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Electron induced single strand break and cyclization: a DFT study on the

radiosensitization mechanism of the nucleotide of 8-bromoguanine
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Abstract:

Cleavage of the O-P bond in 8-bromo-2’-deoxyguanosine-3’,5’-diphosphate (BrdGDP),
considered as a model of single strand break (SSB) in labelled double-stranded DNA (ds DNA),
is investigated at the B3LYP/6-31++G(d,p) level. The thermodynamic and kinetic characteristics
of the formation of SSB are compared to those related to the 5°,8-cycloguanosine lesion. A first
reaction step, common to both damage types, which is the formation of the reactive guanyl
radical, proceeds with a barrier-free or low-barrier release of the bromide anion. The guanyl
radical is then stabilized by hydrogen atom transfer from the C3’ or C5’ sites of the 2’-
deoxyribose moiety to its C8 center. The C3” path, via the O-P bond cleavage, leads to a ketone

derivative (the SSB model), while the C5’ path is more likely to yield 5°,8-cycloguanosine.
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1. Introduction

While cancer is one of the most frequent reasons of death in human population,
radiotherapy is one of the most common modality for cancer treatment. Indeed, more than fifty
percent of cancer patients receive radiotherapy.' The most important target for ionizing radiation
(IR), as concerns cell killing, is DNA. IR, absorbed by cytoplasm or membrane of eukaryotic
cells causes only little lethal damage, while as soon as high energy photons reach the nucleus a
spectacular increase of cellular death is noticed.? However, due to efficient DNA repair
mechanisms® and hypoxia conditions in cancer cells,® an effective radiotherapy requires
relatively high doses of IR which may lead to many side effects, including a secondary cancer.*
This situation calls for applications of radiosensitizers — substances, which are able to increase

DNA damage caused by a given dose of high energy radiation in cancer cells.

Surprisingly, the number of radiosensitizers currently employed in the clinical practice, is
not very high,® which suggests a room for novel potential radiotherapy enhancers.® To rationally
design them and predict their behavior as well as possible side effects, the radiosensitization

mechanism of potential candidates has to be investigated.

IR causes cell death mainly through DNA damage induced by the products of water
radiolysis: hydrogen radicals, hydroxyl radicals (OH®), and solvated electrons, which are the
most numerous.”® The indirect DNA damage is mostly a result of the highly reactive OH*® attack.

Moreover, it seems that unlike presolvated electrons,®*

solvated electrons, the reducing
counterparts of the OH*® radicals, are unable to induce DNA strand breaks.!! The low reactivity
of hydrated electrons with DNA may be related to the fact that in water solution the solvated
electron is bound by ~3.4 eV*? while the electron affinities of native nucleosides in DNA are

around 2 eV only.”*** However, solvated electrons might be attached to DNA, if the biomolecule



Physical Chemistry Chemical Physics

was modified with nucleosides of an increased electron affinity. Additionally, this type of
radiosensitization requires that modified nucleosides are easily incorporated in DNA during its
biosynthesis or repair, and are decomposed after electron attachment, yielding highly reactive
radicals that could result in strand breaks or other types of cytotoxic DNA lesions in secondary

steps.

Halogen substituted pyrimidines have been considered as potential sensitizers, likely to

15-17 18,19

be used for clinical applications, since the late nineteen fifties™ " when the photosensitizing

properties of 5-bromo-2’-deoxyuridine (5BrdU) in E. coli cells were revealed. They were then

20-22

studied as incorporated into cancer cells and model DNA fragments®>2°. Moreover, recently

a revival interest of 5BrdU and its analogue 51dU as radiosensitizing agents in the treatment of

poorly radioresponsive human tumors can be seen.?®?’

It is believed that sensitizing properties of halouracils incorporated in DNA are related to
their interactions with solvated electrons, produced indirectly during radiotherapy.?® Their
increased electron affinity, in comparison to native uracil/thymine, makes them likely to bound
solvated electrons that results in the primary anion radicals of the modified uracil. Then, these
radicals undergo a rapid halide anion abstraction, producing almost quantitatively the reactive

|29

uridine-5-yl radical, that is able to lead to DNA damage, while stabilizing itself.

Not only 5BrdU, but also other brominated nucleosides: 8-bromo-2’-deoxyadenosine, 5-
bromo-2’-deoxycytidine and 8-bromo-2’-deoxyguanosine, isolated or as a fragment of DNA
chain have been considered®**" in the context of their radiosensitivity. Our recent computational
studies on electron capturing by the four bromonucleobases (BrNBs) show that their radical

anions behave similarly, i.e. they release the bromide anion and produce a base-localized,
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potentially reactive, radical.®® Encouraged by those results, we compared electron stimulated
desorption (ESD) from thin layers of native or brominated single stranded oligonucleotide
trimmers anions. We concluded that abstraction of the bromide anion is one of the primary
degradation paths typical for brominated trimmers, giving the explanation to their
radiosensitivity. Moreover, in the HPLC analysis of the brominated oligonucleotides, bombarded
with 10 eV electrons, we proved that they are 2-4 times more radiosensitive than the native

ones.39’4°

In the present computational report we describe electron attachment to a model nucleotide
of bromoguanine, i.e. to 8-bromo-2’-deoxyguanosine 3°,5’-diphosphate (BrdGDP) and propose
the mechanism of subsequent radical reactions that finally lead to sugar-phosphate chain break or
5°,8-cycloguanosine mutation — a helix-distorting lesion and DNA replication and transcription
blocker.**? We reveal that an electron attached to BrdGDP primarily activates a low- or barrier-
free abstraction of the bromide anion, producing thereby the reactive 8-guanosyl radical. The
aforementioned might stabilize itself by hydrogen atom shift between the own deoxyribose
fragment and the nucleobase. At the very end it leads to the O-P bond break (which mimics SSB
in the labelled DNA) or to the formation of 5’,8-cycloguanosine. Thus, we compare two
competitive degradation mechanisms, which might be effective in the irradiated aqueous

solutions of DNA labelled with 8-bromoguanine.

2. Methods

All calculations were performed with the use of B3LYP functional® in the 6-31++G(d,p)
basis set** , both in the gas phase and in water solution. The B3LYP method was reviewed and

proved to be useful for predictions of electron binding energies for valence-bound molecular
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anions.* To account for the aqueous environment effect, Polarizable Continuum Model (PCM)*°
was employed. Unconstrained geometry optimizations were carried out separately in the gas
phase and in solution. Previously, we have used the same methodology to model electron-

induced degradation of brominated adenosine diphosphate.*’

The energy changes calculated for particular reaction steps (AES) are the differences
between the electronic energies of products and substrates. Analogically, the corresponding
Gibbs free energies changes (AGs) are AEs including zero-point energies, thermal corrections as
well as the pV and entropy terms, computed in the rigid rotor-harmonic oscillator approximation
at T=298 K and p=1 atm.*”® AGs in aqueous solutions are corrected in the same manner as the

changes in gas-phase Gibbs free energies.*®

The adiabatic electron affinity (AEAg) is the difference between electronic energies of
the neutral molecule and its corresponding anion radical, both at their fully optimized
geometries. Similarly, a difference between the Gibbs free energies of the fully relaxed neutral
and anion radical is marked as AEAG. Electron vertical detachment energy (VDE) is the change
in electronic energy of the neutral and the corresponding anion radical at the anion radical fully
relaxed geometry, while the vertical electron affinity (VEA) is also defined as the difference in

electronic energy of neutral and anion, but at the fully relaxed neutral geometry.

The Gaussian09*° code was used for all computations, while the molecules structures

were visualized with the GaussView package.

3. Results and discussion

In the following sections we will discuss the thermodynamics and kinetics of several

possible degradation pathways induced by electron attachment to the diphosphate of 8-
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bromogunosine. First, the electron attachment process coupled with the subsequent bromide
anion release and formation of the guanine radical will be characterized. Then three degradation
paths of the radical will be considered: i) the first, leading through intranucleotide hydrogen
atom transfer and phosphodiester bond break at the 3’-site to a ketone derivative, ii) the second,
leading analogically to SSB at the 5’-site, with an aldehyde derivative formation, iii) the third,

leading to the 5°,8-cycloguanosine product (cycloG), with no strand breakage (see Figure 1.)
3.1. Model

The electron induced degradation of DNA, substituted with brominated purines, was
analysed with the use of a model bromoguanine: 8-bromo-2’-deoxyguanosine diphosphate
(BrdGDP). The starting geometry of this potential radiosensitizer was built with the use of
experimental X-ray data for 2’-deoxyguanosine nucleotide in the B type helical DNA fragment
(PDB accession code: 3BSE).*? More precisely, the BrdGDP structure was cut out from the
aforementioned B-DNA helix cutting the O-P bonds between guanosine and its 5’ and 3’
neighbors. Then, such created unsaturated bonds were filled with methyl groups and the
negatively charged phosphate moieties were neutralized by protons. Finally, the C8 position
hydrogen atom was replaced with bromine, with the 1.9 A C8-Br bond distance, which had been
previously optimized for 9-methyl-8-bromoguanine at the B3LYP/6-31++G(d,p) level.*® This
neutral initial geometry converged, within the B3LYP optimization, to a structure that hardly
differs from the starting one. This suggests that the chosen model maintains correctly the B-DNA

constraints.
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3.2. Electron attachment and the bromide anion release

An electron, when attached to the neutral BrdGDP (neu — see Figures 1 and 2) in the gas
phase, forms a weakly bound dipole bound (DB) anion radical, anrad, in which the C-Br bond
breaks to produce an anionic complex (complex, see Figure 2) which represents the vertically
and adiabatically stable valence anion (see Table 1). Anrad formed immediately after electron
attachment, possesses a typical diffuse SOMO orbital localized on the positive pole of the
molecular dipole . The formation of the DB state remains in accordance with the fact that in the
gas phase 8-bromo-1-methylguanine supports the same type of anion.*’

A stable DB type anrad anion radical is observed in the gas phase only. Indeed, in a
condense phase a DB state is strongly destabilized and, therefore, a dipole bound anion of a
nucleobase does not occur in a biological system.>® In an aqueous solution, electron attachment
to BrdGDP immediately induces a barrier free C-Br bond breakage that yields the complex anion
(indeed, within the PCM model of water the B3LYP geometry optimization of the BrdGDP
anion starting from the geometry of the neutral converges smoothly — without any Kinetic barrier
— to the anionic complex). But even in the gas phase, the C-Br bond breakage is
thermodynamically a highly favourable (AG=-21.5 kcal/mol), low-barrier process (AG*=0.4
kcal/mol, see Table 2). The electron affinity value computed for complex demonstrates its high
adiabatic stability, especially in the aqueous solution (see Table 1). Comparing the electron
affinity of BrdGDP (3.0 eV) with the analogical non-brominated nucleotide dGDP (0.95 eV)™,
one can see once again, how the bromine substituent increases nucleotide sensitivity to an excess
electron. Notably, only the AEA value of the nucleotide of brominated guanine falls in the range
of energies characteristics for the fully equilibrated solvated electron (ca. 3.4 eV)™ . It is not

surprising that the non-modified DNA is resistant to the electron-induced damage.
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To enable a further damage, complete release of the bromide anion is necessary, as it
produces a highly reactive guanine nucleotide radical (rad). Although the complex anion has
bromide detached already, a complete separation of the bromide anion and the rad radical is
rather unlikely in the gas phase due to thermodynamic reasons (AG=27.5 kcal/mol, see Table 2).
This suggests that although C-Br bond is sensitive to electron-induced cleavage in the gas phase,
the formed bromide anion stays in close vicinity to the produced rad, which might hinder further
reaction steps. On the other hand, in the water solution, the complete separation of rad and Br’
interacting in complex is more likely (AG=3.4 kcal/mol, see Table 2). This suggests that even in
the very first step the aqueous solution strongly enhances the electron-induced damage of
BrdGDP. Such a barrier-free bromide anion release has been recently described for the 9-methyl-
8-bromoadenine anion® and 8-bromo-2’-deoxyadenosine-3’,5’-diphosphate anion.*’ The above
results indicate, thus, that the presence of DNA strand does not bring in any additional activation

barrier for the electron-induced C8-Br bond dissociation in brominated purines.

3.3. Intranucleotide hydrogen atom transfer

Once the open-shell rad with electron density localized on the purine ring is produced, it
might be stabilized by hydrogen abstraction from its own sugar at the C3’ or C5’ positions,
forming rad3 or rad5, respectively (see Figures 1 and 3 and Table 2 for energetic
characteristics).

The H5’ shift, with the kinetic barrier of only 2.7 (gas phase) and 3.2 kcal/mol (solution)
in the free enthalpy scale, is more likely than the H3” shift (see Table 2). However, one should
notice that these barriers are underestimated due to the deformation of sugar-phosphate backbone

while producing the ts-base-5 structure (compare it with ts-base-3 in Figure 3). Similar, bending
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of DNA chain is not likely in ds DNA, hence the ts-base-5 structure cannot occur in the native
biopolymer. However, the hydrogen bond created between the phosphates (see ts-base-5 in
Figure 3), impossible in ds DNA, causes an increase of the ts-base-5 stability. This finally leads
to underestimation of the considered barrier. In order to quantify this hydrogen bond effect we
recomputed the path leading to rad5, with the use of the IRC procedure, starting from the non-
physiological, hydrogen bonded ts-base-5 (in its most stable geometry depicted in Figure 3). The
reactants rad and rad5, obtained in this manner, also have the backbone bonded in the same way
as the transition state ts-base-5 structure. Such a treatment enabled us to obtain a lower value of
the discussed barrier, which is then equal to 6.2 and 6.7 kcal/mol in the free enthalpy scale, for
the gas phase and aqueous solution, respectively (see Table 2). Nevertheless, one should note
that the corrected values of the activation barrier of the O-P bond break on the C5” path are still
substantially lower than 13.6 and 12.4 kcal/mol calculated for the C3’ path (see Table 2).
However, having in mind an amount of the energy released due to electron attachment to
BrdGDP (3.0 eV, see Table 1), it can be concluded that both the rad — rad5 and rad — rad3

elemental reactions might be competitive.

3.4. O-P bond breakage or cyclization?

While the electron-induced 5°,8-cyclopurines formation has been already proposed by

Chatgilialoglu, 34

the O-P bond break seems to be also a possible competitive mechanism for
the brominated purine nucleotides damage.*’ Analysing the energetic characteristics gathered for
the considered degradation paths (Table 2), one can conclude that only two of the proposed paths
(A and C) are possible to occur. Path A (see Figure 3) that leads through the 3’-site SSB to the

ketone derivative and path C, leading through rad5 intermediate to the 5°,8-cycloguanosine
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(cycloG) derivative. Path B, where the aldehyde is produced after 5’-site O-P bond break, is not
competitive to cyclization. Not only the last activation barrier, leading to 5’-site O-P bond break,
is higher than that leading to cyclization (compare AG*=19.3 vs. 15.5 kcal/mol in aqueous
solution), but also thermodynamically 5°-site O-P bond break is not very likely (compare
AG=5.6 vs. -5.1 kcal/mol in an aqueous solution), which makes path B uncompetitive.
Comparing the 3’-site O-P SSB (Figure 3, path A) with the 5’-site cyclization (Figure 3,
path C) one can further conclude that although the first stage of path C is favourable kinetically,
the first step of path A is also achievable. Looking at the thermodynamic characteristics of the
next steps (degradation of rad3 or rad5, see Table 2), it is apparent that the O-P bond break may
occur only in water solution, while cyclization is exergonic also in the gas phase. The kinetic
barriers are comparable for both paths, A and C. Taking all these facts into consideration, one
can conclude, that electron attachment to BrdGDP should lead to two kinds of products: the 5°,8-

cycloguanosine mutation and the ketone derivative related to SSB.

4. Conclusions

In the current project we predicted at the B3LYP/6-31++G(d,p) level and analyzed the
electron induced degradation of model brominated purine nucleotide — 8-bromo-2’-
deoxyguanosine-3’,5’-diphosphate. One of two main paths, leading to phosphodiester bond
breakage, mimics single strand break in ds DNA labeled with 8-bromoguanine as radiosensitizer.
The feasibility of SSB process is compared to the path involving electron-induced purine
cyclization. Our results show that BrdGDP has much larger electron affinity than native guanine
nucleotide, which in water solution is close to the stabilization energies of solvated electron. This

feature could explain the radiosensitizing properties of the considered brominated purine.

10
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The first and crucial step of degradation mechanism involves the electron-induced low-
barrier (or barrier-free) abstraction of the bromide anion from BrdGDP. Guanyl radical, being
the reactive product of this step can then undergo a sequence of step-wise reactions, resulting
finally in the phosphodiester bond break (an equivalent of single strand break in DNA), or 5°,8-
cycloguanidine mutation. Although the breakage of O-P bond might occur at the 3°- or 5’-side,
leading respectively to cyclic ketone or aldehyde, we suggest, that only the 3’-site O-P bond
break is possible due to thermodynamic and kinetic reasons. The only process leading to the
stabilization of the 5’-site radical is its cyclization, with the 5°,8-cycloguanosine derivative as a

product.

Radiolytic experiments demonstrating the formation of the ketone and the cyclic
derivatives could confirm the suggested here mechanism of the electron induced BrG labeled

dsDNA degradation.
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Table 1. Adiabatic Electron Affinities (AEA),
Vertical Detachment Energies (VDE) and Vertical
Attachment Energies (VAE) calculated for anrad and
complex anion radicals. All values in eV.

Gas phase Aqueous solution

AEA: 0.3° ¢

1.2° 2.8°
AEAg 0.4 ¢

1.3° 3.0°
VDE 0.4 ¢

3.8° 5.2°
VAE 0.3 1.2

 With respect to anrad. ® With respect to complex.
° No anrad available in aqueous solution.
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Table 2. Thermodynamic (AE and AG) and kinetic (AE* and AG*) characteristics of particular reaction steps for the
BrdGDP degradation mechanism (see Figure 1). All values in kcal/mol.

Gas phase Aqueous solution
Mechanism step
AE* AE AG* AG AE* AE AG* AG
C-Br bond break
anrad — complex 33 207 04 215 barrier free C{;Srrazond break. no
complex — rad + Br’ 38.9 275 131 34
Radical rad deactivation
rad — rad3 15.6 -31.1 13.6 -26.5 14.4 -19.3 12.4 -20.3
rad — rad5 2.7 -21.7 2.7 -20.2 4.1 -21.9 3.2 -20.8
83> -161° 62" -16.8° 9.2° -169° 67° -17.2°
O-P bond break
rad3 — ketone-rad 21.6 11.0 18.8 5.7 12.6 0.6 15.0 0.2
ketone-rad — ketone + phos. rad 154 1.8 10.2 -2.6
rad5 — aldehyde-rad 22.6 1.1 19.0 -3.1 225 12.0 19.3 5.6
aldehyde-rad — aldehyde 9233 115 8.1 04
+ phos. rad
Cyclization
rad5 — cycloG 134 -7.6 14.9 -4.7 14.8 -7.6 15.5 -5.1
Total rad transformation
rad — ketone + phos. rad 4.7 -19.0 -8.5 -22.7
rad — aldehyde + phos. rad 2.6 -11.8 -1.8 -15.5
rad — cycloG -29.3 -25.0 -29.6 -25.9

® Corrected with the use of hydrogen-bonding for all the reagents (see text).
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Figure Captions

Figure 1. Electron induced degradation paths for 8-bromo-2’-deoxyaguanosine diphosphate.

Figure 2. Electron induced C-Br bond break in BrdGDP. In an aqueous solution anrad converts

to complex in a barrier-free process.

Figure 3. Radical rad deactivation paths, leading via the 3’-site O-P bond break to the ketone
derivative (A), via the 5’-site O-P bond break to the aldehyde derivative (B) and via the 5’-site
cyclization to the cycloguanosine derivative (C). Reagents stationary geometries along with
kinetic (AG*) and thermodynamic (AG) barriers, calculated in aqueous solution, given in

kcal/mol.
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