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Abstract: Approximately 3 x 1017 DNA damage events take place per hour in the human body. Within
clustered DNA lesions, they pose a serious problem for repair proteins, especially for iron-sulfur
glycosylases (MutyH), which can recognize them by the electron-transfer process. It has been found
that the presence of both 5’,8-cyclo-2’-deoxyadenosine (cdA) diastereomers in the ds-DNA structure,
as part of a clustered lesion, can influence vertical radical cation distribution within the proximal
part of the double helix, i.e., d[~ox0GcAoxoG~] (7,8-dihydro-8-oxo-2’-deoxyguaosine - “°dG). Here,
the influence of cdA, “the simplest tandem lesion”, on the charge transfer through ds-DNA was taken
into theoretical consideration at the M062x/6-31+G** level of theory in the aqueous phase. It was
shown that the presence of (5’S)- or (5'R)-cdA leads to a slowdown in the hole transfer by one order
of magnitude between the neighboring dG—°*°dG in comparison to “native” ds-DNA. Therefore,
it can be concluded that such clustered lesions can lead to defective damage recognition with a
subsequent slowing down of the DNA repair process, giving rise to an increase in mutations. As a
result, the unrepaired, ®*°dG: dA base pair prior to genetic information replication can finally result
in GC — TA or AT—CG transversion. This type of mutation is commonly observed in human cancer
cells. Moreover, because local multiple damage sites (LMSD) are effectively produced as a result of
ionization factors, the presented data in this article might be useful in developing a new scheme of
radiotherapy treatment against the background of DNA repair efficiency.

Keywords: clustered DNA damage; 5’,8-cyclo-2’-deoxyadenosines; charge transfer; glycosylases;
base excision repair; DFT

1. Introduction

Each human body cell is exposed to ionization radiation (IR), environmental factors, metabolic
processes, etc., which can lead to the formations of DNA lesions. The interaction of the above factors
with the genome gives rise to ~10° damage events per day per cell. Due to the mutual DNA damage
position, the isolated and clustered (CD) types of lesion are specified [1]. A CD is defined as two
or more lesions formed in a single helix turn [2]. IR can produce DNA damage directly by direct
energy deposit and indirectly by reactive oxygen species (ROS) generation, e.g., water ionization.
Of all ROS, the hydroxyl radical (*OH) is the most reactive. Each GC and AT base pair in ds-oligo
is hydrated by 44 and 27 H,O molecules, which form the first solvation layer [3]. As a result, due
to the *OH lifetime of ~8.7 X 10~ s and diffusion distance of 9.3 nm, which is three times larger
than a double helix turn, it can react with sugar and the base moieties of oligonucleotide and cause
different types of DNA damage [4]. The most preferred interaction of hydroxyl radical with (a)
nucleobases, is its addition reaction to double bonds and (b) hydrogen atom abstraction from a
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2-deoxyrybose moiety of nucleotides. However, the following order of hydrogen abstraction from
the sugar—phosphate backbone has been found: H5>H4'>H3’~H2'~H1’ [5]. This observation is,
therefore, well connected to their interaction order with the first ds-DNA solvation layer [6]. Moreover,
the experimental work of Chatgilialoglu et al. on the reaction of hydroxyl radicals with 2’-deoxypurines
has shown that 25% of hydrogen atom abstraction occurs on the 2-deoxyribose, 40% of which leads
to C5’ radical formation [7]. The lesion events induced by IR and by normal aerobic metabolism are
structurally similar. The modification formed independently of the source can threaten the stability and
reproducibility of genomic information. Fortunately, most DNA lesions formed in cells are removed
from the genome by various repairs. Base excision repair (BER) can be regarded as a front-line defense
that effectively removes a single/isolated DNA lesion [8]. Additionally, DNA damage formation in early
mitotic cells can lead to mitosis reversal [9]. The CDs are removed much more slowly from the genome,
depending on the damage type and its amount [10]. It has been found during the CD repair process that
a hierarchy of their subunit/component damage removal/repair exists, e.g., the apurinic/apirimidinic
site (AP) as well as single strand brake (SSB) have a negative influence on the vicinal nucleic base lesion
excision that is not removed before AP site or SSB repair [11]. This cell strategy limits the formation
of double-strand breaks (DSBs). However, DSBs that are not repaired properly can lead to a loss of
heterozygosity or chromosomal rearrangements for diploid organisms and in the case of a haploid
is frequently lethal [12]. Moreover, during local multi-damage site (LMDS) repair, the probability of
mutagenesis increases [10]. As a result, the low fidelity of repair machineries or high lesion resistance
(like (5'R)/(5’S)cdA) can lead to many different disease processes, cancer, aging, neurodegenerative
disease, etc. [13]. Of the many reviews dedicated to clustered DNA lesions published thus far, that of
Georgakilas et al. would seem to be the most valuable to the scientific audience [14]. From a medical
point of view, radiotherapy solely or radiotherapy coupled with chemotherapy is one of the most
effective anticancer treatments [15]. Due to the nature of radiation type two, Low- and High linear
energy transfer (LET) should be taken into consideration in the context of DNA lesion formation [16].
It is important to mention here that anticancer boron neutron capture therapy (BNCT) is very attractive
as a therapeutic treatment from the point of well-targeted radiotherapy with a simultaneous reduction
in side effects [17,18]. In this medicinal course of treatment, the boron carrier compound, containing
10B isotopes, after parenteral administration, reaches a higher concentration in the tumor cells than
in healthy tissue [19]. Due to the nature of 1°B, the “pro-anticancer drug” is not radioactive, and the
biostability of the boron carrier, e.g., L-boronophenylalanine, means it is nontoxic. The situation
is different when the changed tissue is radiated by low (thermal) energy neutrons that thermalize
in tissue and interact with the 1B nuclei. As a result, high linear energy transfer (LET) alpha and
lithium particles are produced, destroying the surrounding cells. Additionally, High-LET results in
the propagation of the reactive oxygen species (ROS), which can force different types of DNA lesion
formation. Therefore, DNA damage formations inside a tumor cell genome have been noticed as
the core of radiotherapy activity constructed on both Low- and High-LET radiation [20]. As shown,
the number and complexity of LMDS are proportional to the radiation dose (ionization density).
Around 90% of observed DSBs have their source in other DNA damage generated by IR [21,22].
Modified bases, such as ®*°dG, at the beginning of BER processes, are directly converted to the AP site
or single-strand break by specific glycosylates, either mono- or bi-functional. These proteins, either
solely or coupled with endonucleases, at the beginning of BER process, can convert the non-DSB
clusters to the double-strand break’s side [8]. Due to its high genotoxicity (i.e., DSB), the cell tries
to avoid their production [23,24]. To elucidate these phenomena, numerical simulations have been
used to visualize and investigate the influence of a DNA lesion on its spatial geometry as well as
to demonstrate oligonucleotide interaction with different types of repair enzymes at an atomistic
level [24-26]. The genome of a human cell contained 3x10? bases in comparison to Escherichia coli
(E. coli), which contained only ~5 x 10° [27,28].

This life code is guarded by permanently “active” repair proteins that continuously look for DNA
damage. In the classical model, glycosylases tested the hydrogen bond strengths of complementary
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bases during their journey through the double helix rails [29]. Even though the above strategy is
meticulously precise, the time needed for the whole genome to be scanned is too long to be effective
for only 30 copies of MutY and 500 of Endolll glycosylases in an E. coli cell [30]. Recently, Barton et al.
proposed a mechanism of DNA lesion searching based on charge transfer [20,31]. It is well established
that a radical cation within the double helix can migrate over 200 A away from its formation site in
both directions [32]. Based on this, proteins, such as MutyH and MutY, can effectively search for a
DNA damaged site after binding to the genome (Figure 1).

Figure 1. A schematic overview of [4Fe-4S] glycosylase (P - MutyH) DNA damage (B - °*°dG)
recognition under ds-DNA charge transfer mode (red arrow). Glycosylase in its second oxidation state
[4Fe-4S]>* binds to ds-DNA and subsequently converts to [4Fe-4S]%*. If a released e migrates, without
obstacles, through the double helix, reduction may result, and the release of a second protein attached
to the oligo. The DNA damage cation radical appearing on the CT path causes its end by B** reduction.
At this stage, P starts to migrate to the B location and recognizes and removes it. The oxidized protein
binding to the ds-DNA is ~1000 higher than for its [4Fe-4S]?* form [33].

The charge migration (CT) toward n-stacked base pairs (BP) is sensitive to its structural and
electronic changes. Voityuk [34,35] has shown that the hole migration process between stacked
base pairs in ds-DNA can take place between triplet excited states [36-38]. From this point, the
8,7-dihydro-8-oxo-2’-deoxyguanosie, which shows a lower ionization energy/potential (6.94 eV [22,39])
than its precursor dG, can easily be oxidized and constitutes an endpoint for cation radical migration,
which leads to a) protection of the rest of ds-oligo against oxidation, and b) flagging the lesion for
glycosylase movements. Of over 80 different types of DNA damage, °*°dG is the most common
(600+/— 170 per 10°nucleosides) [40]. Its level of formation depends on the genome’s exposure to
harmful factors. Consequently, it is a good marker for carcinogenesis, aging, as well as radiotherapy
treatment. At the other end of frequency scale lies (5'R)/(5'S)-cd A, for which the level was noted as
0.07/0.93 x 10° nucleosides [40]. However, the frequency of cdA depends on the source/tissue taken
into consideration, as well as the techniques used for detection [41,42]. The cdA is the product of
C5’-C8 cyclization initiated by one of the C5” proton *OH abstractions [43]. It should be pointed out
here that cdA is the simplest tandem lesion. By definition, clustered DNA damage consisting of two
continuously damaged nucleosides is referred to as tandem lesions [44]. The pioneering work of
Box suggested the possible formation of tandem lesions consisted of two adjacent modifications, e.g.,
sugar and base moieties resulting from a single free radical initiating event [45,46]. The mechanism of
5’,8-cyclo-2’-deoxypurine formation clearly shows that cdA (tandem lesion) is the single nucleoside in
which the base and sugar moieties have been modified by a single hydroxyl radical event (Figure 2) [47].
The experimental data shows that the (5'R)-cdA is formed predominantly (5’S)-cdA in the cases of free
nucleoside or single-stranded DNA, while both diastereomers are produced in similar amounts in
double-stranded DNA [48].
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Figure 2. The possible reaction path of (5'R) and (5'S) 5’,8-cyclo-2"-deoxyadenosine formation [47].

Both diastereomers of 5’,8-cyclo-2’-deoxyadenosine are a substrate for the nucleotide excision repair
(NER) system; until now, unspecified glycosylases were known for removing them. (5'R)- and (5’S)-cdA
are 40 and 150 times more slowly ejected from the genome than cis-platin adducts [49]. This indicates
that their appearance in the double helix structure constitutes a serious problem even for NER
machinery. Moreover, the long lifetime of cdAs in the genome predispose it to be a part of a clustered
lesion, especially when tissue has been exposed to IR. Conversely, to 5,8-cyclo-2’-deoxyadenosine,
a 9°dG lesion is easily repaired by BER. It should be mentioned that °*°dG is formed by a different dG
reaction, e.g., with 10, or by dG** with H,O [50]. Saito et al. have shown that dG and dG clusters
(GG, GGG, GGGG) within ds-DNA constitute the sink for the hole migration, due to their ionization
potentials (IPs) being lower than other nucleic bases [51]. The G on the 5’ site of the bunch is the more
easily ionized. Moreover, the IP of G depends strongly on the base attached to its 3"-end but only
negligibly to that on the opposite 5* OH group [52].

2. Materials and Methods

2.1. Computation Methodology of QM/MM (Quantum Mechanics/Molecular Mechanics) Studies

The geometry optimizations of ds-hexamers (Figure 3), i.e., °dG; 4DNA, RedA°*°dG; 4DNA,
and ScdA°*°dG;4DNA, were performed using QM/MM strategy [53,54]. The structures of
the mentioned systems were divided into high-HL (nucleobases, M06-2X/D95*) and low-LL
(sugar-phosphate backbone, UFF (universal force field)) levels (layers) of calculation using the
ONIOM (our own n-layered integrated molecular orbital and molecular mechanics) method [55,56].
Due to the complexity of the system, the negative charges of all the phosphate groups were neutralized
by the addition of protons. This strategy has been well documented as applicable to charge/proton
transfer for structural studies of nucleic acids [57,58] as well as being adopted for low electron migration
between base aromatic rings and a sugar-phosphate backbone [59].

The optimized nucleotide complexes (ds-hexamers) were converted to nucleobase pairs,
which were used for inter- and intrastrand interaction energy calculations. The sugar—phosphate
backbone was removed from the obtained structures, leaving suitable base pair systems with subsequent
atom saturation with the necessary hydrogen atoms. The spatial location of the hydrogen atoms added
for saturation was optimized at the M06-2X/D95* level of theory in the aqueous phase, with the position
of all other atoms frozen.

2.2. Computation Methodology of DFT Study

All energy calculations were performed in the condensed (aqueous) phase by density functional
theory (DFT) using the M06-2X functional with augmented polarized valence double-( basis set
6-31+G** [60,61]. The characterization of the transition dipole moment of excited states and the single
point calculation at the M06-2X/6-31+G** level of theory were performed using time-dependent DFT
(TD-DFT) methodology [62]. The solvent effect was described for an aqueous medium, applying
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Tomasi’s polarized continuum model (PCM) [11,63]. For all optimized structures, a charge and spin
analysis was achieved using the Hirshfeld methodology at the M06-2X/6-31+G** level [64]. The electron
coupling was calculated using the Generalized Mulliken—-Hush methodology [65]. The electronic
properties, i.e., adiabatic ionization potential (AIP), vertical ionization potential (VIP), vertical electron
attachment energy (VEAE), and nuclear relaxation energies (NER1 and NER2) were calculated as
previously described [66]. The energy (Egeometry charge) of the molecule (neutral form) is described as
Eq?, the vertical cation as Ey™*, the adiabatic cation as E4*, and the vertical neutral as E,°.

All calculations were performed in the aqueous phase on Gaussian 09 (revision A.02) software
package [67].

The three-dimensional structural analyses of the mentioned ss- and ds-DNAs, based on a standard
reference frame, were obtained by a 3DNA software package using the web-based interface w3DNA
(web 3DNA) [68].

3. Results and Discussion

Bearing in mind the above, in these studies, the influence of (5'R)- and (5’S)-cdA on (a) vicinal
9X°dG ionization potential, as well as on (b) the radical cation (hole) transfer within the double helix
were taken into consideration. To this end, three ds-oligos were chosen in which cdA is surrounded by
9X0dGs to form a single-stranded clustered damage site, as shown in Figure 3. This choice is partially
supported by the previous observation that (5’S)-cdA impacts on the BER efficiency of dU repair
in a clustered damage context [69]. In the experimental studies mentioned, it was shown that the
appearance of cdA in the structure of a single or double-stranded oligonucleotide can stop the initial
base repair enzymes activation, i.e., uracil-DNA glycosylase (UDG) and human AP-site endonuclease 1
(HAPE1) depending on the cdA diastereomeric forms. However, nothing is known about the influence
of cdA on the DNA lesion recognition process by glycosylases in the context of clustered damage.
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Figure 3. Graphical representation of ds-oligonucleotides divided into four trimes (indicated by
dashed squares): ®°dG; 4DNA (X = dA); RedA®*°dG; 4DNA; (X = (5'R)-cdA); ScdA°*°dG, 4DNA (X =
(5’'S)-cdA).

The initial spatial structures of complete °*°dG;4DNA, RcdA®°dG;4DNA, and
ScdA®*°dG, 4sDNA were optimized using the ONIOM strategy at the M062x/D95*: UFF level of
theory in a condensed phase [70,71]. The RMSD (Root Mean Square Deviation) calculation for the
suitable neutral and radical cationic forms of ds-oligonucleotides elucidated that the loss of an electron
by ScdA°*°dG; 4DNA leads to reduced geometry distortion (RMSD = 0.226A), while for X°dG, 4DNA
and RedA®°dG, 4DNA, the distortion was found to be significantly higher, i.e., 1.337A and 1.1944,
respectively. This indicates that the presence of (5’S)-cdA renders the 3D structure of the double helix
almost radical cation resistant.

The electronic parameters discussed below were calculated at the M062x/6-31+G** level of theory
in an aqueous phase for the systems in which the sugar—-phosphate backbone was removed and
replaced by hydrogen atoms in suitable nucleic base positions (N1, N9, or C8). An analysis of
the stacking energy interaction (Est) and BP ring overlap surface (Sgp) between neighboring base
pairs, and the differences between the neutral and radical cation forms of the investigated ds-oligo,
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confirms the RMSD observation. The absolute average values |[AEgt| and |ASpp| were found as
follows (in kcal/A%): ©°dG, 4DNA 1.22/3.05; Scd A®°dG, 4DNA 0.62/0.43; Red A®°dG, 4DNA 1.42/1.11,
respectively. Following the work of Rothlisberg [72] and Senthilkumar [52], the ds-oligonucleotides
presented in Figure 3 were divided into four trimes as denoted (the notification has been simplified to
the base sequence of the purine strand). Contrary to previous results, here the spatial geometry of each
ds-oligo form was fully optimized. The charge transfer through the double helix can be perceived as an
iterative superexchange or multistep hopping process [73].

Therefore, the following energy barriers of radical cation transfer can be assigned A; **°GyX3—
AX0Gy X5, X370X0G4Gs — X3X°G*4Gs, and *°GyGY5A4 — X39°°G™4Gs for all investigated hexamers,
where X = dA or (5’S)-cdA or (5'R)-cdA (Figure 3). All the calculated energies are presented in the
Supplementary Materials (Tables S1 and S2). Following the nature of the charge migration process, the
energies of the donor and acceptor were described as the sum of the energies of suitable base pairs,
extracted from an adequate hexamer, for example, a) vertical mode: the energy of donor Aj(E,"),
X0G,(Ep?), X3(Ey?) and acceptor A (Eg?), ©*°Gy(ELY), X5(Eo*), and b) adiabatic mode: the energy of
donor A;(E;*), ©°Gy(Ey?), X3(Ey?) and acceptor A; (Eg”), °Gy(E(?), X3(E4+*). The energy “barrier”
(base pair system) is described as the sum of A(E49), ©%°G,(Ey*), X3(Eo?) energies in the vertical or
A1(Ep?), @Gy (E4+ ), X53(Eo?) in the adiabatic mode. Using the above-described strategy, the barrier (AG)
for hole transfer within interlaced trimers were assigned in vertical and adiabatic modes (Figure 4) [74].
For the vertical mode, it was found that the radical cation appearing on adenine (A3) surrounded
by two 7,8-dihydro-8-oxo-guanosines (®*°G, and °*°Gy4) was able to preferably migrate to “*°Gy
(AGA3-"°Gr=-0.71eV; AGa3-"*°c4 = —0.72eV). Replacing 2’-deoxyadenine (Aj3) in the structure of
the investigated native hexamers by one of the cdA diastereomers had different results: the AG found
for (5'R)-cdA indicated a hole transfer toward ®*°G; ((AG(s5'r)-ca3— G2 = —0.70eV; AG(5'R)-cA3—> "G4
= —0.68eV), but surprisingly no difference in AGs (—0.73eV) was observed for trimers possessing
(5°S)-cdA. The charge rearrangement time in ds-oligo was estimated as 5 x 10% s™! [73]. Following
the relaxation of the ds-oligos structure, the results obtained forAGs in the adiabatic mode elucidated
for all cases independently of the nucleo-base at position 3 (A or cdA) a preference for radical cation
migration to ©°Gy.
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Figure 4. The energy barrier profile of the charge migration process through the double helix containing
clustered lesions in vertical (A) and adiabatic (B) modes, as follows: — A;19X°GA3*°G4GsA¢;
ooo A1OXOGZ(5’R)-CdA3OXOG4G5A6; - A10X0G2 (5’5)-CdA3OXOG4G5A6.

The charge transfer migration through the double helix can be described according to the Marcus
theory, which states that the rate constant (kgt) of CT depends on several factors: the structure
of m-stacks, i.e., BPs, the driving force (AF), nuclear reorganization (A), activation (E,), and the
electron-coupling (V4,) energies [75]. It is important to mention that, in this study, the triplet excitation
energy of all investigated BP dimers (stacks) was found to be the lowest (Table S2). The V4, was
calculated according to the GMH (generalized Mulliken—-Hush) strategy within the terms of the
occupied Kohn-Sham orbital method [76,77]. The charge transfer, which passes through the adiabatic
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states of donor and acceptor, is associated with the movement of internal geometries (atoms), expressed
by A in the Marcus theory. An analysis of the reorganization energies revealed a significant rise for
the ©°GyX3%°G, (X = A or (5'R)/(5'S)-cdA) systems (Table 1, Table S3). It indicated that these parts
of ds-oligo play a significant role in CT as a radical cation point of destiny. Due to the fact that kg
is strongly dependent on the distance between donor and acceptor, an influence of the cluster DNA
lesion on charge transfer in the double helix shape can be expected.

A comparison of the calculated Ky value between the base pair dimers of the discussed ds-oligo
showed that the presence of (5'R)- and (5’S)-cdA slowed down G5—*°G4 radical cation migration
by one order of magnitude more than was observed for ®*°dG,,4sDNA. The differences of influence
between both cdA diastereomers on hole transfer were well visible for X3—%°Gy (X5 = A or (5'R)-,
(5’S)-cdA). As Table 1 and Table S4 shows, the presence of (5'R)-cdA within ds-oligo leads to Kyr
increases by one order of magnitude in comparison with ScdA°*°dG, 4DNA and ®*°dG; 4DNA. These
observations indicate that cdAs appearing as part of clustered damage can lead to different biochemical
and thermodynamical results depending on the C5’ chirality. For the remaining base pair dimers of
DNAs with LMSD, the Ky, as well as A, adopts a value around zero, which suggests that this part of the
ds-oligo only plays a transfer role during the CT process. These results are further in good agreement
with the vertical (VIP) and adiabatic (AIP) ionization potentials of each base pair calculated at the same
level of theory. For this purpose, BPs were isolated from suitable forms of ds-oligos and noticed to be
either stable radical cations or vertical ones. The lowest AIPs (5.53-5.57eV) were found for °*°G4Cy in
cases of all the ds-oligos investigated. For the second pair with 7,8-dihydro-8-oxo-guanosine, the values
were higher by ~0.3eV. Due to the nature of the double helix, the PCM (polarizable continuum model)
was used in this study instead of NEPCM (nonequilibrium PCM) for vertical ionization potential
calculations [78]. The reason is two-fold: firstly, the NEPCM was validated for single nucleosides and
nucleotides that are far from the base pair dimer (stacks); secondly, the double helix interacts with the
first solvation layer only by its outer shape. Therefore, for the sake of cohesion in this study, which is
spread from base pair to ds-hexamer, the classical PCM model was used.

Table 1. The A[eV] and Kyt [s™1] of hole transfer between base pairs, calculated at the m062x/6-31+G**
level of theory in the aqueous phase.

X0qG,4DNA ScdA°*°dG, 4DNA RcdA%*°dG, 4DNA
HT System X = dA X = (5'S)cdA X = (5'R)cdA

A Kur A Kyr A Kur
A1 %G, 0.04 0.00 0.02 0.00 0.04 0.00
OX0G,y X3 0.03 0.00 0.01 0.00 0.05 0.00

X3—°%°G, 0.41 9.8 x 10° 0.38 5.65 x 10° 0.41 2.53 x 1010
0X0G, Gg 0.38 2.1 x 1014 0.37 6.95 x 1013 0.34 3.16 x 1013
Gs—Ag 0.01 0.00 0.00 0.00 0.00 0.00

In the vertical cation mode/state, the lowest calculated VIP (eV) value of base pairs was found
as follows: *°GyC; (5.94) of RedA%°dG; 4DNA, °G4Cy = *°GrCy (5.93) of ScdA°*°dG, 4DNA,
and 2°G4Cy (5.95) of ©*°dG, 4 DNA. Table S6 presents each base pair adiabatic and vertical ionization
potential extracted from ds-oligonucleotides: °*°Gj4DNA, RcdA%*°G;4DNA, ScdA°*°G;4DNA,
calculated at the M062x/6-31+G** level of theory in the aqueous phase. The negligible differences
between VIP and AIP of the remaining base pairs well support the previous observation noted for A and
Kyr. The negligible value of relaxation energy indicates that the spatial molecule structure is resistant
to charge adoption. The AIP of (5'R)-cdA3T3 base pairs was assigned as higher by 0.04eV than that
noted for VIP. The above results indicate that the electronic properties of ds-oligo change during spatial
structure accommodation (adiabatic ds-oligo mode) to an electron loss event. Moreover, the difference
between the discussed oligonucleotides with the lowest VIP field suggests that both diastereomers
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of cdA can affect the CT and lead to DNA damage recognition by [4Fe-4S] glycosylase [29] in the
context of clustered lesions. The above electronic properties are inextricably linked to spin and charge
distribution. The electron loss by ds-oligo leads to a suitable vertical cation formation with subsequent
adiabatic form adoption. Depending on the spatial geometry of the double helix, the positive charge
can migrate along the strands, in both directions, exploiting the nature of the stacked bases. For the
clustered DNA lesion, which contained exclusively ®*°Gs, in vertical and adiabatic modes, the spin and
charge mainly settled on the purine moiety of the ®*°G4C, base pair, as expected (Figure 5, Table S5).
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Figure 5. Vertical (—) as well as adiabatic (—) Hishfeld charge and spin density distribution in a
purine strand of the investigated ds-oligonucleotides; the base pair notation has been used for clarity,
(A-C) and (D-F), respectively. ®°dG; 4DNA (A,D); ScdA°*°dG; 4DNA (B,E); RedA°*°dG; 4DNA (C/F).
The whole row data is presented in Table S5.

The ©*°Gs separation by one of the cdA diastereomers leads to a different distribution pattern in
the initial state. The appearance of (5’S)-cdA forces the charge and spin density distribution over all
the components of LMDS, while (5'R)-cdA accumulates them, opposite to ©*°dG; 4DNA, exclusively at
the ©*°G,C; location. The subsequent ds-oligo structure relaxation led to the charge and spin relocation
toward ©*°G4C4 base pairs, as shown in Figure 6 (Table S5). It has been shown that the cell lifetime
of a clustered DNA lesion was significantly lengthened compared to that of an isolated lesion [2].
Moreover, the yields of mutation during a genome repair process increase and depend on the LMSD
components [79]. Based on the results presented above, it can be postulated that in the vertical mode,
DNA damage recognition by 4Fe-4S glycosylase can be affected. This is due to the fact that a radical
cation was located in a different position within the DNA clustered lesion (Figure 6). Glycosylates
were able to migrate from both sides of the clustered lesion due to the radical cation distribution over
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the ©°G(5’S)-cdA°*°G double helix part, as shown in Figure 6. In these cases, the electrons ejected
by MutYs located on the 5'-end and 3’-end of clustered damage site, for example, can be trapped by
both *°Gs radical cations. From the side of lesion detection mechanism, two glycosylases are able,
almost at the same time, to recognize both ®*°Gs and try to reach them from both helix ends. This can
result in a protein collision, due to the spatial closeness of lesions (°*°G; and °*°Gy), which leaves them
unrepaired for a long time. Furthermore, until [4Fe-4S]3* clusters are in an oxidized state, glycosylases
cannot dissociate themselves from the double helix to another part of the genome. The (5'R)-cdA
appearing between the ®°Gs localizes the radical cation on °*°G, instead of ®*°G,, as was found for
9X°G, 4-DNA (Figure 6). This can be confusing for glycosylase activity due to the presence of the
second °*°G in the preferred radical cation location, i.e., *°G4Gs. As has been noted, further double
helix relaxation gives rise to, in all the discussed molecules, a stable radical cation settled on the ©*°Gy
position. In the adiabatic state, no differences in the DNA damage recognition process should be
observed for °dG; 4DNA, RedA®*°dG; 4DNA, and ScdA®*°dG, 4DNA. However, based on previous
studies [69], by analogy, it can be expected that ®*°G appearing on the 5-end site of (5’S)- or (5'R)-cdA
means the discussed clustered lesion is undigested, leading to the BER machinery stopping before
it can properly begin. Therefore, the efficiency and quality of the impact of clustered DNA damage
formation during radiotherapy should be taken into consideration in the light of its influence on DNA
repair processes.

ey S . = &8

A3T; _ﬁ !5'..(5-5)-ch ﬁ @ (5'R)-cdA

0X0G,C, * A é
GsCs / /

@
AcTs — ,&/ / = ~

——%dG, sDNA—— | —ScdA°*°dG;4sDNA——  —RcdA**°dG,,4DNA——

&\

Figure 6. Graphical representation of spin density distribution for the vertical radical cation form of
ds-oligos.

4. Conclusions

The appearance of one of the cdA diastereomers in a clustered DNA damage structure as
part of the °GyX3%°Gy (X3 = (5'R)-cdA or (5'S)-cdA) sequence gives rise to various significant
consequences of charge transfer. Firstly, a change in the energy barrier for radical cation migration,
i.e., (5’R)-cdA, elucidates a preferential transfer toward 7,8-dihydro-8-oxo-2’-deoxyguanosie located
on its 5’-end, while for (5’S)-cd A, no references were noted for damage positioned on the 5-end and
3’-end. Subsequently, for ©°Gs separated by dA, the lowest barrier was found for hole hopping toward
the 3’-end “*°G. Secondly, for the CT in the vertical mode, the lowest vertical ionization potential
was found as follows: for °G; of RedA®°G, sDNA, *°Gy/**°Gy of Scd A®°G, 4)DNA, and °*°Gy of
X°G, 4DNA. No differences were observed in the adiabatic radical cation ds-oligos state, i.e., *°Gy
always adopted the lowest AIP value. Thirdly, the presence of (5'S)- or (5'R)-cdA in LMDS leads to a
slowdown of the hole transfer by one order of magnitude between the neighboring dG;—*°dGy in
comparison to “native” ds-DNA. Therefore, this type of clustered lesion can cause defective damage
recognition by [4Fe-4S] glycosylases and a reversal of the DNA repair process with the subsequent
possibility of mutation production. Moreover, as local multiple damage sites are effectively produced
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by ionization factors, the presented results can be useful for a new scheme of radiotherapy treatment
in the context of DNA repair efficiency.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/2/424/s1,
Figure S1: Graphical representation of electron movement during the hole transfer process of the investigated
ds-oligonucleotides, Table S1: The energy barriers (in eV) for radical cation migration between base pairs
within trimers. Vertical mode, i.e., the energies of each base pair’s radical cation, which were calculated for
their neutral geometry. Adiabatic mode i.e., the energies of each base pair’s radical cation were calculated for
their cation geometry. Arrows indicate direction of Hole Transfer from one base pair to another e.g., A" - G
calculate at the M062X/D95*//M062x/6-31+G** level of theory in the aqueous phase, Table S2. The energies (in
Hartree) of Neural, Vertical Cation, Adiabatic Cation and Vertical Neutral forms of base pairs extracted from
ds-oligonucleotides calculated at the M062x/D95%//M062x/6-31+G** level of theory in the aqueous phase, Table S53:
The nuclear relaxation energy, energy barrier G, activation energy E,, hole transfer rate constant Ky, and electron
coupling energies V, calculated at the M062X/D95%//M062x/6-31+G** level of theory in the aqueous phase,
Table S4: The Ground and Excitation state energies and Excitation and HOMO energies as well as corresponding
Dipole Moments (Ground Excitation and Transition) of base pair dimers extracted from ds-oligonucleotides,
calculated at the M062x/D95%//M062x/6-31+G** level of theory in the aqueous phase using the DFT or TD-DFT
methodology, Table S5 Hirshfeld charge and spin distribution in the shape of ds-oligonucleotides “*°G, 4sDNA,
RcdA%°G; 4DNA, ScdA®*°G, 4DNA, only nucleosides bases were taken into consideration, calculated at the
M062X/D95%//M062x/6-31+G** level of theory in the aqueous phase, Table S6: Base pair Adiabatic (AIP) and Vertical
(VIP) Ionisation Potential extracted from ds-oligonucleotides: ®°G, 4DNA, RedA°G; 4DNA, ScdA°*°G, 4DNA,
calculated at the M062X/D95*//M062x/6-31+G** level of theory in the aqueous phase, Table S7: Energies (in
Hartree) of Neutral, Vertical Cation, Adiabatic Cation and Vertical Neutral forms of ds-trimers extracted from
ds-oligonucleotides calculated at the M062x/D95*//M062x/6-31+G** level of theory in the aqueous phase, Table S8:

Root-Mean-Square Deviation of atomic positions (RMSD) in A, calculated for ds-oligonucleotides in their Neutral

and Cationic forms, Table S9: Aromatic ring overlaps (in A?) of base pair dimers extracted from ds-oligonucleotides.
Geometries, optimized at the M062x/D95* level of theory in the aqueous phase, Table S10: Stacking Energy Est
of base pair dimers extracted from ds-oligonucleotides, calculated at the M062x/D95*//M062x/6-31+G** level of
theory in the aqueous phase using.

Funding: This study was supported by the Medical University of Lodz (503/3-045-02/503-31-002), National Science
Center, Poland (Grant No. 2016/23/B/NZ7/03367), and in part by PL-Grid infrastructure (Prometheus, ACC
Cyfronet AGH).

Conflicts of Interest: The author declares no conflict of interest.

References

1.  Hakem, R. DNA-damage repair; the good, the bad, and the ugly. EMBO ]. 2008, 27, 589-605. [CrossRef]
[PubMed]

2. Eccles, LJ.; O'Neill, P; Lomax, M.E. Delayed repair of radiation induced clustered DNA damage: Friend or
foe? Mutat. Res. 2011, 711, 134-141. [CrossRef] [PubMed]

3. Albiser, G.; Lamiri, A.; Premilat, S. The A-B transition: Temperature and base composition effects on
hydration of DNA. Int. J. Biol. Macromol. 2001, 28, 199-203. [CrossRef]

4. Terato, H.; Ide, H. Clustered DNA damage induced by heavy ion particles. Biol. Sci. Space. 2004, 18, 206-215.
[CrossRef] [PubMed]

5. Sy, D, Savoye, C.; Begusova, M.; Michalik, V.; Charlier, M.; Spotheim-Maurizot, M. Sequence-dependent
variations of DNA structure modulate radiation-induced strand breakage. Int. J. Radiat. Biol. 1997, 72,
147-155. [PubMed]

6. Kumar, A.; Pottiboyina, V.; Sevilla, M.D. One-Electron Oxidation of Neutral Sugar Radicals of
2’-Deoxyguanosine and 2’-Deoxythymidine: A Density Functional Theory (DFT) Study. J. Phys. Chem. B.
2012, 116, 9409-9416. [CrossRef]

7. Boussicault, E; Kaloudis, P.; Caminal, C.; Mulazzani, Q.G.; Chatgilialoglu, C. The fate of C5’ radicals of
purine nucleosides under oxidative conditions. J. Am. Chem. Soc. 2008, 130, 8377-8385. [CrossRef]

8. Kim, Y.J.; Wilson III, D.M. Overview of base excision repair biochemistry. Curr. Mol. Pharmacol. 2012, 5, 3-13.
[CrossRef]

9.  Murray, ].M,; Carr, A.M. Integrating DNA damage repair with the cell cycle. Curr. Opin. Cell Biol. 2018, 52,
120-125. [CrossRef]


http://www.mdpi.com/2073-4409/9/2/424/s1
http://dx.doi.org/10.1038/emboj.2008.15
http://www.ncbi.nlm.nih.gov/pubmed/18285820
http://dx.doi.org/10.1016/j.mrfmmm.2010.11.003
http://www.ncbi.nlm.nih.gov/pubmed/21130102
http://dx.doi.org/10.1016/S0141-8130(00)00160-4
http://dx.doi.org/10.2187/bss.18.206
http://www.ncbi.nlm.nih.gov/pubmed/15858387
http://www.ncbi.nlm.nih.gov/pubmed/9269307
http://dx.doi.org/10.1021/jp3059068
http://dx.doi.org/10.1021/ja800763j
http://dx.doi.org/10.2174/1874467211205010003
http://dx.doi.org/10.1016/j.ceb.2018.03.006

Cells 2020, 9, 424 11 0f 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.
30.

31.

Sage, E.; Harrison, L. Clustered DNA lesion repair in eukaryotes: Relevance to mutagenesis and cell survival.
Mutat Res. 2011, 711, 123-133. [CrossRef]

Lomax, M.E.; Cunniffe, S.; O'Neill, P. 8-OxoG retards the activity of the ligase III/XRCC1 complex during the
repair of a single-strand break, when present within a clustered DNA damage site. DNA Repair. 2004, 3,
289-299. [CrossRef] [PubMed]

Cannan, W.J.; Pederson, D.S. Mechanisms and Consequences of Double-Strand DNA Break Formation in
Chromatin. J. Cell Physiol. 2016, 231, 3-14. [CrossRef] [PubMed]

Houck, A.L.; Seddighi, S.; Driver, J.A. At the Crossroads Between Neurodegeneration and Cancer: A Review
of Overlapping Biology and Its Implications. Curr. Aging Sci. 2018, 11, 77-89. [CrossRef] [PubMed]
Georgakilas, A.G.; O'Neill, P; Stewart, R.D. Induction and Repair of Clustered DNA Lesions: What Do We
Know So Far? Radiat. Res. 2013, 180, 100-109. [CrossRef] [PubMed]

Chen, HH.W.,; Kuo, M.T. Improving radiotherapy in cancer treatment: Promises and challenges. Oncotarget
2017, 37, 62742-62758. [CrossRef] [PubMed]

Pouget, ].-P,; Frelon, S.; Ravanat, J.-L.; Testard, I.; Odin, F.; Cadet, ]. Formation of Modified DNA Bases in
Cells Exposed either to Gamma Radiation or to High-LET Particles. Radiat Res. 2002, 157, 589-595. [CrossRef]
Savolainen, S.; Kortesniemi, M.; Timonen, M.; Reijonen, V.; Kuusela, L.; Uusi-Simola, J.; Salli, E.; Koivunoro, H.;
Seppala, T.; Lonnroth, N.; et al. Boron neutron capture therapy (BNCT) in Finland: Technological and
physical prospects after 20 years of experiences. Phys. Medica. 2013, 29, 233-248. [CrossRef]

Sauerwei, W.A.G. Principles and Roots of Neutron Capture Therapy: In Neutron Capture Therapy Principles and
Applications., 1st ed.; Sauerwein, W., Wittig, A., Moss, R., Nakagawa, Y., Eds.; Springer: Berlin/Heidelberg,
Germany, 2012; pp. 1-16.

Kankaanranta, L.; Seppéld, T.; Koivunoro, H.; Saarilahti, K.; Atula, T.; Collan, J.; Salli, E.; Kortesniemi, M.;
Uusi-Simola, J.; Vélimaki, P; et al. Boron Neutron Capture Therapy in the Treatment of Locally Recurred
Head-and-Neck Cancer: Final Analysis of a Phase I/II Trial. Int. |. Radiat Onc. Biol. Phys. 2012, 82, 67-75.
[CrossRef]

Minchom, A.; Aversa, C.; Lopez, ]J. Dancing with the DNA damage response: Next-generation anti-cancer
therapeutic strategies. Ther. Adv. Med. Oncol. 2018, 10, 1-18. [CrossRef]

Nikjoo, H.; O’Neill, P.; Wilson, W.E.; Goodhead, D.T. Computational approach for determining the spectrum
of DNA damage induced by ionizing radiation. Radiat Res. 2001, 156, 577-583. [CrossRef]

Sutherland, B.M.; Bennett, P.V.; Sidorkina, O.; Laval, J. Clustered Damages and Total Lesions Induced in DNA
by Ionizing Radiation: Oxidized Bases and Strand Breaks. Biochemistry. 2000, 39, 8026-8031. [CrossRef]
[PubMed]

Han, W.; Yu, K.N. Ionizing Radiation, DNA Double Strand Break and Mutation. In Advances in Genetics
Research; Urbano, K.V., Ed.; Nova Science Publishers, Inc.: New York, USA, 2010; Volume 4, pp. 1-13.
Jeggo, P.A.; Lobrich, M. DNA double-strand breaks: Their cellular and clinical impact? Oncogene 2007, 26,
7717-7719. [CrossRef] [PubMed]

Bignon, E.; Gattuso, H.; Morell, C.; Dehez, E.; Georgakilas, A.G.; Monari, A.; Dumont, E. Correlation of
bistranded clustered abasic DNA lesion processing with structural and dynamic DNA helix distortion.
Nucleic Acids Res. 2016, 44, 8588-8599. [CrossRef] [PubMed]

MacKerell, A.D., Jr.; Nilsson, L. Theoretical Studies of Nucleic Acids and Nucleic Acid-Protein Complexes
using Charmm. In Computational Studies of RNA and DNA; Sporen, J., Lankas, F., Eds.; Springer: Dordrecht,
The Netherlands, 2006; p. 7394.

Olson, M.V. The human genome project. Proc. Nat. Acad. Sci. USA 1993, 90, 4338-4344. [CrossRef] [PubMed]
Blattner, ER.; Plunkett 3rd, G.; Bloch, C.A ; Perna, N.T,; Burland, V.; Riley, M.; Collado-Vides, J.; Glasner, ].D.;
Rode, C.K.; Mayhew, G.F; et al. The complete genome sequence of Escherichia coli K-12. Science 1997, 277,
1453-1462. [CrossRef] [PubMed]

Jacobs, A.L.; Schir, P. DNA glycosylases: In DNA repair and beyond. Chromosoma 2012, 121, 1-20. [CrossRef]
Fromme, ].C.; Banerjee, A.; Huang, S.J.; Verdine, G.L. Structural basis for removal of adenine mispaired with
8-oxoguanine by MutY adenine DNA glycosylase. Nature 2004, 427, 652-656. [CrossRef]

Merino, E.J.; Boal, A.K,; Barton, ].K. Biological contexts for DNA charge transport chemistry. Curr. Opin.
Chem. Biol. 2008, 12, 229-237. [CrossRef]


http://dx.doi.org/10.1016/j.mrfmmm.2010.12.010
http://dx.doi.org/10.1016/j.dnarep.2003.11.006
http://www.ncbi.nlm.nih.gov/pubmed/15177044
http://dx.doi.org/10.1002/jcp.25048
http://www.ncbi.nlm.nih.gov/pubmed/26040249
http://dx.doi.org/10.2174/1874609811666180223154436
http://www.ncbi.nlm.nih.gov/pubmed/29552989
http://dx.doi.org/10.1667/RR3041.1
http://www.ncbi.nlm.nih.gov/pubmed/23682596
http://dx.doi.org/10.18632/oncotarget.18409
http://www.ncbi.nlm.nih.gov/pubmed/28977985
http://dx.doi.org/10.1667/0033-7587(2002)157[0589:FOMDBI]2.0.CO;2
http://dx.doi.org/10.1016/j.ejmp.2012.04.008
http://dx.doi.org/10.1016/j.ijrobp.2010.09.057
http://dx.doi.org/10.1177/1758835918786658
http://dx.doi.org/10.1667/0033-7587(2001)156[0577:CAFDTS]2.0.CO;2
http://dx.doi.org/10.1021/bi9927989
http://www.ncbi.nlm.nih.gov/pubmed/10891084
http://dx.doi.org/10.1038/sj.onc.1210868
http://www.ncbi.nlm.nih.gov/pubmed/18066083
http://dx.doi.org/10.1093/nar/gkw773
http://www.ncbi.nlm.nih.gov/pubmed/27587587
http://dx.doi.org/10.1073/pnas.90.10.4338
http://www.ncbi.nlm.nih.gov/pubmed/8506271
http://dx.doi.org/10.1126/science.277.5331.1453
http://www.ncbi.nlm.nih.gov/pubmed/9278503
http://dx.doi.org/10.1007/s00412-011-0347-4
http://dx.doi.org/10.1038/nature02306
http://dx.doi.org/10.1016/j.cbpa.2008.01.046

Cells 2020, 9, 424 12 of 14

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Henderson, P.T,; Jones, D.; Hampikian, G.; Kan, Y.Z.; Schuster, G.B. Long-distance charge transport in duplex
DNA: The phonon-assisted polaron-like hopping mechanism. Proc. Natl. Acad. Sci. USA 1999, 96, 8353-8358.
[CrossRef]

Sontz, P.A.; Mui, T.P; Fuss, ].O.; Tainer, ].A.; Barton, ].K. DNA charge transport as a first step in coordinating
the detection of lesions by repair proteins. Proc. Nat. Acad. Sci. USA 2012, 109, 1856-1861. [CrossRef]
Blancafort, L.; Voityuk, A.A. Thermally induced hopping model for long-range triplet excitation energy
transfer in DNA. Phys. Chem. Chem. Phys. 2018, 20, 4997-5000. [CrossRef] [PubMed]

Curutchet, C.; Voityuk, A.A. Triplet-triplet energy transfer in DNA: A process that occurs on the nanosecond
timescale. Angew. Chem. Int. Ed. 2011, 50, 1820-1822. [CrossRef] [PubMed]

Crespo-Hernandez, C.E.; Cohen, B.; Hare, PM.; Kohler, B. Ultrafast Excited-State Dynamics in Nucleic Acids.
Chem. Rev. 2004, 104, 1977-2020. [CrossRef]

Gut, I.G.; Wood, P.D.; Redmond, R.W. Interaction of Triplet Photosensitizers with Nucleotides and DNA in
Aqueous Solution at Room Temperature. J. Am. Chem. Soc. 1996, 118, 2366-2373. [CrossRef]

Eisinger, J.; Lamola, A.A. The excited states of nucleic acids. In Excited States of Proteins and Nucleic Acids.;
Steiner, R.F., Weinryb, I, Eds.; Springer: New York, NY, USA, 1971; pp. 107-198.

Palivec, V.; Pluharova, E.; Unger, I.; Winter, B.; Jungwirth, P. DNA Lesion Can Facilitate Base Ionization:
Vertical Ionization Energies of Aqueous 8-Oxoguanine and its Nucleoside and Nucleotide. |. Phys. Chem. B
2014, 118, 13833-13837. [CrossRef]

Guerrero, C.R.; Wang, J.; Wang, Y. Induction of 8,5'-cyclo-2"-deoxyadenosine and 8,5"-cyclo-2’-deoxyguanosine
in isolated DNA by Fenton-type reagents. Chem. Res. Toxicol. 2013, 26, 1361-1366. [CrossRef] [PubMed]
Chatgilialoglu, C.H.; Ferreri, C.; Geacintov, N.E.; Krokidis, M.G.; Liu, Y.; Masi, A.; Shafirovich, V,;
Terzidis, M.A.; Tsegay, P.S. 5",8-Cyclopurine lesions in DNA damage: Chemical, analytical, biological,
and diagnostic significance. Cells 2019, 8, 1-34. [CrossRef]

Cadet, J.; Di Mascio, P.; Wagner, J.R. (5’R)-and (5’S)-purine 5',8-cyclo-2’-deoxyribonucleosides: Reality or
artifactual measurements? A reply to Chatgilialoglu’s comments (this issue). Free. Radic. Res. 2019, 53,
1014-1018. [CrossRef]

Karwowski, B.T. Formation of 5,8-cyclo-2’-deoxyadenosine in single strand DNA. Theoretical quantum
mechanics study. Org. Biomol. Chem. 2010, 7, 1603-1609. [CrossRef]

Imoto, S.; Bransfield, L.A.; Croteau, D.L.; Van Houten, B.; Greenberg, M.M. DNA tandem lesion repair by
strand displacement synthesis and nucleotide excision repair. Biochemistry 2008, 47, 4306—4316. [CrossRef]
Paul, C.R.; Budzinski, E.E.; Maccubbin, A.; Wallace, J.C.; Box, H.C. Characterization of radiation- induced
damage in d(TpApCpG). Int. J. Radiat. Biol. 1990, 58, 759-768. [CrossRef] [PubMed]

Bourdat, A.-G.; Douki, T.; Frelon, S.; Gasparutto, D.; Cadet, ]. Tandem base lesions are generated by hydroxyl
radical within isolated DNA in aerated aqueous solution. . Am. Chem. Soc. 2000, 122, 4549-4556. [CrossRef]
Karwowski, B.T.; Grand, A.; Cadet, J. 5,8-Cyclo-2’-deoxyadenosine (cdA) formation by y-radiation.
Theoretical quantum mechanics study. Acta Biochim. Pol. 2009, 56, 655-662. [CrossRef]

Dickerson, M.-L.; Blakely, EW.; Holwitt, E.; Dizdaroglu, M. Effect of DNA Conformation on the hydroxyl
radical-induced formation of 8,5'-cyclopurine 2’-deoxyribonucleoside residues in DNA. Int. |. Radiat. Biol.
1988, 54, 195-204. [CrossRef]

Kuraoka, L; Bender, C.; Romieu, A.; Cadet, J.; Wood, R.D.; Lindahl, T. Removal of oxygen free-radical-induced
5,8-purine cyclodeoxynucleosides from DNA by the nucleotide excision-repair pathway in human cells.
Proc Natl. Acad. Sci. USA 2000, 97, 3832-3837. [CrossRef] [PubMed]

Von Sonntag, C. Nucleobases, Nucleosides and Nucleotides. In Free-Radical-Induced DNA Damage and Its
Repair A Chemical Perspective; Springer: Berlin/Heidelberg, Germany, 2006; pp. 211-334.

Sugiyama, H.; Saito, I. Theoretical studies of GG-specific photocleavage of DNA via electron transfer:
Significant lowering of ionization potential and 5’-localization of HOMO of stacked GG bases in B-form
DNA. J. Am. Chem. Soc. 1996, 118, 7063-7068. [CrossRef]

Senthilkumar, K.; Grozema, F.C.; Fonseca Guerra, C.; Bickelhaupt, EM.; Siebbeles, L.D.A. Mapping the Sites
for Selective Oxidation of Guanines in DNA. . Am. Chem. Soc. 2003, 125, 13658-13659. [CrossRef]

Lin, H.; Truhlar, D.G. QM/MM: What have we learned, where are we, and where do we go from here? Theor.
Chem. Acc. 2007, 117, 185-199. [CrossRef]


http://dx.doi.org/10.1073/pnas.96.15.8353
http://dx.doi.org/10.1073/pnas.1120063109
http://dx.doi.org/10.1039/C7CP07811K
http://www.ncbi.nlm.nih.gov/pubmed/29387844
http://dx.doi.org/10.1002/anie.201004732
http://www.ncbi.nlm.nih.gov/pubmed/21328647
http://dx.doi.org/10.1021/cr0206770
http://dx.doi.org/10.1021/ja9519344
http://dx.doi.org/10.1021/jp5111086
http://dx.doi.org/10.1021/tx400221w
http://www.ncbi.nlm.nih.gov/pubmed/23961697
http://dx.doi.org/10.3390/cells8060513
http://dx.doi.org/10.1080/10715762.2019.1667992
http://dx.doi.org/10.1039/b920373g
http://dx.doi.org/10.1021/bi7021427
http://dx.doi.org/10.1080/09553009014552141
http://www.ncbi.nlm.nih.gov/pubmed/1977820
http://dx.doi.org/10.1021/ja994282i
http://dx.doi.org/10.18388/abp.2009_2499
http://dx.doi.org/10.1080/09553008814551631
http://dx.doi.org/10.1073/pnas.070471597
http://www.ncbi.nlm.nih.gov/pubmed/10759556
http://dx.doi.org/10.1021/ja9609821
http://dx.doi.org/10.1021/ja037027d
http://dx.doi.org/10.1007/s00214-006-0143-z

Cells 2020, 9, 424 13 of 14

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

Mayhall, N.J.; Raghavachari, K. Charge transfer across ONIOMQM: QM boundaries: The impact of model
system preparation. J. Chem. TheoryComput. 2010, 6, 3131-3136.

Chung, W.A.; Sameera, W.M.C.; Ramozzi, R.; Page, A.].; Hatanaka, M.; Petrova, G.P,; Harris, T.V,; Li, X,;
Ke, Z; Liu, E; et al. The ONIOM Method and Its Applications. Chem. Rev. 2015, 115, 5678-5796. [CrossRef]
Lin, H.; Truhlar, D.G. Redistributed charge and dipole schemes for combined quantum mechanical and
molecular mechanical calculations. J. Phys. Chem. A. 2005, 109, 3991-4004. [CrossRef] [PubMed]

Gu, J.; Xie, Y.; Schaefer, H.E, 3rd. Electron attachment to nucleotides in aqueous solution. Chem. Phys. Chem.
2006, 7, 1885-1887. [CrossRef] [PubMed]

Gu, J.; Xie, Y.; Schaefer, H.F, 3rd. Electron attachment to DNA single strands: Gas phase and aqueous
solution. Nucleic Acids Res. 2007, 35, 5165-5172. [CrossRef] [PubMed]

Gu, J.; Wang, L.J. Electron attachment-induced DNA single-strand breaks at the pyrimidine sites. Nucleic
Acids Res. 2010, 38, 5280-5290. [CrossRef]

Zhao, Y.; Pu, J.; Lynch, B.].; Truhlar, D.G. Tests of second-generationand third-generation density functionals
for thermochemical kinetics. Phys. Chem. Chem. Phys. 2004, 6, 673-676. [CrossRef]

Davidson, E.R.; Feller, D. Basis set selection for molecular calculations. Chem. Rev. 1986, 86, 681-696.
[CrossRef]

Runge, E.; Gross, E.K. Density-Functional Theory for Time-Dependent Systems. Phys. Rev. Lett. 1984, 2,
997-1000. [CrossRef]

Miertus, S.; Tomasi, ]. Approximate evaluations of the electrostatic freeenergy and internal energy changes
in solution processes. Chem. Phys. 1982, 65, 239-245. [CrossRef]

Marenich, A.V.; Jerome, S.V.; Cramer, C.J.; Truhlar, D.G. Charge Model5: An extension of Hirshfeld population
analysis for the accurate description of molecular interactions in gaseous and condensed phases. J. Chem.
Theory Comput. 2012, 8, 527-541. [CrossRef]

Cave, R.J.; Newton, M.D. Generalization of the Mulliken-Hush treatmentfor the calculation of electron
transfer matrix elements. Chem. Phys. Lett. 1996, 249, 15-19. [CrossRef]

Karwowski, B.T. The influence of phosphorothioate on charge migration in single and double stranded DNA:
A theoretical approach. Phys. Chem. Chem. Phys. 2015, 17, 21507-21516. [CrossRef] [PubMed]

Frisch, M.].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, ].R.; Scalmani, G.; Barone, V.;
Mennucci, B.; Petersson, G.A.; et al. Gaussian 09, Revision, A.02; Gaussian Inc.: Wallingford, CT, USA, 2009.
Zheng, G.; Lu, X.J.; Olson, W.K. Web 3DNA-a web server for the analysis, reconstruction, and visualization
of three-dimensional nucleic-acid structures. Nucleic Acids Res. 2009, 37, W240-W246. [CrossRef] [PubMed]
Karwowski, B.T. The Influence of (5'R)- and (5’S)-5’,8-Cyclo-2"-Deoxyadenosine on UDG and hAPE1 Activity.
Tandem Lesions are the Base Excision Repair System’s Nightmare. Cells 2019, 8, 1303. [CrossRef] [PubMed]
Dapprich, S.; Komaromi, I.; Byun, K.S.; Morokuma, K.; Frisch, M.J. A new ONIOM implementation
inGaussian98. Part, I. The calculation of energies, gradients, vibrational frequencies and electric field
derivatives. J. Mol. Struct. 1999, 462, 1-21. [CrossRef]

Zhao, Y.; Truhlar, M. Design of density functionals that are broadly accurate for thermochemistry,
thermochemical kinetics, and nonbonded interactions. J. Phys. Chem. A 2005, 109, 5656-5667. [CrossRef]
[PubMed]

Diamantis, P.; Tavernelli, I.; Rothlisberger, U. Vertical Ionization Energies and Electron Affinities of Native
and Damaged DNA Bases, Nucleotides, and Pairs from Density Functional Theory Calculations: Model
Assessment and Implications for DNA Damage Recognition and Repair. |. Chem. Theory Comput. 2019, 15,
2042-2052. [CrossRef] [PubMed]

Kawai, K.; Majima, T. Hole Transfer Kinetics of DNA. Acc. Chem. Res. 2013, 46, 2616-2625. [CrossRef]
Karwowski, B.T. The AT Interstrand Cross-Link: Structure, Electronic Properties, and Influence on Charge
Transfer in ds-DNA. Mol. Therapy Nucleic Acids 2018, 13, 665-685. [CrossRef]

Marcus, R.A. Electron transfer reactions in chemistry theory and experiment. J. Electroanal. Chem. 1997, 438,
251-259. [CrossRef]

Rust, M.; Lappe, J.; Cave, R.J. Multistate effects in calculations of the electronic coupling element for electron
transfer using the generalized Mulliken-Hush method. J. Phys. Chem. A. 2002, 106, 3930-3940. [CrossRef]
Dreuw, A.; Head-Gordon, M. Single-reference ab initio methods for the calculation of excited states of large
molecules. Chem. Rev. 2005, 105, 4009-4037. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/cr5004419
http://dx.doi.org/10.1021/jp0446332
http://www.ncbi.nlm.nih.gov/pubmed/16833721
http://dx.doi.org/10.1002/cphc.200600294
http://www.ncbi.nlm.nih.gov/pubmed/16915601
http://dx.doi.org/10.1093/nar/gkm135
http://www.ncbi.nlm.nih.gov/pubmed/17660189
http://dx.doi.org/10.1093/nar/gkq304
http://dx.doi.org/10.1039/b316260e
http://dx.doi.org/10.1021/cr00074a002
http://dx.doi.org/10.1103/PhysRevLett.52.997
http://dx.doi.org/10.1016/0301-0104(82)85072-6
http://dx.doi.org/10.1021/ct200866d
http://dx.doi.org/10.1016/0009-2614(95)01310-5
http://dx.doi.org/10.1039/C5CP01382H
http://www.ncbi.nlm.nih.gov/pubmed/26219639
http://dx.doi.org/10.1093/nar/gkp358
http://www.ncbi.nlm.nih.gov/pubmed/19474339
http://dx.doi.org/10.3390/cells8111303
http://www.ncbi.nlm.nih.gov/pubmed/31652769
http://dx.doi.org/10.1016/S0166-1280(98)00475-8
http://dx.doi.org/10.1021/jp050536c
http://www.ncbi.nlm.nih.gov/pubmed/16833898
http://dx.doi.org/10.1021/acs.jctc.8b00645
http://www.ncbi.nlm.nih.gov/pubmed/30681847
http://dx.doi.org/10.1021/ar400079s
http://dx.doi.org/10.1016/j.omtn.2018.10.014
http://dx.doi.org/10.1016/S0022-0728(97)00091-0
http://dx.doi.org/10.1021/jp0142886
http://dx.doi.org/10.1021/cr0505627
http://www.ncbi.nlm.nih.gov/pubmed/16277369

Cells 2020, 9, 424 14 of 14

78. Cauet, E.; Valiev, M.; Weare, ]J.H. Vertical ionization potentials of nucleobases in a fully solvated DNA
environment. J. Phys. Chem. B 2010, 114, 5886-5894. [CrossRef] [PubMed]

79. Georgakilas, A.G. Processing of DNA damage clusters in human cells: Current status of knowledge. Mol.
BioSyst. 2008, 4, 30-35. [CrossRef] [PubMed]

® © 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1021/jp9120723
http://www.ncbi.nlm.nih.gov/pubmed/20394358
http://dx.doi.org/10.1039/B713178J
http://www.ncbi.nlm.nih.gov/pubmed/18075671
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Computation Methodology of QM/MM (Quantum Mechanics/Molecular Mechanics) Studies 
	Computation Methodology of DFT Study 

	Results and Discussion 
	Conclusions 
	References

