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ABSTRACT: Reactions of radiation-produced secondary electrons
(SEs) with biomacromolecules (e.g., DNA) are considered one of the
primary causes of radiation-induced cell death. In this Review, we
summarize the latest developments in the modeling of SE attachment-
induced radiation damage. The initial attachment of electrons to
genetic materials has traditionally been attributed to the temporary
bound or resonance states. Recent studies have, however, indicated an
alternative possibility with two steps. First, the dipole-bound states act
as a doorway for electron capture. Subsequently, the electron gets
transferred to the valence-bound state, in which the electron is localized
on the nucleobase. The transfer from the dipole-bound to valence-
bound state happens through a mixing of electronic and nuclear
degrees of freedom. In the presence of aqueous media, the water-bound
states act as the doorway state, which is similar to that of the
presolvated electron. Electron transfer from the initial doorway state to the nucleobase-bound state in the presence of bulk aqueous
media happens on an ultrafast time scale, and it can account for the decrease in DNA strand breaks in aqueous environments.
Analyses of the theoretically obtained results along with experimental data have also been discussed.

■ INTRODUCTION
The information required for cellular function and structure is
stored in genetic material. Most organisms, including humans,
have deoxyribonucleic acid (DNA) as the genetic material.
However, ribonucleic acid (RNA) is the genetic material in
many organisms, such as retroviruses.1 DNA is considered the
pillar of evolution since it plays a vital role in the propagation
of parental traits to offspring and in the development of new
traits which help living beings adapt better to the external
environment. The double helix structure of DNA2 is known to
be extremely stable, which is aided by the highly efficient
DNA-repair mechanism.3 However, the efficiency of the repair
mechanism is pushed to its limits by DNA-damaging agents,
such as ionizing radiation.4−9 The unrepaired lesions, as well as
the lesions that are not repaired correctly (i.e., nonfidelity
repair), in the genetic material can lead to accumulation of
lesions that lead to genomic instability and ultimately to
mutation, cell death, and neoplastic transformation.4 Damage
to DNA consists of base damage, release of unaltered bases,
single-strand breaks (SSBs), double-strand breaks (DSBs),
tandem lesions (e.g., [5′-8]-cyclopurine nucleosides), inter-
and intrastrand cross-links, DNA−protein cross-links, etc.10−17

The lesions involving the sugar−phosphate backbone such as
SSB and DSB, tandem lesions including cross-links when
formed in proximity along with other lesions (clustered
lesions), often lead to radiation-induced cell death.4,5,8,9,18−21

In this Review, we attempt to summarize recent theoretical and
experimental advances in the literature on an important
pathway, viz., dissociative electron attachment (DEA), that is
involved in the reductive pathway of radiation damage to DNA
(vide inf ra). Although cells contain both nuclear and
mitochondrial DNA, we focus the discussion on the former,
even though the latter has also attracted a lot of attention
recently.22,23

There are multiple simultaneously occurring pathways that
are involved in the interaction between ionizing radiation and
DNA. These are direct, quasidirect, and indirect path-
ways.11,14,24,25 The direct pathway involves direct radiation−
DNA interaction (Reactions 1 and 2, Scheme 1), thereby
leading to ionization, excitation, and reduction of the target
molecule (i.e., DNA); the ionizations result in the formation of
DNA cation radicals [holes or unpaired spins (DNA•+)] and
in the ejection of electrons (excess electrons).10,11,14,24−33

Owing to the random nature of the interaction of radiation
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with DNA, the ionization events leading to hole and excess
electron formation along with the excitation events are also
random in nature (i.e., can occur anywhere on the DNA) and
occur in approximate proportions to the number of electrons
present at that site.13,14,24,26,34−37

The high-energy electrons ejected via the initial ionization
events cause further ionizations and excitations. These
secondary ionization events result in a cascade of medium-
and low-energy electrons (LEEs) that cause further ionizations
and numerous excitation events.13,34−36 Similar to holes, excess
radiation-produced electrons add randomly to DNA and
produce DNA anion radicals (DNA•−) that undergo various
reactions (see Schemes 1, 3, and 4, and ref 25).

DNA is also closely associated with water molecules, histone
proteins, etc., whose concentration in the vicinity of DNA
largely depends on its organizational state.10,38 Ionization of
these species bound to DNA results in the formation of the
corresponding cation radicals (for e.g., H2O•+) and of excess
electrons. H2O•+ could transfer the holes to DNA (Reactions 4
and 5), resulting in the formation of additional DNA•+, and the
addition of these excess electrons to DNA results in the
formation of additional DNA•−.11,14,16,39−41 Damage to DNA
that occurs due to these DNA-radicals constitutes the
quasidirect pathway. Direct and quasidirect effects are
combined together and called direct-type effects.25 In the
indirect pathway of radiation action, the high-energy photons

interact with the aqueous medium of the cell nucleus
surrounding the DNA, resulting in the ionization of water
molecules present in the bulk environment. Ionizing radiation
could either ionize water molecules to generate H2O•+ and
secondary electrons or lead to the formation of the water
molecule in an excited state (H2O*).16,17 Both H2O•+ and
H2O* are highly reactive and can dissociate as shown in
Reactions 9 and 10.16,24 This results in the formation of an
array of secondary products such as hydroxyl radicals (•OH),
hydrogen atoms (H•), and fully solvated or aqueous electrons
(eaq

− ), which in turn attack the DNA.10,42,43

Because of the simultaneous and competitive reactions, free
radical chemistry is highly complex. Pulse radiolysis experi-
ments using DNA-model compounds (nucleosides, nucleo-
tides, polynucleotides, and highly polymeric DNA) established
that the free radical reactions that are involved in radiation
damage to DNA via the indirect pathway are nearly diffusion-
controlled.4,10,24,25 •OH adds to the double bonds on the
nucleobase, e.g., at C4/C5 and at C8 in the purine and at the
C5�C6 double bond in the pyrimidines; it can also abstract
an H atom from the sugar moiety.4,10,24,25 A combination of
pulse radiolysis in aqueous solutions at ambient temperature,
electron spin resonance (ESR) studies in frozen aqueous
solutions at low temperature, and product analyses established
that, in the case of nucleosides/nucleotides, the extent of •OH
attack to the nucleobase is ca. 80% via addition as compared to
the deoxyribose-sugar (via H atom abstraction), where the
latter amounts to only about 20%.4,10,44,45 When experiments
on short double-stranded DNA (dsDNA) and oligonucleotides
are considered, the extent of hydrogen abstraction by •OH
from the sugar moiety is ≤10%, and addition to the nucleobase
amounts to ≥90%.10 Nevertheless, radical attack to DNA
generates sugar or base-centered free radicals that subsequently
lead to damage that is difficult to repair (e.g., strand breaks,
tandem lesions, etc.).10,44 As mentioned above, due to the high
concentration of the macromolecules in cells and because of
the compact organizational status (e.g., chromosomes) of
biomacromolecules, DNA damage via the direct-type effect
becomes significant, and the role played by secondary electrons
(see above) becomes important.13−15,46−48

The class of secondary electrons that plays a major role in
DNA damage is the LEEs that possess energy in the range 0−
20 eV.42,46,49−52 They are abundantly generated when high-
energy radiation interacts with the cellular environment.53

Since LEEs typically possess energies lower than the ionization
threshold (7.5−10 eV)54,55 of biomolecules such as DNA,
LEE−biomolecule interaction results in the formation of
excited transient negative ions (TNI*) with lifetimes in the
range 10−12−10−15 s.56 Once the TNI* is formed, either it can
undergo autodetachment to yield the neutral molecule and the
additional electron, or it could relax back to the radical anion
in the ground state releasing the additional energy to the
environment.56 Several reviews14,24 on electron attachment to
DNA refer to the ground-state radical anion as a ground-state
transient negative ion (TNI), although it is a misnomer, as the
ground state of many of the DNA-subunit anion radicals is
actually a dipole-bound state.57,58

The formation of the TNI* could also lead to the rupture of
the molecule and is known as DEA (Scheme 2).56,59−62

Interaction of LEE with DNA results in the formation of SSBs,
DSBs, base release, cross-links, multiple damage sites, etc., via
DEA.62−76 Theoretical modeling of DEA is highly challenging
because it involves the coupling between nuclear and

Scheme 1. Schematic Representation of Direct, Quasidirect,
and Indirect Effects Caused by Ionizing Radiation on DNA
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electronic degrees of freedom of a molecule.56 At the same
time, the TNIs are difficult to characterize experimentally due
to their short lifetimes.

Once the secondary electrons are produced in the aqueous
medium, they rapidly undergo inelastic collisions with the
surrounding water molecules and lose energy to form LEEs
(see Figure 1). In the absence of electron-scavengers, LEE in

the aqueous solution eventually forms solvated electrons (eaq
− ).

The lifetime of eaq
− is in the range of several hundred

microseconds and varies widely with respect to experimental
conditions.42,49,79 Since eaq

− are trapped in a deep potential well
with a VDE (vertical detachment energy) of ∼3.4 eV,80−82 the
possibility of eaq

− causing DEA is rather low.83−85 However,
several pulse radiolysis experiments and theoretical studies
have shown that eaq

− can react with nucleobases14,50,86 to form
stable anions. This reaction occurs at near diffusion-controlled
rates and leads to scavenging of electrons by the

nucleobase.10,50,87,88 Contrary to these findings, Abel and co-
workers proposed that the nucleobase should not scavenge eaq

−

since VDE is higher than the electron affinity of nucleobases
(∼1.7−2.2 eV).81 However, one should consider the adiabatic
electron affinity (AEA) of eaq

− instead of VDE while drawing
conclusions regarding the binding of eaq

− with biomolecules.88

The AEA of eaq
− (∼1.6 eV)78 is lower than that of

nucleobases89,90 which clearly shows that eaq
− can bind to

them. If eaq
− adds to the biomolecules, the corresponding radical

anion would be formed which would have a strong Lewis base
character.10,11 This species can abstract a proton from the
surrounding environment and form a neutral radical. This
neutral radical is identical to a hydrogen atom adduct (Scheme
3).

In the process of the formation of eaq
− from LEE, several

intermediate states are formed, such as quasifree electrons (eqf
−)

and presolvated electrons (epre
− ) (Figure 1).53,91,92 These states

of the electron in the aqueous environment are classified based
on their energy and lifetime (Figure 1).53,91,92 eqf

− generally lies
near the water conduction band and has energy ∼0 eV,14

whereas secondary electrons with energy between −0.1 and
−1.6 eV are considered as epre

− . epre
− are one of the most

abundant products of radiation−water interaction and have a
lifetime <500 fs.91 However, recent experimental studies
indicate that epre

− do not take part in DEA.14,93 Instead, epre
−

rapidly become solvated to form eaq
− .91 Recent pulse radiolysis

studies by Ma et al. have shown that epre
− and eaq

− do not cause
DEA to aqueous nucleosides and nucleotides.93 Their
picosecond pulse-radiolysis results contradict the study
reported by Lu and co-workers94 who employed femtosecond
laser pump−probe spectroscopy to suggest the formation of
TNI* of purine monophosphate nucleotides in solution, which
may subsequently lead to SSB formation via DEA. However,
the more reliable picosecond pulse-radiolysis measurements
showed that nucleotides of guanine and adenine are poor
scavengers of epre

− at lower concentrations (≤50 mM).93

Therefore, interaction of epre
− and eaq

− with DNA does not lead
to SSBs and DSBs in aqueous solutions. Instead, it is the eqf

−,
which are known as the LEE in solutions, that can cause
damage to DNA.24

LEE attachment-induced DNA damage is unique because it
is associated with direct strand break along with the
predominant formation of a neutral C-central radical species
at the C3′-site (C3′dephos•) and at the C5′-site (C5′dephos•)
(Scheme 4).10,11,13−16,25 The carbon-centered radical with the

Scheme 2. Schematic Representation of DEA to Molecule
AB, Which Results in the Dissociation of AB to A and B−a

a(AB−)* is the TNI* formed upon electron attachment which can
either undergo autodetachment to form the neutral molecule and the
extra electron or undergo dissociation to produce the fragments A and
B−.56,59−62

Figure 1. Schematic representation of the formation of eaq
− from

secondary electrons in an aqueous cellular environment. Vertical
detachment energy (VDE) of eaq

− = 3.4 eV, and AEA is the adiabatic
electron affinity (1.6 eV).77,78 SRE is the solvent reorganization
energy which is equal to the difference between VDE and AEA.

Scheme 3. Hydrogen Atom Adduct of a Nucleobase Is
Identical to a Two-Step Reaction Where an Electron and
Proton Are Subsequently Added to the Nucleobasea

aHere, dR is 2′-deoxyribose. Nature (oxidizing and reducing) of the
radicals are mentioned.10,11 The 5-yl radical is of β-oxoalkyl radical
type which are oxidizing in nature.10
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phosphate group attached (C3′•, C5′•) or without (C1′•) are
formed in the oxidative pathway of DNA damage involving H-
abstraction from the deoxyribose sugar moiety by •OH
(indirect effect).4,10,12,14,95 These same radicals are also formed
by ionization−deprotonation and hole transfer from the
excited base cation radical to the sugar moiety followed by
deprotonation (direct-type effect).11,13−16 C3′•, C4′•, and
C5′• subsequently lead to sugar−phosphate bond breaking by
β-phosphate elimination.4,10,95−98 Adhikary and co-workers
have detected the ESR spectral signatures of C5′• (produced
via oxidative pathway of radiation damage) and C3′dephos•
(produced by reductive pathway through DEA) in both ion-
beam and γ-ray irradiated hydrated DNA (degree of hydration
= 12−14 water molecules/nucleotide), where both anion
radical and cation radical scavengers were used to isolate the
ESR spectrum in irradiated DNA due to only neutral backbone
radical (sugar radical) species.35 The ESR studies by the
Adhikary−Sevilla laboratory and the collaborative work
between Adhikary and Mostafavi groups have established
that formation of the neutral sugar radical in the backbone via
the direct-type effect involves various pathways: (a) ioniza-
tion−deprotonation, (b) hole transfer from excited base cation
radicals to the sugar moiety by deprotonation, (c) phosphate-
to-sugar hole transfer, and (d) base-to-sugar hole trans-
fer.11,13−16,99−101

■ MECHANISM OF TNI-INDUCED DNA DAMAGE
In the past two decades, a large number of experimental studies
have been reported in the literature which have investigated
the interaction of LEEs with DNA.62−76 One of the first
experimental studies on electron attachment-induced DNA

strand breaks was reported by Sanche and co-workers,63 where
dry DNA, having only the structural water molecules intact,
was exposed to electrons having kinetic energies as low as 3.5
eV. Gel electrophoresis of the DNA sample was performed to
quantify the damaged (SSBs and DSBs) and undamaged DNA.
It was observed that the yield of SSBs depends upon the
kinetic energy of the incident electron and is a maximum at
specific values of the kinetic energy, which was inferred due to
the involvement of resonance or the TNI-based pathway in the
electron attachment process. These TNIs are formed when the
incoming electron populates the unoccupied molecular orbital
of the parent molecule. Depending upon the energy of
incoming electrons, shape and core-excited resonances are
formed in the DNA subunits.102 The shape resonances are
generally formed when an electron with energy in the range 0−
4 eV is captured by the σ* or π* molecular orbital of closed
shell neutral species (see Figure 2). These are known as shape
resonances due to the fact that it is the shape of the interaction
potential by virtue of which the incoming electron is
temporarily trapped. Such a potential barrier is generated by
the attractive polarization of the neutral molecule and the
repulsive centrifugal interaction of the incoming electron. Since
the extra electron occupies the unoccupied molecular orbital,
the parent molecular electronic configuration is not perturbed.
Therefore, its decay via the DEA channel is allowed by
Koopmans’ theorem. It is a one-electron process commonly
known as one-particle resonance, while the interaction of
electrons with energy above 4 eV with the DNA subunits
results in the formation of core-excited resonances (Figure
2).102

Scheme 4. Various SSB Pathways through the Formation of a Phosphate-Centered TNI*a

aProcesses 4 and 5, which result in the formation of C3′dephos• and C5′dephos•, account for nearly a majority of the products.11,14,25 R′PO2
•− and the

nonradical anion moiety formed in process 6 are due to the P−O bond cleavage which occurs only to a minor extent.11,14,25
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In core-excited resonances, the energy of the incoming
electron excites another electron from the inner core-orbital to
an unoccupied molecular orbital resulting in the formation of
one hole in the inner core and two particles in vacant
molecular orbitals. These are also known as one-hole two-
particle resonances. Since the electronic configuration of the
inner orbitals is perturbed, decay of such transient anions via
electron detachment is dominated by the electron correlation
and is Koopmans' forbidden. Two types of core-excited
resonances, core-excited Feshbach and core-excited shape
resonances, are distinguished based on the energy of the
resulting transient negative ion. If the resulting anion has
energy above the neutral excited state, such resonances are
known as core-excited shape resonance. Here also, the electron
is trapped due to the shape of the interaction potential. At the
same time, the ones that lie below the neutral excited state are
known as core-excited Feshbach resonances.

Sanche and co-workers suggested that the core-excited
resonance states formed by the attachment of electrons to the
DNA bases’ π* orbitals initiate the bond breaking which lead
to SSBs in DNA.63,66 This conclusion was suggested based on
the maxima of strand break-yield vs electron energy plots.63

These core-excited resonance states can be represented as e− +
π2π*0 → π1π*2 where the incoming electron initially attaches
to the π* orbital of nucleobase and simultaneously excites
another electron from the π to π* orbital. However, Burrow
and co-workers103 have shown that the attachment of LEE <3
eV can lead to the formation of shape resonance states where
the additional electron gets attached to the low-lying π*
orbitals of DNA bases.

The first theoretical study emphasizing the role of π* shape
resonance states in LEE-induced DNA strand breaks was
performed by Simons and co-workers,104 soon after the first
experiment from Sanche’s group.63 Although Sanche and co-
workers63 had used electron beams with energy from 3 to 20
eV in their experiment, Simons and co-workers104 have
analyzed if electrons with energy <3 eV could induce strand
breaks in DNA, similar to that suggested by Burrow and co-
workers.103 With cytosine mononucleotide as a DNA model

system, Simons and co-workers have proposed a mechanism
for the DEA involving the shape resonance state formed due to
the electron initially captured into the π* orbital of the base.
The potential energy surface (PES) generated by stretching of
the C−O bond shows a small barrier of 13 kcal/mol
connecting the initial π* anionic state to the σ* dissociative
state. The initially formed π* shape resonance state goes
through this barrier to cause C−O bond rupture leading to
single strand breaks in DNA. This finding was later supported
by the experimental investigation of Martin et al., which
showed that shape resonances are involved in the DNA strand
breaks caused by the electron having energy in the range of 0−
4 eV.105 Based on their experiment with short DNA strands
deposited on metal surfaces, they have also concluded that the
sugar−phosphate C−O bond cleavage of the DNA backbone is
the result of electron transfer from the nucleobase π*
resonance state of DNA to the σ* antibonding molecular
orbital of the C−O sugar−phosphate bond. The theoretically
calculated rate of cleavage suggests that such a transition can
happen within the lifetime of the resonance state, making the
bond cleavage feasible via this process.106 Since the resonance
cross section is inversely related to the energy, and the lifetime
also increases with a decrease in energy, the low-lying shape
resonances have been claimed to possess high efficiency in
causing DNA strand breaks.106,107

However, the sugar−phosphate C−O bond cleavage leading
to DNA strand breaks can also occur due to the initial
formation of phosphate-centered shape resonances by direct
attachment of LEE to the phosphate group.65,69,108,109 Li et
al.108 have performed DFT calculations to understand the
behavior of the anion radical formed by the attachment of near
zero eV electrons directly to the DNA backbone. They have
chosen a sugar−phosphate−sugar model system where the
nucleobase was replaced by an amino group. From the PESs
generated along the 3′C−O and 5′C−O bond stretching, the
activation barrier for both 3′C−O and 5′C−O bond
dissociation was reported to be around 10 kcal/mol.108 The
reported activation energy values suggest that the C−O bond
cleavage leading to strand breaks is thermodynamically
favorable. However, these TNIs are metastable states, which
cannot be treated by standard bound state quantum chemical
methods and require special techniques.110−114 Recent coupled
cluster113 and SAC-CI115 studies have shown that the first two
resonance states of all five nucleobases have a lifetime of
several femtoseconds. From their time-dependent wave packet
studies on nucleotide model systems, Sarma and co-workers
have shown that electron attachment to the nucleotide can lead
to the formation of both nucleobase109,116,117 and phosphate-
centered shape resonances.118 According to their work, the
phosphate-centered shape resonances have a higher lifetime
and lead to preferential cleavage of the 5′C−O bond over
3′C−O bond dissociation.118

Zheng et al.119 investigated the collision of electrons with
energy in the range 4−15 eV on an oligonucleotide tetramer
(GCAT) in the presence and absence of guanine or adenine.
They showed that the extent of LEE-induced C−O bond
cleavage is significantly reduced when one or more abasic sites
are present in the tetramer. This indicates that the electron
transfer from the nucleobase to the phosphate group plays an
essential role in the cleavage of the sugar−phosphate bond,
and restricting this electron transfer can reduce the strand
breaks in DNA. The incident 6 eV electron electronically
excites a base before transferring to the C−O-centered σ*

Figure 2. Schematic representation of the orbital level diagram of
shape and core-excited resonance.
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orbital. However, from her experiments on gas-phase 2′-
deoxycytidine-5′-monophosphate (5′-dCMP), Kopyra69

showed that the majority of the strand breaks (∼85%) in
DNA is caused by direct electron attachment to the phosphate
group. The recent LC-MS/MS experiment on the TpT DNA
model system by Wagner and co-workers72 has shown that
even very low-energy electrons (∼1.8 eV) can lead to strand
breaks in DNA through the formation of a shape resonance
anion, which subsequently decays via DEA mechanism. The
extent of C−O bond cleavage at the C3′ position has been
found to be 3-fold greater than that observed at the C5′
position. Experimentally120 observed resonance features in the
regions 4−6 and 9−11 eV are attributed to core-excited
resonances. However, these resonances are challenging to
model theoretically due to the inherent high complexity of
such resonances, and consequently, very few theoretical
calculations are available in the literature for the core-excited
resonances of DNA. Recently, Fennimore and Matsika121

suggested that there exists a high degree of mixing between
three π* shape resonance and π1 (π*)2 core-excited resonance
in uracil, which can affect the lifetime of both states.

Once the base-centered TNI is formed, the attached
electron can also transfer to the dissociative σ* orbital of the
N-glycosidic bond, leading to the base release.64,67 In addition
to the sugar−phosphate and N-glycosidic bond cleavage, the
DEA can lead to the rupture of the other bonds in DNA.
Illenberger and co-workers have highlighted the possibility of
the formation of nucleobase-centered resonances with the
subsequent release of the hydrogen atoms in all of the DNA
bases.122−125 Mark and co-workers have reported the loss of H
atoms (both N1 and N3) from cytosine and thymine at
incident electron energies near 1.1−1.5 eV.124,126 They have
suggested the involvement of π* shape resonance centered on
the nucleobase as the energy of π* orbitals lie in this range.
Burrow et al.,127 on the other hand, attributed the release of
hydrogen atoms to vibrational Feshbach resonances (VFRs).
The DNA nucleobases possess high dipole moments and can
support the formation of a dipole-bound (DB) state.58,128 In
such cases, the initial electron attachment is governed by the
long-range charge−dipole interaction, where the incoming
electron is trapped in the highly diffuse orbitals. Experimen-
tally, the DB states are reported to lie 62−86 meV (±8 meV)
below the neutral ground state.129 Here, the excess electron
attached due to the dipolar attraction potential gets enough
time to stay close to the molecule and can lead to the
excitation of nearby vibrational levels of the neutral molecule
resulting in VFRs. Burrow et al.127 have observed sharp peaks
in the DEA spectra of uracil and thymine nucleobases for
incoming electrons below 3 eV of energy. The sharp structure

in the DEA cross sections of uracil at 1 eV has been assigned as
VFRs occurring due to N1−H bond vibrations. Here, the extra
electron occupies the dissociative σ* orbital, lying between the
N1 and H bond, which leads to H atom loss at the N1 site. In
comparison, the resonance associated with dissociation of the
N3−H bond lies somewhat higher in energy at 1.8 eV.

■ ROLE OF THE DIPOLE-BOUND (DB) ANIONIC
STATE IN DEA

Most studies on DEA in the literature attribute resonance
states of DNA as the reason for the generation of various types
of DNA-lesions, e.g., SSBs, DSBs, base damages (BDs), and
clustered damage (multiple damage sites).104,106,107,130,131

Although base-centered and phosphate-centered core-excited
and shape resonances may play an essential role in electron
attachment-induced DNA strand breaks, one needs to consider
the other competing pathways as well. It is even more
important because DNA has been proven to be an extremely
stable molecule.3 Regardless of the large number (4 × 104 per
MeV)14,24,46,47 of LEEs that are generated in the cellular
medium,53 the rate of strand breaks in DNA has continued to
be minimal, ensuring the survival of life. When DEA
experiments on short single-stranded DNA-oligomers of
defined sequences in the gas phase, microsolvated, and
deposited on metal surfaces are considered, there are
essentially three types of bound anionic states that are
important. The first one is the DB radical anion state, which
is formed due to a charge−dipole interaction between the
additional electron and DNA. The formation of DB anion is
aided by the strong dipole moment of DNA. Even the
nucleobases, the simplest model systems of DNA, have dipole
moments with magnitudes >2.5 D (except adenine) which
ensures the formation of DB anions. The additional electron
density is located away from the nuclear framework in the DB
anion (see Figure 3a) of nucleobases which results in minimal
distortion in geometry as compared to the neutral molecule.128

On the contrary, in the second kind of bound-anionic state,
which is called the π*-type valence-bound (VB) state, the extra
electron occupies the vacant valence π*-orbital of the system
(see Figure 3b).128 Therefore, the additional electron density is
localized on the molecule which causes significant geometric
distortions as compared to the neutral molecule. The third
bound-anionic state, perhaps the most important in terms of
DNA strand breaks, is the σ*-type VB radical anionic state (see
Figure 3c), which lies along either the sugar−phosphate (C−
O) or sugar−nucleobase bonds (C−N). Base release or strand
breaks occur once the electron gets transferred to this state

Figure 3. EA-EOM-DLPNO-CCSD natural orbital representing (a) DB, (b) π*-type valence-bound, and (c) σ*-type valence-bound radical anionic
states of 2′-deoxycytidine-3′-monophosphate. Reproduced with permission from ref 132. Copyright 2021 American Chemical Society.
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which is assisted by the vibrational degree of freedom along the
respective bonds.

It is plausible that more than one kind of anionic state can
be present in DNA.133 Therefore, before we delve further into
the description of these anionic states, it is necessary to
establish the level of theory that can treat all three of these
different anionic states on equal footing. The various
theoretical methods available in the literature to calculate
electron affinities can be broadly classified into two classes.
The first one is the Δ-based method, where separate
calculations need to be done for both neutral and anion to
obtain the electron affinity. The second one is the direct energy
difference-based methods which include EOM-CC,134−138

Green’s function-based methods,139 linear response methods,
and methods based on polarizable propagators.139−141 Most of
the previous computational studies on electron attachment-
induced DNA damage in the literature use the Δ-based
technique along with density functional theory (DFT) to
determine the electron affinity of model systems of DNA. Ref
86 comprehensively reviews the DFT-based studies on
electron attachment to DNA subunits. However, the standard
DFT methods are plagued with the issue of self-interaction in
the case of anions.142 The Δ-based wave function methods,
although free from self-interaction, are still prone to variational
collapse when large basis sets are used.143 The EOM-CC
method is free from the problem of variational collapse and
allows one to access the ground and excited states of the anion
in the same calculation. However, the high computational cost
and large storage requirements limit its application beyond
small molecules. Therefore, one needs to use approximations
to reduce the computational cost of the EOM-CCSD method.
Dutta and co-workers have reported a domain-based local pair
natural orbital (DLPNO)-based144 implementation of the
EOM-CCSD method (EOM-DLPNO-CCSD) for the EA145

and IP146 of large molecules. Tripathi et al. have recently
shown that pair natural orbital-based approximation provides
the best balance between accuracy and computational cost for
studying radiation-induced damage to genetic material and can
treat different anionic states of the DNA subunits on an equal
footing.57

Now, all of the DNA bases (except adenine), the guanine−
cytosine (GC) base pair, and some of the nucleotides show a
stable DB state (see Table 1). The simulation of these DB
states is often tricky and requires specially constructed basis
sets.58 The DB anionic state can act as a gateway for electron

capture. The trapped electron can subsequently get transferred
to the σ*-type or π*-type VB anionic state. The transfer of the
additional electron from the initial DB state to the σ*-type VB
state can lead to DNA single-strand breaks (SSB). On the
other hand, SSB could be avoided if a stable π*-type VB anion
is formed from the DB state. This is because our study has
already shown that once a base-centered anion is formed, the
subsequent transfer of an electron to the dissociative σ*-type
state has a large kinetic barrier.132 The π*-type VB anion of
DNA nucleobases are not adiabatically bound.58,128 However,
stable π*-type VB anionic states are observed in Watson−
Crick GC and adenine−thymine (AT) base pairs,128 and in
microsolvated analogues148−150 of nucleobases. Also, the
transitions from the DB to the VB state in these systems are
very feebly allowed optically. However, molecular vibrations
can also cause a transition from the DB state to the π*-type or
σ*-type VB states.

Modeling the vibrational transition in DNA subunits using
multidimensional PES would be tedious and computationally
expensive. One can take a one-dimensional cut of the PES or
draw a potential energy curve along a single unified coordinate.
The initial electron attachment in the WC GC base pair leads
to the formation of a doorway-DB state, from which the
electron gets transferred to the π*-type VB state.128 Figure 4
presents the potential energy curve (PEC) along a linear transit
between the DB and VB geometries.128 The intermediate
geometries in the PEC were obtained by the following
expression:

= +R R R(1 ) DB VB (3)

where R represents a particular geometric parameter such as
bond length, bond angle, and dihedral angle for the
intermediate geometry. RDB and RVB are the corresponding
geometric parameters for the DB and VB anionic states,
respectively. The λ is a dimensionless parameter that is varied
from 0 to 1 to obtain the intermediate geometries. When λ = 0,
it corresponds to the DB anion geometry, and if λ = 1, the VB
anion geometry is obtained. The PEC shows avoided crossing
between the ground and the first excited state of the anion.
This leads to the breakdown of the Born−Oppenheimer
approximation, and one can no longer apply the adiabatic
picture.151 Sommerfeld152,153 have previously used a simple
diabatization scheme introduced by Köppel154,155 and co-
workers to solve a similar problem. In his 2002 work, he used
the DB and VB states of nitromethane as the basis for
constructing diabatic PEC.152 Diabatic PESs, unlike adiabatic
surfaces, can cross each other, and the electronic coupling
between them was calculated by fitting a simple avoided
crossing model potential to the diabatic basis.
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Here, V1 are V2 are defined using harmonic potential at the
coordinate λ. The value of W that Sommerfeld calculated was
lower by one order in magnitude than the vertical excitation
energy of both anionic states in their equilibrium geometry.
Therefore, the nitromethane anion (W = 30 meV) comes in
the weak coupling regime. Based on first-order perturbation
theory, the rate of transition between the diabatic states is
proportional to W2. Hence, the obtained value of W indicates
that the VB state will be populated quickly from the initially
formed DB state, which acts as the doorway for electron

Table 1. Vertical Electron Affinities (meV) in the PNO-
Based EOM-CCSD Method and Dipole Moments in Debye
Units Corresponding to the DB States of the DNA Subunit

molecule
dipole

moment
EOM-
CCSD experiment

uracil 4.5a 77a 86 ± 8d

cytosine (C1) 6.6a 79a 85 ± 8d

thymine 4.2a 59a 62 ± 8d

adenine 2.4a 3a 12 ± 5e

guanine (G9K) 6.7a 85a

guanine−cytosine 6.9b 99b

adenine−thymine 2.1b 3b

2′-deoxycytidine-3′-
monophosphate

10.8c 106c

aTaken from ref 58. bTaken from ref 128. cTaken from ref 132.
dTaken from ref 129. eTaken from ref 147.
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capture. He also obtained comparable results for uracil and 5-
chloro-uracil.153

Our recent works have demonstrated the existence of
doorway mechanisms for the formation of a stable VB state of
various model systems of DNA in the gas phase and under
microsolvation.128,132,148−150,156 For the GC base pair, we have
used the same diabatization scheme employed by Sommerfeld
to obtain the coupling between DB and VB states. The W was
found to be 12 meV which is 1 order of magnitude less than
the vertical excitation energies at the equilibrium geometries of
the diabatic states, which means that the anionic states are in
the threshold of the weak coupling limit. Under this scenario,
the rate constant for the transition from the initial electronic
DB state to the final π*-type VB state can be calculated
approximately using the Marcus law.157

= | | °+k W
k T

2 1
4

e G k T2

B R

( )/4R R B

(5)

Here, ΔG0 is the free energy difference between the DB and
VB anionic states without considering the entropy contribu-
tion, and λRis the reorganization energy (see Figure 5). The
additional electron in the π*-type VB states in GC is localized
on the cytosine. The calculated rate constant for the transition
of the electron from DB to π*-type VB states of the GC base
pair was found to be 4.1 × 1011 s−1, significantly higher than
the one obtained for isolated cytosine nucleobase (1.6 × 105

s−1). However, one should also note that the coupling constant
for cytosine was more than double that of the GC base pair,128

and the results contradict the simple W 2 dependency
proposed earlier.152,153 This trend in the rate can be attributed
to the difference between the ΔG0 value of the two systems.
The GC base pair forms a stable VB anionic state when
compared to its neutral ground state. However, the VB anion
of cytosine is unbound, and as a result, the rate of transfer of
the electron from DB to π*-type VB states is 6 orders of
magnitude lower.

The transfer of an electron from the DB state to the σ*-type
VB states using the 2′-deoxycytidine-3′-monophosphate (3′-
dCMPH) model system was also studied.132 From the PEC for
3′-dCMPH C−O bond elongation (Figure 6), one can see that
the DB state of the nucleotide is formed initially. As the C−O
bond length increases, a σ*-type VB state is formed which

subsequently becomes the ground state of the anion on further
elongation of the bond. The PEC shows an avoided crossing
between the ground and excited state in the adiabatic PEC of
the 3′-dCMPH anion. It indicated that the transition of the
electron from the initial DB state to σ*-type VB states happens
due to the mixing of electronic and nuclear degrees of freedom.
The population of dissociative σ*-type VB states will lead to
the cleavage of the C−O bond. However, the rate of C−O
bond cleavage in the 3′-dCMPH model system starting from a
stable DB state has been found to be extremely slow as
compared to the formation of the π*-type nucleobase-centered
VB states. This shows that the doorway mechanism cannot
lead to strand break. However, it can lead to the formation of a
stable anionic state, which will be competitive to the
resonance-induced strand break. It should be noted that the
doorway states mentioned above are bound anionic states
where the extra electron is stabilized by charge−dipole
interactions. However, the large dipole moments in DNA
subunits can lead to dipole-bound resonance states.127

Recently, Kim and co-workers observed C−I bond cleavage

Figure 4. Adiabatic and diabatic PES corresponding to the linear transit from the DB to the VB state of GC. Reproduced with permission from ref
128. Copyright 2019 American Chemical Society.

Figure 5. Schematic representation of the electron transfer between
DB and VB states. The solid line indicates the ground-state adiabatic
surface of the anion, and the dashed line indicates the diabatic surface
corresponding to the first excited state of the anion. Reproduced with
permission from ref 128. Copyright 2019 American Chemical Society.
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in the iodophenoxide anion due to the transfer of an additional
electron from the DB Feshbach resonance state to the σ*-type
dissociative VB state.158,159 A DB state-based doorway
mechanism was also suggested for DNA damage observed
when terpyridine-platinum intercalated plasmid DNA was
irradiated with LEEs.160 Similar mechanisms may also prevail
in electron attachment-induced DNA strand break.

■ EFFECT OF THE ENVIRONMENT
The cellular environment is drastically different from the dilute
solutions used in experimental studies. Obviously, one cannot
expect the experimental and computational studies done on
gas-phase and sparsely solvated model systems of DNA to
simulate the actual process of electron attachment to DNA.
However, they could still shed insights into the electron
attachment-induced radiation damage to DNA. Water
molecules constitute a major part of the cellular environment.
Fedor and co-worker161−163,203 have shown that the presence
of water molecules suppresses the DEA-induced fragmentation.
Their mass spectrometric studies on 5′-dCMP showed that the
extent of sugar−nucleobase and phosphate P−O bond breaks
decreased with the increase in the number of water molecules
bound to the nucleotide.163 Furthermore, when microsolvated
pyrimidine nucleobases were bombarded with LEE, the
formation of the corresponding hydrated anions was preferred
over fragmentation pathways.161,203 Mostafavi and co-work-
ers52 have demonstrated that the nucleosides can scavenge the
epre

− within 400 fs. Therefore, to properly understand the
mechanism of DNA strand break in the condensed environ-
ment, one needs to include the effect of aqueous solvation in
the simulations. The simplest way to include the solvation
effect in quantum chemical calculations is to use the implicit
solvation models. They add very little computational overhead
on gas-phase calculations. The Barone−Tomasi polarizable
continuum model (PCM)164,165 is one of the most popular
implicit solvation models widely used for simulating electron
attachment to genetic material in an aqueous environ-
ment.86,166,167 Simons and co-workers have found that the

presence of PCM solvation preferably stabilized the radical
anionic state of 3′-dCMPH compared to the neutral.104 The
nucleotide anion radical was unbound at the Hartree−Fock
level of theory used by them, and electron correlation is known
to increase the stability of the anion. Sanche and co-workers
have shown that the use of DFT methods leads to bound
anions in DNA subunits, and the AEA of their sugar−
phosphate−sugar model increased from 0.03 to 0.88 eV at the
B3LYP/6-31+G-(d) level, when the effect of aqueous solvent
was considered.108 The calculated electron affinity values are
extremely sensitive to the used theoretical method and the
basis set. A long spread of theoretically predicted AEA values
for purine and pyrimidine nucleobases is available in the
literature.86 For example, the gas-phase AEA of guanine varies
from 0.07 eV168 at the B3LYP/TZ2P++ level to −0.7 eV169

calculated at the MP2/6-31+G(D) level of theory. However,
the AEA for the guanine in aqueous solution, calculated using
the PCM model, is generally found to be positive.170,171 One
can observe a similar trend for the other nucleobases86 as well,
when the gas-phase result is compared to that in the aqueous
solution. Kumar et al. attempted to combine the effect of
explicit water−DNA interaction and that of the bulk solvent
environment using the microhydrated GC base pair in PCM
with the B3LYP functional and 6-31+G** basis set.172 The
AEA values for the hexahydrated and the decahydrated GC
base pair were 0.74 and 0.95 eV, respectively. Interestingly,
upon PCM’s introduction, the AEA for both GC−water
clusters increased to 1.77 eV. The PCM-based studies have
also been reported using other model systems such as
nucleosides, nucleotides, dinucleotides, etc.104,106,130,173−176

These studies indicated that electron attachment to nucleo-
tides in both the gas phase and solvent favored the formation
of base-centered radical anions.173−175 The presence of a
negatively charged phosphate group in the nucleotide makes it
different from the other model systems such as nucleobase and
nucleobase pairs. In the biological environment, the PO4

−

negative charge is largely neutralized by counterions such as
K+ and Na+. In several theoretical studies86 where mono- and
diphosphate nucleotides are used as model systems, the
phosphate oxygen is protonated or methylated to neutralize it.
However, Gu et al. obtained similar values of AEA, vertical
electron affinity (VEA), and VDE for 2′-deoxythymidine-5′-
monophosphate (5 ′-dTMP−) and its protonated analogue (5′-
dTMPH) using the B3LYP/DZP++ level of theory, along with
PCM solvation.173 This indicates that the presence of
counterions in an aqueous solution may not influence the
electron affinity of nucleotides. Sevilla and Kumar have tried to
simulate the bulk solvation effect on 5′-dTMP by solvating it
with 11 water molecules and treating the whole system in
PCM.177 In addition to the increased ability to take up extra
electrons, the aqueous 5′-dTMP cluster also exhibited a higher
barrier height for 5′C−O bond cleavage compared to that
calculated in the gas phase at the B3LYP/6-31++G** level of
theory. Other attempts to determine the barrier height of 3′C−
O and 5′C−O bond break in the radical anions of 2′-
deoxypyrimidine monosphates,174,178 2′-deoxypurine mono-
phosphates,179 2′-deoxypyrimidine-3′,5′-diphosphate,180 and
2′-deoxypurine-3′,5′-diphosphate181,182 have also resulted in
the increase in barrier height in aqueous solutions.

The PCM model is successful in giving a qualitative picture
of electron attachment in the aqueous environment, where the
additional electron density is localized on the nuclear
framework. Continuum-based solvation models consider the

Figure 6. Adiabatic (right) PEC for C−O bond dissociation from the
DB state of 2′-deoxycytidine-3′-monophosphate. Reproduced with
permission from ref 132. Copyright 2021 American Chemical Society.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.2c06776
ACS Omega 2023, 8, 10669−10689

10677

https://pubs.acs.org/doi/10.1021/acsomega.2c06776?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06776?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06776?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06776?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


molecule in a predefined cavity, and the dielectric continuum
exists outside the cavity. For an accurate description of the
system, it is essential that the electron density exists within the
cavity. However, the electron density can spread well beyond
the cavity for diffuse states such as the DB state and surface-
bound states183,184 (where an electron exists at the air−water
interface). This makes PCM-based solvation models unsuitable
for describing the DB anionic state in the presence of a
solvent.185 Apart from this issue, PCM provides a crude
approximation to the solute−solvent interactions such as the
hydrogen-bonding and chemical processes such as proton
transfer from solvent to solute that significantly contribute to
the stabilization of the radical anions of DNA in the aqueous
media. A combination of microsolvation and PCM methods,
previously used by Kumar et al.,172 might be one of the
possible ways of taking care of the explicit interactions between
DNA and surrounding water molecules. However, Simons and
co-workers185 have recently shown that such an approach
would still fail to describe DB and surface-bound states.

Explicit solvation of DNA model systems with molecular
water in theoretical simulations would address the shortcoming
of PCM-like solvation models. However, considering all water
molecules in a bulk solvated-DNA system, even at a
semiempirical level, is not practically feasible due to the high
computational cost. Kohanoff and co-workers suggested that
the computational bottleneck can be avoided by considering a
smaller number of water molecules (∼30) along with periodic
boundary conditions (PBC) to simulate a fully solvated DNA
subunit.186 Their first principle dynamics on solvated
nucleobases showed that the excess electron, which is initially
delocalized over nucleobase and water molecules, becomes

localized on the nucleobase under ∼15 fs.186 They also
performed a constrained ab initio molecular dynamics (MD)
simulation to study the 3′C−O bond cleavage in 3′-
monophosphate nucleotides.187 Their simulations have
shown that barrier heights for the 3′C−O bond cleavage in
the aqueous medium are higher than those in the gas phase for
all of the nucleotides.187 McAllister et al. further analyzed the
effect of water to nucleobase proton transfer on the 3′C−O
and N-glycosidic (C−N) bond rupture.188 For the sugar−
phosphate bond cleavage, protonation of the nucleobase
resulted in an increase in the free energy barrier of all 3′-
monophosphate nucleotides except the 3′-dAMPH.188 More-
over, the 3′C−O bond of purine nucleotides is more
vulnerable to rupture upon electron attachment than
pyrimidine nucleotide in the solution. They have also found
that the barrier heights for 3′C−O and C−N bond break
reactions in water were comparable in pyrimidine nucleotides.
Although the sugar−phosphate and the N-glycosidic bond
breaks contribute to the majority of DEA products, one should
not ignore the significance of base damages due to the cleavage
of the nucleobase nitrogen−hydrogen (N−H) bond. When the
additional electron gets transferred from the nucleobase π*
resonance to the N−H σ* orbital due to the coupling of the
electronic degrees of freedom with the N−H vibrational mode,
it can lead to bond rupture. Kohanoff and co-workers have
modeled this process in solution using first-principle MD
simulations.189 They found that, in the gas phase, the N−H
bond breaks with 1.67 eV of kinetic energy supplied to the
bond vibrational mode.189 Their study shows that, in the
presence of explicit water molecules, the hydrogen atom
release the required energy >5 eV. This clearly shows the

Figure 7. Uracil monohydrate anion (a) natural orbital corresponding to the DB state, (b) natural orbital corresponding to the VB state, (c)
adiabatic surface corresponding to the ground and first excited state, and (d) diabatic dipole and VB states. Reproduced with permission from ref
148. Copyright 2020 American Chemical Society.
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protective role water molecules play through the formation of
extensive hydrogen bonding with the genetic material.

The first principle MD simulation at the DFT level has
played a great role to enhance our understanding of the
electron attachment to the components of DNA and the
subsequent chemical processes.85 However, due to the high
computational cost, if one has to achieve the required time
scales of those reactions through MD simulation, the number
of water molecules in the simulation will be restricted to <100,
even with enhanced sampling techniques. Such a small number
of water molecules are not sufficient to model the effect of the
bulk solvent environment in the process of interest. The QM/
MM approach is a potential solution to this issue. Hugosson
and co-workers190 have used DFT-based QM/MM simulations
to determine the free energy barriers of the sugar−phosphate
bond break in 3′- and 5′-dCMP radical dianions. The
calculated free energy barriers for both 3′C−O (∼35 kcal/
mol) and 5′C−O (∼42 kcal/mol) show that sugar−phosphate
bond ruptures are unlikely to occur in an aqueous environ-
ment.

The DFT-based QM/MM studies, as described above,
mostly considered the ground state of the anions. However,
the experiments by Mostafavi and co-workers52,93 have shown
that the excited state of the anion plays a critical role in the
electron attachment process. The electron attachment to DNA
subunits in the bulk water may differ considerably from that
observed in the microsolvated models. Nevertheless, the
microsolvated systems can help to understand the effect of
explicit solvent−solute interaction on the electron attachment
process. Those results could bridge the studies conducted in
gas-phase and bulk-solvated model systems of DNA. The
microsolvation studies have shown that the surrounding water
molecules can stabilize π* shape resonances in nucleo-
bases,191,192 which has recently been verified experimentally
by Verlet and co-workers.90 A similar stabilizing effect is
observed for the stable π* VB state. The existence148 of the
doorway mechanism for electron attachment has been
observed for microsolvated uracil, where the DB state acts as
a doorway for electron capture, similar to that observed for the
gas-phase GC base pair (see Figure 7). The initial electron
attachment leads to the formation of a DB state which acts as a
doorway for electron capture. The electron subsequently gets
transferred to the π* type VB state by a mixing of electronic
and nuclear degrees of freedom. The rate constant for the DB
to VB state transition for microhydrated uracil is three orders
greater than that observed in gas-phase uracil. This shows that
even the presence of a single solvent molecule can enhance the
rate of formation of the stable VB anion. The hydrogen
bonding interaction between the water molecule and uracil
stabilizes the anion and increases the rate of transitions from
the DB to the VB state. Although the DB anion is unlikely to
exist in the bulk water medium, the recent works from our
group have shown that a doorway mechanism still exists for
electron attachment to nucleobases in the bulk aqueous
environment.148,150 In the case of the electron attachment to
nucleobase in bulk water, the solvent-bound anionic state acts
as the doorway state for electron attachment.148 EA-EOM-
DLPNO-CCSD/aug-cc-pVDZ(+5s5p4d)-based QM/MM
studies have shown that the incoming electron initially
becomes bound to the water molecules. The water-bound
electronic state is similar to the presolvated electrons, and their
nature is not influenced by the presence of uracil in the
system.148 The electron subsequently gets transferred to the

π*-type VB state by mixing of electronic and nuclear degrees of
freedom.

Only one bound state was observed at the DB geometry in
the monosolvated uracil. In the bulk solvated uracil, at least six
bound anionic states existed even at the initial snapshot from
the QM/MM trajectory. All six bound anionic states were
reported to be solvent-bound initially. Bound states where the
additional electron density is localized on uracil appeared as an
excited state at 3.0 fs (see Figure 8). This state eventually

becomes the ground state, and the solvent-bound state
becomes the first excited state at 5.5 fs. However, the complete
transfer of electrons and subsequent reorganization of the
solvent molecules take around 500 fs. This process results in an
effective electron scavenging mechanism by the nucleobase,
where the presolvated electron reacts with solvated uracil to
form an anionic complex where the extra electron is localized
on water. The electron is then transferred from the water
molecules to the uracil. The electron transfer rate is found to
be very rapid at 2.1 × 1012 M s−1. The plot of the time
evolution of the detachment energies of the bulk solvated
uracil anion shows (see Figure 9) multiple avoided crossing
similar to that observed in the microsolvated uracil. The water
molecules stabilize the nucleobase-bound anions by extensive
hydrogen bonds, and the rapid formation of the stable
nucleobase-bound anion will be competitive to the DEA-
induced sugar−phosphate bond cleavage, which can explain
the suppression of DNA-strand break in the presence of an
aqueous environment.

The water-bound state-based doorway mechanism has also
been observed for aqueous cytosine150 and GC base pairs.149 It
has been observed that the stability of the bulk solvation is
extremely sensitive to the level of theory used for the
calculations. One needs to use a big water box, a large basis
set with a sufficient number of diffuse functions, including
polarization effect in the MM region and extensive sampling, to
get a reasonable agreement with the experimental results.193

Matsika and co-workers have reported similar conclusions for
electron attachment to solvated uracil.194,195

Figure 8. Molecular orbitals corresponding to the most dominant
transition in the EA-EOM-DLPNO-CCSD method depicting time
evolution of the anionic state formed by attachment of the bulk-
solvated electron to uracil. Reproduced with permission from ref 148.
Copyright 2020 American Chemical Society.
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In addition to the aqueous media, the other molecular
components present in the biological environment can also
participate in electron attachment-induced radiation damage to
DNA. Especially the histone proteins present in the close
vicinity of DNA can play a crucial role in modulating the
electron attachment process. Solomun et al. are among the first
to show that the protein can effectively inhibit electron
attachment-induced DNA strand break.196 Sanche and co-
workers have also demonstrated that a high concentration of
amino acid leads to protective action against LEE.197 The gas
phase studied by Bowen and co-workers198,199 has shown that
the electron attachment to nucleobase-amino acid complex
leads to a barrier-free proton transfer between anionic
nucleobase and amino acids, which stabilizes the excess
negative charge. The QM/MM simulation by Kohanoff and
co-workers200 has also shown that the glycine environment can
act as a protective shield against the electron attachment to
thymine.

We have recently demonstrated that electron attachment to
nucleobases in the presence of an amino acid environment

happens through a doorway mechanism,201 where the amino
acid bound states act as a doorway for electron capture. Figure
10 presents the sequence of events observed in the electron
attachment to cytosine in glycine solution. Initially, the
electron is localized on the bulk glycine molecules. The extra
electron density subsequently gets transferred to the
nucleobase at around 100 fs and is followed by glycine to
cytosine proton transfer. The presence of the amino acid
protects the DNA subunits in two ways. First, the initial
electron density is localized on the amino acid and away from
the nucleobase. Therefore, the presence of amino acid leads to
a physical shielding of the nucleobase and reduces the
possibility of the formation of base-centered resonance
states161,202,203 responsible for DNA strand cleavage. Second,
the glycine can stabilize the nucleobase-bound anion by
hydrogen bonding and proton transfer, increasing its electron
scavenging effect and reducing the availability of secondary
electrons leading to resonance-induced strand break. This kind
of protection can be referred to as a chemical mechanism of
protection.

Figure 9. Time evolution of detachment energy of the (left) bound anionic states and (right) diabatic water-bound and uracil bound states for the
attachment of electron to uracil in bulk water environment. Reproduced with permission from ref 148. Copyright 2020 American Chemical Society.

Figure 10. Evolution of the lowest anionic state of cytosine in the presence of a bulk glycine environment.
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■ SUMMARY OF DNA STRAND-BREAK
MECHANISMS

The mechanism shown in Scheme 5 involves the formation of
a ground-state anion where the additional electron is localized
on the nucleobase.174,175,178,180,181 The transfer of the electron
from the nucleobase to the sugar−phosphate moiety has to
occur to cause the sugar−phosphate bond to break. As
mentioned earlier, the proton transfer from the complementary
base (Scheme 5, process 7) would compete with the
nucleobase to phosphate electron transfer (Scheme 5,
processes 9 and 11). DNA bases are known to scavenge eaq

−

from aqueous solution to form base-centered radical anions.4,10

The base-centered radical anion of DNA is formed either by
attachment of eaq

− or by the decay of base-centered resonances
to their bound anionic ground state. Since eaq

− bound-anionic
states do not cause strand breaks in DNA, process 7 should be
the dominant pathway compared to the processes shown in
Reactions 9 and 11. This assumption is also supported by the
kinetically favored inter-base-pair proton transfer in the DNA-
ion radical.86,204−207 The proton transfer in the GC base pair
anion radical takes place in picosecond (∼10 ps) time scales, as
theoretically shown by Shiga and co-workers.204 One could
attempt to obtain a qualitative picture of the kinetics of proton
transfer from the barrier height of the process. A low barrier
height would indicate that proton transfer is a kinetically
favored pathway. Various theoretical studies86,204−207 have
predicted the GC proton transfer to be a low-barrier process.
Hence, DNA strand breaks may not occur through the
mechanism shown in Scheme 5.

The second pathway (Scheme 6, process 13) involves the
base-centered or phosphate-centered resonances. Once the
phosphate-centered TNI* is formed in process 14, it may lead
to either 3′C−O or 5′C−O bond rupture as shown in Scheme

4. However, we have only shown the latter in the scheme
(process 15) to avoid it from becoming more complex,
although the actual process it represents is very complex. The
role of base-centered shape resonance was first proposed by
Simons and co-workers.104,106,107,130 Shape resonance in DNA
is formed in the energy range from 0 to ∼4 eV.105 The TNI*s
detected at energies >5 eV and less than the ionization
threshold of DNA are core-excited resonances.102,120 Sanche’s
group suggested that core-excited resonances are responsible
for DSBs,102,120,208 and shape resonances are responsible for
SSBs105 in DEA to DNA. Once the base-centered excited TNI
is formed, the electron may get transferred to the phosphate
group which would eventually lead to 3′C−O or 5′C−O bond
cleavage. Several theoretical studies108,131,209 had initially
suggested that direct electron attachment to the DNA
backbone could also occur, which was later verified
experimentally by Kopyra.69 Once the phosphate-centered
TNI* is formed, either by direct LEE attachment or by transfer
of the additional electron from base-centered TNI*, the
sugar−phosphate bond rupture could occur at 3′C−O or
5′C−O sites. Among the sugar−phosphate and sugar−
nucleobase bonds, which one is more prone to DEA is still
under debate. Wagner and co-workers employed ∼1.8 eV
electrons to study the DEA pathway in thymidylyl-(3′-5′)-
thymidine.72 Their results showed that the majority of DEA
products were due to sugar−phosphate bond break. LC-MS/
MS analysis of the products further showed that only a minor
quantity of the products was formed due to base release.
However, when the model DNA systems were changed to a
16-mer oligonucleotide, unaltered nucleobase formed due to
sugar−nucleobase rupture was the major DEA product.76 They
attribute this observation to the delocalization of the additional
electron within the long DNA strand.

Scheme 5. Possible Pathways after the Formation of a Base-Centered Radical Anion
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The last pathway of sugar−phosphate bond break involves
initial electron attachment to form a dipole-bound anion (see
Scheme 7).132 Our recent work on 3′-dCMPH showed that
the valence-bound anion formation is favored over sugar−
phosphate and sugar−nucleobase bond cleavage.132 Therefore,
the dipole-bound state may not lead to DNA strand break or
base release.

■ DETECTION OF LEE-MEDIATED DNA-RADICALS IN
IRRADIATED DNA

The radical species formed in irradiated DNA due to LEE-
mediated reaction (e.g., C3′dephos•, Scheme 4) have been
identified by ESR spectroscopy in ion-beam irradiated
hydrated DNA (degree of hydration = 12−14 water
molecules/nucleotide) and in gamma-irradiated hydrated
DNA (degree of hydration = 12−14 water molecules/

Scheme 6. Possible Strand Break Pathways Caused by the Formation of Base-Centered and Phosphate-Centered TNI* in DNA
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nucleotide).11,13,14,35,210−212 However, ROPO2
•− (Scheme 4)

was detected in ion-beam irradiated hydrated DNA
only.11,13,14,35,210−212 These results have been reviewed.11,13,14

■ RELEVANCE TO THE CLINIC (THE ROLE OF
RADIATION-PRODUCED ELECTRONS INVOLVED
IN THE RADIOSENSITIZATION, I.E.,
AUGMENTATION OF RADIATION DAMAGE IN
CELLS)

Experimental techniques including ESR studies of irradiated
DNA-model compounds and of irradiated hydrated DNA,
picosecond pulse radiolysis of DNA-model compounds, and
theoretical studies have unequivocally established that
pyrimidine bases are more electron affinic than the purine
bases.24,52,57,77,93 Therefore, the C5-modified pyrimidine
(especially thymine) nucleosides are being extensively explored
for use as radiosensitizers. New base and nucleoside derivatives
are synthesized that have similar or better DEA yields in the
0−3 eV region, and these modified nucleosides would not lose
the C5-modification of the thymine base by thymidylate
synthetase.213−221 These electron-mediated base-radicals
would augment formation of the radical species that are
precursor to the DNA-lesions, and in addition, the
incorporated modified nucleosides could affect the repair
processes to augment the radiation-induced cell death. These
results show how radiation-produced electrons could be used
to improve the chemoradiotherapeutic efficacy.213−220 Several
platinum-based radiosensitizers are also being investigated.160

■ FUTURE DIRECTIONS
As described above, a majority of the experimental14,68,69,72,74

and theoretical studies85,86 on secondary electron attachment-
induced radiation damage are performed on small DNA
subunits, oligonucleotides, and short double-stranded DNA.
However, experimental studies on the whole DNA are also
available in the literature.20,70,73 A small model system allows
one to gain insight into the mechanism of electron attachment.
However, in real life, the symmetry (or lack of it), length of the
DNA chain, organization of DNA, and its microenvironment
play an important role in determining the site of electron
attachment and formation of the subsequent lesions. Thus, one
needs to perform experiments and theoretical studies with
larger and more realistic models. This will require developing
new experimental techniques and formulating faster and more
accurate theoretical models.

The use of artificial intelligence and quantum computing will
play a major role in the theoretical simulations of larger DNA
model systems in the coming days. A lot of work is being done
and needs to be done in that direction.
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Energy Transfer in Microhydrated Uracil, 5-Fluorouracil, and 5-
Bromouracil. J. Phys. Chem. B 2017, 121 (38), 8965−8974.
(204) Honda, T.; Minoshima, Y.; Yokoi, Y.; Takayanagi, T.; Shiga,

M. Semiclassical Dynamics of Electron Attachment to Guanine−
Cytosine Base Pair. Chem. Phys. Lett. 2015, 625, 174−178.
(205) Colson, A. O.; Besler, B.; Sevilla, M. D. Ab Initio Molecular

Orbital Calculations on DNA Base Pair Radical Ions: Effect of Base
Pairing on Proton-Transfer Energies, Electron Affinities, and
Ionization Potentials. J. Phys. Chem. 1992, 96 (24), 9787−9794.
(206) Szyperska, A.; Rak, J.; Leszczynski, J.; Li, X.; Ko, Y. J.; Wang,

H.; Bowen, K. H. Valence Anions of 9-Methylguanine−1-Methyl-
cytosine Complexes. Computational and Photoelectron Spectroscopy
Studies. J. Am. Chem. Soc. 2009, 131 (7), 2663−2669.
(207) Szyperska, A.; Rak, J.; Leszczynski, J.; Li, X.; Ko, Y. J.; Wang,

H.; Bowen, K. H. Low-Energy-Barrier Proton Transfer Induced by
Electron Attachment to the Guanine···Cytosine Base Pair. Chem-
PhysChem 2010, 11 (4), 880−888.
(208) Zheng, Y.; Sanche, L. Influence of Organic Ions on DNA

Damage Induced by 1 EV to 60 KeV Electrons. J. Chem. Phys. 2010,
133 (15), 155102.
(209) Kumar, A.; Sevilla, M. D. Role of Excited States in Low-

Energy Electron (LEE) Induced Strand Breaks in DNA Model
Systems: Influence of Aqueous Environment. ChemPhysChem 2009,
10 (9−10), 1426−1430.
(210) Becker, D.; Bryant-Friedrich, A.; Trzasko, C.; Sevilla, M. D.

Electron Spin Resonance Study of DNA Irradiated with an Argon-Ion
Beam: Evidence for Formation of Sugar Phosphate Backbone
Radicals. Radiat. Res. 2003, 160 (2), 174−185.
(211) Shukla, L. I.; Pazdro, R.; Becker, D.; Sevilla, M. D. Sugar

Radicals in DNA: Isolation of Neutral Radicals in Gamma-Irradiated
DNA by Hole and Electron Scavenging. Radiat. Res. 2005, 163 (5),
591−602.
(212) Becker, D.; Adhikary, A.; Tetteh, S. T.; Bull, A. W.; Sevilla, M.

D. Kr-86 Ion-Beam Irradiation of Hydrated DNA: Free Radical and
Unaltered Base Yields. Radiat. Res. 2012, 178 (6), 524−537.
(213) Zdrowowicz, M.; Chomicz, L.; Żyndul, M.; Wityk, P.; Rak, J.;
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