ROO.

The formation of type ROO® radicals and their conversions may represent an
explanation for changes in the yield of the final products in aerated DNP
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solutions compared with solutions saturated with an inert gas. As shown by
data in Tables 11.5 and 11.8, the yield of the basic radiolysis processes
(deamination, sugar-phosphate chain degradation — phosphate ion release)
depends on the presence of molecular oxygen in solution, inositol injection to
the DNP solution prior to irradiation and temperature of the solution irradiated.
This dependence may be explained by the fact that the change of irradiation
conditions affects conversions of macroradicals.

The role of DNA in histone degradation

In chromatin, DNA 7-fold decreases the yield of breaks in polypeptide
chains of histones H1, H2 and H3 and has no effect for histone H4 (Table
11.11) [6, 7]. The presence of inositol in solution has no effect on H1 and H4
degradation. This means that degradation of these fractions is initiated by
participation of the electron.

Table 11.11
The yield of radiation degradation of histone, irradiated in deaerated
aqueous solutions in the chromatin structure and individually [6]

0.25% histone (from calf
0.03% histone in the chromatin structure, 2 kGy, thymus), 0.9 kGy, 300 K
273 K (the same in brackets + 0.05 M inositol) | (the same in brackets + 0.05

M inositol)
) 0.022 £ 0.002 | (0.015 £0.002) | 0.55+0.03 | (0.35 £ 0.03)
G(HL, HIA) | 0.006 % 0.001 | (0.005 £0.001) | 0.24£0.02 | (0.15 % 0.02)
0.0015 +
G(-H2 0.003£0.001 | Q0015 1 6484003 -
(H2) 0.0005)
G(-H3) 0080 % | (0.002£0.001) | 0.120.03 -
G(-H4) 0.01 £0.001 | (0.008£0.001) | 0.05+0.02 | (0.02%0.02)

Equal values of chromophore group degradation in individual DNA and
chromatin structure (Table 11.9) allows for an additional conclusion that H
atom transmission from the protein to DNA base radicals is also possible (to
TH® radicals [6] by the reaction (13.6), in particular). In this case, the role of
InH in relation to DNA in chromatin is played by the protein fragment.
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11.5. ON THE MECHANISM OF RADICAL CONVERSIONS

As follows from the data obtained in the studies of radiolysis of DNA
and the compounds modeling its separate fragments (refer to Chapters 4 and
10), the unpaired electron in primary DNA radicals is localized on the damaged
sugar fragment and nitrogen bases. As indicated in the previous Chapter, the
sites for *OH radical attack in 2-deoxyribofuranose fragment of DNA represent
C~—H bonds at all carbon atoms; hence, alkyl radicals are formed, among which
C'l, C'3, C'4 and C'5 — with the highest yield. Primary macroradicals of the
carbohydrate fragment may enter the following reactions: - and o- (in the
acidic environment) elimination of water, hydrolytic splitting of B-bonds,
isomerization with C—O and C—C bond break in the anhydrocarbohydrate cycle
(Chapter 8). In the case of DNA 2-deoxyribosyl, the radical reactions of the 3-
elimination of water type may represent an explanation for occurrence of end
3'- and 5’-phosphate groups in irradiated DNA and experimentally observed
fact that the yield of 5’-phosphate groups gives the three fourth part of the total
quantity of registered phosphate groups and free inorganic phosphate, as well
as formation of breaks in the sugar-phosphate backbone and nitrogen base
release (Chapter 10).

Similar to irradiation of DNA solutions [8] and the cells themselves,
after alkalization of irradiated DNP solutions an additional phosphate ion and
the so-called organic phosphate release is observed (Table 11.8). The
phosphate ions are released from either nucleotides with modified nitrogen
bases containing saturated bonds after C'1-N bond hydrolysis and modified
nitrogen base detachment or nucleotides with the sugar chains, modified by
radiation, which contain double bonds in [-position in relation to the
phosphoether bonds. With respect to the fact that in this case also no additional

end 3'-POzH™ and 3'-OH groups are formed, one may conclude that,

generally, inorganic phosphate is released by the B-elimination reaction.

The presence of oxygen in the solution affects conversions of primary
macroradicals. Peroxide radicals formed are able to react with one another and
undamaged molecules of the biopolymer. In the first case, formation of a
compound with keto-groups and H,O,, registered at the liquid-phase DNA
radiolysis. In the second case, hydroperoxides are formed. Hydroperoxide
groups are localized at both nitrogen bases and, apparently, carbohydrate
fragment.
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As shown for radiolysis of aqueous DNA solutions, hydroperoxides of
DNA with OOH-group at the nitrogen bases with respect to their type
dissociate by two mechanisms: hydrolytic or radical-chain. Formed in the
second case, RO® and "OH radicals react with the biopolymer molecules. As a
result of these reactions, DNA degrades (the molecular mass decreases and a
compound analogous to malonic aldehyde in the post-irradiation period is
released (Chapters 6 and 10)). Protein present in the DNP composition abruptly
decreases the yield of hydroperoxides and the rate of hydroperoxide
degradation in the post-irradiation period. In the latter case, RO and *OH
radicals are preferably captured by protein molecules.

On the features of DNP radiolysis

The study of chromatin DNP radiation degradation mechanism in
solutions has determined three DNP-specific radiolytic effects:

a) labilization pf DNA-protein bonds in chromatin;

b) unpaired electron transfer from primarily formed protein radical to
DNA;

¢) occurrence of new chemical bonds between DNA and protein complex
fragments — the DNA-protein type crosslinks [1, 9 — 11].

As low-molecular chromatin solutions are irradiated (a set of
nucleosomes up to 8 units, DNA MM up to 600,000), it is found that beside
DNA and protein degradation, in this natural complex, impacted by ‘OH
radicals, the DNA-protein bonds are also labilized. The yield of free DNA to
the solution depends on [DNA]:[protein] ratio in chromatin. It increases with
chromatin concentration in solution in the range of studied concentration from
0.04 to 0.18 wt.% (DNA concentration, Table 11.12) [10].

For example, in the case of solutions, the yield of this process,
determined with respect to the mean molecular mass of DNA in chromatin
([protein]:[DNA] = 2.5:1), for [DNA] = 0.04 wt.% equals 0.0007, which is
comparable with the yield of DNA-protein crosslinks in the same sample of
chromatin [10]. As transiting from chromatin solutions saturated with argon to
these saturated with nitrogen oxide, the yield of DNA-protein bond labilization
increases twice.



Radiation Chemistry of Biopolymers 305

Table 11.12

The increase of free DNA yield (= 10%) to the solution at dissociation of
chromatin samples, irradiated in Ar, compared with nonirradiated ones.
Dependence of the effect on [protein]:[DNA] ratio in the sample

< . —_ E
Z £ Q < £33 .
25 S A § 32 =
EE LN £ = <8 = X
T & @ ¢ S = Z E ¢ <«
£ 5588 = ‘5 Q8§ .8 Z
£2383 23 ©.2 g g = a
O SEZQ Ex =R = 3 2 £
0.04 5 2.5:1 95 24
0.075 5 2.4:1 80 11
0.075 10 2.4:1 180 16
0.18 10 1.3:1 110 6
0.1 10 1.1:1 15 1.5

In 1960ies, the studies of low-temperature radiolysis of chromatin DNP
solutions have indicated that the initial ESR spectrum, recorded at 77 K for a
sample irradiated in liquefied nitrogen (low expanded doublet), resembles the
spectrum of protein radicals. As heated up to 180 K, this sample demonstrates
a spectrum mostly belonged to thymine H-adduct radicals (typical octa-
component ESR band) [12, 13].

The observed effect of the ESR spectrum shape change is explained as
follows. In chromatin DNP solution irradiated at 77 K, electrons and cation-
radicals (electron holes) are formed and, therefore, only electrons are mobile in
this case. Both fragments of the DNP complex (DNA and protein) compete for
capturing the electrons formed. In this case, the ratio of molar concentrations in
the DNP complex is [DNA]:[protein] ~ 1:7. Since reactivity of protein and
DNA molecules in relation to electron is approximately the same, practically
all electrons released at irradiation are captured by the protein fragment and
then transmitted (at annealing) to DNA fragment [14].

In aqueous solution, DNA damage in the chromatin structure is induced
by degradation (or modification) of nitrogen bases, which is easy to register
due to decay of appropriate chromophore groups (double bonds in the bases)
and break formation in DNA chains (Table 11.9).

Histone proteins in the DNP structure make no obstacles for
chromophore group degradation, but effectively protect DNA from break
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formation in the sugar-phosphate chains, induced by °OH radicals (Table
11.10).

As mentioned above, in irradiated chromatin solution DNA protects
histone proteins from break formation in the polypeptide chain in histone
fractions H1, H2A, H2B, H3, but does not protect H4 fraction from
degradation (Table 11.11). Fractions H1 and H4 degrade due to electron
impact. It is also observed that at the ratio of monomeric units equal
[DNA]:[protein] ~ 1:7, initially, electrons in chromatin are captured by protein,
and the registered effect of histone degradation prevention by DNA fragment is
induced by unpaired electron transition from histone to DNA. In the case of
histone H1, the transition of electron to DNA happens at the stage of anion-
radical formation. This conclusion correlates with the ESR measurement data.
For example, the occurrence of TH® type radicals at annealing of the sample
irradiated at 77 K (a two-stage process: electron interacts with thymine; T
formed in the interaction with water is protonated, and radical TH" is formed).
In DNP, TH® yield is high compared with DNA solution (equal DNA
concentrations are compared) [14].

Speaking about unpaired electron transition from histones H1 and H4 to
DNA and subsequent formation of TH' radicals, one may suggest that such
process of @ migration is possible at the nucleosome sites, where amino acid
residues locate near thymines (for example, they participate in the hydrophobic
interaction with CHs-groups of thymines) or at the sites possessing hydrogen
bonds between imino groups of the protein peptide bonds and O=C4 oxo-
groups of thymines. Then a protein anion-radical (—"C(—O")-NH- doublet
HEFS, Table 7.3) occurring at thymine double bond C5=C6 may play the role of
anion-radical.

11.6. DNA-PROTEIN CROSSLINK FORMATION

In vy-irradiated chromatin solution (fragmented, low-molecular) after
protein separation from DNA by adding a detergent (0.6% sarcosyl) to
irradiated solution, electrophoretic analysis of DNA detects a new polymer
consisting of DNA and protein fragments. To put it differently, at chromatin
irradiation, DNA-protein crosslinks are formed in it [11]. Table 11.13 shows
results of measurements of this product yield at chromatin radiolysis with
respect to the origin of gas saturating the solution. For example, if the yield of
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DNA-protein crosslinks in chromatin is assumed equal 1 at the solution
saturation with argon (hydrated electron and *OH radicals are reagents), then at
transition to solution saturated with Ar and N,O mixture (the duplicity of "OH
radicals is the reagent) the yield of crosslinks increases significantly.
Chromatin irradiation in the presence of inositol produced no additional peak
(band) on densitograms. This means that DNA-protein crosslinks in chromatin
are generally formed due to "OH radical participation in the reactions.

Table 11.13
The formation of DNA-protein crosslinks in chromatin irradiated in
solutions (0.03%, 40 kGy, 273 K) [5]

Gas or gas mixture N,O+ | Nb,O+ | N, O+
. . Ar (07} .
saturating the solution Ar air O,
R t € ag *OH, 0,, 0 . 2°0OH, 2°0OH,
eagents ol 2, Up | 2°0OH little O, 0,
Number of crosslinks 1 0.4 1.4 1 0.7
(arb. un.)

The intensity of the DNA-protein polymer peak increases with the
irradiation dose.

Data in Table 11.13 show that the yield of crosslinks in the presence of
oxygen is minimal: G(crosslinks) = 0.4. In the presence of superoxide
dismutase in solution (1.6x107" M) the yield of DNA-protein crosslinks is the
same as in irradiated deaerated solutions [6, 7]. The number of crosslinks in the
solution saturated with molecular oxygen increases in the after-irradiation
period (48 h or longer) and reaches its maximum, observed in chromatin
solutions, saturated with an inert gas. Thus, a conclusion can be made that the
processes of crosslink and hydroperoxide formation are mutually exclusive;
after hydroperoxide dissociation, the number of crosslinks in chromatin
increases.

It is worthy of note that in the studied range of chromatin concentration
(from 0.03 to 0.18 wt.% as recalculated per DNA) the yield of crosslinks in
chromatin increased with DNA concentration in it only to a definite value (0.04
wt.%). At further increase of DNA concentration the yield remained constant,
thus demonstrating the indirect action of irradiation ("OH radical action):
G(crosslinks) = 0.0006 (Ar saturated solutions) [10]. In chromatin solutions of
the same concentrations, saturated with nitrogen oxide, the yield of crosslinks
was also constant by 40% exceeding the level, observed in the previous case.
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Turning back to radiolytic labilization of DNA-protein bonds in
chromatin, note that despite the comparable values of their yield and the yield
of crosslinks in chromatin, according to the criterion of concentration
dependencies both these processes are of somewhat different “origin”:
labilization of DNA-protein bonds with free DNA release into the solution
most likely falls within the framework of direct action of irradiation on this
system, and the DNA-protein crosslink formation — within the framework of
classical ideas about indirect action of radiation. The observed linear
concentration dependence of DNA-protein bond labilization in chromatin may
be explained by relation of this process to water molecule ionization act
proceeding directly in the hydrate layer of the polymer. Taking into account the
fact that in the presence of nitrogen oxide in chromatin solution the yield of
both processes significantly increases (both are induced by OH radicals), it
may be concluded that start-up process of the DNA-protein bond labilization is
preceded by deprotonation of water cation-radical, formed in the hydrate layer
of biopolymer.

The Scheme 11.1 generalizes the investigation results on the formation
of DNA-protein crosslinks, cytosine-lysine ones, as shown in the analysis [11].
At the first stage, as "OH radicals attack C5=C6 double bonds in cytosine,
cytosine OH-adducts are formed. These radicals, with respect to the fact if
molecular oxygen is present in the current microarea of the cell nucleus or not,
may convert to peroxide radicals and then to hydroperoxides (and then
crosslinks are not formed) or at the interaction with any reducing agent — to
cytosine 4-exo-N-alkyl-6-oxy-5,6-hydro-derivative. Further on, Cyt-Lys
crosslink between DNA and protein fragments is formed by the so-called
reamination reaction [15], in which an amino group of the previous molecular
product of radiolysis and amino group of histone lysine residue, with ammonia
release. For example, such crosslinks may occur at the nucleosome sites, where
lysine amino group is linked by the hydrogen bond to O=C6 keto-group of
guanine, geometrically complementary in relation to cytosine, attacked by *OH
radicals by C5=C6 bond.

The analysis of these data [8, 9, 14, 16] allowed for a suggestion that
the most probable site for Cyt-Lys crosslink formation — “2” in nucleotide “55”
of 5'-chain of DNA and at “16-20" quintet of the basic amino acid residues of
histone H4. It should be noted that the Cyt-Lys crosslink may also be formed
under the effect of H atoms. It is also suggested that another type of the DNA-
protein crosslinks may also be formed in chromatin. As shown by the
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estimation, total yield of the DNA-protein crosslinks does not exceed the one
thousandth part of chromophore DNA group yield [17, 18].

Concluding the discussion, let us note that both effects of chromatin
irradiation (damage transfer from protein to DNA and DNA-protein crosslink
formation) are realized -only due to- specific -structural organization of the
fragments of this natural complex: potential reagents — the residues of
corresponding amino acids in the protein fragments and functional groups of
DNA bases — are located neighbor to one another in the nucleosome. This is
the only reason for a possibility of realizing such multistage processes as
electron transfer from the protein to thymine base and forming thymine
derivative or cytidyl OH-adduct converting to the derivative with saturated
bonds [15].

The conclusion about the predominant role of the structural
organization of such biological system as chromatin at specific conversions of
the fragments in this complex, initiated by ionizing radiation action, may also
be spread upon the radiation degradation of other components of the cell — the
complexes of various macromolecules or oligomers.

In this connection, a significant influence of radiolysis-on biopolymer-
structured water on degradation of both these polymers and their complexes
should be emphasized. For instance, the transition from B- to C-form of DNA
(the hydrate cover of C-DNA contains less water than B-DNA) is accompanied
by two-time decrease of the single-stranded break yield in the sugar-phosphate
backbone and transforming activity of DNA [19]. Both these effects are related
to decrease of the structured water content at the transition from B- (92%) to C-
form (57 — 66%) and the change of the spatial organization of hydrate layers of
macromolecules. In the first case, via water molecules the hydrate layer of
DNA realizes hydrogen bonds between O2 atoms of pyrimidines and N3 atoms
of purines of complimentary bases, whereas the other part of water molecules
fills tetrahedral coordination covers of water molecules participating in
formation of hydrogen bonds mentioned. In the second case, water molecules
in the hydrate layer form “strands” linking the phosphate groups to one another
[20].

As a result of water radiolysis in biopolymer-structures hydrate layers,
for example, in the case of polysaccharides, the yield of macromolecule
degradation increases by many times compared.with the situation observed for
irradiation of the same compounds with lower concentration of adsorbed water
in them (Chapter 8).
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Such experimental data on radiolysis of the structured systems induce a

new opinion on the problem of biopolymer radioprotection and indicate that
previously formulated task of DNA or chromatin structure protection in the cell
nucleus is far from resolution even at the primary, physicochemical stages of
their radiation damage, and requires new approached to be properly resolved.
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Chapter 12. Radiolysis in the cell. Primary stages of radiolysis

12.1. PROBLEMS IN DESCRIBING RADIATION-CHEMICAL
PROCESSES PROCEEDING IN THE CELL

For applied radiobiology, the description of radiolysis in a cell — to put
it differently, the description of chemical processes proceeding in a cell,
exposed to ionizing radiation, and inducing a set of biochemical responses in it
— would mean resolving of one of the most urgent questions: control for
radioprotection processes or, vice versa, cell death stimulation.

The solution of this question is limited by sensitivity of currently
present registration methods for radiolytic effects at the initial stages of
radiation damage. However, the decision is a suitable selection of model
systems for studying their radiolysis and reasoned transfer of these results on
the living cell. In this relation, a comparison of investigation results on the
primary radiation-chemical processes on the systems with permanently
complicating organization seems to be perspective:

biopolymers —some structures of cell organelles — organelles —entire cell.

Transition from one organization level to another and, correspondingly,
validity of data transfer to more complicated structure must be controlled using
biological tests (the control for functioning of the above-mentioned
organization level structures).

It is obvious that such approach to the brought up question must prefer
the methods, which realization techniques cause no damage of the object
entity. Among physicochemical methods, ESR and luminescence methods
should be predominant.

By now, the data obtained on the primary stages of radiolytic processes
proceeding in the cell are scanty. Nevertheless, they should be discussed,
because such information might be used as a basis for deeper study of the
radiation degradation mechanisms for chemical components of the cell.

The previous discussion of radiolytic properties of biologically active
compounds, biopolymers, cell components, tested individually or in natural
complexes, might induce a conclusion that the same processes (specifically for
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primary stages of the radiation impact on the systems) must proceed in
biopolymers immediately at living cell irradiation. However, it seems to be of
interest to find direct proofs for the radical formation induced by radiation in
the cell and track their conversions in the native system. Beside relatively low
sensitivity of existing physicochemical registration methods for primary and
intermediate radiolysis products in the cell, the difficulties at such direct
measurements are due to the necessity of their implementation for low
radiation doses (i.e. at extremely low concentrations of intermediates in the
system), because native systems may endure low doses only. As impacted by
high doses, the living cell cannot normally function anymore. Clearly the
Nature has seen about elimination of irradiation consequences in the living cell
using various repair systems.

Data on the primary radiation-chemical processes in the cell, obtained
for systems more complicated than a biopolymer, but less complex than the
living cell, allows for detecting the role of primary radiolysis products,
radicals, in particular, in the cell damage, determining the damage localization
sites in the cell structures and observing for their conversions. Such data were
obtained at low-temperature irradiation of plant cells, more precisely,
lyophilized cells (chlorellas) and frozen-up animal tissues. Consideration of the
first of these objects is of interest due to chlorella being not only a cell, but a
protozoon, too, existing individually in the Nature and adapting to the
environmental conditions.

12.2. LOW-TEMPERATURE RADIOLYSIS OF CHLORELLA CELLS

Chlorella cells of various strains (see Table 12.1 for characteristics)
were cultivated in a mineral or organic medium. The suspension of cells was
removed from the cultivation vessel 8 — 9 h after the process initiation. The
cells were separated from the medium by centrifuging, rinsed with distilled
water and after extraction from the solution by subsequent centrifuging placed
to cuvettes for measuring luminescence. In these cuvettes cells were dried in a
vacuum case at room temperature during 16 — 18 h. Thereafter, the samples
were placed to liquefied nitrogen and irradiated by a cobalt source. Irradiated
samples were placed to thermolumiprinting device, where they were heated up
to room temperature, where using a photoamplifier luminescence was
measured.
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Table 12.1
Characteristics of chlorella strains used [1]

Strain Cell size, mm Medium Cultivation conditions
Chlorella pyrenoidosa . Light and darkness
Strain 21 l?gv >-7 Mineral ¢ alteration
Chlorella miniata 1-2 —//— —//—
Chlorella sp. Cernay 2-3 —//— ~//—
Chlorella vulgaris Mineral or

. 5-17 . —//~
Strain green organic
g’tl;i(i);exzir:lgans* 5-7 Organic Darkness

Note: * Contains about 10% of chlorophyll.

During such measurements, carried out on irradiated cells, the
regularities similar to the case of simple organic compounds were determined.
These results indicate the affinity of primary radiolytic processes in the objects
under discussion and allowed for correctness of the approach to selection of the
investigation models for radiolysis of the native systems and suitability of the
methods used for the observation for primary processes.

Let us dwell on the investigation results of radiolytic properties of
chlorella cells, obtained by luminescence and ESR methods.

Isothermoluminscence of chlorella cells

After irradiation in liquefied nitrogen an isothermal luminescence (ITL)
of the cells at 77 K. Figure 12.1 shows typical ITL curve. Here at the right
hand linear anamorphosis Iy// as the time function is shown, where I, is the
luminescence intensity at the beginning of irradiation; I, is the intensity at time

t[1].
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Figure 12.1. Isothermoluminescence curves for Chlorella pyrenoidosa cells (5
kGy dose): 1 - observed in the experiment; 2 — its linear
anamorphosis

Clearly this function obeys a hyperbolic dependence, also observed in
the case of simpler organic systems:

I/I=1+a(t - ty), (12.1)
where 1, is the first measurement time; a — is the rate constant depending on the

irradiation time and time passed after irradiation termination till the
measurement beginning. The cross point of the line with the abscissa axis gives
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time of the immediate dose perception by the sample. Previously, it has been
shown on the example of organic compounds that for the irradiation period
shorter than 1 min, 1/a = t; for the irradiation period in the range between 1
and 30 min, the following expression is obtained:

1/a =ty + Xtirraq, (12.2)

where x = 0.25. Table 12.2 shows changes of indices a and x with respect to the
irradiation duration at constant dose intensity.

Table 12.2
Values of indices characterizing ITL
Dose, kGy a x Xticrad, MIN
2.5 0.16 0.07 6.5
5 0.11 0.19 7.7
10 0.09 0.14 11.5
22.5 0.07 0.10 16.7

For all studied chlorella strains, equations (12.1) and (12.2) demonstrate
the same indices a and x at the same irradiation time.

The data obtained for the cells, compared with the results of
investigation carried out on simple organic compounds, are explained by
recombination of cations and captured electrons (the latter move due to the
tunneling effect), the change of traps filling with electrons and subsequent &
distribution by the sample irradiation time.

A conclusion about electron participation in ITL of chlorella cells is
confirmed by the test results on the measurement of luminescence intensity of
irradiated cells at 77 K after exposure to filament lamp radiation: unfiltered and
filtered light, with filters transparent for A > 410 nm and A > 1,100 nm. In all
cases, compared with unlighted samples, after five minute-long lighting of
irradiated cells the ITL intensity decreases by 30%, approximately. These
results show that similar to organic (nonpolar) compounds, IR radiation is the
effective in relation to electrons present in the traps.
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Radioluminescence of chlorella cells

As cells irradiated in liquefied nitrogen are heated up (at annealing),
luminescence ignition was observed (Figure 12.2). Chlorella cells of all studied
strains luminesce in the temperature range of 80 — 210 K. As shown in the
Figure, the majority of strains possess approximately identical shape of the
luminescence curves (Figure 12.2a). RTL curves of Chlorella vulgaris cells
(green and white strains) possess low differences, obviously related to the
chlorophyll content.

A maximum of luminescence is observed in the range of 100 — 110 K.
The intensity of this peak is changed with the irradiation dose. As affected by
light, the peak intensity decreases by 20 — 30%. Hence, the electrons captured
in traps represent recombining particles responsible for the origination of the
basic peak. At higher temperature, several peaks of luminescence (more
diffused and possessing lower intensity than the first peak intensity) are
registered. For various strains, locations of these peaks on the curves are
different. It may be suggested that this is stipulated by the structural features of
the samples (cell strains) used.

12.3. ELECTRON SPIN RESONANCE (ESR) OF IRRADIATED
CHLORELLA CELLS

As chlorella cells are irradiated in liquefied nitrogen, radicals are
registered [2]. Figure 12.3a shows ESR spectra of chlorella cells, irradiated at
77 K, recorded at 77 K or higher temperature. It is obvious that the spectrum
changes with temperature increase (at the sample annealing) and in the
temperature range of 185 — 205 K become asymmetrical. As shown by the
analysis, this happens due to the occurrence of ESR bands, belonged to allyl
type radicals, formed as a result of primary macroradical conversions — the
radicals formed from damaged carbohydrate chains (refer to Chapter 8). Figure
9.3 shows the so-called decoding of the ESR spectrum below the curves — the
location of ESR band components of recognize radicals. The location of ESR
band components for the allyl type radicals is denoted as Ra. The conversions
of primary macroradicals to secondary ones with formation of the allyl type
radicals are testified about by the measurement data on the radical
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Figure 12.2. Luminescence curves (radiothermoluminescence — RTL) of chlorella cells of various strains,

irradiated at 77 K (5 kGy)
a: 1 — Chiorella pyrenoidosa; 2 — Chlorella sp. Cemay; 3 — Chlorella miniata;
b: 1 — Chlorella vulgaris, all mentioned strains were cultivated in the mineral medium; 2 —

Chlorella vulgaris, white; 3 — Chlorella vulgaris, green, the strains were cultivated in the
medium containing glucose and vitamins
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Figure 12.3. The annealing of chlorella cells (lyophilized at room
temperature), irradiated at 77 K (10 kGy):
a — ESR spectra of cells (UHF intensity is about 1 MW); b —

the concentration change of primary macroradicals (1 and 3)
and the allyl type radicals, Ra (2)
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concentration at the sample heating up (Figure 12.3b). As the intensity of the
components 1 and 3 decreases, the intensity of the component 2 increases, i.e.
concentration of the secondary radical (the allyl type one) increases.

The discussed changes in ESR spectra of irradiated cells are not
observed in the case, when chlorella cells were cultivated in the presence of a
detergent, which damages the cell cover. Regarding the facts that the plant
cells, including chlorella cells, contains up to 50% in the covers, the difference
in the radical conversions might be explained by formation of the allyl type
radicals in the entire covers — polysaccharides forming the cover carcass.
Hence, at long-term contact (3 days under experimental conditions) of cells
with the detergent this carcass is destroyed, the conformation of polysaccharide
molecules change, and at irradiation no allyl type radicals are formed.

An additional approach following from current observations reads that
one of the reasons for the radiation damage of cells, plant at least, is destruction
of the cover due to formation and conversion of the primary radicals at C-H
bond break in polysaccharides, which form the cover carcass. Hereof, a method
for protecting these cells basing on the data from Chapter 8 may be
recommended: they should be cultivated in a medium containing substances,
absorbable by the cover and able to react with the primary radicals of
polysaccharides by the mechanism of free radical reaction inhibitors (by N.M.
Emanuel).

12.4. LOW-TEMPERATURE RADIOLYSIS OF ANIMAL TISSUES

In the animal tissues irradiated at liquefied nitrogen temperature, free
radicals were registered using the ESR method. Figure 12.4 [3] shows ESR
spectra of the mouse thymus sample, y-irradiated at 77 K (5 kGy). The
spectrum at the left hand was recorded at 77 K immediately after irradiation

(Purr = 107 uW, M = 3.2 G); at the right hand, ESR spectra of recognized
radicals are shown: TH® (“thymine” structure), THr — computer designed with
HFS constants at corresponding protons: 20.8 and 36.7 G; A* - fatty acid
residues of lipids; Q' — ester bond break in phospholipids and triacetyl
glycerols; R’s — ascorbic acid; ROO" — peroxide; “S1 — polypeptide protein
backbone. The ESR spectra are specified in ref. [3].
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Figure 12.4. ESR spectra of y-irradiated thymus sample in mice [3]
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The analysis of ESR spectra allowed for determining some features of

radical formation and conversions at low-temperature irradiation of tissue
samples.

1.

Frozen tissues represent heterogeneous systems. At 77 K, *OH radicals
are detected in them. At annealing of irradiated samples these radicals
recombine, hence, no changing (no increasing) concentration of other
radicals, stabilized under these irradiation conditions. In glassy-like
solutions of carbohydrates, for instance, at *OH radical recombination,
sugar radicals were formed (Chapter 8). It may be concluded that in the
case of frozen-up tissue, ‘OH were formed and stabilized in ice,
crystallized as a separate phase at sample freezing up in the liquefied
nitrogen.

In the tissue samples radicals of the main cell structures are registered:
DNA, proteins, membranes (Table 12.3 [3]). If prior to irradiation the
tissue samples were evacuated, then under annealing conditions in the
temperature range of 160 — 180 K TH" type (the “thymine” structure)
radicals were formed. Their parameters were shown before in the
discussion of the data on low-temperature irradiation of frozen-up
aqueous solutions of DNA and DNP (Chapters 10 and 11). The yield of
TH’ radicals depends on DNA content in the tissue, which is the reason
for its radiosensitivity [4]. The change in the yield of TH® type radicals
with respect to the type of irradiated tissue may be explained by DNA
accessibility degree in the DNP composition for electron attack (in the
absence of molecular oxygen), as well as the degree of DNA structure
defectiveness.

. If the tissue is irradiated in the liquefied nitrogen in the presence of

molecular oxygen, under annealing conditions a formation of peroxide
radicals is observed so frequently, the higher oxygen content in the tissue
is. In this case, TH® type radicals may not be registered. ESR spectrum
characteristics indicate that in the presence of oxygen in the tissues at the
thymine base in DNA two types of peroxide radicals are formed [5]:

TO3 and THOS.

Generally speaking, ESR measurements, carried out on frozen-up

tissues, reflect the result of the so-called combined impact of y-quanta and low
temperature rather than radiolysis processes. The results of quantitative
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measurements depend on the sample freezing mode, e.g. on the fact to higher
or lower extent ice crystals, “dry” components of the cell and solid solution are
extracted as a separate phase (refer to Section 4.2). The freezing mode also
defines molecular oxygen content in each homogeneous part of the irradiated
heterogeneous system. If we take into account the various microzones of
frozen-up tissue are differently humidified, it is no wonder that as transiting
from sample to sample the relative yield of radicals from biopolymer
components of the cell and water "OH and & ) changes.

Nevertheless, the data on the conversion mechanisms for free radicals,
stabilized in tissues at low temperature, are rather urgent, because they allow
for understanding the main directions of the radiation degradation of “isolated”
chemical components of the cell, which are biopolymer. If a possibility of
intermolecular interaction between these structures is taken into account, the
mechanisms mentioned may be applied to the real cell.

12.5. ON THE ORIGIN OF FREE RADICALS IN IRRADIATED PLANT
TISSUES

At low-temperature irradiation of evacuated samples (wood, straw,
potato jacket and tubers) ESR spectra interpreted as a product of ESR spectra
overlapping for the main components of the plant cell with predominant
contribution of ESR spectra from irradiated cellulose radicals (doublet and
triplet HFS, Chapter 8), are registered. In wood samples, irradiated at room
temperature, beside cellulose radicals (65%), radicals with unpaired electron
localized at the aromatic fragment in lignin (a singlet with AH = 0.83 mT, g =
2.0039 [6]). In the irradiated potato jacket radicals possessing a singlet band
with approximately the same characteristics are registered [7].

The accumulation of radicals in potato jacket and cellulose, irradiated at
77 K (Whatman type paper, 3% humidity) follows the dependence

C = Co(1 — P (refer to Chapter 1)
with approximately the same parameter k£ = 0.34 Mrad™ [7]. Therefore, it may

be concluded that the “phase composition” of these systems, in which radicals
are stabilized at 77 K, is equal.
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Figure 12.5. ESR spectra for irradiated potato (refer to the text)
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Table 12.3
Radicals in potato, irradiated at 77 K, recognized by ESR spectra, and their characteristics [7, 8]
Radicals, Number of
. ESR band . .
suggested site of | HFS com- width g-factor Temperature range of recording, conversion
free valence ponents, a AH (m:F) reaction, notes
localization (mT)
OOH 2’ 4 10.5 8l =2.055 7:7 - 105 K, 20% ZR, .OH + HR = HZO + R-,
g=2.0096 | 2°0OH = H,0,
° ] +
ey 1 1 2001 | 77—-145K, 30% 3R, e +R('C4) —1 5 RH
(epimers is galactose)
R; (C5) 3;3-3.2 7—-174 2.003 77— 185 K (low at 190 K), R; &> Rs + H,O
R, ("C4, °C6, "C2) 12—-2.6 | 45-48 2.003 ~0-"C4< — >'CH + O=C< (keto-group)
R3 (.C3, .Cl) 2; 2.2 2.003 77 - 17.0 K, C3 e d RA + HZO (B-e]lmll’latlon Of
water); "C1 - Rx + H,O
. 77 — 185 K (low at 190 K), >'C1-O-C4H< —
2;2.5 8-3. 2.003 >
R« (€D 2832 >C=0 (acid) + CH<
‘CHO 2;12 12.5-13 2.00 77 - 125K, 1% >R, ‘CHO + HR = CH,O + R®
R,(R—"C=0) 1 0.4 2.0009 125- 145K, R—"C=0 - R" + CO
RA[—.COHC(=O)—, 2:1.2 1.7 2.0067 <145-190 K, ~30% Z(R], Rz, R3), RA e d ketO-,

—CHC(=0)]

deoxyketo-groups
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At low-temperature irradiation of potato tubers free radicals typical of
the potato component “structures” are formed and stabilized: starch, cellulose,
water (ice). Figure 12.5 shows ESR spectra of potato tuber, irradiated by 45
kGy at 77 K, recorded at 77 K immediately after irradiation and after annealing
at temperature, indicated at the right of the spectrum. Table 12.3 shows the
main types of free radicals, recognized by these spectra, ESR spectrum
parameters, observation conditions and possible radical conversion reactions
(7, 8].

Three experimental facts should be outlined:

a) recognition of formyl radical by typical doublet ESR line (with ~12.5
mT splitting);

b) & accumulation at 77 K with higher yield;

¢) detection of formaldehyde and galactose (glucose epimers by C4, refer
to Chapter 8 for the mechanisms of carbohydrate epimers formation)
among molecular products after potato tuber defrosting, irradiated at 77
K.

The specific features of the low-temperature radiolysis of potato tuber
body are the following:

1. High yield of water radicals — *OH and & & — 50% >R";

2. Even in the presence of molecular oxygen no peroxide radicals were
detected at annealing of potato tuber samples, irradiated at 77 K
(contrary to that how it happens at annealing of frozen-up aqueous
solutions of polysaccharides, irradiated in the presence of molecular

oxygen).

Both these facts and specifically & stabilization in irradiated tuber with
high yield indicates that polysaccharides present in the tuber bind water (about
80%) so tightly that at the sample freezing it appears in the structured state, and
the entire systems is glassy-like. To put it differently, no free water is present
in the tuber, which would be able to crystallize with formation of a separate
phase, if the sample is placed to the liquefied nitrogen.

Taking into account this fact (the existence of the glassy-like
polysaccharide-water system in the tuber) and following the conclusions made
in Chapter 8 on the predominant role of the structured water radiolysis in
humidified polysaccharides, one may imagine why relatively low irradiation
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doses may induce so significant changes of physicochemical and organoleptic
properties of potato at its radiation treatment [8].

To conclude the discussion, it should be mentioned that the data on the
low-temperature radiolysis of the cells and tissues indicate the radiolysis
regularities, similar to simple organic systems. This is no wonder, because
primary radiation-chemical processes in these systems with high water content
are identical. Hence, one may decide that the solution of such probiems as, for
example, radioprotection of the cell or sensibilization of degradation processes
require the use of approaches similar to the radiation impact on biopolymers.

In this connection, the analysis of test results obtained at the cell level
[9] for the final effect of DNA radioprotection (single-stranded break formation
was tested) in the presence of various alcohols and SH-containing compounds
in a wide concentration range is worthy of the note. As is shown, the irradiation
of L 5178 Y cell suspensions in the presence of mercaptoethanol (MET) in a
wide concentration range in the cultural medium is generally performed (65 —
67%) by the mechanism of competing for "OH radicals (the indirect effect of
radiation): the yield of DNA breaks gradually decreased with increasing MET
concentration in the suspension. Since some intermediate concentration, at its
further increase, this yield remained unchanged. Hence, the maximal effect of
radioprotection reached 86% [10].
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Chapter 13. The effects of radioprotection and sensibilization of
radiation degradation of biopolymers in aqueous
solutions

13.1. GENERAL PRINCIPLES OF ORGANICS RADIOPROTECTION
IN THE CONDENSED PHASE

The radiation degradation of substances, irradiated individually or in
solutions, is the result of chemical reactions, induced by formation and
conversions of ionized and excited molecules and radicals, derived from them.
In this connection, injection of additives — the compounds capable of reacting
with the above-listed primary radiolysis products — into the irradiated system
must significantly affect the depth and route of radiolytic processes in the
irradiated system.

This principle of the radioprotective action of the additives may be
illustrated by the examples from M.F. Romantsev monograph on radiation
chemistry of organic compounds in non-aqueous solutions [1]. The action
mechanisms of such substances-protectors (antirads) are not complicated by
the hydration effects and are manifested, so to say, purely.

As a mixture of carbohydrates is irradiated, positive charge is
transferred from radiolized substance-donor (M) to the substance-protector (A),
the charge acceptor. Hence, a deviation from linearity for the mixture
component dependence between radiation-chemical yield of M degradation
(or, for example, H, accumulation) and concentration is observed. For instance,
as a mixture of two compounds of the composition shown in Table 13.1 is
irradiated, a relation between the radioprotection effect against the charge
donor degradation by the charge acceptor and their corresponding ionization
potentials (/) is observed. In this case, radioprotection proceeds by the positive
charge transfer mechanism:

M"+A=M+A" (13.1)
This process is possible under the condition Iy > 5. This mechanism of the

positive charge transfer may also explain radioprotection of poly(methyl
methacrylate) in the presence of compounds, shown in Table 13.2.
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Table 13.1
Ionization potentials for non-aromatic carbohydrates radiolized in the
mixture [1]

Donor (M) Iv, eV Acceptor (A) Ip, eV
n-Hexane 10.17 Neohexane 10.04
—//— 10.17 2,3-Dimethyl butane 10.00
—//- 10.17 Diisopropy! alcohol 10.15
—//- 10.17 Diisopropy]l ester 9.3
Cyclopentane 10.51 2,3-Dimethyl butane 10.00
2-Methylpentane 10.09 n-Octane 9.99
Table 13.2

The ratio of reaction rate constants k,/k; and ionization potentials for
charge acceptors preventing poly(methyl methacrylate) (PMMA)
degradation, I'pmma = 10.5eV [1]

Additive ki, M I, eV
Tetramethylphenylene diamine 68.5 6.6
Diphenylamine 56.0 7.25
Paranitroaniline 52 7.7
Stilbene 46 7.95
Tetrachloroquinone 42 -
Naphthalene 30 8.10
Benzophenone 24 9.45
Benzoic acid 10 9.5
Trinitrobenzene 5.5 -

Table 13.2 shows the ratio of the reaction rate constants k;/k, and
ionization potentials / for positive charge acceptors preventing M degradation.
Clearly ki/k; is higher for a compound with the minimal ionization potential.

Electron transfer

The example of radioprotection via electron transfer from M to A may
be the case of cyclohexane and aromatic additive (ArX) mixture radiolysis in
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the presence of N,O. Hence, the yield of N», formed in the reaction below,
decreases:

N,O+e =N;+0°, (13.3)
due to @ capture by the aromatic additive:

g + ArX=ArX". (13.4)

and prevention of the electron recombination with the cation-radical (13.2)
with subsequent degradation of M substance.

The analogous mechanism of radioprotective action of the additives is
manifested in the case of cyclohexane and aromatics mixture radiolysis. The
protective action of A and the electron affinity energy of it (Qa) correlate well
with one another. In the general case, at radiolysis of a mixture of RH and an
additive-protector (A) at the following reaction proceeding;:

RH*+A=RH +A", - (13.5)
the protection effect is reached under the condition:
Eryx + Oa > Iru+.
Table 13.3

The change in G(H;) at n-heptane radiolysis (Jryg = 10.35 eV) in the
presence of aromatic substances with respect to their affinity to electron

Oa, ionization potential, and triplet excitation energy Et
Compound | Oa,eV | L eV | Er,eV | AGH,) = Go(H,) — Ga(Hp)*
Naphthacene - 6.88 1.26 1.26
Anthracene 1.19 7.38 1.86 0.5
Pyrene 0.87 7.50 2.08 0.5
Acetophene - - 3.18 0.3
Naphthalene 0.65 8.10 2.62 0.2
Benzene 1 0.54 921 3.66 - 0.1

Note: * AG(Hy) values show G(H,) decrease in the presence of the additive in
10~ M concentration.
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Hence the highest probability is observed for the radioprotection,
implemented under the condition that the substance A possesses the highest
affinity energy to the electron (Table 13.3 [1]). The last column of Table 13.3
shows yields of molecular hydrogen decreasing in the presence of a protector
(the radioprotection effect). Clearly the highest efficiency is displayed by the
substances increased affinity to electron.

Excitation energy transfer

Beside the mentioned effects of radioprotection implemented via the
charge transfer from the donor M to the protector A at the mixture irradiation, a
possibility of radioprotection due to the excitation energy transfer should be
taken into account. It is common knowledge that about 50% absorbed energy
of the ionizing radiation is consumed for formation of the excited states of
molecules in the irradiated system. In the radiation-chemical processes of
biopolymer conversion, the excited states of the molecules and, foremost,
molecules in the triplet state (which possess longer lifetimes, up to 107" s) are
of high urgency. Therefore, energy in the system may be redistributed more
effectively even at acceptor concentrations within 107 — 107 M.

There are several mechanisms for excitation energy transfer between
the system components, one of which is the exchange-resonance energy
transfer. Hence, the triplet state energy levels of the acceptors must be lower
than corresponding ones of the donors. For example, this is realized at benzene
(M) - naphthalene (A) system irradiation. The data on the hydrogen yield
change at heptane radiolysis in the presence of aromatic compounds indicate
the highest efficiency of protecting additives possessing the lowest Et (refer to
Table 13.3).

13.2. ON RADIOPROTECTION OF BIOPOLYMERS AT PRIMARY
PHYSICAL STAGES OF RADIOLYSIS

In the previous Section we have discussed the most general cases of
organics radiolysis and the effects of protectors preventing degradation of the
irradiated compounds at the primary stages of radiolysis, which precede
formation of the radicals. It is unambiguous that the mechanisms of
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radioprotection under consideration may also be implemented in the case of
aqueous solutions of biopolymers. However, their tracking is much
complicated by the solvent polarity and hydration effects of both initial
substances and intermediate radiolysis products.

Radiation chemistry of biopolymers is determined by the presence of
peptide bonds and aromatic rings in amino acid residues (proteins) and
nitrogen bases (DNA, DNP). The molecules containing the above-listed groups
of atoms possess lower ionization potentials and excitation energies. At the
same time, organic compounds used as radioprotectors in applied radiobiology
include heteroatoms, such as sulfur and selenium, into the above-mentioned
groups of atoms. All these components included in the molecules promote a
decrease of ionization potentials and excitation energies of the molecules by 3
— 5 eV compared with the molecules having saturated bonds and containing no
heteroatoms.

Taking into account that the radioprotectors are mostly effective as
injected to the animal organism prior to irradiation, it should be noted that the
competing mechanism between the protector and biopolymers forming basic
structures of the cell, charges and excitation, are of high importance for
radioprotection of the cell. The specific feature of radiation-chemical properties
of biopolymer such as DNA is the presence of a regulated structure of nitrogen
bases, united into the complementary pairs and forming “stacks”. The
mentioned structure of the biopolymer makes possible migration of charges
and excitation by the macromolecule.

Some ideas about a possibility of the charge migration by the system of
nitrogen bases in DNA may be obtained from the analysis of ionization
potentials of DNA nitrogen bases and their analogues, shown in Table 13.4.
Adiabatic I was determined using a spectroscopic technique — by the Rydberg
series limit of the banded spectra of molecules. The limit corresponds to a
transition between zero oscillation levels of the main energy states of a
molecule and an ion. Vertical / was determined by an electron impact method.

This value is higher than [ (adiabatic) by the energy of oscillation
excitation of the ion (the vertical ionization potential was called so due to
observance of the Frank-Condon principle). Here the absolute values of these
parameters are not so urgent as the descending sequence of fi,,, because we
consider a possibility of the charge migration not only in the biopolymer
crystal, but also in the solution. Data from the Table allow us for an assumption
of the route for possible charge migration, occurring, to say, at the biopolymer
irradiation towards decreasing potential of nitrogen base ionization. For
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example, in the crystalline DNA and, apparently, in solutions the positive
charge (i.e. unpaired electron of the cation-radical) must migrate from thymine
to cytosine or adenine and localize on the guanine base. Moreover, if we
consider the effect of DNA protection by positive charge migration
mechanism, the radioprotector must have the following ionization potential:
Lionadiab. < 7.77 eVxI(adiab.) or fionverr. < 8.24 eVxI(vert.) or lower for aqueous
solutions considering correction for hydration effects of molecules and ions,
respectively.

Table 13.4
Ionization potentials of nitrogen bases of nucleic acids and their analogues
2]
Compound I (adiabatic), eV I (vertical), eV

Uracyl 9.32 9.00

Thymine 8,87 9.11

Cytosine 8.68 8.94
6-Methylcytosine 8.38 -
Isocytosine 8.44 -
5,6-Dihydrothymine 9.68 -

Imidazole 8.67 -

Purine 0.12 0.52

Adenine 8.26 8.44
7-Methyladenine 8.18 -
9-Methyladenine 8.04 -

Xanthine 8.55 8.89

Caffeine 7.94 -
Hypoxanthine 8.44 8.89
7-Methylipoxanthine 8.42 -

Guanine 7.77 8.24

As studying the initiated luminescence in DNA and DNP using
photolytic methods, migration of the excitation energy by these structures was
detected. These biopolymers possess various fragments in their composition
absorbing light in the wavelength range from 200 to 350 nm. The light
emission bands in these polymers are correspondingly shifted to the long-wave
region, from 350 to 500 nm, approximately. The data from the literature
allowed for a conclusion that in the case of mixture of the compounds
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including nitrogen bases, the energy migration by triplet excited state levels of
the bases in the DNA molecule is possible. In DNA molecules with undamaged
structure the luminescence sites are thymine bases. According to
radiothermoluminescence data, the luminescence sites in irradiated
polycrystalline DNA and DNP preparations are thymine and adenine nitrogen
bases. Note also that for estimating the energy migration routes of both singlet
and triplet excitation types by these biomacromolecules, a dependence of
luminescence characteristics on their structure, the solvent origin, and medium
pH should be taken into account.

Thus, radioprotectors injected to the irradiated system as the excitation
energy acceptors must have lower triplet excitation energy levels compared
with protein molecules (determined by carbonyl groups of peptide bonds,
aromatic and sulfur-containing and amino acid residues) and DNA (thymine
and adenine).

13.3. THE EFFECTS OF RADIOPROTECTION AND RADIO-
SENSIBILIZATION OF BIOPOLYMER DEGRADATION AT
THE STAGES OF RADICAL FORMATION AND CONVERSION

The questions of biopolymer radioprotection by free-radical
mechanisms were partly discussed in the previous Chapters at consideration of
the results of radiolytic studies of proteins, polysaccharides, DNA and their
natural complexes. Concluding consideration of the ideas about radioprotection
of biopolymers in aqueous solutions, let us indicate realization of two basic
mechanisms in these systems: the competition mechanism of radioprotectors
for water radicals and the action mechanism of free-radical reaction inhibitors.

The realization of the competition mechanism for water radicals
between the radioprotector and biopolymer depends on the observation of
preferable proceeding of water radical reactions with the radioprotector (RP).
For example, in the case of ‘OH radicals the following inequality was
observed:

koureX["OH]X[RP] >> kop+ppx[ OH]x[biopolymer],

where kou+re is the rate constant of "OH radical reaction with radioprotector.
Similarly, the biopolymer should be protected from the effect of reductive
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water radiolysis component. Hence, if molecular oxygen is present in the

irradiated system, it captures electron and promotes O, formation, and a

radioprotector injected must react with O3 in order to prevent its interaction

with the biopolymer.

Clearly all these conditions for radical reactions with dissolved
substances may be realized in rather diluted solutions. The data shown in
Tables 5.1 and 5.2 on the rate constants of water radiolysis product reactions
with the components of biopolymers and radioprotectors allow for the
estimation of possible radioprotection at irradiation of one system or another.

An additional condition for implementation of the protective
mechanism of the additives is the following. Generally, the radicals formed
from additives in the primary chemical acts or the products of their radiolysis
must not react with dissolved biopolymers, i.e. the additive radicals or products
of deeper radiolytic conversion of the additives must not be inert in relation to
biopolymer molecules. Hence, if the radicals of dissolved additives or
radiolysis products of these substances react with the biopolymer and,
therefore, accelerate biopolymer degradation in the solution, such additives
belong to radiosensibilizers.

Post-irradiation processes

Despite the presence of a radioprotective additive in the biopolymer
solution, one is unable to fully protect biopolymer molecules against the water
radical attacks according to the indirect radiation mechanism and, the more so,
against the biopolymer radical formation by the direct effect of irradiation.
Moreover, in the majority of real cases, the biopolymer solution irradiation is
performed in air, i.e. in the presence of molecular oxygen. In this case, the
macroradicals formed are involved in the reactions with molecular oxygen
forming peroxide radicals. In the case of proteins, DNA, Polysaccharides and
DNP unstable peroxide compounds are formed. Their degradation is the reason
the observed degradation of biopolymers after the end of solution irradiation,
i.e. the reason for so-called post-irradiation processes.

The biopolymer degradation in the post-irradiation processes may give
high yields comparable with these of radiolytic processes (for example, in the
case of DNA; Chapter 10). As shown for the majority of cases of biopolymer
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Table 13.5

The yield of radiolysis products* (arbitrary units) of thymidine (de-T) at the irradiation of frozen-up
aqueous solutions at 77 and 195 K under different irradiation conditions [3]

A = =)

o and imadiation conditions | E | & | E 2| %

Concentration and irradiation conditions = = e = an) = <

4 e 8 2 ? >

S ] <]

0.0001 M, 0.1 MGy, vacuum, 77 K 0.3 0.4 04 04 - — -

0.0001 M + 0.5 M CH;0H, vacuum, 77 K 2.1 0 0.9 0.5 0 — -
0.0001 M, 0.56 MGy, 195 K 6.9 0.6 4.8 0.8 - 0.002 | 0.004**
0.0001 M + 0.5 M N0, vacuum, 195 K 0 3.0 1.8 3.9 0 0.002 | 0.012%**

0.01 M, 0.56 MGy, 195K 1.6 0.7 0.7 0.7 0.2 0.15 9

0.01 M + 0.01 M cysteine, 0.56 MGy, 20 0.4 0.3 04 02 0.17
vacuum, 195 K ) ) ) ) ) )

5
0.01 M, 0.56 MGy, air, 195 K 1.6 0.6 1.6 0.7 0.2 0.17 9
(1).9051KM + 0.01 M cysteine, 0.56 MQGy, arr, 20 0.6 0.6 0.4 02 0.17 6
Notes: * Designation: de-TH; — dihydrothymidine; de-T(OH), — dihydroxy-dihydro-(5,6)-thymidine dimer; In
TT, thymidine T dimer is imnine; THj is dihydrothymine; G(—chr. gr.) is the yield of chromophore
group degradation (42 kGy); G(MA) is the yield of malonic aldehyde (42 kGy).
** G was determined at high doscs (> 350 kGy).
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radiolysis, the degradation of their hydroperoxides proceeds by the free-radical
mechanisms. Therefore, proceeding of the post-radical reactions may be
prevented by adding free-radical reaction inhibitors to the irradiated solution
(Chapter 6, Figures 6.3, 6.6).

Free-radical reaction inhibitors are injected before irradiation, in
concentrations not very high in order to avoid radiolytic reactions, but enough
for proceeding of the following reactions:

R'gp + InH=RH + In". (13.6)

The analysis of the investigation results on radiolytic properties of
DNA indicates that in DNA macroradical reactions with InH of (13.6) type the
initial compound may be synthesized exclusively, when free valence in this
radical is localized at 2-deoxyribose unit. Hence if the free valence in newly
formed macroradical is localized at nitrogen bases, the reaction between this
radical and the inhibitor does not reduce the initial structure of the molecule.
Subsequently, modified nitrogen bases with saturated bonds are formed. The
repair of initially damaged biopolymer molecule is suppressed. In such
modified DNA molecule, C'1-N bond is hydrolyzed, and after modified
nitrogen base detachment 2-deoxyribose unit is hydrolytically degraded, which
is accompanied by a polymeric sugar-phosphate chain break.

Table 13.6
The yield of chromophore group degradation and malonic aldehyde
analogue accumulation at irradiation of frozen-up DNA and DNP aqueous
solutions [3]

DNP composition, concentration and G(~chr. gr.), G(MA),
irradiation conditions +20% + 10%
0.34% DNA, 0.14 MGy, Ar, 77K 0.035 0.0006
>>+ CH30H (0.5 M) 0.1 0.0002
0.25% DNA, 0.05 MGy, Ar, 195K 0.2 0.002
>> + cysteine (0.01 M) 0.25 0.0002
>> + nitrous oxide (0.05 M) 0.3 0.003
DNP (1:1), 0.36%, 0.16 MGy, Ar, 77K 0.013 0.0007
>>+ CH30H (0.5 M) 0.1 0.0001
DNP (1:1.7), 0.55%, Ar, 0.05 MGy, 195K 0.1 0.001
>> + cysteine (0.01 M) 0.4 0.0003
>> + nitrous oxide (0.05 M) 0.1 0.003
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Tables 13.5 and 13.6 show the results of the yield measurements for
various radiolytic processes at irradiation of frozen-up aqueous solutions of
thymidine, DNA and DNP under the conditions allowing for registering the
primary stages of radical formation and conversions. These processes are
induced by participation of a -single electron (irradiation at 77 K) and an
electron and *OH radical (irradiation at 195 K) in the reactions. As indicated by
the above data, the presence of various additives in these systems: electron
acceptors (nitrous oxide, molecular oxygen) and ‘OH radical acceptor
(methanol), affects the yield of radiolysis products.

The yields decrease, if this product is formed at the participation of
water radical, captured by the competing additive acceptor, in the reaction. For
example, in the case of DNA and DNP radiolysis, the formation of a compound
— malonic aldehyde analogue — is suppressed in the presence of "OH radical
acceptor, methanol (Table 13.5). On the contrary, in the presence of nitrous
oxide, due to "OH radical involvement in the reactions, the yields of free
thymine (due to 2-deoxyribose fragment degradation), the products of
thymidine hydroxylation (Table 13.5), and malonic aldehyde in DNP (Table
13.6) increase.

The presence of cysteine in the solution irradiated at 77 K does not
affect the yields of chromophore group degradation in the irradiated systems
and radiolysis products, stipulated by participation of electron
(dihydrothymidine) in reactions with nitrogen bases in solutions unsaturated
with oxygen. Vice versa, the yield of sugar fragment degradation in the
presence of cysteine decreases (MA, inorganic phosphate in DNA and DNP
solutions; the yields of thymidine dihydroxy-derivatives and free thymine). In
the presence of molecular oxygen, cysteine affects the yield of free thymine
(Table 13.5). The effects mentioned can be easily explained by cysteine
manifestation of free-radical inhibitor processes in these systems, i.e. the
protector properties at the stages of radical conversions by the reactions (13.6)
—(13.8):

RO" + InH = ROH + In", (13.7)
ROO" + InH = ROOH + In". (13.8)

Therefore, no wonder that chromophore groups degrade as a result of
both thymine C=C double bond attack with subsequent reaction of *H-adduct
formed with cysteine and "OH radical attack on thymine base double bond with
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subsequent reaction between ‘OH-adducts and cysteine. In the presence of
oxygen, chromophore groups also degrade (Chapter 11). In this case, cysteine
reacts with either *H- and *OH-adducts or peroxide radicals.

Thus, the inhibitors reduce the initial structure of the primary DNA
molecule via participating in (13.6) type reactions exclusively with
macroradicals having an unpaired electron localized at the sugar fragment.
Analogous processes proceed at radiolysis of polysaccharides and proteins

(with R}, type radicals, in particular, see Chapter 7). This process of

biomacromolecule primary structure reduction may only be characterized as
the repair process (the process of non-enzymatic repair). The reaction (13.6)
between DNA macroradicals, in which unpaired electron is localized at
nitrogen bases, with macroradical "H- or *OH-adducts do not reduce the initial
structure of these damaged fragments of macromolecules, whence modified
nitrogen bases — the products with saturated bonds — are formed. In this case,
as well as in the processes (13.7) and (13.8), the radioprotection effect is
implemented via DNA macroradical elimination (low-active inhibitor radicals
are formed instead), and their reactions inducing the polymer degradation are
prevented.

To implement radioprotection by the mechanism of free-radical reaction
inhibitors in the case of biopolymer irradiation, it is necessary that reactions
(13.6) — (13.8) produce In® inhibitor radicals inert to the primary polymer.
These reactions and protector types are studied quite well. Among them natural
(glutathione, cysteine) and synthetic (cysteamine) compounds containing
sulfhydryl groups and spatially hindered phenols should be mentioned. Some
of them are widely used as radioprotectors in radiobiology and medicine.

Table 13.7 shows reaction rate constants for radicals formed from a
protein — human serum albumin (HSA) — with some compounds, which
protector properties have been studied in radiobiological tests on animals.
Obviously, cysteamine possesses the highest reactivity., However,
radioprotection at the animal level may not be reduced to the only
manifestation of the inhibition mechanism by (13.6) — (13.8) reactions.

Note that RP application for the purpose of DNA protection by the
competition mechanisms for water radicals and FRR inhibition does not mean
the necessity of accumulating extra-high RP concentrations in the cell (as it is
usual for in vitro tests, when DNA concentration is exceeded by orders of
magnitude), in order to suppress unwilling processes. It is emphasized [6 — 9]
that the effect of DNA radioprotection may also be obtained in the case, when
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RP is already localized at the potential damage site. Such sites in the
macromolecule are H-C bonds in 2-deoxyribosyl and double bonds in nitrogen
bases of the polymer, subject to “OH radical attack (Chapter 10). Hence,
radioprotection by the competition mechanism for water radicals is realized
[10], and if a radical site is formed in DNA, RP molecule linked to the DNA
backbone may act as the FRR inhibitor. It is common knowledge that the
application of chitosan as the radioprotector is the most effective, if it is
injected to the organism prior to irradiation impact [11].

Table 13.7
Reaction rate constants for protein radicals and some radioprotectors [5]
Compound Rate constant, M~'xs™
Cysteamine 4.6
Thiourea 2.9
Cysteine 2.6
AET 1.7
APT 1.6
Glutathione 1.3
4-Oxy-3,5-di-tert-butylphenylamine 0.6
Sodium sulfite 0.6
Sodium thiosulfate 0.6
Mercamine disulfite 0.4
2-Propyl-6-methy!-3-oxopyperidine 0.3
Aniline 0.2
Ascorbic acid 0.1
5-Methoxytyramine 0.0
Glucose 0.0

For example, such situation may be realized in the case of using
diamines containing sulfhydryl groups as radioprotectors: RP links to the DNA
backbone by its amino groups, whereas sulfhydryl groups implement their
antiradical activity [6]. The essence of the radioprotection effect is not in
capturing water radicals by sulfhydryl groups, but also stabilization of double-
stranded DNA helix due to additional chemical (or hydrogen) bond formation
between RP and biopolymer functional groups prior to irradiation. Such
compounds play the role of something like “clips” of the double-stranded
structure of the polymer [6 — 8]. Double-stranded DNA helix degradation is
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related to the occurrence of primary 2-deoxyribosyl macroradicals (Chapter
10). The multistage process of primary macroradical conversions in
carbohydrates (polysaccharides, Chapter 8) up to formation of final molecular
products proceeds in the time range of 10~ — 107" s. For DNA, it is suggested
that 2-deoxyribosyl radical conversions fit the same time range. Finally, at the
moment of enzymatic repair systems functioning initiation in the cell (the
characteristic time of radiation damage repair by cells takes from several
minutes to several hours [12]), all molecular products of radiolysis are
synthesized, breaks in the sugar-phosphate backbone are formed and the role of
the protectors (clips) is obvious: they are to fix the polymer structure at least
during the time mentioned.

The substances-clips are, for example, cystamine, cadaverine and
putrescine [7], cysteine and glutathione — aliphatic diamines. All these
substances are able to stabilize DNA structure by forming chemical bonds
between positively charged (protonated) amino groups and negatively charged
phosphate residues in the polymer nucleotides, similar to that proceeding in
nucleosome between DNA phosphate groups and lysine and glutamine residues
of histone proteins [13] or at DNA-polylysine complex formation [14]. As
mentioned above, locating near DNA, sulfhydryl groups in such substances-
clips manifest their radical activity via reactions with water *OH radicals and
macroradicals.

For chitosan (effective at injection into the organism before the
irradiation) at the study of liquid-crystal dispersion formation from the DNA-
chitosan complex in the polyethylene glycol containing solutions, it has been
shown that the ligand amino groups separated by 5.15 A gap, are next but one
fixed to negatively charged phosphate residues [15, 16]. Five amino sugar
chitosan residues (MM = 1,000) cover the area of 20 A (occupying about 2.8
pairs of bases) of DNA.

As suggested, cystamine, cysteine and glutathione are also fixed to
DNA phosphates by their amino and imino groups (more precisely, to oxygen
atoms carrying negative charge) and, therefore, fix the double-stranded helix.
The rest functional groups of these compounds capture water radicals and are
able to react as InH. As follows from the data in Chapter 9, in the case of
chitosan, glucosamine residues serve as "OH radical (the attack sites are H-C
bonds in oxymethylene units) and @ ,yq (the attack sites are amino groups)
acceptors. If 2-deoxyribosyl radicals are also formed in the presence of
molecular oxygen (peroxide and hydroperoxide from both the sugar fragment
and the bases), then the effectiveness of the reactions (13.7) and (13.8)
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proceeding (hydroperoxides dissociate into RO® and *OH) is provided by the
structural factor: the reagents are formed nearby one other.

In the case of compounds with disulfide bonds (cystamine, cysteine),
two alternatives of radioprotective action of these compounds is possible: & nyq,
capture by disulfide bond (the competing mechanism with DNA for electron)
and unpaired electron transfer from the primary DNA macroradical (the initial
damage) to disulfide bond of a ligand. In both cases, as capturing electron
disulfide bond breaks with sulfhydryl group and a radical with unpaired
electron at sulfur atom (thyil radical) formation. This process was also detected
in the case of radiation degradation of disulfide bond saturated protein — wool
keratin — using the ESR method (Chapter 7). Further on, the thyil radical is
able to react with C5=C6 double bonds in pyrimidines and by C8 in purines
with protector—DNA covalent bond (crosslink) formation [9]. The duration of
thyil radical interaction with the double bond of pyrimidine is comparable with
the mentioned times of 2-deoxyribosyl radicals. The quantity of
DNA-protector crosslinks increases with the irradiation dose, and the
effectiveness of the polymer radioprotection also increases [9].

Basing on general ideas, it may be suggested that provision of the DNA
double-stranded helix preservation may be related to formation of a clip along
the sugar-phosphate chain (within one strand of the polymer) or across it —
between two strands. Testing of hypothesis on implementation of InH
properties by the clipping substance (one of its functional groups) via modeling
attachment of protectors’ amino groups to phosphate groups and possible
interaction between 2-deoxyribosyl radicals and disulfide and sulfhydryl
groups of the clipping substances is positive: both processes are possible —
macroradical oxidation in DNA and H atom transfer from InH (cysteamine) to
macroradical [17].

DNA-ligand “clips” may also occur due to hydrogen bond formation
between amino, imino, sulfhydryl, hydroxyl or oxo-groups of the ligand-
protector and appropriate functional groups of nitrogen bases or oxygen O4 in
2-deoxyribosyl. Therefore, a delightful prospect occurs: selecting compounds,
both natural and synthetic, distribute functional groups — radical acceptors in
different microarears of DNA “surface” before irradiation for the purpose of
future controlling the conversions of 2-deoxyribosyl radicals.

Taking into account all the above-said about the mechanisms of
radiolytic conversion of substances in aqueous solutions with participation of
radicals and the effect of additives on these processes, let us consider total
action of radioprotectors on the example of a molecular model rather similar to
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the native system — the radiolysis of DNP aqueous solution in the presence of
molecular oxygen (the model developed in 1976 by D.M. Spitkovsky et al.)
[18]. Aqueous solutions of 0.03% DNP and a radioprotector with the
concentration from 0.002 to 0.01 M with respect to their solubility were
irradiated. The protectors under study (sulfur-containing — MPA, AET, MEL;
tryptamines; nitriles; gallates) have the functional groups promoting the
increased reactivity of these compounds in relation to water radicals: aromatic
rings, C=C, C=N etc. double bonds. Moreover, the compounds with sulfthydryl
groups may serve as FRR inhibitors. Therefore, under current irradiation
conditions the processes of formation and conversion of radicals discussed and
participation of protectors in these reactions are possible. Studied in the work
were characteristics of the radioprotective action of various substances, widely
applied by biochemists and radiobiologists. Registered in the tests was the so-
called critical dose, as absorbing which DNP loses the ability to form fibers in
the presence of a protector and in the absence of it in the irradiated solution.
For all substances, the values of the so-called dose increasing factor (DIF,
representing the ratio of critical doses in the presence of the protector and
without it) were determined. As indicated, the highest efficiency is possessed
by gallates (DIF = 14 — 40) and compounds with sulfhydryl groups (DIF = 21
- 30).

The data obtained for this model system correlate with the ideas on
realization of to mechanisms of radioprotective action of radioprotectors
injected into the solution, which are the radical acceptors: the competition
mechanism for primary radicals and solvent radicals and the inhibition
mechanism for macroradical conversions.

Thus, the highest protection of biopolymer molecules at radiolysis of its
aqueous solutions should be implemented by a set of additives having
properties of radical acceptors and free-radical reaction inhibitors. Hence, it is
implied that tha main process of biopolymer radiation degradation proceeds by
the free radical mechanism. Beside the above-considered radioprotective action
of the radioprotectors mentioned, a possibility of their protective action
observed at additional structuring of the biopolymer (currently, chromatin
DNP) due to formation of original “clips”, the additional bonds holding the
entire DNP structure with no regard to formation of single- and double-
stranded breaks in the DNA fragment.
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On the mechanism of radiosensibilization of the substance degradation in
solutions

Turning back to the primary stages of the radiation degradation of
biopolymers in solutions, let us dwell on the mechanism of conjugated
(according to M.A. Proskurin [19]) radical acceptors. The statements of this
concept were discussed in Chapter 5. Here, let us just emphasize that the
presence of various functional groups in the molecules of natural polymers,
which may be acceptors of both reductive and oxidative components of the
water radiolysis, creates conditions for additional injection of ‘OH and ‘H
radicals or & H,O" into the reactions, usually recombining in diluted solutions.
Hence, total quantity of radicals involved into the reaction equals two-fold
higher number of pairs of these radicals or radiolyzed water molecules, i.e. four
pairs in diluted solutions or eight pairs in concentrated solutions. Apparently,
only in the case of polysaccharides not all radiolyzed water molecules are
involved into the reactions, because as observed from the data on reactivity, the
main reagents in relation to carbohydrates are only oxidative *OH radicals (see
Table 5.1). Electron manifests low activity in relation to cyclic-shaped
carbohydrates. Therefore, if polysaccharide radiation degradation processes
should be stimulated or initial polymers should be modified, different additives
— the electron acceptors forming radicals in reactions with the electron,
reacting similar to "OH radicals or OH-groups. This compound is nitrous
oxide: as interacting with the electron its molecule dissociates with formation
of "OH and nitrogen inert to substances. Radicals "OH react with the molecules
of the initial irradiated compounds, due to which the yield of radiolytic
conversion of the latter increases (by two times). Similarly, the radiolysis of
polysaccharides in the presence of molecular oxygen may be presented. As

capturing electron O, forms O; radicals able to react with other polymer

radicals formed at “OH radical attack on the macromolecules. As a result,
hydroperoxides occur then dissociating to radicals, which is accompanied by
increasing yield of polysaccharide degradation.

Another example of the sensibilizing action of the additives at
radiolysis is presented by the application of nitrate-ion, the effective electron
acceptor. Radical formed in the reaction with nitrate-ions may also react with
dissolved biopolymer; hence, the radiosensibilization effect should be
expected.
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Moreover, the examples of sensibilizing action on radiolytic
degradation of biopolymers in primary stages of radiolysis may be presented
by the data on DNA and DNP degradation, as well as their basic fragment — the
nucleotide — under low-temperature irradiation conditions (Tables 13.5 and
13.6). Thus, as comparing the yields of thymidine radiolysis products induced
by electron participation (dihydrothymine, Table 13.5), the yield of
chromophore group degradation products in DNA and DNP (Table 13.6) at the
attack of electrons (because at the irradiation in liquefied nitrogen only
electrons are mobile), a sharp (three — seven-fold) increase of these values in
the radical "OH acceptor — methanol — is observed. Similarly, in the presence
of nitrous oxide the yield of thymine radiolysis products, initiated by the
oxidative component participating in the reaction with it, increases. In this
case, the yield of dihydroxythymidine increases by five times rather than twice
as required specifically for the reaction of & “conversion” to *OH (reaction
(13.3)). The same happens in the case of electron capture by cysteamine at
DNA and cysteamine solution irradiation at 77 K. In this case, the yield of "OH
radicals two-fold increases (Table 13.8).

Table 13.8
Concentration of radicals (1018 radical/g) and its variation in DNA and
cysteamine (CAM) aqueous solutions, irradiated at 77 K, at annealing (in
brackets *OH radical concentrations are shown)

7,K Annealing [R’] in DNA [ [R"] in CAM | [R'] in DNA
time, min and CAM | solutions solutions
solutions
77 - 1.80 (1.3) 0.84 (0.8) 1.33 (D)

115 4 0.51 0.26 -

153 8 0.31 0.15 0.17

173 8 - 0.21 -

193 8-10 0.21 0.16 0.21

193 30 0.25 - 0.14

In the

three systems

under discussion, in the presence of low

concentrations of the radical conjugated acceptors additional pairs of radicals
H,O + @ or "OH + &, usually recombining at radiolysis of one of dissolved
substances, are involved into the reactions.
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The effect of sensibilization

The effect of sensibilization of radiolytic degradation of compounds
(radiosensibilization) is reached at injection of additives into their solutions. In
this case, one of two mechanisms of such additives manifests itself:

1. As injected into the solution of any compound, the substance
“transforms” inactive component of water radiolysis in relation to that
compound to the active one manifesting the same action, as “non-
transformable” active component of radiolysis does (for example, in the
case of @y inactive in relation to carbohydrates in the presence of
nitrous oxide). Hence, in the limit (at the step on the concentration
curve) the yield of dissolved compound degradation products must
increase at least two-fold.

2. Sensibilizing action of additives relates to the effect of conjugated
action of the radical acceptors (by M.A. Proskurin). As reacting with
one of the components of water radiolysis primary product pair (ionized
H,0", H,O or & and excited "OH and "H), the additive removes it from
recombination process with a particle-companion and the “opposite”
conjugated component of water radiolysis is involved in the reaction
with the main dissolved compound.

The first mechanism of radiosensibilization is realized at radiolysis of
0.01 M carbohydrate solutions saturated with nitrous oxide. Carbohydrates
degrade under the influence of *OH. The yield of their degradation products in
the presence of N,O is about to-fold higher. For another example the process of
DNA inactivation in solutions with concentration from 10~ to 0.1 mol% may
be accepted. In N,O saturated solutions, the yield of DNA inactivation
increases twice compared with the solution saturated with an inert gas
(Ginactivation =1.9x2= 38)

The second mechanism of radiosensibilization is purely demonstrated at
padiolysis of comparatively simple systems, such as aqueous solutions
containing nitrate and phosphate ions,  and "OH radical (H,O") acceptors.
Total yield of primary radicals formed from these ions equals ~7. As aqueous
solutions of organics are radiolyzed, the observation for manifestation of these
primary processes of radiosensibilization is complicated by secondary
reactions, the reactions between intermediate products of additives radiolysis
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and the initial substance molecules, in particular. The yield of degradation
products of the latter becomes greater than 8 in the range of concentrations
corresponding to the use of the maximal quantity of radicals — the water
radiolysis products. For example, in the case of glucose and its nitrate, glycerol
and its nitrate radiolysis, the maximal yield is 12 — 13 nitrate ions (in the range
of concentrations corresponding to steps at the concentration curves of G). It is
obvious that nitrate ions react with the radicals formed in *OH reactions with
glycerol and glucose reducing them to nitrite-ion.

Analogous sensibilization mechanism is realized at radiolysis of S-(2-
aminoethyl)-thiuronium sodium salt solution in the presence of molecular
oxygen. This compound is the common radioprotector, which radiolysis was
studied in a wide concentration range (from 107 to 0.01 M). The concentration
curve of the degradation product yield shows two steps in the ranges of 107 —
3.10* M and 5-107 — 0.01 M, where the radiation-chemical yield of the
degradation products reach 9 and 17 per 100 eV absorbed, respectively. They
correspond to involvement of ionized and excited water molecule conversion

products into the reaction under the suggestion that both O; and HO >, formed

in this system, possess the same oxidative equivalent and, similar to "OH, are
involved in the reactions with S-(2-aminoethyl)-thiuronium.

As estimating the sensibilizing action of molecular oxygen in organic
compounds’ solutions and, of course, biopolymers, one should take into
consideration a possibility of hydroperoxide formation, which decay may
promote degradation of the initial compounds. Such processes of post-
irradiation degradation of protein, DNA and polysaccharides were recorded by
different methods. For example, in the post-irradiation period DNA
degradation yield in aqueous solutions reaches values comparable with these
determined directly at irradiation (Chapter 6).

CONCLUSION

We have discussed the foundations of the radiation-chemical
conversions of biopolymers in aqueous solutions. To conclude the discussion,
it is appropriate to bring up the following questions: what is the prospect of
radiation chemistry for biopolymers and what is the use of the data on the
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radiation degradation mechanism of biopolymers, radiation medicine, for
example?

Primarily, the investigation results on radiolytic properties of three
classes of biopolymers (proteins, polysaccharides and nucleic acids) allow for
detecting the sites in these molecules, sensitive to the action of ionizing
irradiation — the place of unpaired electron localization in appropriate
macromolecules. Moreover, the basic routes of macroradical conversions with
formation of several final products (radiolytic effects) are tracked in these
biopolymers and their natural complexes. These data on the radiolytic
conversion mechanism of biopolymers form the basis for the control of
radioprotection processes and degradation radiosensibilization of one polymer
or another.

As applied to radiobiology, such questions may be resolved taking into
account nucleic acid and protein conversions in the cell (cell radioprotection,
radiation therapy: radiation treatment of cancer cells —-DNA degradation by
C-0O-P and C-C bonds, repair system enzymes’ degradation — the protein
degradation).

As applied to polysaccharides, analogous tasks occur at resolving such
questions as waste utilization of food and forest industries, and agriculture
(radiation degradation as a method for decreasing molecular mass of cellulose,
for example, for subsequent hydrolysis and production of sugars and glucose
for cattle forage, wood property modification, etc.). As the mechanism of
radiation degradation and modification of polysaccharides is tightly related to
the question of sterilization of various materials, medicinal preparations and
articles from cellulose, starch-containing food preservation — potato, flour,
grain (see Chapter 8 for details).

The list of branches requiring data on the primary stages of biopolymer
radiolysis mechanism may be significantly extended, if we consider not only
water-soluble polymers. However, the data on the radiation degradation
mechanisms of such systems are rather scanty in the literature yet.

Considering urgency of the investigation results of biopolymer
radiolysis, a methodological disadvantage should be mentioned. Usually, such
investigations were implemented by a single method only, and the test
conditions applied by different groups of scientists may hardly be compared.
Therefore, the value of such works for determining the radiolysis mechanism
of particular object is diminished. Hence, a necessity of future coordination of
efforts of different scientific groups, standardization of the sample
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(biopolymer) irradiation conditions and selection of the objects for
investigation most typical of these classes of compounds are desired.

Concluding the analysis of data on free-radical mechanisms of
biopolymer radiation degradation, let us discuss in brief the question of
radioprotection of a cell or an organism by chitosan, which is biopolymer. As
found in radiobiological investigations, chitosan is one of highly effective
radioprotectors. At intravenous injection to mice recalculated per 20 mg/kg 15
— 30 min prior to irradiation by 8 kGy (the minimum absolutely lethal dose),
the compounds with molecular mass from 10,000 to 70,000 increase
survivability of animals to 73% [11]. Chitosan is produced from chitin (see
Chapter 9) [20]. Compared with other radioprotectors, chitosan application for
this purpose is preferable due to biocompatibility and ability to biodegrade to
glucosamine or N-acetylglucosamine in incompletely deacetylated chitin
preparations — animal and human metabolites. Toxic properties of chitosan are
observed only at doses exceeding that used for radioprotection by 1,000 times
[21].

Suggesting predominance of the indirect action mechanism of ionizing
radiation damaging a cell or an organism, let us manage to discover the role
chitosan as a radioprotector of DNA and membranes — two main cellular
targets [22].

Chitosan as DNA radioprotector

Primarily, it should be mentioned that chitosan is able to penetrate into
the cell and, consequently, bind to DNA. As shown in in vitro tests [15, 16],
DNA may form a complex with chitosan. Nanoparticles sized within 100 — 250
nm, possessing 35.6 wt.% DNA and 64.4 wt.% chitosan are formed due to
electrostatic interaction between protonated amino groups of the ligand and
negatively charged phosphate groups at the optimal ratio equal N/P =3 — 8 (at
100 pg/ml chitosan concentration) [23]. The formation of such particles
showing N/P ratio equal 4 and sized within the range of 400 — 600 pm (200
pg/ml) was also detected in another system, obtained during preparation of
anti-caries vaccine from DNA (in the presence of chitosan) and plasmid pGJA-
P/VAX [24]. 1t is shown that the transfection effectiveness depends on the type
of the studied cells [24]. A possibility of chitosan penetration through
cytoplasmic membrane of various cells is also indicated [25].
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In a complex with DNA in the cell, chitosan may act as free radical
capturer (Chapter 9), similar to the case of sulfur-containing amines -
radioprotectors [6]. The latter are also bound by amino groups to phosphate
DNA (more precisely, to negatively charged oxygen atom in phosphate [26]).

Similar to other macromolecules (proteins, lipids, glycoproteids),
pino(endo)cytosis is the basic mechanism of chitosan penetration into the cell.
The length of chitosan macromolecules in the maximum efficient preparation
efficiency (at MM = 10,000 — 70,000 [11, 27]) correlate with typical sizes of
vesicles (from 50 to 1,000 nm) for polymer molecules at pinocytosis. Times of
prior to irradiation chitosan injection to animals for the purpose of obtaining
the maximal radioprotection effect [11] correlate with the times of penetration
of the macromolecules mentioned into the cell at endocytosis and the ligand-
receptor accosiate formation (up to dozens of minutes [28]).

On membrane radioprotection by chitosan

As we suggest that similar to the case of DNA we are speaking about
prevention of free radical (water and alkyl radicals) impact on the main
structures of the membrane, the following two factors should be taken into
account:

1. what fragments of the membrane chitosan molecule is bound to;
2. what types of membrane damages chitosan prevents.

Practically all membranes of the animal cell contain phospholipids with
negatively charged heads — phosphate groups, with which chitosan amino
groups associate. As indicated, the degree of their bonding to phosphate groups
of membranes also affects both the solution pH and molecular mass of
chitosan. The interaction between chitosan and the membrane lipids is testified
about by the change of bilipid layer structure at this site [29]. The investigation
results of low-temperature radiolysis of liposome dispersion aqueous solutions
indicates the formation of radicals from lipids and the significant decrease of
their yield in the presence of radioprotector — one of spatially hindered
phenols, injected to the liposome lipid bilayer before irradiation [30]. These
data allow for a suggestion that chitosan linking to lipid phosphates may serve
as the free radical capturer, & and *OH, in particular.
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Proteins represent the second basic component of the membranes. As
regards to the type of the cell, their concentration in the membranes varies from
25 to 75%. The function of membrane integral proteins (which is of interest for
us) is transmission of substances to the cell, required for its functioning. The
system of lipoproteid and glycoproteid receptors — subunits in the integral
protein structure — controls the substance structure process. Radiation disturbs
the structure and functioning of integral proteins. Hence, anything may
penetrate through the damaged membrane into the cell: antigens and toxins, for
example. As observed in investigations of the bat cell macrophages
(RAW264.7) [31, 32], aminoglucose residues of chitosan associate with the
receptors of immunoglobulins specific to mannose by the complement system
(key—lock). Hence, it may be concluded that interacting with receptors of the
current immunoglobulin (the protein fragment of glycoproteid), chitosan
prevents the attack of free radicals on them and preserves them for consecutive
functioning — the recognition of antigens. In this case, we are speaking about
preservation of the organism immunity, suppressed by the radiation impact.

Thus the presence of chitosan at the membrane may prevent (or
decrease) the change of structural organization of the lipid bilayer and the
integral protein receptor degradation under the impact of ionizing radiation.

The above data on chitosan inspire a certainty that the maximal
radioprotection of the human organism may be reached at the application of
acceptors for free radicals generated by ionizing radiation.
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