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ABSTRACT:

The genetic apparatus of the cell is exposed to a serious risk of damage under the constant influence of
endogenous and exogenous factors. One of the most complex damage for repair is double-strand DNA breaks
and DNA-protein cross-links, leading to various types of mutations and chromosomal rearrangements that can
induce genome instability, carcinogenesis, or the start of the cell apoptosis process. Nevertheless, numerous data
from studies of DNA repair pathways do not provide the final pattern of the repair of double-strand DNA breaks
and DNA-protein cross-links, as well as any mathematical model for calculating the survival of cells irradiated
by photon radiation at various stages of the cell cycle. According to our assumptions, during the repair of
double-strand breaks, damaged DNA segments are cut out from both sides at the boundaries of the entire
damaged loop domain (replicon). The degradation of the damaged strand has an analogy with the mechanism of
apoptosis, because during chromatin degradation, as during apoptosis, DNA is destructurized to the level of
nucleosomes, followed by their “use” by the cell. As for the repair of DNA-protein cross-links, they are one of
the stages of the multi-stage hierarchy of the repair pathways of double-strand DNA breaks. Apparently, in some
cases, the repair of double-strand DNA breaks requires the creation of additional protein structures by the cell,
which spatially fix the damaged DNA segment of the cell during repair. The creation of these structures requires
additional time and additional protein synthesis. After repair, this additional protein is completely detached from
the sites that define the boundaries of those cell structures that participated in the repair process.

A mathematical model has been proposed for estimating the probability of the repair of double-strand DNA
breaks depending on the stage of the cell cycle and on the value of the absorbed dose, as well as the probability
of survival of the irradiated cells for different durations of the repair interval.

The article shows the possibility of calculating the probability that the cell at the time of irradiation is at such a
stage of the cell cycle, at which repair is either impossible, or the time required for the repair of one double-
strand break is not sufficient. The study calculates the probability of cell survival at different stages of the cell
cycle, when it is possible to repair one double-strand break, no more than two double-strand breaks, and, in
general, n units of double-strand breaks.

KEYWORDS: Double-Strand DNA Breaks, DNA-Protein Cross-Links, Repair Mechanisms, Mathematical
Probabilistic Modeling.

INTRODUCTION: This approach requires a new conceptual framework for
Currently, the integrated development of radiobiology, explaining cellular behavior under the influence of
along with technical processes and technological ionizing radiation and sets new directions for scientific
developments, is one of the main tools for improving research against oncological diseases [1, 2]. The use of

clinical results in radiation therapy. radiation therapy in medical practice was discussed in a

number of studies [3-10]. In order to evaluate existing
Received on 26.06.2019 Modified on 29.07.2019 therapies and_ suggest novel therapies, mathematicgl
Accepted on 30.08.2019 © RIPT All right reserved models are widely used [11, 12]. At the same time, in
Research J. Pharm. and Tech. 2020; 13(1):429-435. this field of science there are still some problematic
DOI: 10.5958/0974-360X.2020.00084.0 issues, which have been either poorly studied or
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debatable, and need more detailed discussion. That is
why new conceptual interpretations of the results of
some well-known radiobiological studies, which are
interesting, but, in our opinion, may have other than
traditional interpretations, are relevant. The purpose of
this article was to represent new conceptual
interpretations of mechanisms for the repair of double-
strand DNA breaks and DNA-protein cross-links, and to
propose a mathematical model for estimating the
probability of DNA DB repair depending on the stage of
the cell cycle during irradiation and the value of the
absorbed dose. To achieve this purpose, we used
methods of mathematical probabilistic modeling. Let us
discuss the interpretation of the following three aspects.

ON THE REPAIR OF DOUBLE-STRAND DNA
BREAKS IN IRRADIATED CELLS:

DNA double breaks (DBs) arising during the normal
replication process or under the influence of exogenous
DNA damaging agents, such as ionizing radiation, pose a
serious danger to genome stability. In the course of
evolution, eukaryotic cells developed molecular
mechanisms for the effective repair of this type of
damage [13]. However, various types of DB repair errors
can lead to different types of mutations and
chromosomal rearrangements that can induce genome
instability, carcinogenesis, or the start of the apoptosis
process — programmed cell death [14-19]. Unreported
DNA breaks, in turn, also increase the probability of
chromosomal aberrations [20, 21].

It is known that global genomic nucleotide excision
repair (NER) is one of the main ways to protect cells
from various structurally and chemically different DNA
damage. In cells of higher eukaryotes, it is a multistage
process, during which damage causing the noticeable
disruption of the DNA regular structure is recognized
and removed. The NER system of eukaryotes removes
fragments consisting of 24-32 nucleotides from the
damaged DNA chain, with the subsequent restoration of
the intact double helix using reparative synthesis and
ligation. At the beginning of the process, the damaged
DNA chain is cleaved from the 5-end (in 15-25
nucleotides from the damage site) with the formation of
a free 3'-hydroxyl group, necessary for the initiation of
reparative synthesis and the appearance of a mobile
single-strand fragment containing the damage. Then,
DNA is cleaved from the 3'-end (in 3-9 nucleotides from
the damage), completing the excision of the damaged
area [22, 23].

According to some other studies [24, 25], in prokaryotes,
NER is performed by the Uvr protein system, with the
help of which cuts are made in DNA on both sides of the
damage: extending 7 nucleotides from the 5'-end and 3-4
nucleotides from the 3'-end. Making cuts requires ATP

costs. Further, the UvrD helicase unwinds DNA between
the notches, due to which the damaged chain is released.
The synthesis of the new chain instead of the damaged
one is carried out by DNA polymerase I, although it can
be replaced by DNA polymerase 1l and Ill. In 99% of
cases with excision repair mediated by the Uvr system, a
DNA fragment of about 12 base pairs (bp) is replaced. In
1% of cases, more extended sections of about 1500 bp,
and in exceptional cases — of more than 9000 bp, are
replaced. During NER in eukaryotes, a 25-30 bp long
fragment is removed. The mechanisms that regulate the
length of the fragment being replaced (short or long) are
unknown.

Speaking about mechanisms for the repair of double-
strand DNA breaks, one can identify two main
biochemical ways of repairing nuclear genomic DNA
DBs [13]. The first is DB repair, based on homologous
recombination between sister chromatids or chromatids
of homologous chromosomes (Homologous
recombination, HR or homology directed repair, HDR)
[21, 26]. The second is DB repair by non-homologous
joining of DNA chain ends (Non-homologous end
joining, NHEJ) [27, 28].

According to the generally accepted interpretation of the
first DB repair pathway, it is considered that proteins of
the repair system help a broken strand find such a
chromatid region of the intact chromosome that is
homologous to this strand. But it remains completely
unclear how a loosely moving strand finds a homologous
region in a very strictly definite time (about 60 minutes)
[29].

Moreover, it is known that the cell contents are in a
continuous, complex circular-oscillatory motion with a
constant movement of organelles in the cytoplasmic
streams. It is believed that one of the sources of this
movement is the active contractile activity of
mitochondria and nuclei, contributing to the pulsating
movement of fluid through the cavities of these
organelles and the creation of directional flows in the
surrounding cytoplasm [30]. These data also testify
against the traditional interpretation of homology
directed DNA DB repair.

Our hypothetical approach to the issue under discussion
boils down to the following. We assume that all or
almost all functionally important DNA segments are
bounded on both sides by certain sites.

It is well known that the eukaryotic genome is divided
into a number of relatively independent functional
domains: replication units (replicons) and transcription
units (transcriptons). DNA in nucleoids is organized into
topologically closed domains (loops), the size of which
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is 10-200 kb. These loops can be directly observed in
electron-microscopic pictures of spread metaphase
chromosomes and interphase nuclei from which histones
have been removed. In these pictures, one can see some
protein structures (in the case of metaphase
chromosomes, the latter retain the shape of
chromosomes) with attached DNA loops, the contour
length of which is from 20 to 90 kb. Estimates of the
average size of DNA loops are somewhat different, but
in all cases the values obtained (20-200 kb) are
comparable with the length of replicons and
transcriptons.

According to our assumptions, the following basic
processes occur during double-strand DNA breaks.

First, DNA segments within the boundaries of the
damaged loop domain (replicon) on both sides are cut
out from the damaged DNA strand at the corresponding
sites. In this case, speaking of the removed DNA strands,
the term “DNA degradation” is often used. In the future,
the damaged strand segment is destroyed. Probably, the
degradation of the damaged strand has an analogy with
the mechanism of apoptosis, because during chromatin
degradation, as during apoptosis, DNA is destructurized
to the level of nucleosomes, followed by their use by the
cell. The restoration of the damaged strand is similar to
homologous recombination.

The accuracy of the proposed DB repair model can be
proven by the fact that the amount of DNA lost during
DB repair (DNA degradation) is approximately equal to
the amount of DNA contained in the replicon [31].

ON THE REPAIR OF DNA-PROTEIN CROSS-
LINKS:

DNA-protein cross-links are one of the most harmful and
insufficiently studied forms of DNA damage. They can
effectively block gene transcription and DNA
replication, i.e. represent a steric blockade of
transcription and replication. Cross-links are also
dangerous because they hamper the availability of DNA
repair factors and chromatin remodeling [32]. If this
damage is not properly corrected, it can lead to
mutations, genome instability, and cell death. DNA-
protein cross-links can be induced by endogenous cross-
linking agents, such as formaldehyde or acetaldehyde, as
well as ionizing radiation, environmental carcinogens,
anticancer chemotherapeutic drugs, and abortive effects
of certain enzymes [33].

It is known that the peculiarity of DNA organization in
the nucleus of eukaryotes lies in its association with
histones and non-histone proteins as part of chromatin,
and in the period of replication and transcription — with
nuclear matrix proteins. The adverse factors affecting the

cell cause the formation of covalent cross-links between
DNA and protein [34-37].

Generally, DNA-protein cross-links are formed when the
nucleotide residue in DNA forms a covalent bond with
the protein.

In vitro model experiments show that during irradiation
of chromatin solutions DNA cross-links are formed with
both histones and non-histone proteins. During v-
irradiation of cells there are cross-links with nuclear
matrix proteins; with these proteins the largest number of
cross-links are usually formed [36]. Protein cross-links
form predominantly transcriptionally active DNA
sequences.

When cells are incubated in a nutrient medium at 37°C
after y-irradiation for 1 hour, DNA is gradually released
from the DNA-protein complex. The repair of cross-
links is slower than the DNA DB repair, and a small
portion of them are still registered 2 hours after y-
irradiation of CHO cells at a dose of 50 Gy [38-41].

The formation and repair rate of DNA-protein cross-link
damage also depends on the quality of radiation. For
example, when human melanoma HMV-1 cells are
irradiated with accelerated nitrogen ions, DNA-protein
cross-links are detected 6 hours after irradiation, while
after X-ray irradiation during this period they are
completely eliminated [34, 42].

Thus, the complexity of the repair of DNA-protein cross-
links is indicated by the fact that the cell needs a longer
time for this process than for DNA DB repair.

The recovery of cross-links seems to be associated with
complex mechanisms that encompass a large number of
protein factors. Although the general pathway(s) of the
recovery of DNA-protein cross-links has not yet been
fully disclosed, some possible interpretations of the
description of this mechanism have recently arisen [43].

Hypothetically, it can be assumed that DNA DB repair is
always associated with the subsequent repair of DNA-
protein cross-links. Only with successful DNA repair,
DNA-protein cross-links are repaired successfully.
Based on this, we believe that those processes that are
traditionally called DNA-protein cross-link repair are in
fact one of the stages of the multi-stage hierarchy of
DNA DB repair pathways, which is confirmed by
Grabarz et al (2012) and Cheng et al (2011) [44, 45].
Apparently, in some cases, the implementation of DNA
DB repair requires the creation by the cell of some sort
of “supports”, or rather, additional protein structures that
keep the cell DNA from breakdown during repair. These
proteins traditionally were taken for cross-links. The
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creation of these structures requires additional time and
additional protein synthesis. After repair, this additional
protein is completely detached from the sites that define
the boundaries of those cell structures that participated in
the repair process, after which the protein is used by the
cell for other purposes.

ON THE DEPENDENCE OF THE PROBABILITY
OF THE REPAIR OF DOUBLE-STRAND DNA
BREAKS ON THE STAGE OF THE CELL CYCLE:
Radiation damage in an asynchronous population can
occur at any stage of the cell cycle. Therefore, the
duration of DB repair (repair interval) is a random
variable having a uniform distribution.

It should be emphasized that the duration of the repair
interval can take on different values, but it has a
minimum value equal to the minimum duration of the
repair of one DB under the conditions of normoxia
lasting about an hour [34, 46].

Mathematical modeling of the survival of cells affected
by photon radiation is complicated by the fact that their
radiosensitivity largely depends on the stage of the cell
cycle at which the irradiation took place. In addition, DB
repair can occur not at all stages of the cell cycle. For
example, for the stage of mitosis, in particular, the
highest radiosensitivity of cells is observed and,
presumably, there is no repair.

When an asynchronous cell population is irradiated, the
probability of irradiating any cell in a certain interval of
the cell cycle is directly proportional to the duration of
this interval, and in the case of equal intervals, the
probabilities of irradiation will be the same.

The probability of cell survival after irradiation depends
on the dose of radiation and the ability of the cell to
repair radiation damage, including, first of all, double-
strand DNA breaks. In turn, the maximum number of
DBs that can be repaired by the cell is determined by the
duration of the repair interval (i.e. it depends on the stage
of the cycle at which repair is performed). Therefore, the
probability of cell survival is a sum of the products of
the following probabilities: the probability of occurrence
of a certain number of DBs in the cell due to irradiation
and the probability of repair of all the resulting DBs in
the cell in a certain part of the cell cycle (which depends
on the maximum number of DBs that can be repaired by
the cell in this cycle). In this case, the summation
involves all the previously mentioned parts of the cell
cycle.

Let us calculate these probabilities.

Various stages of the cell cycle differ in the duration of
the repair interval, and hence, in the maximum number
of DBs that can be repaired by the cell.

There is a time interval corresponding to such a stage of
the cell cycle at which the irradiated cell does not repair
the DB, and cell survival is possible only if there is not a
single double-strand break. Let Ty be the duration of this
period of time; T — the duration of the cell cycle; and T;
— the duration of the repair interval during cell
irradiation at some stage of the cycle.

As mentioned, depending on the duration of the repair
interval, the cell has the ability to repair a different
amount of DBs.

Let T, be the repair time of one DB, and N — the
maximum number of DBs, which can be repaired by the
cell. The number N is the integer part of the expression,
calculated by the formula:

T-T
N = o 1)
Tr
As arule, the N value is not an integer.
Let T denote the value calculated by the formula:
r=T-T,-NT,. v

Since the duration of the time interval T is less than T,
during this interval the repair of not a single DB will be
complete, although this interval is related to the cycle
stage at which repair is possible. Consequently, this
interval is essentially similar to the time interval

designated above as TO- Based on this, one can

calculate the probability (ko) that the cell at the time of

irradiation is at such a stage of the cell cycle, at which
repair is either impossible, or the time required for the
repair of one DB is not sufficient.

This probability is calculated by the following formula:

K, = T, +7 | 3
T

If the cell is irradiated in a time interval with a duration
of T, starting from the moment of recovery of the cell's
ability to repair, the cell can repair the maximum number
of DBs, and this number is equal to N. If the irradiation
occurs in the later parts of the cycle, the maximum
number of DBs repaired by the cell is less than N. If the
cell is irradiated in a time interval starting from the
beginning of the recovery of the ability to repair and
having a duration of T, the maximum possible number
of DBs repaired by the cell is equal to N. In each
subsequent interval with a duration of T,, the maximum
number of DBs that can be repaired by the cell is
reduced by one.

Let kl* k2, k3,... kN be the probabilities that the

cell was irradiated at such a stage of the cycle at which
the maximum possible number of repairs was 1, 2, 3, ...
N, respectively. It is clear that
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=1 K= k=i k=1t
T T T T
Let us calculate the probabilities of forming DBs with
certain values of the absorbed dose.
As a simplifying assumption, suppose that the duration
of the repair of each DB is the same.
Let S be the survival rate (survival probability) of the
irradiated cell; D — the radiation dose (the absorbed
dose); ng — the average number of DBs, which are
additionally formed in the cell when the dose is
increased by 1 Gy; n, — the number of structural and
functional units (SFUs) of chromatin in the cell.

In this case, the value @ - N, can be called the effective
fraction of the chromatin SFU, where ¢ is the degree of
chromatin condensation during irradiation.

We will use the traditional for radiobiology assumption
that the formation of DNA DBs is described by the
Poisson distribution. Moreover, the Poisson distribution

parameter, often referred to as A, is equal to No D.

A complex issue in modeling the processes of DNA
radiation damage is the question of what is the number
of SFUs in each of the chromosomes. There is no exact
answer to this question in the literature known to us.
Therefore, it is necessary to accept the simplifying
assumption that the number of SFU is the same in each
chromosome.

It is obvious that the condition for cell survival after
irradiation is the repair of all the DBs in each of the
SFUs of each of the cell chromosomes until the cell
enters the phase of the cell cycle in which repair stops.

Calculate the survival of the irradiated cells as they
move through the stages of the cell cycle. We will start
from the moment the cell enters the stage at which repair
does not occur. In this case, the cell survives only if no
SFU is damaged in any chromosome.

Let Py be the probability of this event.

Considering that radiation damage in each SFU occurs
independently of each other, we can write down:

P = ko (EXp(_ noD))w " ()
Calculate the probabilities of cell survival for various
durations of the repair interval. Let the duration of the
repair interval be sufficient for the repair of one (and no
more) DB. At the same time, the cell survives if no more
than one DB has been formed in each SFU of the cell
(i.e. either no DB has been formed or one DB has been
formed). The above corresponds to the condition:

T <T, <2T.. ©)

Denote the probability of such an event as P;.
It is obvious that the above probability is equal to the
sum of the probabilities that in each SFU one or no DB
is formed. Then

P, =k, -(exp(-n,D)1+n,D))"™ . (7)
If irradiation occurs at such a stage of the cycle, at which
the following condition is fulfilled,

2T, <T, <3T,, (8)
then the cell survives, if, during irradiation, no more than
two DBs have been formed in each SFU. Denote the

probability of such an event as PZ- Then

2 [aun
P, =k, -(exp(— nOD{1+ n,D + nOIZD D . (9)

In general, if the cell is at the cycle stage that no more
than n DBs can be repaired in each SFU of the cell, the
probability of cell survival is calculated by the formula

P =exp(-n,D)- 1+Zn:G(nOD))I ”

i=1

(10)

Combining the obtained results of cell survival
calculations at various stages of the cell cycle, the total
(integral) value of survival S can be expressed as:

N
S=ZH.
j=0

CONCLUSIONS:

The article presents new conceptual interpretations of
mechanisms for the repair of double-strand DNA breaks
and DNA-protein cross-links, as well as a mathematical
model for estimating the probability of DNA DB repair
depending on the stage of the cell cycle during
irradiation and the value of the absorbed dose.

(11)

1. When repairing double-strand DNA breaks, DNA
segments are cut off within the boundaries of the
damaged loop domain (replicon) on both sides of the
DNA strand damage area at the corresponding sites.
In the future, the damaged strand segment is
destroyed. Probably, the degradation of the damaged
strand has an analogy with the mechanism of
apoptosis, because during chromatin degradation, as
during apoptosis, DNA is destructurized to the level
of nucleosomes, followed by their use by the cell.
The restoration of the damaged strand is similar to
homologous recombination.

2. The repair of DNA-protein cross-links is one of the
stages of the multi-stage hierarchy of DNA DB repair
pathways. Apparently, in some cases, the repair of
double-strand DNA breaks requires the creation of
additional protein structures by the cell, which
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spatially fix the damaged DNA segment of the cell
during repair. The creation of these structures
requires additional time and additional protein
synthesis. After repair, this additional protein is
completely detached from the sites that define the
boundaries of those cell structures that participated in
the repair process.

An approach has been proposed for estimating the
probability of DNA DB repair depending on the
stage of the cell cycle and on the value of the
absorbed dose, as well as the probability of survival
of the irradiated cells for different durations of the
repair interval.

The study shows the possibility of calculating the
probability that the cell at the time of irradiation is at
such a stage of the cell cycle, at which repair is either
impossible, or the time required for the repair of one
double-strand break is not sufficient.

The article calculates the probability of cell survival at
different stages of the cell cycle, when it is possible to
repair one double-strand break, no more than two
double-strand breaks, and, in general, n units of double-
strand breaks.
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