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DNA stores and passes the genetic information
of almost all living organisms. Its molecular
structure and their intramolecular interactions
are particularly suitable to maximize stability
against oxidative stress and UV-light absorp-
tion. Yet the protection and repair strategies are
still error-prone: DNA lesions are produced,
including the most complex and highly muta-
genic ones. An important threat to DNA stabil-
ity comes from photosensitization, i.e. from the
dramatic multiplication of radiation-induced
defects mediated by the presence of organic
or organometallic dyes compared to the direct
exposure to UVA radiation. Moreover, the
photo-induced production of singlet oxygen
generates an extremely high oxidative stress on
DNA that, in vivo, normally results in extended
cellular apoptosis.

Elucidating the processes leading to DNA dam-
ages, from the production of a simple radi-
cal entity to deleterious lesions, as well as the
opportunities of repair by devoted enzymes, is

a cornerstone towards the development of more efficient protection strategies.

Sensitization and selective production of DNA lesions can also be exploited to induce the selective
apoptosis of cancer cells upon exposition to radiation or to oxidative stress, for instance in the

field of photodynamic therapy.

The importance and relevance of the field is witnessed by the impressive amount of high-level
papers dealing with this complex subject, and notably tackling the structural elucidation of
DNA and DNA-drug adducts, the mechanisms of formation of DNA lesions (including the
precise detection of the final lesion products), as well as the influence of the lesions on the DNA
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stability and dynamics and the consequences on the ease of repair. Due to the complexity of the
field lying at the frontiers between chemistry, physics and biology, multidisciplinary strategies
allying modeling and experience are needed.

This topic aims at giving an extended overview of the current research in the domain, with
fundamental contribution from the leading groups in the field of DNA reactivity, structural
characterization, photo-chemistry and photo-physics, as well as repair mechanism. It will there-
fore be a fundamental guide for scientists wanting to address the field of DNA lesion and repair,
but also more generally for researchers working in rational drug design or in the development
of biomarkers and medical imaging techniques.

Citation: Monari, A., Dumont, E., Chatgilialoglu, C., eds. (2015). Radiation-Induced and
Oxidative DNA Damages. Lausanne: Frontiers Media. doi: 10.3389/978-2-88919-660-9
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The study of DNA lesions and changes, produced by interaction with UV or ionizing radiation
and by the effects of oxidative stress, is a multidisciplinary research field in life sciences that has
yelded exciting discoveries in the last few decades. The importance of this study is clearly enhanced
by its strong societal impact, because of the connections of DNA lesions with carcinogenetic
processes, which lead to the disruption or mismatching of the genetic information. As well, the
controlled and selective production of lesions is a promising tool for the development of novel
antitumoral strategies and drugs. The multidisciplinary character requires a combined effort from
simulation and modeling studies, together with high-level experimental and analytical chemistry,
spectroscopy, up to biochemical or cellular biology tools. In this Research Topic, we present a
collection of articles focusing on DNA bases photoinduced and radiation damages, on the DNA
interactions, on potential drug development and on the effect of radicals on DNA constituents.

The fundamental reactions of DNA constituents are taken into account for instance by the
investigation of the potential mutagenic effects of NO, radical to guanine and cytosine base pairs
(Cerdn-Carrasco et al.,, 2015) by high level simulation protocols. An ameliorated protocol has
also been developed and validated to achieve a better accuracy in the determination of radiation-
induced lesions in purine moieties (Terzidis et al., 2015) embedded in double- and single-strand
DNA. The improved quantification of purine 5,8-cyclonucleosides resulting from the cyclization
of C5 radical on DNA has also been tackled (Terzidis and Chatgilialoglu, 2015). The association
constant of lipophilic derivatives of the 5',8-cyclo-2'-deoxyguanosine with 2’-deoxycytidine has
been studied by voltammetry NMR techniques (Capobianco et al., 2015).

DNA sensitization by endogenous molecules has also been covered. The oxidative profile of
copper phenanthrene chemical nucleases interacting with DNA has been presented (Molphy
et al., 2015) together with a variety of biophysical data. Furthermore, Forster Resonant-Energy-
Transfer has been used to prove the flexibility and dynamical behavior of short double-strand DNA
sequences intercalated by organometallic compounds (Jia et al., 2015). Connected to spectroscopy
a very detailed analysis of the excited state potential energy landscape of solvated guanine
monophosphate has been reported with high level ab initio techniques, together with an analysis of
principal photochemical pathways (Altavilla et al., 2015).

Furthermore, two reviews, one on simulation and modeling of DNA lesions (Dumont and
Monari, 2015) and the other on stress-induced DNA biomarkers (Nikitaki et al., 2015), help to
clearly define the state of the art of this very active scientific field.

This scientific topic is also closely related to the COST in Chemistry Action CM1201
“Biomimetic Radical Chemistry” and in particular to its Working Group 2 devoted to
“Models of DNA Damages and Consequences.” The COST Action members have actively
participated with most of the contributions derived from the scientific collaborations ongoing
in its framework. As such the Research Topic also represents a very nice overview of
the effectiveness and added value brought about by the creation of a large multinational
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scientific network. Furthermore, the financial support of
the COST Action CM1201 has allowed the open source
publication of exciting scientific contributions from its
members.

We believe that the “Radiation Induced and Oxidative DNA
Damage” Research Topic nicely illustrates most of the complex
and fascinating challenges that scientists working on DNA
damages should tackle. At the same time, it highlights the
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A variety of environmental stresses like chemicals, UV and ionizing radiation and
organism’s endogenous processes such as replication stress and metabolism can lead
to the generation of reactive oxygen and nitrogen species (ROS/RNS) that can attack
cellular vital components like DNA, proteins and lipid membranes. Among them, much
attention has been focused on DNA since DNA damage plays a role in several biological
disorders and aging processes. Thus, DNA damage can be used as a biomarker in a
reliable and accurate way to quantify for example radiation exposure and can indicate its
possible long term effects and cancer risk. Based on the type of DNA lesions detected
one can hypothesize on the most probable mechanisms involved in the formation of
these lesions for example in the case of UV and ionizing radiation (e.g., X- or a-, y-
rays, energetic ions, neutrons). In this review we describe the most accepted chemical
pathways for DNA damage induction and the different types of DNA lesions, i.e.,
single, complex DNA lesions etc. that can be used as DNA damage biomarkers. We
critically compare DNA damage detection methods and their limitations. In addition, we
suggest the use of DNA repair gene products as biomarkes for identification of different
types of stresses i.e., radiation, oxidative, or replication stress, based on bicinformatic
approaches and meta-analysis of literature data.

Keywords: DNA damage, oxidative stress, biomarkers, ionizing radiation, UV radiation, clustered DNA lesions

Introduction

DNA Damage Formation and Consequences also Including DNA Repair

In all cells and tissues a significant level of DNA damage is formed on a daily basis from exposure
to various intracellular and extracellular agents. Endogenous sources of damage targeting nuclear
and mitochondrial DNA are but not limited to replication stress and oxidative stress i.e., free
radicals resulting from metabolism as by-products and at the level of the organism from various
mechanisms like inflammatory responses such as reactive oxygen species (ROS) released from
macrophages (Kryston et al., 2011). In addition, the so-called oncogene-induced ROS can fuel
high proliferation, replication stress and DNA damage response (DDR) activation (Ogrunc et al.,
2014). Replication stress manifested as stalled replication forks and possible collapse results in
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DNA double strand breaks (DSBs) which must be repaired
immediately usually by the homologous recombination (HR)
pathway (Halazonetis et al., 2008). This continuous challenging
process may lead to genomic instability and cancer, especially if
it is combined with exposure for example to natural radiation
and low doses of ionizing radiation from medical exams (X-
rays). This “naturally” occurring combination of DNA damage
(DSBs and oxidized bases) may be considered as the most
common form of complex DNA damage, triggering different
repair mechanisms in the cell, such as DSB repair (HR and
non-homologous end joining-NHE]), base excision repair (BER),
mismatch repair (MMR), and possibly nucleotide excision repair
(NER) especially for UV-induced DNA lesions (Aziz et al,
2012). In order to complete the picture one should add the
fact that specific regions of the human genome are prone to
breaks i.e., the fragile sites are highly preferable targets for DNA
breakage due to replication or oxidative stress (Tsantoulis et al.,
2008; Georgakilas et al.,, 2014). These problematic regions of
possible DNA breaks do not relate necessarily with the genome
sites where radiation interacts creating may be an accumulative
phenomenon of genome “damage burden.” Last but not least, at
the organism level, these phenomena maybe augmented by the
initiation of systemic effects inducing DNA damage in distant
sites of the human body as a result of innate or adaptive immune
response (Sprung et al., 2015).

In this review we summarize the current knowledge of DNA
damage induction mechanisms and the primary methodology
utilized for detection and quantification of DNA lesions
generated by a variety of stresses expected to induce the majority
of DNA lesions in the cell. Although these classifications are
introduced for the first time in this work in general there
are considered as “classical” examples of DNA damage sources
(Aziz et al., 2012). Since we consider the critical use of DNA
damage-based biomarkers not only for biological dosimetry of
radiation exposure but also for prediction of radiation effects
and prognosis of cancer radiotherapy, we performed a meta-
analysis of literature available data, to identify putative DDR
genes implicated in the cellular reaction to three primary types
of DNA damage inducing stresses: ionizing radiation, oxidative,
and replication stress. Our results suggest some genes which are
possibly “unique” for each type of stress and may be candidates
for DNA damage biomarkers i.e., markers indicating that DNA
damage has occurred and most possibly DDR initiation. The
critical parameter here is that these markers are assigned in each
case to three different types of “stress™: (1) ionizing radiation, (2)
oxidative stress, and (3) replication stress.

Formation of DNA Damages: Mechanistic
Aspects

Non-lonizing Radiation: UV Induced DNA
Damage

We initiate our discussion on possible stress DNA damage
markers with UV radiation since some of the lesions (as discussed
below) induced by this type of radiation are highly specific and
characteristic for UV radiation. DNA absorbs UV light mostly

in the UVC and UVB ranges and only a little in the UVA
wavelengths. However, the UVC light is filtered by the ozone
layer of the Earth’s atmosphere and does not reach the surface of
the Earth. Thus, UVB and UVA represent a major risk factor for
the development of skin cancers. Following photon absorption,
DNA bases are excited and two major classes of damages
can be produced at bi-pyrimidine sequences. Cyclobutane bi-
pyrimidine dimers (CPD) are generated through a cycloaddition
of the two C5-C6 double bounds of two adjacent pyrimidine
bases located on the same strand (Figure 1). The four possible
dimeric products, i.e., TT, TC, CT, and CC are produced in
cells and skin exposed to UV light (Mouret et al, 2006).
The second class of dimeric lesions, identified as a pyrimidine
(6-4) pyrimidone photoproducts (6-4PP), are produced by a
[2 4 2] cycloaddition between the C5-C6 double bond of the
5’-end base and the C4 carbonyl group of a 3’-end pyrimidine.
These above mentioned lesions are specifically produced by UV
light and thus could serve as a signature for UV exposure. It
has been also shown that UVA can induce the formation of
pyrimidine dimers most probably through the excitation of an
endogenous photosensitizer that could transfer its energy to
DNA bases, generating exclusively CPDs (Mouret et al., 2006).
In addition, photoactivated endogenous sensitizers may also
induce oxidation of DNA, either directly through a one electron
oxidation reaction (Type I) or through the transient formation
of singlet oxygen (Type II) (Cadet et al., 2015). These two latter
mechanisms are able to produce oxidized DNA bases and mostly
8-0x0-7,8-dihydro-2'-deoxyguanosine (8-oxodGuo) (vide infra).
This lesion has been extensively used as a biomarker of DNA
oxidation, but since it can be produced by several mechanisms,
it cannot be indicative of a specific stress. In contrast, pyrimidine
dimers (CPD and 6-4PP) are only produced by UV light (Cadet
et al., 2000).

lonizing Radiation and Oxidative Stress
In cells, following exposure to ionizing radiation, DNA lesions
can be produced directly or indirectly. The direct effect induces a
one-electron oxidation of DNA, the indirect effect generates ROS
through water radiolysis that can subsequently damage DNA.
The relative contribution of both effects is still a matter of debates
and will be discussed below.

One electron induced DNA oxidation (direct effect) is known
to produce mostly guanine damages since this base has the lowest

0 0 O
OH
HN NH HN
Py A A AN
07 N N Yo ©O T \(
| | ~ N
TT CPD TT 6-4PP
FIGURE 1 | Structure of the main UV induced pyrimidine dimers,
including CPD (left) and 6-4PP (right) dimer generated at TT
sequences.
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ionization potential among the DNA constituents. Thus, even if
oxidation occurs on another DNA base, a fast electron transfer
takes place from guanine to the initially produced radical cation
that is thus “chemically” repaired (Cadet et al., 2004). Such
transfer reaction can take place in vitro over large ranges of DNA
bases (Hall et al., 1996). The generated guanine radical cation can
then decompose through deprotonation or hydration, the second
reaction being at the origin of the formation of the well-known
8-oxodGuo.

The indirect effect produces ROS through water radiolysis,
among them the hydroxyl radical HO® is the most reactive one,
it reacts at a diffusion controlled rate with any biomolecule,
including DNA. Reaction of HO® with DNA involves either
addition onto aromatic moieties of DNA bases, or through
hydrogen abstraction. It has been estimated that about 70%
reacts with DNA bases, and 30% with deoxyribose moieties, the
latter reaction is giving rise mostly to single strand breaks (SSB).
Reaction of HO® with DNA bases involves mostly addition onto
aromatic rings giving rise to about 70 different decomposition
products. Information on the identified products can be obtained
from recent review articles on that topic (Cadet et al., 2012a;
Ravanat et al., 2012). It should be highlighted that most of the
radiation-induced DNA lesions have been initially characterized
using isolated nucleosides or sometimes short oligonucleotides.
Thereafter efforts have been made to develop analytical methods
(vide infra) to search for the formation of these identified
modifications first in irradiated DNA following DNA hydrolysis,
and when detection sensitivity was high enough, directly in cells
exposed to radiation, subsequently to DNA extraction.

More recent efforts have been made to study the
decomposition reaction of initially produced radicals, directly
in dsDNA. A general observation that could be made from the
recent data is that initially produced radicals could efficiently
react with surrounding DNA constituents to produce complex
lesions, including so-called tandem damage involving two
adjacent DNA modifications. Two examples of this kind of
reaction will be described below in detail; additional information
can be obtained from recent review articles (Cadet et al., 2012b;
Ravanat et al., 2014). The first one concerns the formation of
tandem lesions containing 8-oxodGuo and also 2’-deoxy-7,8-
dihydro-2'-deoxyadenosine (8-oxodAdo). These two lesions
have been detected in cells exposed to ionizing radiation and one
striking observation was that the yield of 8-oxodGuo formation
was found to be about one order of magnitude higher than that
of 8-oxodAdo (Cadet et al., 2004). It was initially proposed that
these two modifications were produced by addition of HO®
(indirect effect) onto the C8 atom of guanine and adenine.
However, since HO® is very reactive and reacts with a similar
efficacy with the two purine bases, such a mechanism, that was
supposed to be the predominant one, could not explain the
difference in the yield of formation of the two modified purine
lesions. More recently, it has been shown in vitro that other
reactions can generate 8-oxodGuo and 8-oxodAdo. In fact, it
has been demonstrated (Bergeron et al., 2010) that the addition
of the HO® radical at C8 of guanine and adenine is a minor
process (only 5%). Moreover, 50% of the produced 8-oxodGuo
has been attributed to the addition of a pyrimidine peroxyl

radical onto C8 of an adjacent guanine base, preferably when
the purine is located at the 5" position of the pyrimidine peroxyl
radical. Such addition produces an endoperoxide that, following
decomposition, gives rise to 8-oxodGuo (or 8-oxodAdo) and
an adjacent pyrimidine modification, including formylamine
(Bourdat et al., 2000). A third mechanism, that involves an
electron transfer reaction, probably from guanine to the initially
produced peroxyl radical, explains why formation of 8-oxodGuo
is relatively higher than that of 8-oxodAdo. Indeed, as explained
previously, such an electron transfer produces mostly guanine
damages. Interestingly, in the absence of oxygen, a direct reaction
of the pyrimidine radical with a purine base could also occur
to generate intra-strand crosslinks (Bellon et al., 2002). These
reactions detailed in Figure 2, have been observed in vitro
using dsDNA, and up to now there is no experimental evidence
that implication of the hydroperoxyl radicals is involved in the
formation of tandem lesions in cells. However, the fact that at
the cellular level the yield of 8-oxodAdo formation is one order
of magnitude lower to that of 8-oxodGuo strongly suggests
that formation of tandem lesions in cellular DNA following
initial formation of a single oxidation event is highly probable.
Additional evidence comes from the fact that an unexpected high
frequency of spontaneous proximal multiple mutations has been
reported in cell and animal models (Hill et al., 2004). Formation
of intra-strand crosslinks (produced in the absence of oxygen)
has been observed in cells (Hong et al., 2007). It should be also
highlighted that the mechanisms of formation of such tandem
lesions have been confirmed by theoretical studies (Labet et al.,
2008; Dupont et al., 2013).

The second example of complex DNA lesions produced by
a single oxidation event concerns the formation of damages
arising from initial 2-deoxyribose oxidation. Such reactions were
initially supposed to give rise to SSB when hydrogen abstraction
occur on C5', C4’, or C3’ of 2-deoxyribose. Hydrogen abstraction
occurring at C1’ generates an abasic site. These two types of
lesions are known to be very rapidly and efficiently repaired in
cells. However, it was also reported that reactive aldehydes could
be produced following 2-deoxyribose oxidation (Pogozelski and
Tullius, 1998). Interestingly, DNA bases are known to react
very efficiently with conjugated aldehydes. Using an innovative
approach to search for new radiation-induced DNA lesions
directly in dsDNA exposed to ionizing radiation (Regulus et al.,
2004), a cytosine adduct has been identified and its formation
was explained by the initial formation of a reactive aldehyde,
as schematized in Figure 3. The first single oxidation event
involves hydrogen atom abstraction which occurs at the C4’
position (Regulus et al., 2007). Reaction with oxygen produces a
conjugated aldehyde that is then able to react with a surrounding
cytosine base mostly located onto the complementary strand
(Sczepanski et al., 2008). Thus, the produced lesion implies a
strand break and an inter-strand crosslink. This lesion has been
also measured in cells, and its yield of formation following
exposure to ionizing radiation is within the same range than
the formation of DSB. In addition, kinetics of repair of such
damage was found to be significantly lower (half-life about 10 h)
compared to single lesions that could be totally repaired within
a few hours. Other examples of complex DNA lesions produced
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FIGURE 2 | Mechanisms of formation of tandem DNA lesions induced by HO®. In the absence of oxygen intra-strand crosslinks are produced, whereas in the
presence of oxygen tandem lesions containing 8-oxodGuo adjacent to a pyrimidine modification (indicated by an X) are generated.

Base

O‘L Base elimination
B elimination
C4' radical

FIGURE 3 | Mechanism of formation of a complex lesion induced by C4’ hydrogen abstraction. Following formation of the C4’ radical the produced aldehyde
is able to react with a cytosine base located onto the complementary strand to generate an inter-strand crosslink.
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by initial 2-deoxyribose oxidation have been reported (Dedon,
2008).

These two above detailed examples of chemical reactions
illustrate the complexity of the undergoing reactions taking place
when radicals are produced in dsDNA. Since the initial event is
the formation of a single radical, these lesions could be produced
both by ionizing radiation and also by endogenous oxidative
stress. It is important to distinguish these modifications arising
from the initial formation of a single oxidation event that we
call “tandem lesions” to clustered lesions or so-called multiply
damaged sites (MDS) that arose from multiple ionization
processes due to the spatial distribution of energy depositions
events following exposure to ionizing radiation. However, it is

interesting to notice that at the molecular level, up to now, no
known specific radiation-induced lesions have been identified,
and all identified lesions produced by ionizing radiation could
also be produced by endogenous oxidative stress. The main
difference is the higher complexity of DNA damage in the case
of ionizing radiation as supported by experimental (as reviewed
in Hada and Georgakilas, 2008; Georgakilas et al., 2013) and
theoretical studies (Nikjoo et al., 2001). This also explains why it
is a challenging task to measure radiation-induced DNA lesions,
since these lesions are already present in absence of radiation, and
their yield of formation per unit dose ~1 lesion per 10 million
normal bases and per Gy is relatively low. Thus, the harmful
effects of ionizing radiation could not be attributed primarily
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to the produced single lesions. In fact, more than the chemical
nature of the modification, the localization of their formation
in clusters could explain the genotoxicity of ionizing radiation
(Figure 4). Interestingly, it has been shown that increasing the
linear energy transfer (LET) of the particle (Prise et al., 1994)
increases the lethality of the irradiated cells due to the high
repair resistance of clustered DNA damages (Eccles et al., 2011).
Paradoxically, it has been determined that the absolute number
of modifications produced per unit dose (Gy), is lower in cells
exposed to higher LET particles (such as heavy ions) compared
to cells irradiated with gamma or X rays (Pouget et al., 2002).
From these observations it could be concluded that the toxicity
of ionizing radiation compared to endogenous oxidative stress,
is due to the presence of so-called clustered DNA lesions, or
MDS (Kryston et al., 2011). In other words, in cells endogenous
oxidative stress produces randomly distributed oxidative lesions
that could be repaired efficiently by the cell machinery. However,
following exposure to radiation, formation of the lesions is
localized around the particle track.

When the LET of the particle increases, clusters contain
an increasing number of modifications (Tsao et al, 2007;
Pachnerova Brabcova et al, 2014). We exemplify this
phenomenon in Figure 4. These clustered lesions are difficult to
be repair and thus more harmful for the cell. DSB are one of the
best examples of these clustered lesions. Their formation through

endogenous oxidative stress is very rare since this requires
simultaneous oxidation occurring onto the two complementary
strands in close vicinity (less than one or two helix turn). With
ionizing radiation, the probability of two events taking place
locally on the two strands, increases when LET increases. At
the chemical level, a damage induced by high LET radiation,
will resemble at a mixture of the above 70 different identified
DNA lesions plus a SSB (Stewart et al., 2011; Georgakilas et al.,
2013). This illustrates the complexity at the molecular level of the
lesions that could be produced in the DNA of cells exposed to
ionizing radiation. Only little information is available regarding
the formation of radiation-induced DNA-protein crosslinks. At
the molecular level, only a few examples of reactions involving
amino acids and DNA bases have been reported. Formation
of guanine-lysine adducts generated through a one-electron
oxidation reaction following nucleophilic addition of e-amino
group of lysine onto C8 of guanine is one of the possible
mechanisms (Perrier et al., 2006). Further work has to be done to
better estimate the importance of such damages in cells (Jaruga
and Dizdaroglu, 2008).

Methods for Measuring DNA Lesions

Measuring DNA damage in cells is a challenging analytical
problem since the level of damages to be measured is relatively

AP site

AP site

P

Tandem
lesion

LET

APsite’ ~ ~ T\ ’

“Dirty” DSB

AP: abasic site

FIGURE 4 | When LET increases the DNA lesions are denser
(clustered). Here we present a one dimensional example: Three
different particles with the same energy, but with different LET interact
with a DNA molecule. Assuming that LETq < LET, < LETe, then pa <
Pp < pc, where p = P/l is the interaction probability per length unit.
Thereafter I > I, > lc, where | is the radiation penetration length, the
distance that the particle travels until it loses all of its energy inducing
different types of DNA lesions, like double strand break (DSB), single
strand break (SSB), abasic sites (AP) and oxidized bases. Since all the
three particles (low to high LET) carry the same energy and they are

SSB

A normal base
A Dbase lesion l

p : probability of interaction per length unit
: radiation penetration length

able to cause about the same number of lesions and they travel for
different distances then the particle with the higher LET will cause more
dense lesions, because the same number of lesions (here 2 DSBs, 1
SSB, 8 base lesions, and 2 AP sites) will occur in a smaller distance.
This increased complexity is considered a major challenge for the
cellular DNA repair systems. To illustrate that increase in complexity, an
example of a “clean” DSB containing only two SSB is illustrated for low
LET radiation, compared to a “dirty” DSB produced by high LET
radiation involving two SSB and base damages. In addition, an example
of tandem lesion produced by a single oxidation event is illustrated.
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low and represents generally less than one modification per
million normal bases. In addition, such a measurement has to
be performed with a limited amount of biological material. Two
different strategies have been used for this purpose.

Direct methods are based on analytical chemistry, requiring
first extraction and then digestion of DNA, followed by
the measurement of specific DNA lesions (at the nucleotide,
nucleoside or base level) using a more or less specific detector
coupled to a chromatographic separation.

Indirect biochemical methods have been also developed.
These assays measure generally strand breaks. By coupling to
DNA repair enzymes that convert lesions into strand breaks, or
by using specific antibodies raised against DNA lesions, several
modifications can be quantified. More recently, antibodies were
raised against protein or protein modifications belonging to
the DDR mechanisms allowing detection of “repair” foci of
active repair that could be directly correlated to DNA damages.
Finally, biological consequences of the generated lesions, such
as micronuclei or chomosomal aberrations could be also used to
monitor damages to DNA.

Direct Methods

The principle of the direct measurement of DNA lesions
involves first extraction of genomic DNA from the cells, followed
by the complete hydrolysis to monomeric units, being either
nucleotides, nucleosides or bases (Ravanat, 2012). Then analytical
methods are used to separate the hydrolyzed products and a
specific detection method is used to detect and quantify the
lesions.

High performance liquid chromatography coupled to
electrochemical detection (HPLC-ECD) was one of the first
methods developed in the early eighties for the detection
of 8-oxodGuo (Floyd et al, 1984). As this lesion has an
ionization potential lower than that of normal bases, it can
be detected selectively and quantitatively. This approach has
been also extended to a few other DNA modifications including
5-hydroxy-2’-deoxycytidine (5-HO-dCyd) and 8-oxodAdo. The
system is also usually equipped with a less sensitive UV detector
that monitors normal bases, and thus results could directly be
expressed as the number of modification per million normal
nucleosides, in enzymatically hydrolyzed DNA samples.

During the same period of time, a method based on gas
chromatography coupled to mass spectrometry (GC-MS) has
been also developed (Dizdaroglu, 1984). Such a method has
been applied to acid hydrolyzed DNA samples that release free
bases. This method requires also an additional derivatization
step since DNA bases are not volatile enough to be separated
by GC. The derivatized products could then be detected by
mass spectrometry in the so-called selected ion monitoring (SIM)
mode. This approach is thus more versatile than the HPLC-
ECD method that is limited to the detection of only a few
DNA lesions. However, it has been rapidly highlighted that the
two methods reported significant different background levels of
lesions measured in eukaryotic cells in the absence of any stress
(Halliwell and Dizdaroglu, 1992). At the end of the last century,
it was clearly established that the difference was attributed to the
derivatization step of the GC-MS assay that, by oxidizing DNA

bases (Ravanat et al., 1995), artefactually creates DNA lesions
and thus provides overestimated levels of damages (Cadet et al.,
1997).

Nowadays, HPLC coupled to tandem mass spectrometry
(through electrospray ionization, HPLC-MS/MS) is the method
of choice for measuring low levels of DNA damages (Ravanat,
2012). This method, due to a soft ionization technique, is very
sensitive, at least in the so-called multiple reaction monitoring
(MRM) mode that requires tandem mass spectrometry.
Isotopically labeled internal standards could be used to increase
the accuracy of the quantitation. If an analytical tool is currently
available, it should be kept in mind that artefactual formation of
DNA lesions during the work-up, including DNA extraction, is
always possible. Thus, through a European collaborative project
named “European Standard Committee on Oxidative DNA
Damage” (ESCODD) (ESCODD, 2002, 2003) efforts have been
made to minimize spurious oxidation that could occur during
the work-up. Optimized protocols are now available (Ravanat
et al., 2002).

Using HPLC-ECD and HPLC-MS/MS (and appropriated
protocols for DNA extraction and hydrolysis) the amount of
a several DNA lesions has been measured in cells exposed to
increasing doses of gamma irradiation (Pouget et al., 1999, 2002).
Thymidine glycols were found to be the major lesions and
their yield of formation, around 0.1 modification per 10° bases
and per Gy, was found to be 4 times higher than that of 8-
oxodGuo, whereas a recent work reported similar levels for the
two lesions (Madugundu et al., 2014). Interestingly, the yield of
formation of the formamido-pyrimidine derivative of guanine
was higher (about 2 times) to that of 8-oxodGuo suggesting
that the DNA is in a reducing cellular environment since both
lesions arose from the same intermediate and formation of 8-
oxodGuo requires oxidizing conditions. It should be noticed that
the complex lesion involving formation of cytosine adducts was
also detected in cells by HPLC-MS/MS and its level of formation
is about two orders of magnitude lower than that of 8-oxodGuo
(Regulus et al., 2007), and thus almost similar to that of DSB
estimated to be about 40 DSB per cell and per Gy. More recently
2/,3/-dideoxyribonucleosides were also measured in cells exposed
to ionizing radiation (Madugundu et al.,, 2012). Their yield of
formation is relatively low, similar to that of DSB, but they are
supposed to be specifically generated by secondary electrons with
an average kinetic energy of 10 eV and they can react with DNA
components by a mechanism involving dissociative electron
attachment (Sanche, 2009; Park et al., 2013; Kouass Sahbani et al.,
2014). Further work has to be done to clearly establish the role
of these low energy electrons to induce strand breaks and base
damage at the cellular level.

Indirect Methods

Indirect or biochemical approaches have been also used to detect
DNA lesions in cells. First attempts have been made to use
antibodies raised against DNA lesions. Thus, specific antibodies
raised against pyrimidine dimers were developed and were found
to be specific enough to detect formation of these UV-induced
lesions (Perdiz et al., 2000). For oxidative DNA lesions, and
mostly 8-oxodGuo, the developed antibodies were found to be
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not specific enough and thus cross-reaction with guanine base
was found to give overestimated results (Breton et al., 2003).
Other indirect methods are based on the detection of DNA
strand breaks. Among them, the alkaline elution (AE) or the
more recently developed comet assay are well suited. These
methods enable the measurement of strand breaks (mostly single
strand breaks: SSB) based on the fact that an alkaline elution of
DNA through a filter is faster if it contains breaks (AE) (Pflaum
and Epe, 2000), or that electrophoresis of DNA embedded in an
agarose gel is increased in the presence of a SSB (single cell gel
electrophoresis—SCGE or “Comet” assay) (Boysen et al., 2010).
To increase the versatility of the assay, the approach could be
combined with DNA repair enzymes like human (OGG1, NTH1)
or bacterial glycosylases (Fpg, Endolll) that excise oxidative
DNA lesions and thus induce additional breaks. Thus, prior
to electrophoresis (or elution), DNA can be treated by these
glycosylases and thus the additional strand breaks are interpreted
as the base modifications that have been recognized by the
DNA repair enzymes. By running the electrophoresis under
alkaline (denaturing) conditions, total lesions are measured,
while under neutral (non-denaturing) conditions, bistranded
DNA lesions, i.e., two lesions located on opposing strands, are
quantified. An adaptation of this approach for the detection of
bistranded clustered DNA lesions is presented in the next section
(Georgakilas et al., 2010; Georgakilas, 2011). Coming back to
the idea of using DNA repair enzymes as damage probes, for
example, it is accepted that Fpg-sensitive sites are mostly due
to the presence of oxidized purine bases, including mostly 8-
oxodGuo. Using such an approach the relative proportion of
direct strand breaks (including also alkali-labile sites), oxidized
purine and pyrimidine bases has been determined in cells
exposed to ionizing radiation (Cadet et al., 1999). Formation of
these lesions was found to increase linearly with the radiation
dose (0-20 Gy). The amount of Fpg-sensitive sites was found
to be similar to that of Endolll sensitive sites, suggesting that
an almost similar amount of oxidized pyrimidine and purine
bases is produced. In addition, the number of direct strand breaks
(including also alkali-labile sites) was found to be similar to the
number of modified bases. As already mentioned, increasing the
LET of the particle was found to lower the yield of formation
of the individual lesions (Pouget et al., 2002). For comparison
it has been demonstrated that singlet oxygen only produced 8-
0x0dGuo in cellular DNA (Ravanat et al., 2000), in the absence of
significant formation of strand breaks (Ravanat et al., 2004).
Using the specific measurement of several DNA lesions,
attempts have been made to determine the relative importance of
the direct vs. indirect effect (Douki et al., 2006). This remains to
determine the relative proportion of lesions produced by a one-
electron oxidation mechanism, compared to lesions produced
by HO®. As mentioned above, one-electron oxidation of DNA
produces mostly 8-oxodGuo, and this has been demonstrated
experimentally using a two photons ionization system (high
intensity 266 nm laser pulses) (Douki et al., 2004). HO® produces
several lesions, including also 8-oxodGuo. Thus, one would
expect that increasing the LET of the radiation, that is supposed
to increase the proportion of the direct effect, would also increase
the relative formation of 8-oxodGuo. However, this was not

observed experimentally, strongly suggesting that the direct
effect plays a minor role in the formation of the radiation-
induced DNA lesions. Additional experiments are required,
using lesions specifically produced by an one electron oxidation
reaction (that is not the case for 8-oxodGuo that could be also
produced by hydroxyl radicals) to confirm such results. Recently,
identified polyamine-guanine adducts (Silerme et al., 2014) could
potentially be used for such a purpose.

Others Methods to Measure DNA Damages
through their Consequences

Another possible approach to measure cell damage is flow
cytometry. Since flow cytometry gives information of cell size and
fluorescence intensity, the most explored application in the frame
of DNA damage is the detection of aneuploidy or polyploidy.
More precisely, speaking for oxidatively-induced DNA damage,
the application of flow cytometry is to explore the relative levels
of fluorescence between treated and untreated cells, stained with
antibodies binding to oxidative stress related proteins. This is a
rather old but relatively rapid and reliable technique, while it is
quite indirect, since it measures changes in light scattering and
fluorescence of nucleoids after cellular irradiation (Milner et al.,
1987). Newer approaches target simultaneously DDR proteins
(by use of specific antibodies) as a marker of DNA damage like
DNA repair proteins y-H2AX and BER enzymes. For example
Ong et al. report the first estimation of OGGI levels by flow
cytometry (Peng et al., 2003). The most explored DDR proteins
using flow cytometry are TP53 (Sarasqueta et al., 2013), y-H2AX
(Li et al, 2013), CHEK1, ATR, ATM, TP53BP1, CASP3, and
PRKDC.

In addition, an alternative way to measure DNA lesions
is to measure the consequences of the produced damages.
This concerns for example the measurement of the mutations
induced by the damages or chromosomal abnormalities, using
for example the micronuclei test or determining chromosomal
aberrations. These methods will not be described in the present
article.

Measuring Clustered DNA Lesions (DSBs and
Non-DSB Lesions)

There is a quite limited number of methodologies for detecting
and measuring clustered DNA lesions and especially non-
DSB lesions. An alternative approach to measure DNA lesions
is to measure the activation of the DDR system that is
triggered following formation of lesions. This approach has been
extensively used to assess in cells the formation and repair of
DSB. Indeed, following formation of a DSB, the ATM protein
is able to phosphorylate a histone variant H2AX located nearby
the DSB, the purpose of such phosphorylation is to signal to the
DNA repair machinery the presence of a damage. Antibodies
raised against the phosphorylated form of H2AX, named y-
H2AX, allow to detect foci of the phosphorylated protein that
could then been attributed to the presence of a DSB (Rothkamm
and Horn, 2009). These foci could be directly observed using a
fluorescent microscope and counted to determine the number
of DSBs. Measurement at different time points after irradiation
allows determination of the repair kinetics of radiation-induced
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DSBs. Other proteins (like MRE11, 53BP1 etc.) involved in DNA
repair could be used in a similar way to localize and follow
over time the presence and processing of radiation-induced DNA
lesions. The sensitivity of y-H2AX immunofluorescence is high,
with one focus corresponding to one DSB, and ca. 20-30 foci
induced per Gy and per cell. Therefore, all these methodologies
can be applied to relative low doses of a few mGy up to 2-3 Gy
where usually saturation is reached.

Electrophoretic Approaches

The most reliable quantitative approaches to measure DSB are
considered to be the electrophoretic ones like Pulse Field Gel
Electrophoresis (PFGE) and its various adaptations using DNA
repair enzymes as described above. First experimental evidence
for the existence of clustered DNA damage following exposure to
low- or high-LET radiation was provided in the 90’s as described
in these reviews (Hada and Georgakilas, 2008; Georgakilas
et al., 2013). One major breakthrough though has been done
by Sutherland et al. measuring very accurately different types
of clustered DNA lesions using a sensitive adaptation of non-
denaturing electrophoresis (Sutherland et al., 2000). Focusing on
the bistranded DNA lesions i.e., DSBs and non-DSB oxidative
clustered DNA lesions (OCDLs) (Georgakilas, 2011), we rely
on the fact that repair enzymes participating in BER like DNA
glycosylases and AP endonucleases will function also in vitro, i.e.,
on isolated DNA carrying different patterns of non-DSB lesions.
Once they detect the lesion in each strand and in each cluster,
they will excise it and cleave the DNA strand 3’-prime to the
DNA lesion by their intrinsic lyase activity (DNA glycosylases:
human OGG1 or NTH1) or cleave directly 5'-prime to the abasic
(AP) site in the case of an AP endonuclease, like human APE1
and create a SSB in each strand, i.e., a DSB in the case of a
cluster. These additional indirect DSBs which are formed in vitro
by the assay are different from the ones induced directly by the
irradiation. Therefore, in the same gel both DSBs and OCDLs can
be measured using any electrophoresis combined with number
average length analysis (NALA) (Sutherland et al., 2003). The
sensitivity of the assay is quite satisfactory and while for DSBs
there is a limiting dose of 3-5 Gy where one can measure reliably
these lesions, for OCDLs the dose can be even below 1 Gy with
the use of DNA repair enzymes and appropriate electrophoretic
protocols (Sutherland et al., 2002). By the use of the above
approaches one can measure a few DSBs and OCDLs per Gy per
cell and the suggesting ratio is 1 DSB: 3-5 OCDLs for a wide
range of doses (Hada and Georgakilas, 2008; Georgakilas et al.,
2013). A significant methodological improvement for measuring
DSBs and OCDLs in individual cells has been done by different
groups using different adaptations of the Comet assay (Blaisdell
and Wallace, 2001; Georgakilas et al., 2010). The adaptations of
the Comet assay under alkaline (denaturing) conditions offer a
high sensitivity and detection of DNA damage even in the dose
range of a few mGy up to 1-2 Gy. The drawback in this case is
the fact that this assay is not as quantitative as the PFGE, and thus
does not allow quantifying the number of lesions per cell per Gy.
Another possible disadvantage of all electrophoretic approaches
is that the running conditions and the so-called “electrophoretic
regime” have to be carefully chosen, so the small DNA fragments

not to be “lost” during the electrophoresis and therefore DSBs
and OCDLs to be underestimated (Hada and Georgakilas, 2008).
The importance of small DNA fragments usually less than 10 kbp
becomes very important in the case of high-LET radiation where
the complexity of DNA damage and therefore the proximity of
DNA lesions are expected to be high and in general much higher
than that of low-LET radiations.

Immunostaining

For the detection of DSBs and OCDLs using other more modern
methods, “DNA staining” methods were adapted lately, such
as immunohistochemistry (IHC), immunocytochemistry (ICC),
immunofluorescence (IF), flow cytometry, ELISA and Western
Blotting. These techniques utilize properly developed antibodies
in order to detect the presence of a specific protein. A general
description of an antibody could be like a Y-shaped protein,
that its upper region, the edges of the branches, is devoted to
the recognition (recognition area) of the so-called antigen, while
the trunk of the Y is the functional region. Immunofluorescence
is the branch of immunostaining that uses fluorescence dyes
for the visualization of the target molecules in the fluorescence
microscope.

Among DNA lesions, the most hazardous is accepted to
be the DSB, since this lesion may lead to changes of DNA
sequence and thereby into mutations if repaired by the error-
prone NHE] and not through HR pathway. As discussed above,
a very informative DSB repair protein is the H2AX, which under
a DSB turns into its phosphorylated form (y-H2AX). y-H2AX
forms foci that can be microscopically observed as fluorescent
spots after immunofluorescence staining. The y-H2AX assay
is considered as the gold standard of DSB detection, since a
linear dependence of foci number on radiation dose has been
verified and there is a “1:1” correlation between foci number
and DSBs. Since the importance of y-H2AX is given, it is a
worthwhile task to look for sites of colocalization of y-H2AX
foci with potent foci of other DDR proteins. Both epifluorescence
and confocal microscopy can be utilized. Although confocal
is by definition more informative, epi-fluorescence could be
approved as more time-effective. y-H2AX foci detection can be
carried out through epifluorescence using a high throughput
image analysis software, making foci imaging and scoring
almost fully automated (like the Metasystems Metafer 4
system).

A recent publication by Asaithamby et al. (2011) utilized
the idea of detecting clustered DNA lesions in human cells
using the foci colocalization approach for low and high-
LET ions. Generally speaking, colocalization is referred to the
detection of two different color foci (each one corresponding
to a different DDR protein) that coexist in the same cell
area. For calculating the level of co-localization, highly specific
software like the Imaris (Bitplane) can be used. Usually the
criterion for foci colocalization is the coverage of a minimum
percentage (e.g., 70%) of focus A area by the focus of protein
B and vice versa. This is useful for estimation of co-occurrence
between foci of similar size. As an example and using a freely
available software (JCount), colocalization of APEl1 and y-
H2AX foci in HepG2 cells irradiated with argon ions (Ar-36,
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FIGURE 5 | (A) Principles of colocalization between foci of dissimilar
size. Colocalization exists if the ratio of B foci number per A nucleus
area is greater than the ratio of B foci number per cell nucleus area.
(B) Realistic example of colocalization between APE1 and y-H2AX foci
in human HepG2 cells irradiated with high-LET Ar heavy ions (Ar-36,
LET 269.4keV/um). In our case y-H2AX forms large and bright red foci
with clear boundaries, while APE1 gives a punctuated and diffused
staining, forming numerous small “foci,” even in case of non-irradiated
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cells. In an attempt of using a freely available software, we have
performed the analysis using the Jcount software (courtesy of Dr. Pavel
Lobachevsky group, Peter McCallum Institute, Australia). As expected a
significant increase in the colocalization of APE1 foci with the DSB
focus is observed for all irradiated samples compared to non-irradiated
0 Gy). ()=(V): 0 Gy 1th and 1 Gy 1h. () y-H2AX foci (per cell); (Il)
APE1 foci (per cell); (lll) complex y-H2AX foci that would serve as the
area for estimation APE1 foci per complex y-H2AX focus in (IV).

LET 269.4keV/pm) is presented (Figure5). In this case one
can see that y-H2AX forms large and bright foci with clear
boundaries, while APE1 gives a punctuate and diffused staining,
forming numerous small “foci,” even in case of non-irradiated
cells.

The origin of this difference is that y-H2AX appears only
after induction of a DSB, while APE1 protein pre-exists in cells,
and under a DSB, it is just localized at the site of damage.
Moreover, one y-H2AX focus may extend through 2 x 10° bp,
consisting of about 2000 molecules of phosphorylated histone
H2AX (Rogakou et al, 1998), while in case of APE1l the
task is to identify the migration of some tens of molecules
at the site of DSB. There are however some limitations in
this approach. It cannot be easily claimed that one is able to
detect the fluorescence of individual molecules and thus to
count the number of APEL or other repair protein molecules
(corresponding to abasic sites or oxidized bases using for
example OGGL1), thereby specifying precisely the number of
non-DSB lesions that accompany a DSB. Taking into account
these limitations, it is a logical consequence that the resulting
non-DSB foci number is highly dependent on software specified
parameters. In addition and toward the optimization of this
methodology, the use of high-LET particles might be helpful
since the colocalization can be tested on the particle track and
not anywhere in the cell like in the case of X- or y-rays. Last
but not least and according to our experience, the first step
for unbiased foci analysis is to capture comparable images. For
that the microscope imaging software can be set to integrate
for different but specified intervals for each fluorochrome. The
proper integration time, i.e., the period of time that the CCD
camera collects the emitted fluorescent light, can be defined as
the maximum that for the highest signal to observe no color
oversaturation. By this way, a reliable evaluation of colocalization
between two proteins can be performed like for example APE1
and y-H2AX.

Future Developments

Utilizing Meta-Analysis Tools in Order to Reveal
Potent and Existent DNA Damage Biomarkers
Toward the necessity of developing reliable markers for different
types of stresses inducing DNA damage and under consideration
of the overlap between the different DDR pathways including
DNA repair, we use meta-analysis tools, wishing to suggest
possible biomarkers for future applications.

Based exclusively in previously published data, we present in
this section suggestions for potent DNA damage biomarkers. Our
results are presented in two tables. Considering that the three
more hazardous types of DNA damage are due to: (a) exposure
to ionizing radiation, (b) occurrence of oxidative stress, and (c)
replication stress, in Table 1, we suggest that the products of those
DDR and repair genes could serve potentially for “exclusive”
identification of each stress type. Thus, the usage of the DDR
genes of Table 1 targets the detection of the type of the stress
occurring in the cell through the type of DDR response initiated.
In Table 2, we quote the most common genes that have been
correlated in literature with the above mentioned three situations.
We must mention that the genes in Table 2 can participate in
more than one DDR pathways or types of responses in contrast
to Table 1, that each gene can be assigned with a relative safety
to a specific type of stress-induced DNA damage, for example
radiation-induced DDR. Thus, the usage of Table 2 is to suggest
in general genes for the confirmation and quantitative assessment
of existent DNA damage not knowing necessarily the type of
agent or situation which induced it. In order to mine the genes for
these two tables, two independent sequences of searching were
performed.

Firstly, we run multiple times the GLAD4U (Jourquin et al,,
2012), testing different query terms. In order to define the
most suitable genes for oxidative stress we unified the results of

the query terms: “oxidative stress and DNA repair,” “oxidative
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TABLE 1 | DNA repair genes that could serve for better identification of
exposure to ionizing radiation, occurrence of oxidative stress or
identification of DNA replication processes.

Response to Response to DNA

ionizing radiation oxidative stress replication
FAM175A PSEN1 POLE3

BRE RECQL5
BABAM1 IGHMBP2
umcC1 POLG2
NABP2 RFC2_HUMAN
NABP1 RFC4_HUMAN
EYA3 RFC3_HUMAN
EYA1 RFC5_HUMAN
BRCC3 RFAT_HUMAN
INIP RFA3_HUMAN
INTS3 RFA2_HUMAN
RNF8 INOSOE
RNF168 RNASEH2A
C100rf90 ATR_HUMAN
RFWD3 RBM14

AEN CDK2_HUMAN
USP28

BRSK1

PAXIP1

The analysis was based only in literature available data running multiple times the GLAD4U,
testing specific query terms as described in the text. For the evaluation of the results, some
genes and terms were further sampled in other search engines like Quertle.

» o«

stress and DNA Repair; “DNA repair and oxidative stress.”
We kept only those with score greater than 10, as it arises in
GLADA4U. Score is a measure of relevance between the genes and
the query terms, it serves for the prioritization of the results.
It is defined as the negative logarithm of the hypergeometric
p-value. Respectively, the same was done for the other two
entries. “Ionizing radiation and DNA repair;” “DNA repair and
ionizing radiation,” and “ionizing radiation and DDR” were
unified in order to produce the gene list for “Ionizing Radiation.”
Accordingly, for “Replication Stress” the results of the queries
“DNA repair and replication stress,” “replication stress and
DNA repair” and “replication stress and DDR” were taken into
account. Especially for replication stress PANTHER library was
also utilized. For the evaluation of the results, some genes and
terms were sampled in other search engines (like Quertle, LLC,
2014). Thus, Table 2 was created. We have to emphasize here,
that genes of Table 2, in contrast with Table 1, are not suitable
for “exclusive” identification of the nature of the DNA stress,
although some of them seem to appear only in one category. This
happened because we kept only those genes with score greater
than 10.

For Table 1 in addition to the previous analysis, a second one
was performed. We searched with AmiGO2, a tool of the Gene
Ontology Consortium search engine (The Gene Ontology, 2015),
using the proper of the available filters. The resulting genes were
tested with BioVenn (Hulsen et al.,, 2008) in all combinations
with the other two categories, and also with the categories that

resulted with GLAD4U. We kept only the unique genes of each
category. To enhance the significance of our results, we run extra
tests using other search engines (see below). Our results indicate a
variety of gene products that maybe possibly used as “signatures”
for each type of stress and be further tested experimentally.
We cannot exclude the existence of other possible genes that
equally or better characterize for example exclusively radiation
response and not replication nor oxidative stress. Our findings
were based on published data and the specific search engine tools
(see supporting information).

Evaluation of Meta-Analysis Results by Manual
Searching in Quertle and other Bibliographic
Data Bases

In order to more efficiently scrutinize our results we performed
for all of the above found genes (Table1) a manual search
in Quertle (LLC, 2014) and also using databases GeneCards
(Safran et al, 2010), Uniprot (Apweiler et al, 2004), Entrez
Gene (Maglott et al., 2005) and PANTHER (Moussavi Nik et al.,
2012). No Quertle search result overlap was found for any of
these genes between each of them and the other two categories
(columns). For example, ionizing radiation genes (column 1)
with the terms “oxidative or replication” stress suggesting a
possible “uniqueness” for each of these markers. As a result, these
genes or their encoded proteins are potential biomarkers, but
they need to be validated in further studies. Some examples are
listed below:

lonizing Radiation

e FAMI175A, BRE, BRCC3, BABAMI, and UIMICI: They
are all located in different chromosomes and their protein
products belong to the BRCA1-A complex that is involved
in DDR and DSB repair. The BRCA1-A complex specifically
recognizes “Lys-63”-linked ubiquitinated histones H2A and
H2AX at DNA lesion sites, leading to target the BRCA1-
BARD1 heterodimer to sites of DNA damage at DSBs. This
complex also possesses deubiquitinase activity that specifically
removes “Lys-63”-linked ubiquitin on histones H2A and
H2AX+ (Apweiler et al., 2004). This complex takes part in
G2 DNA damage check point and particularly participates in
X-ray induced DDR.

e NABPI and NABP2: They are components of the SOSS
complex, a multiprotein complex that functions downstream
of the MRN complex to promote DNA repair and G2/M
checkpoint. In the SOSS complex, NABP1 and NABP2 act as a
sensor of single-stranded DNA that binds to single-stranded
DNA, in particular to polypyrimidines. The SOSS complex
associates with DNA lesions and influences diverse endpoints
in the cellular DDR including cell-cycle checkpoint activation,
recombinational repair and maintenance of genomic stability.
Required for efficient HR-dependent repair of DSBs and ATM-
dependent signaling pathways (Safran et al., 2010).

Oxidative Stress

e PSENI: It was rather surprising for us that only one gene
“survived” our screening as described above. The close bonds
between oxidative stress and ionizing radiation when it comes
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TABLE 2 | Genes most commonly used in bibliography in order to identify exposure to ionizing radiation, occurrence of oxidative stress and DNA
replication process.

lonizing radiation

Oxidative stress

Replication stress

Score gene score gene score gene Score gene Score gene
194.8 ATM 31.8 ERCC5 15.5 RADYA 127.8 OGG1 113.6 ATR
87.5 DDB2 29.9 XRCC6 14.5 FANCD2 43.7 APEX1 48.3 CHEK1
79.3 TP53 29.9 TP53BP1 14.4 RNF8 29.2 SOD2 42.5 ATM
73.5 H2AFX 29.4 ERCC2 14.2 RAD51B 28.1 PARP1 32.4 CLSPN
.7 NBN 29.0 XRCC3 14.2 CDKN1A 27.3 ATM 29.0 ATRIP
71.2 PRKDC 29.0 XRCC5 13.8 BARD1 23.7 GSTM1 23.8 RPAT
56.5 ATR 27.3 XRCC4 13.6 NTHL1 23.3 XRCC1 20.8 RPA2
55.2 CHEK2 23.5 APEX1 13.6 CDC25C 18.7 CAT 17.0 H2AFX
54.6 MRET1A 22.8 DCLRE1C 13.4 XRCC2 18.5 GSTT1 15.6 SMARCAL1
53.8 BRCA1 221 RAD18 13.3 NHEJ1 17.9 GPX1 14.3 BLM
52.8 XRCC1 211 OGG1 13.3 BRCA2 17.0 ERCC6 14.0 RAD17
52.7 CHEK1 19.5 CDC25A 13.0 ATRIP 16.8 NFE2L2 18.7 WRN
52.3 RAD51 19.5 RAD52 12.8 ERCC1 15.7 ERCC2 1.4 CDC25A
51.1 XPA 191 ERCC8 12,5 LIG4 13.9 NUDT1 10.5 RADYA
50.3 DDB1 18.4 ERCC4 12.0 POLD1 12.5 NEILT 10.3 FANCM
474 PCNA 18.2 CUL4A 11.8 PNKP 11.4 WRN 10.3 NBN
44.9 XPC 17.9 ERCC3 1.5 KATS 11.0 MUTYH

39.8 ERCC6 16.7 UmMcC1 11.4 MDM2 10.8 TP53

39.6 RAD50 16.5 RPA1 10.4 PPM1D

37.6 MDC1 16.4 PARP1 10.2 ABL1

32.2 POLH 16.0 RPA2

In this table and in contrast with Table 1, these proteins are not suitable for exclusive identification, but there are the most informative, although some of proteins seem to appear only in
one category. That is because in Table 2 only the proteins with the higher score are displayed. In each case, the term “score” as it arises in GLAD4U. “Score” is a measure of relevance
between the query terms, it serves for the prioritization of the results. It is defined as the negative logarithm of the hypergeometric p-value.

to induction of DNA damage can probably explain this result
i.e., very difficult to identify oxidative-stress unique genes.
According to Gene Ontology, PSENI1 is a gene belonging in
the DDR family of genes and especially damage resulting
from oxidative stress inducers like hypoxia (Moussavi Nik
etal., 2012). The encoded protein belongs to gamma secretase
complex, which is a cellular component. Gamma-secretase
cleaves several transmembrane proteins including the cell
surface receptor Notch and the beta-amyloid precursor
protein. Presenilin is a protein which forms a complex
with Aphl, Nicastrin and others to cause intramembranous
proteolysis of Notch subsequent to its extracellular cleavage by
TACE after ligand binding. Presenilin is the actual peptidase
in the complex. Its name derives from the fact that it is
separately also the peptidase involved in cleavage of the
B-amyloid precursor protein or B-APP, and in this role,
mutations in Presenilinl and Presenilin 2 in humans have been
linked to familial early onset Alzheimer’s disease as researched
in PANTHER database database (Mi et al., 2005). It also
participates in metabolic processes, through oxidoreductase
activity. PSEN1 interacts selectively and non-covalently with
oxygen. Searching in Quertle that provides correlated results,
gave no direct results when we combined this gene with
ionizing radiation or replication stress. Collectively, PSEN1
has been correlated with signal transduction in response to
DNA damage, and activation of MAPKK activity.

DNA Replication
e POLE3: is a histone-fold protein that interacts with other

histone-fold proteins to bind DNA in a sequence-independent
manner. These histone-fold protein dimers combine
within larger enzymatic complexes for DNA transcription,
replication, and packaging (Maglott et al., 2005).

RECQL5: is a DNA repair gene, the encoded proteins of which
contribute to DNA replication being responsible for DNA
duplex unwinding. It is required for mitotic chromosome
separation after cross-over events and cell cycle progress. It
is required for efficient DNA repair, including repair of inter-
strand cross-links. Stimulates DNA decatenation mediated
by TOP2A. It prevents sister chromatid exchange and HR
(Apweiler et al., 2004).

IGHMBP?2: This gene encodes a helicase superfamily member
that binds a specific DNA sequence from the immunoglobulin
p chain switch region (Maglott et al., 2005). The encoded
protein is a 5'-3" helicase that unwinds RNA and DNA
duplexes in an ATP-dependent reaction. It acts as a
transcription regulator and is required for the transcriptional
activation of the flounder liver-type antifreeze protein gene
(Apweiler et al., 2004).

POLG2: This gene encodes a DNA repair and also DNA
replication protein (Apweiler et al, 2004). This protein
enhances DNA binding and promotes processive DNA
synthesis (Maglott et al., 2005).
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e RFC2_HUMAN, RFC3_HUMAN, RFC4_HUMAN and
RFC5_HUMAN: These genes encode a member of the
activator 1 small subunits family. The elongation of primed
DNA templates by DNA polymerase 3 and € requires the
action of the accessory proteins, proliferating cell nuclear
antigen (PCNA) and replication factor C (RFC). Replication
factor C, also called activator 1, is a protein complex consisting
of five distinct subunits. The core complex possesses DNA-
dependent ATPase activity, which was found to be stimulated
by PCNA in an in vitro system (Maglott et al., 2005).

e RFA1_HUMAN, RFA2_ HUMAN and RFA3_HUMAN: They
play an essential role in several cellular processes in DNA
metabolism including replication, recombination and DNA
repair. They bind and subsequently stabilize single-stranded
DNA intermediate and thus prevent complementary DNA
from reannealing. They function as components of the
alternative replication protein A complex (aRPA). aRPA binds
single-stranded DNA and probably plays a role in DNA
repair; it does not support chromosomal DNA replication
and cell cycle progression through S-phase. In vitro, aRPA
cannot promote efficient priming by DNA polymerase
alpha but supports DNA polymerase delta synthesis in the
presence of PCNA and replication factor C (RFC), the dual
incision/excision reaction of NER and RADS51-dependent
strand exchange (Apweiler et al., 2004).

Conclusions

Measuring oxidative DNA lesions at the cellular level is a
challenging task since the chosen methodology should be
sensitive enough to measure using a few |Lg of DNA less than one
modification per million DNA bases. In addition, the possibility
to artefactually produce such lesions during for example DNA
isolation increases the difficulty to obtain reliable results. Thus,
effort should be made to compare different and independent
experimental approaches in order to better assess the formation
and biological consequences of DNA lesions. In the field of
ionizing radiation, it is not only the chemical nature of the
lesions that is important, but it is their localization in a cluster
of damage i.e., MDS. This dense distribution of lesions increases
their biological importance since the DNA repair systems are
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DNA is constantly exposed to damaging threats coming from oxidative stress, i.e., from
the presence of free radicals and reactive oxygen species. Sensitization from exogenous
and endogenous compounds that strongly enhance the frequency of light-induced
lesions also plays an important role. The experimental determination of DNA lesions,
though a difficult subject, is somehow well established and allows to elucidate even
extremely rare DNA lesions. In parallel, molecular modeling has become fundamental
to clearly understand the fine mechanisms related to DNA defects induction. Indeed,
it offers an unprecedented possibility to get access to an atomistic or even electronic
resolution. Ab initio molecular dynamics may also describe the time-evolution of the
molecular system and its reactivity. Yet the modeling of DNA (photo-)reactions does
necessitate elaborate multi-scale methodologies to tackle a damage induction reactivity
that takes place in a complex environment. The double-stranded DNA environment
is first characterized by a very high flexibility, but also a strongly inhomogeneous
electrostatic embedding. Additionally, one aims at capturing more subtle effects, such
as the sequence selectivity which is of critical important for DNA damage. The
structure and dynamics of the DNA/sensitizers complexes, as well as the photo-induced
electron- and energy-transfer phenomena taking place upon sensitization, should be
carefully modeled. Finally the factors inducing different repair ratios for different lesions
should also be rationalized. In this review we will critically analyze the different
computational strategies used to model DNA lesions. A clear picture of the complex
interplay between reactivity and structural factors will be sketched. The use of proper
multi-scale modeling leads to the in-depth comprehension of DNA lesions mechanisms
and also to the rational design of new chemo-therapeutic agents.

Keywords: DNA, photosensitization, molecular

energy/electron transfer

photodynamic therapy, photochemistry, modeling,

1. Introduction

DNA stability is essential to maintain cellular integrity of living organisms and avoid genetic
mutations. Threats to DNA stability can be triggered by oxidative stress induced by the presence
of metabolic reactive radical and oxygen species (ROS) or by photoreactivity. Oxidative and light-
induced stress can have a very strong influence on the biological processes governed by DNA, as
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well as in the indirect activation or transduction of signal
cascades, that may result in different malignant outcomes for
the life of the involved cells (Salmon et al., 2004; Kujoth et al,,
2005; Klaunig et al., 2010). Although, in the following we will
focus more on OH® induced pathways, it is worth mentioning
that superoxide radical (05 ) is also connected to the induction
of DNA lesions (Fridovich, 1995; Cadenas and Davies, 2000;
Valko et al., 2007), as well as reactive nitrogen species (RNS) that
are known for their potential carcinogenic activity (Pryor and
Squadrito, 1995; Pacher et al., 2007; Sainz et al., 2012).

In contrast to photochemical degradation mechanisms,
oxidative stress sources can also derive from endogenous
processes and mechanism. Inflammatory conditions are a
known source of ROS (Kamp et al., 2011), such as OH®, and
remarkably ROS and free radicals are also exploited by the
cells for signal transduction (Hamanaka and Chandel, 2010;
Finkel, 2011), and hence are a key factor of cell metabolism.
Moreover, ROS ultimately attacking DNA, may also derive as
byproducts of the degradation of oxidized lipids or proteins,
via the endocytosis process (Lim et al, 2004; Miyamoto and
Di Mascio, 2014). In addition an other important source of
endogenous ROS production, also related to neurodegenerative
diseases, is due to the metabolism of dietary and biogenic amines
(Chaiyen et al., 2012; Ramsay, 2012; Vianello et al., 2012; Repic
et al, 2014). Indeed, this metabolic pathway performed by
monoamide oxidase enzymes leads to the production of H,0,
and subsequently of OH®.

DNA is also constantly exposed to light, and hence efficient
dissipative channels exist to hamper potentially dangerous
photochemical pathways. Nevertheless, inherently stable DNA
photoproducts have been reported and their photochemistry has
been deeply analyzed (Sinha and Hader, 2002; Brash, 2015).
Indeed, the correlation between DNA photo-lesions and the
emergence of threatening mutations is now well accepted, and
in particular the correlation between some types of skin cancers
and uncontrolled sun exposure (Sage et al., 2005). Furthermore,
the absorption range of native DNA can be significantly extended
from the UVB region (where the constitutive nucleobases
individually absorb) to the less energetic UVA because of the
excitonic coupling within the macromolecular DNA structure,
or thanks to the interaction with endogenous or exogenous
chromophores, i.e., the photosensitization (Epe, 2012).

The cells response to the oxidative and photochemical stress
normally results in an acceleration of protective mechanisms
aimed to expel the stress enhancing factors. In the case of DNA
lesions the activation of “repair” proteins, that may vary greatly in
terms of specificity and efficiency, is invoked. The latter enzymes
usually excise the damaged DNA area (Sancar and Sancar, 1988;
Radzimanowski et al., 2013), therefore hampering any mismatch
in the replication process. However some situations exist where
the repair mechanisms fail to efficiently eradicate the lesions. In
this case two scenarios are possible. On the one hand mismatches
can occur during transcription, ultimately leading to mutations
and eventually to carcinogenesis. On the other hand if the stress
is too strong or the replication is impossible, for instance because
it is blocked by interstrand cross-links, cells may induce their
programmed death (apoptosis).

Apoptosis induction favored by the controlled production
of DNA lesions has a very important therapeutic significance.
Indeed, the formation of irreversible DNA lesions, and the
interference with the replication process, has been and is
currently exploited in the development of chemotherapeutic
agents. For instance, we may cite the renown case of the cisplatin
(Florea and Biisselberg, 2011), whose therapeutic effects are
known since the 60’s. More recently the cytotoxic action of other
organometallic compounds, in particular Ruthenium complexes
(Rademaker-Lakhai et al., 2004; Yan et al., 2005; Antonarakis
and Emadi, 2010; Suss-Fink, 2010), has gained great attention
in the development of novel chemotherapeutic drugs that are
presently in clinical trial phase. Furthermore, since DNA lesions
can be induced not only by ground state chemistry, but may also
results from photochemical or photophysical activated energy- or
electron-transfer processes the use of light-triggered therapeutic
strategies and drugs appears promising in enhancing specificity
of action and hence reduce unwanted side-effects. A particular
attention should be paid to the light-induced activation of
singlet oxygen that is promoted by opportune sensitizers such
as porphyrins and lies at the heart of photodynamic therapy
strategies (Dougherty et al., 1998; Pandey, 2000; Agostinis et al.,
2011; Ethirajan et al., 2011).

From an experimental point of view, one relies on the use of
techniques able to identify and possibly quantify the different
lesions formed in DNA. Combination of mass-spectrometry
with gas-phase chromatography is usually used to provide such
informations both for isolated and cellular DNA (Frelon et al,,
2000). Indeed, the difficulty in studying the reactions taking place
in the complex macromolecular environment usually pushes
toward the use of simple models, such as (artificial) mono-
or dinucleotide. Even if such simplified techniques allow to
infer and extrapolate valuable information on the nucleobase
reactivity, still it is important to recall that the role of the
DNA environment is almost totally neglected, while it may
have huge chemical consequences. On the other hand NMR
and X-ray spectrometry may provide extremely useful structures
of lesioned DNA double-strand (Gold et al., 2014; Jain et al.,
2014; Zalesak et al, 2014; Mutter et al, 2015). Even if in
this case most often DNA inherent flexibility and complex
dynamic are not properly taken into account, and hence the
structural evolution and the role played by different lesions in
driving such reorganization may be totally neglected. Obviously,
to assess the response of DNA to UV/vis radiation the use
of spectroscopic techniques is crucial. This can go from the
standard and bench-scale use of optical techniques such as
absorption, luminescence and electronic dichroism (Vorlickova
and Palecek, 1974; Brabec et al, 1992; Ding et al, 2009) to
more sophisticated time-resolved technique (Gustavsson et al.,
2010, 2013; Vaya et al., 2012), allowing to follow the time-
evolution of the different excited states. Furthermore, dichroism
and spectroscopic titration are commonly used to infer the
different and possibly competitive interaction modes between
DNA and sensitizers (Carvlin et al., 1982; Wang et al., 2012;
Lauria et al., 2014).

As this brief survey evidences, the induction of DNA lesions
triggered by different sources of stress involves a very complex
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interplay between different phenomena taking place at molecular
level, and having more general and systemic consequences.
On the other hand, it is precisely that complexity that
strongly suggests a multidisciplinary approach to tackle this non
trivial problem, in particular combining adequate spectroscopic
techniques with state-of-the-art molecular multiscale modeling.
Molecular modeling is invaluable in providing atomistic or even
electronic scale description of the involved phenomena. For
instance, molecular dynamics techniques allow to assess for the
structural deformation of lesioned DNA and its time evolution,
as well as to infer the existence of different stable interaction
modes with smaller sensitizers. The ground- and excited- state
behavior and the reactivity, for instance in terms of free energy
profiles along reaction coordinates, are described by using hybrid
quantum mechanics/ molecular mechanics (QM/MM) methods
allowing to take into account the role of the environment (Senn
and Thiel, 2007, 2009; Meier et al., 2013; Monari et al., 2013).
QM/MM also allows to validate the experimental use of simpler
and more homogeneous model systems (Ding et al., 2009). The
growing computational power experienced in the latter years, as
well as the presence of more and more efficient algorithms and
codes allows to tackle more and more complex problems and
environments, providing an unprecedented comprehension of
biologically relevant mechanisms.

In the present review we will present some examples
of the molecular modeling of DNA under external stress,
both concerning ground-state and photochemical pathways,
underlying the fundamental questions that may be answered by a
proper simulation and modeling.

2. Modeling of DNA Oxidative Stress

DNA oxidative stress is dominated by a combinatorial radical
chemistry, in biological media hydroxyl (HO®) and peroxyl
(HOO?®) radical being by far the principal players. However, other
non-radical reactive chemical moieties can play a role and have
a strong biological influence: !0,, H,O,, alkylating agents, low-
energy electrons, and each of them has been tackled by simulation
means.

2.1. An Ubiquitous First Step: Hydrogen
Abstraction

We will hereby focus on radical induced ground-state reactivity,
and mostly on the hydroxyl radical HO®, as its study exemplifies
the methods employed in DNA damage molecular modeling.
The hydroxyl radical is prone to abstract an hydrogen, with
subsequent production of one water molecule and an highly
reactive radical specie embedded in the biological macromolecule
(see Figure 1); hence, this first step may also constitute the
initiation step in radical chain reactions.

It has been shown that for a given double-strand DNA
fragment (ds-DNA), an hydrogen uptake can occur at many
positions, on the nucleobase (Cadet et al., 1999) but also on the
sugar moiety (Pogozelski and Tullius, 1998), with a ratio of 9:1.
Another reactive pathway activated by the hydroxyl radical is the
direct addition of HO® onto the an ethylenic position of a given
nucleobase B, thus forming in situ a radical entity [B-OH]*®. Once

RN NH
"
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e
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—

FIGURE 1 | Scheme of the different possible oxidative attacks by OHe
on DNA nucleobase or backbone sugar moiety.

again [B-OH]® may undergo further fragmentation or evolve
toward the formation of a peroxyl nucleobase. Thus HO® has a
deleterious and versatile, chemical outcome with many possible
subsequent fragmentation patterns. For instance, as schematized
in Figure 2, a possible evolution may lead to the generation of
abasic sites, or to the oxidative strand scission of nucleic acids
(Cooke et al., 2003). Abasic lesions are characterized by oxidative
pathways that lead to the disruption of the base pyrimidine or
purine kernel, leaving only the sugar as part of the strand. On
the other hand strand scission, mostly affect the sugar and the
backbone (Figure 2) and ultimately results in a breaking of the
strand continuity. If the previous lesions may easily be recognized
and repaired by specific enzymes, also more dangerous lesions,
particularly refractory to the repair may be produced (Bergeron
etal,, 2010). The former are produced by the attack of an oxidized
nucleobase onto a vicinal one (either situated on the same strand
or on the opposite strand), this gives rise to intra- or interstrand
cross-links respectively. This particularly complex and significant
case will be dealt to in Section 2.3.

Modeling has been early invoked to provide a rationale,
and ultimately predict, the preferential hydrogen abstraction
sites: indeed, because of its general high reactivity, the hydroxyl
radical selectivity is governed by the accessibility to the
solvent. The latter is an information reliably estimated by
bioinformatics approaches such as the computation of Solvent
Accessible Surface Area (SASA). Tullius et al. have exploited this
approach to rationalize the HO®-induced DNA strand breaking
(Balasubramanian et al,, 1998), hence providing a clear-cut
structural basis to rationalize the abstraction site preference.
Indeed the authors have clearly shown the existence of a very
good correlation between the reactivity of the different sites
and their solvent. The C5 carbon atom was indeed found
to contribute to the total cleavage by 57%, the C4 position
accounting for the 22% and the C3 for the 17%. The most reactive
C5 position on the other hand shows a solvent accessible area
of 46%, while the C4 and C3 are characterized by 28 and 14%
accesible surface, respectively. Furthermore, this rather simple
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FIGURE 2 | Evolution to abasic site and DNA strand scission following
oxidative attack on the DNA sugar moiety.

approach may easily be generalized to preview the reactivity in
presence of diffusion controlled reactants and may be extended
to the investigations of RNA reactivity and repair processes.
Monte-Carlo simulations of site-specific radical attack to DNA
bases have also proved their usefulness (Nijkoo et al., 1999;
Bulent et al, 2008), with the advantage to go beyond the
single-structure and static description. On the other hand, the
almost immediate estimate of SASA paves the way toward
massive parallel-sequencing-based hydroxyl radical probing of
RNA accessibility (Kielpinski and Vinther, 2014).

The hydrogen abstraction is the key limiting step of the whole
damage process (Regulus et al., 2007; Nikitaki et al., 2015), and
its in-depth understanding can take full profit from quantum
mechanics calculations: the latter are most often rooted in density
functional theory (DFT), which allows to discriminate the most
stable radical centers. Most particularly, DFT can easily be used to
calculate the carbon-hydrogen bond dissociation energy (BDE)
on different nucleobase and sugar potential reactive sites. This
description allows to go beyond the simple solvent accessibility,
indeed a lower BDE will be recognized as a crucial factor favoring
the reactivity of the specific site.

For instance, DFT confirms that hydrogen abstraction for
pyrimidine nucleobases, ie., cytosine and thymine, occurs
preferentially on C5 positions and on the corresponding methyl
group (C5m), not only because of solvent accessibility but also
due to electronic favors (Ji et al., 2005; Frances-Monneris et al.,
2013; Yadav and Mishra, 2013). Interestingly enough, while most
natural occuring nucleobases lead to the formation of 7 -radicals
upon H abstraction, the substitution of the carbonyl oxygen with
sulfur induces the formation of the quite rare o -radicals (Besic
et al., 2001; Vianello and Maksic, 2003; Gomzi, 2011).

It is remarkable that a sound agreement can be achieved
between experiment and theory even when calculations on
model, isolated moieties are performed (Bera and Schaefer,
2005). More recently, Papiez et al. have employed Car-Parrinello

molecular dynamics (CPMD) to describe the hydrogen
abstraction on a solvated guanine (Wu et al, 2004; Abolfath
et al., 2012). This work nicely underlines the contrast between
the static approaches where temperature effects and hence
thermal fluctuations are neglected and the dynamic picture.
Indeed while in vacuum the hydrogen abstraction occurs at
around t = 0.07 ps, water solution slows down the reaction
rate roughly by a factor of two (t+ = 0.12 ps). The hampering
effect of the water environment is due to thermal fluctuation
of the solvent molecules, that are also highly organized because
of hydrogen-bond networks, ultimately resulting in a strong
disturbance of the OH- motion. The extension of this protocol
to a ds-DNA model would constitute an interesting perspective.
However reaching such a goal will require describing most
of the system at the molecular mechanics (MM) level, while
the reactive center (i.e., the nucleobase) should be described
quantum mechanically (QM). Furthermore, water molecules
close to the nucleobase should be included in the QM partition,
but due to water high mobility one has to take into account
the fact that some solvent molecules may move out from the
significant QM partition while others may enter. Such schemes,
known as adaptative QM/MM, have been pushed forward over
the last years (Nielsen et al., 2010) but are for now applied only
to model reactions. An interesting alternative for large scale
molecular modeling could rely on the use of reactive MD, which
has been realized relying on the ReaxFF force field (Abolfath
etal., 2011).

However, QM/MM-MD simulatons, e.g., in a Car-Parrinello
framework, have nowadays been successfully performed both
for reactivity in DNA double strands and in solvated nucleoside
(Abolfath et al., 2012; Garrec et al, 2012). Compared with
reactive MD force-fields and previous calculations, these studies
have the advantage to exploit a less-parameterized density
functional. Furthermore, they also provide a more direct
comparison of free-energy profiles between an isolated system
and a DNA fragment. Indeed, it is worth emphasizing that DFT
has been employed in a near-exclusive way not only for ground-
state reactivity, but also for calculating eletronical vertical
excitation (Durbeej and Eriksson, 2003). More recently, several
works have also described photo-induced hydrogen abstraction
(Szabla et al., 2015), resorting to a multi-reference description
of the electronic density through complete active space self-
consistent (CASSCF) or second order perturbation theory
(CASPT2) approaches. Remarkably, in the previous contribution
the authors identified a reactive conical intersection joining the
So/S; of B-2'-deoxycytidine. Although, from the S; minimum the
system should overcome a rather large barrier of 0.59 eV to reach
the conical intersection, the excess vibrational energy at Franck-
Condon geometry safely allows for its crossing and hence justify
the active photochemistry. Even if multi-configurational methods
can in principle be used within a QM/MM-MD framework,
they are mostly restricted to the treatment of excited states due
to their efficiency in the description of non-adiabatic potential
energy points (conical intersection) and to the computational
bottleneck that limits the time-scale of the MD trajectory
to hundreds of fs (Szabla et al., 2015). However, unlike for
other systems or reactions, the exchange-correlation density
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functional dependence is less prononouced for the study of DNA
and nucleobase hydrogen abstraction reactivity, and different
functional classes usually provide the same insights. In contrast,
the inclusion of a dispersion is particularly important as it was
evidenced for instance by the Bickelhaupt’s group (Poater et al.,
2011).

2.2. Probing the Role of the Environment for
Single-nucleobase Reactions

When coming to DNA reactivity and damage generations,
experiments are performed on isolated nucleobases, small DNA
fragments (trinucleotides), longer oligonucleotides or even larger
ds-DNA structures. It is now well recognized that reactivity in
model systems can largely differ due to the geometrical constraint
imposed within a ds-DNA and the strongly heterogenous
environment. Providing a most direct comparison between
reaction profiles for isolated moieties vs. nucleobases embedded
in a complex macromolecular environment allows to pinpoint
the structural and electrostatic factors that can dramatically
tune or reserve the intrinsic reactivity of nucleobases. Many
elementary lesions in DNA subunits have been first targeted
based on QM studies on isolated fragments (Duncan Lyngdoh
and Schaefer, 2009).

Predictions of the reactivity order between different
nucleobases can indeed be assessed on model m-stacked
systems (thymine propensity to form lower triplet states
or dimerize (Durbeej and Eriksson, 2003), lower ionization
potential of guanine, ...). Both DFT and (multireference)
post Hartree-Fock approaches can be employed, (e.g., on the
guanine radical cation Hutter and Clark, 1996; Sponer et al.,
2001; Jurecka et al.,, 2006). DNA reactivity has been a field of
investigation for conceptual DFT, with derivation of DFT-based
descriptors to rationalize intrinsic trends in DNA reactivity
(Labet et al., 2014). Yet, this supposes that reactivity is governed
only by electronic factors, neglecting the influence of the strongly
heterogeneous environment, and the fact that the flexibility of
short oligonucleotides can induce noticeable deviations from the
canonical B-DNA parameters.

Cluster models where a reaction profile is obtained employing
hybrid QM/MM (Barnett et al., 2006) or QM/QM’ approaches
(Cauét et al., 2013; Ceron-Carrasco and Jacquemin, 2013;
Jacquemin et al., 2014) provide a first step toward more realistic
systems. However in these models dynamics is neglected and
implicitly such schemes assume that reactivity occurs with no
distortion of the B-helix (extremal nucleobases are kept frozen).
Furthermore, even larger deviation of the ideal B-DNA structure
can be induced by the lesions themselves, with consequences
that can be crucial for further reactivity or for the repair
ratio.

Structural and dynamic changes of an oxidized abasic site in
ds-DNA have been studied by molecular dynamics to unravel
representative conformation(s) of the double-helix and infer the
role played by structural modifications on the DNA chemical
reactivity (Chen et al., 2008; Patel et al., 2013). Indeed it has been
shown that abasic sites shows a great conformational flexibility
(Patel et al., 2013), and most notably MD has unambiguously
shown that abasic site is much better stabilized in the B-DNA

double strand when coupled with a cytosine. Indeed in this case
the lesion is accomodated in the duplex and stabilized by a pair
of hydrogen bonds, in contrast purines nucleobases may at most
form one hydrogen bonds and as a consequences the lesions
constantly flip in and out of the duplex. The blocking of the abasic
site inside the B-DNA by cytosine has a strong consequence on
reactivity since it can favor reactive conformations leading to
interstrand cross-links.

Indeed, MD simulations provide a starting point for tackling
the reactivity, within the framework of hybrid QM/MM-MD
simulations. A decade ago Parrinello and coworkers rationalized
the role of the B-DNA (Gervasio et al., 2004) on the reactivity
of the guanine radical cation. This pioneer work constitutes
a first probe of a reversal for the stability of the GCT:C
vs. G(—H)C :C(H)+ couple in B-DNA, which is due to the
electrostatic interaction with the negatively charged backbone
as well as to the different geometrical structures adopted by the
pair.

QM/MM-MD simulations of DNA reactivity are becoming
more and more popular, with several choices concerning the
biais techniques (metadynamics Gervasio et al., 2004, umbrella
sampling, thermodynamic integration Garrec et al, 2012) to
sample the free energy reaction profile along one or several
reaction coordinate(s).

The next subsection is devoted to theoretical studies focusing
on reactions implying two nucleobases, where the distortion of
the DNA structure is even larger and hence a proper dynamic
description of the reaction becomes crucial.

2.3. Bridging Two Nucleobases: Structure and
Reactivity

After the initial radical hit, modified nucleobases (X), such
as oxidized AP, see Figure 2, can be formed which are prone
to form covalent intra- or interstrand cross-links (ICL) with
vicinal nucleobases. One often lacks the knowledge of a
proper experimental structure of the damage to ascertain the
conformation of the reactant, or to probe the final structure of
the product (Patel et al., 2013).

Formation of ICLs obeys a multistep pathway that can be
studied based on model systems (Labet et al., 2008; Sviatenko
et al., 2012). But the study of ICLs also differs from single-
nucleobase lesions since the B-DNA structure is much strongly
impacted by the formation of this kind of defect, which could be
in line with the fact they are refractory to repair.

The formation of ICLs can be formally written as X — B,
where X denotes the modified (oxidized) nucleobase and B one of
the four canonical nucleobases (Figure 2). Their modeling covers
two central aspects:

1. The reactivity to situate the barrier to covalently bind two
nucleobases together. This can rely on DFT calculations
performed on dinucleoside monophosphate, in gas-phase or
with implicit solvation. Alternatively the reactivity can be
treated within a B-DNA fragment, to account notably for
the helical embedding. The barrier to overcome to bridge
up two nucleobases together is strongly dependent on DNA
conformation and on the nucleobases themselves. However
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this dependence is non trivial, and attacks corresponding to
strand offset have also been reported.

2. The structural consequences of the formation of such bonds,
and in particular the free-energy necessary to induce the
helical deformation. In this case molecular modeling can
palliate the lack of experimental structures. In particular
modeling provides starting conformations of the reactant,
but perhaps more importantly, provides a computationally
efficient way to build up in silico the structures of a given
modified oligonucleotide.

The latter point is fundamental in the absence of NMR or X-
ray structure even for the most commonly formed intra- and
inter-strand oxidatively-generated lesions. Also, from a modeling
perspective, the typical timescale for the reorganization of a 12
base-pair oligonucleotide bearing a central defect, poses a central
challenge since it spans tens of nanoseconds, to be compared to
the current limitations of 10-100 ps for QM/MM-MD schemes.
The identification of suitable reaction coordinates and collective
variables describing the process will allow the use of rare-
event accelerating methods such as meta-dynamics, however the
problem is still far from being trivial. Their inherent complexity
also explains why the modeling of this class of lesions is much less
developed, despite their strong biological significance.

One important breakthrough in the study of intrastrand-
cross links has been recently performed using Car-Parrinello
QM/MM molecular dynamics (Garrec et al., 2012). In this
paper the authors have performed thermodynamic integration to
unravel the free-energy profile of the reaction between cytosine
and a nearby C5m-thymine radical leading to the so called
G[8,5-Me]T lesion. The geometrical constrains imposed by
the B-DNA environment helps in keeping the reactant in an
optimal m-stacked conformations, and as a results the process
is characterized by a relatively low activation energy (about
10.0 Kcal/mol) on the other hand isolated nucleotides shows a
rather larger deviation from the ideal conformations and as a
result the activation free energy goes up to about 70.0 Kcal/mol.
Furthermore, the relatively small disruption of the ideal B-helix
structure induced by G[8,5-Me]T could also explain the observed
low reparation rate.

All in all it clearly appears that the modeling of ground-state
DNA reactivity is an extremely complicated problem requiring
the correct equilibrium between a proper description of the
electronic factors and a suitable sampling of the conformational
space of a very flexible macromolecule. To tackle the latter
problems some techniques developed in particular in the field of
the enzymatic catalysis (Garcia-Mesenguer et al., 2013; Zinovjev
et al,, 2013; Zinovjev and Tunon, 2014) should be considered
both to define proper reaction pathways and to perform a good
sampling compatible with the reaction time-scale. On the other
hand the problem of an accurate sampling of the conformational
space or of the definition of suitable collective variables is
less dramatic when dealing with excited-state phenomena, i.e.,
photochemistry and photophysics, even if still the coupling of
electronic factors with vibrational and dynamical ones cannot
be underestimated. These aspects will be the focus of the next
section.

3. Interaction between DNA and UV
Radiation

DNA is constituted by m-stacked nucleobases that can be
regarded as chromophores and whose absorbance is mostly
confined in the UVB regions of the spectrum. The absorption
region capable of producing DNA lesions can be enlarged
for instance by photosensitization, i.e., by the interaction with
endogenous or exogenous compounds (Epe, 2012; Cadet and
Wagner, 2013).

3.1. Direct UV Absorption and Decay

Even if UVB wavelengths are normally filtered by the ozone layer,
and efficient deactivation pathways of the nucleobases excited
states exist, DNA lesions resulting from direct photoactivation
are usually reported and are considered as extremely dangerous
for their potential carcinogenicity.

The photochemical pathways leading to the formation of
the cyclobutane thymine dimer (T <> T) and of the 6-
4 photoadducts [(64)-PP] in the case of stacked nucleobases
has been the subject of interesting combined theoretical and
spectroscopic study (Banyasz et al., 2012). After a thoughtful
validation of TDDFT techniques by comparison with high-level
CASPT?2 techniques the authors efficiently analyze the differences
between the paths leading to the two main photoproducts [T <>
T or (64)-PP]. In particular in the case of T <> T dimerization,
after absorption at 5.36 eV, an efficient and barrierless path in
the first w* excited state leads to a short lived minimum
at 4.45eV connected to the conical intersection (CI) region.
Furthermore, the CI is characterized by a very short inter-
monomer distance, most notably the C5-C5" and the C6-C6’
distances have been found to be of 2.5 and 2.06 A, respectively,
hence the topology of the CI clearly favors dimerization. Notably,
no sterical hindrance or electrostatic effect due to the backbone
are observed. On the contrary the formation of the (64)-PP
adducts, and in particular of the key oxetane intermediate,
involves the population of a charge transfer (CT) state. The
CT state involves both thymines and is found at 5.50 eV. From
Franck-Condon region the excited states may relax toward a very
short living minimum that efficiently evolves toward the oxetane
conical intersection region. Once again, the geometrical features
of this conical intersection favor dimerization, in particular very
short intermonomer distances are found (C6-C4’ 2.46 Aand C5-
08’ 1.65 A). Note that environment effects are crucial since the
backbone charges efficiently stabilize the charge-separated state
compared to the gas-phase situation, and hence strongly favor
its population. Furthermore, a barrier in the CT state potential
energy surface, and probably due to dynamical solvent effects,
needs to be overcome. This fact supports the evidence that
although the CT state is reachable upon UVA irradiation, shorter
wavelengths excitation are needed to allow the system the excess
kinetic energy.

Recently, more complex photochemical mechanisms
have been taken into account (Esposito et al., 2014). Once
again combining spectroscopy and modeling, the study of a
trinucleotide of sequence TCG allowed to gain insight into the
competition between the formation of cyclobutane pyrimidine
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dimer (CPD) and (64)-PP adducts. Interestingly the role of
the methylation of the 5 position of guanine has been shown
to be far from innocent in dictating the relative ratio between
the CPD and (64)-PP. Indeed, the authors found that upon
methylation the ratio between the quantum efficiency for the
CPD production versus the (6-4)PP one (¢cpp/¢—a)pp) g0O€S
from 1.52 to 3.68. The important increase of the selectivity
toward CPD has been rationalized by combining QM and
MD calculations and ascribed to the sugar puckering which
modulates the stacking arrangement of the reactants. Indeed,
methylation strengthens interaction with flanking T and globally
stabilizes conformers that are more reactive toward CPD
formation. Since C5 position metyhylation of guanine is known
to play important role in epigenetic gene regulations and is
found as hot-spot in skin cancer the biological relevance of
these findings are evident. The influence of the double helical
pairing has also been taken into account, globally confirming the
previous results.

The same group (Vaya et al., 2012) has also revealed the role
of the DNA structural organization in dictating its spectroscopic
and photochemical properties. Indeed the exciton coupling of
the nucleobases is reflected in an energy- and charge-transfer
along the double helix that is reflected in the fact that DNA
lesions hot-spot depend on the nearby base sequence and are
not randomly distributed. From a photophysical point of view
an interplay between charge and energy transfer is observed. Still
it will be important to determine the sequence effects favoring
charge-separation and charge-recombination.

Barbatti and Lischka have reported a systematic study of the
deactivation pathways for the four DNA nucleobases (adenine,
thymine, guanine and cytosine) as well as for uracil (Barbatti
et al, 2010). The use of non-adiabatic state-hopping molecular
dynamics (Barbatti, 2011) has allowed the authors to give clear
insights on the deactivation pathways and to reveal two distinct
behaviors between purines and pyrimidines. Indeed, adenine and
guanine have a relatively simple photodynamic, characterized by
a rapid evolution from the w7* up to the conical intersection,
where they are funneled back to the Sy ground state. This simple
mechanism is also reflected in the extremely fast deactivation
with an estimated excited state life time of 0.28 and 0.77 ps for
guanine and adenine, respectively. In contrast, for pyrimidines a
much more complicated situation is found with the competition
of two channels: one evolving to the w7 * conical intersection and
the other one toward the nz* crossing seam. The ratio between
the two channels depending on the bases, for instance in cytosine
the direct w* path is not activated at all. The more complex
photochemistry of pyrimidine bases, also due to the presence
of low lying 7™ states with flatter potential energy surfaces, is
reflected in the longer life-time of excited states spanning values
from 0.53 to several ps.

Robb group (Groenhof et al, 2007) also reported a
computational study of the deactivation pathways of a cytosine-
guanine base-pair both in gas phase and embedded in a DNA
environment. Their QM and QM/MM multiconfigurational
calculations revealed that the deactivation pathway starts with a
proton transfer, that is followed by a radiationless decay leading
to an extended conical intersection seams. Indeed, the particular

topology of the conical intersection systems may lead to a number
of crossings between the first excited and the ground state, that
may ultimately lead to a diabatic blockage. After the crossing to
the ground state the proton is transferred back and in a majority
of situation the initial conformation is restored. Interestingly,
comparing QM and QM/MM calculations, the authors conclude
that the Watson-Crick pairing keeping the base pair closer
together enhanced photostability minimizing the fraction of
trajectory ending up in a different tautomeric state compared to
the initial configuration.

Novel strategies to prove the photostability of DNA
nucleobases start emerging, notably very recently Garavelli’s
group reported the modeling of near UV 2D-electronic
spectroscopy as a tool to characterize the double excited, multi
excimer and charge-transfer states that may be responsible of the
ultrafast deactivation dynamics. These advancements could pave
the way toward a better interplay between theory and modeling
to give an atomistic level description of the different dynamic
phenomena (Nenov et al., 2015).

Although, extremely efficient DNA relaxation pathways may
lead to a drawback evidenced by the works of Gonzalez’s group
that have underlined a femtosecond intersystem crossing taking
place in the case of cytosine (Richter et al., 2012). The explicit
inclusion of spin-orbit coupling in the calculation of the hopping
probability has evidenced a non-negligible population of the
triplet state manifold, indeed after 140 fs the T1 state has
an important population of 10%. This striking result, even
if it neglects the environment, is extremely important from
a photophysical point of view, since it illustrates a situation
in which the quasi-degeneracy between triplets and singlets
compensates the moderate, but non-negligible, value for the spin-
orbit coupling. Moreover, from a more biological point of view,
if confirmed in the DNA embedding it may open the way to the
population of triplet states, that could be responsible of indirect
production of DNA lesions.

3.2. DNA Photosensitization
In DNA photosensitization the absorption of light and
the subsequent photochemical pathways are mediated by
an interacting chromophore. By definition in the case of
sensitization the chromophore needs to be recovered inaltered
at the end of the process, acting in an almost catalytical way.
This excludes covalent interactions with DNA that characterize
the action of important antitumoral drugs such as the cisplatin.
The study of DNA photosensitization is complicated by the
fact that one should be able to achieve a good knoweldge of
different phenomena. First of all, a clear picture of the structure
of the DNA/sensitizers aggregate is compulsory. Usually three
main modes of interaction have been characterized for canonical
B-DNA (Zeglis et al., 2007), see Figure 3:

e Groove Binding. In which the sensitizer lies close to the DNA
grooves, and stabilization is mostly driven by electrostatic
interactions with the negatively charged backbone. Note that
usually a rather important selectivity is evidenced between the
minor or major groove, and that the double-helical structure
is only scarcely distorted.
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Insertion.

FIGURE 3 | Representation of the main interaction modes between DNA and sensitizers. (A) Groove-Binding; (B) Intercalation; (C) Insertion; (D) Double

e Intercalation. In which the sensitizer slips between two base
pairs. The stabilizing interactions are mostly due to dispersion
and m-stacking with the DNA nucleobases, and hence this
mode is predominant for rather large, planar, conjugated
structures. The DNA helix is slightly more perturbed since an
intercalation pocket needs to be created.

e Insertion. In which the sensitizer ejects one of the bases
from its Watson-Crick pairing, taking its place in the helix.
Conjugated systems with non-collinear fused rings, i.e.,
mimicking the pyrimidine geometries, are the most likely to
prefer insertion over intercalation.

Moreover the three interaction modes can most often coexist,
with a population ratio strongly dependent on the environmental
factors such as the DNA sequence or the salt concentration.
As a consequence, X-Ray resolved structures are quite rare,
and structural determination becomes crucial, requiring a
proper modeling that may confirm more indirect experimental
observation such as the ones based on circular dichroism.

On that context we should cite the extensive molecular
simulations performed by the Lavery group using molecular
dynamics and different sampling techniques such as
metadynamics and umbrella sampling (Wilhelm et al., 2012).
The authors were able to unambigously determine two stable
states for the binding of Daunomycin drug to DNA: minor
groove binding and intercalation. Furthermore, they were able
to recover the free energy profile along the pathway connecting
the two modes. A thermally accessible low barrier of about
6.5kcal/mol was indeed found to separate the two stable
modes, with intercalation being about 2.0 kcal/mol more stable.
Interestingly, also an intermediate state was found with the
drug only partially intercalated while DNA is strongly bended

away from the drug. This intermediate state, sometimes called
semi-intercalation, is also found in a number of other drugs or
even in the case of minor-groove binding protein. In the case of
daunomycin, however, the particularity lies in the fact that it is
only connected to a very shallow minimum in the free energy
profile, and hence does not constitute a kinetic blockage for the
full intercalation.

Also the interaction between simple organic molecules and
DNA should be described most carefully, which necessitates
the resort to molecular dynamic simulations to sample the
relevant possible conformations. A particularly striking case is
the one of benzophenone, a paradigmatic sensitizers (Cuquerella
et al., 2012), for which no experimental structure has ever been
reported for the interaction with DNA. Indeed, by analyzing the
molecular dynamics trajectory only 2 stable interaction modes
were evidenced (Dumont and Monari, 2013), one of them was
the usual minor-groove binding, but the second one was a novel
mode called “double insertion” (Figure 3). In this mode the
sensitizer, benzophenone, ejects both the bases constituting the
Watson-Crick pair and take the place of both in the stacked
structure. The use of the so-called non covalent interactions
(NCI) technique to visualize non-covalent interaction (Johnson
et al,, 2010) allowed to pinpoint the emergence of a very strong
hydrogen-bond between the ejected base and the phosphate of
the backbone as one of the factors explaining the stabilization
of the double-insertion mode, even in presence of a strong
helical deformation. Furthermore, the calculation of induced
circular dichroism, using QM/MM methods coupled to the MD
simulation, evidenced a clear spectroscopic signature for the
double-insertion in the UVA region that could allow for an easy
experimental confirmation (Dumont and Monari, 2013). Indeed,
while the minor groove-bound benzophenone does not show any
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induced circular dichroism spectra, the double-inserted mode
presents a well resolved negative band at 350 nm, corresponding
to the n* excitation. Since this band belongs to the UVA and
is far from the native DNA absorbing region it is supposed
that it could allow for a quite straightforward discrimination of
the interaction modes. Recently and independently the double-
inserted mode has been also evidenced in the case of copper
complexes interacting with DNA (Galindo-Murillo et al., 2015)
using very long scale molecular dynamics up to the s scale.

Photosensitization  involving the excitation of the
chromophore, and the subsequent excited-state interactions
with the nearby nucleobases, the influence of the environment
on excited state properties is crucial and should be thoughtfully
taken into account. Indeed the optical properties of many
chromophores can be modulated by the environment, one of the
most well known cases being the light-switch effects (Friedman
et al, 1990), i.e. the activation of luminescence induced by
DNA for the Ruthenium complex [Ru(dppz)(bipy)2]2+ (bpy =
2,2'-bipyridine; dppz = dipyridophenazine). Indeed the latter
complex happens to be dark in water, weakly luminescent in non
protic solvent like acetonitrile and strongly luminescent in water.
One of the first rationalization of this phenomenon was proposed
by Batista, using TDDFT calculations coupled with a continuum
description of the environment and a micro-hydration scheme
(Batista and Martin, 2005). Batista suggested the presence of two
quasi-degenererate triplet states: one metal to ligand charge-
transfer (MLCT) centered on the dppz (3MLCpopZ) and one
intraligand (IL) 77« triplet still centered on the dppz (*ILgyp.).
The authors attribute the quenching of luminescence by water to
the stabilization of the dark 3 MLCT gy, that becomes the lowest
triplet state and hence easily populated. The stabilization would
be mostly due to hydrogen bonds between solvent molecules and
the nitrogen dppz atoms.

More recently a refined explanation for the light-switch
effect was offered coupling a multiscale modeling to describe
the interactions with the surroundings together with TDDFT
and high level ab-initio calculations. Firstly the intercalation
interaction mode and the main features of the absorption
spectrum of [Ru(dppz)(bipy),]** interacting with DNA were
modeled, also taking into account polarizable embedding and
validating the computational protocol (Very et al., 2012). To
this end the presence of the charge-transfer band due to the
Ruthenium complex was evidenced at around 450nm. The
band was assigned to a complex manifold of different metal-to-
ligand (MLCT) transitions. Subsequently (Very et al., 2014), the
triplet excited state manifold of [Ru(dppz) (bipy)2]+2 in different
environments, namely water, acetophenone and DNA was
computed, and the distribution of electronic density analyzed.
The authors concluded that in water the dark 3MLCpopZ state
was populated being the lowest one upon geometry relaxation,
in acetonitrile on the other hand the lowest triplet excited state
was still of MLCT character but was centered both on the
dppz and bipy ligands (3MLCpopz/h,-Py) since in contrast to
the dppz centered one the 3MLCTb,-p), are brights the mixed
3MLCpopz /bipy can be considered as weakly emissive, coherently
with the experiment. Finally in the case of intercalation in DNA

the triplet state becomes now entirely centered on the bipy
ancillary ligand (*MLCTy,) giving rise to a bright state and
hence to the triggering of luminescence. Therefore, the light-
switch effect does not happen because of a competition between
MLCT and IL triplet states but instead by a change in the
electronic density reorganization of the MLCT states operated by
the environment.

Usually photosensitization can be classified considering the
physical phenomenon producing the lesion with DNA. Type I
photosensitization is due to a charge transfer usually toward
guanine, type II sensitization on the other hand is based on
an energy-transfer between the sensitizer (triplet) excited state
and molecular oxygen giving raise to 10, and the subsequent
oxidative events. Finally, one should also take into account
triplet photosensitization characterized by an energy-transfer
between the photosensitizers and DNA bases, usually thymine;
thymine dimers are the most common final products of triplet
sensitization. Since the physical processes underlining these
photosensitization pathways are different, modeling strategies
should be tailored to provide a satisfactory description.

Concerning type I photosensitization some evidences of
important electron transfer between nearby guanine and
different ruthenium complexes have been reported already
at Franck-Condon level using QM/MM performed with an
extended QM partition and TDDFT calculations (Chantzis et al.,
2013). Indeed, in this contribution the authors have calculated
the absorption spectrum of ruthenium complexes intercalated in
DNA extending the QM partition to accommodate the nearby
guanine and adenine base. By analyzing the electron density
reorganization, it has been shown that some vertical transitions
exist around 300nm characterized by a very strong charge-
transfer, the calculation of natural population analysis (NPA)
charges have allowed to estimate such charge-transfer to be close
to 0.7 electron.

Also in the case of type II sensitization the role of the
environment may be far from innocent. For instance in the case
of a DNA interacting drug known as palmatine the production
of 10, as well as fluorescence is triggered only by interaction
with DNA (Hirakawa et al., 2012). Once again only QM/MM
methods coupled with MD allows for a rationalization of the
photochemical pathways (Dumont and Monari, 2015). Indeed,
it was shown that in water solution upon excitation to a valence
mx (3.0eV), state palmatine relaxation crosses a CT state
that happens to be, at his relaxed geometry, lower in energy
than the valence state (3.8 against 4.0V, respectively). This
fact opens the way to efficient non-radiative pathways and
hence induces quenching of luminescence and the inhibition of
singlet oxygen production. In the case of the interactions with
DNA (happening through minor-groove or insertion) already at
Franck-Condon geometry the CT state is strongly destabilized
by more than 1eV comparing to the water-solution case. As
a consequence the crossing with the wmx state is impossible
even after geometry relaxation. Therefore, when interacting
with DNA, palmatine evolves toward the S; (mwm«) state that
can subsequently either relax radiatively (fluorescence) or give
intersystem crossing to populate the triplet state and produce
10,. Intersystem crossing is also supported by the high spin-orbit
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coupling calculated to be of the order of 40cm~!. We note
that in this contribution (Dumont and Monari, 2015), it was
evidenced that in the case of planar conjugated systems, the
calculation of the absorption spectrum necessitates to take into
account the effect of the low-frequency vibration modes, for
instance through the coupling with MD. Indeed the calculation
of absorption spectrum with static procedures gives totally
unreliable results. Indeed, static absorption spectrum has a
shift of about 100 nm compared to experimental results, while
the inclusion of dynamic effects allows to perfectly match the
observed absorption maximum (420 nm) providing one uses a
long-range corrected functional. This situation was also observed
for other DNA interacting systems such as the B-carboline
harmane both for absorption and fluorescence spectra (Etienne
etal, 2013, 2014).

The role of the environment in tuning type II
photosensitization, and in particularly in driving the population
of the triplet manifold was recently pointed out by Nogueira et al.
in the case of the interaction between DNA and phenothiazinium
dyes (Nogueira et al., 2015). The author evidenced that while in
water solution intersystem-crossing is only driven by relatively
inefficient vibronic spin-orbit coupling, the interaction with
DNA modifies the energy order of the excited states and
hence opens the way to a second symmetry allowed crossing.
Indeed, in water solution the dye has to overcome significant
barriers both from Franck-Condon region and S$; minimum
(0.77 and 0.51 eV, respectively) to reach the symmetry allowed
intersystem crossing between S; and T3. On the other hand
in DNA, mostly because of the hydrogen-bonding networks,
the modified potential energy landscape for singlet and triplet
results in a significant lowering of the barriers that assume
values of 0.15 and 0.30 eV, for Franck-Condon or S; minimum,
respectively hence the intersystem crossing region can now be
safely reached thanks to thermal energy and 'O, ne produced.
The observed production of singlet oxygen in water is ascribed
to the coupling between electronic and vibrational movements,
i.e, to the so called vibronic spin-orbit coupling, happening
between S; and T} state, however this channel being less effective
that the fully allowed electronic spin-orbit coupling with T3 the
enhancement in the production of 'O, by the DNA environment
is confirmed.

Triplet photosensitization is also an experimentally-known
component of DNA damage that can be timely tackled
by modeling. Since it involves the preliminary population
of the photosensitizer triplet state manifold, one may ask
if the macromolecular environment keeps the road to
photosensitization open, or if it hinders its development.
Acetophenone is a known triplet photosensitizer (Epe, 2012)
and its efficiency is due to a very efficient population of the
triplet state in gas phase (Huix-Rotllant et al., 2013). Molecular
dynamics simulations have allowed to identify acetophenone
stable interaction mode with DNA, namely intercalation (Huix-
Rotllant et al., 2015). Furthermore, QM/MM calculations,
performed both at CAS-PT2 and TDDEFT level of theory, have
shown that the gas-phase quasi-degeneracy of the first singlet
excited state S; with the two mwm* and nm« triplet state is not

significantly altered by the environment (Huix-Rotllant et al.,
2015). The authors have also evidenced that all along the MD
trajectory the spin-orbit coupling between the S; and at least
one of the triplet is always quite high (about 20 cm™1), ie.,
a value that allows efficient intersystem crossing if the energy
difference between the states is small (Richter et al., 2012).
One of the most striking features of gas phase acetophenone
photohysics, explaining the high-efficiency of the intersystem
crossing is indeed the presence of a three-point crossing between
the singlet and the two triplets. In presence of DNA although the
perfect crossing is lifted the two intersections still happens in a
very close-by region of the configuration space (Huix-Rotllant
et al, 2015). All these results point toward the fact that the
DNA environment does not alter the efficient photophysical
pathways leading to acetophenone triplet population during
the very first vibrational motions. This in turn points toward
the rationalization of the efficient DNA photosensitization
experienced by acetophenone.

But in order to be efficient in terms of triplet-
photosensitization, the population of the triplet manifold
should be rapidly followed by energy transfer to the nearby
thymine. This aspect has been recently deeply analyzed for
the case of benzophenone (Dumont et al, 2015). The energy
profile for the benzophenone-DNA triplet transfer has been
obtained following an approximate reaction coordinate both for
a double-inserted and a minor-groove bound benzophenone.
Calculations have been performed by QM/MM to take into
account the environment effects, while triplet energy has been
obtained both at CASPT2 and TD-DFT level. In particular it
has been evidenced that for double-insertion two very efficient
and barrierless sensitization channels exist one proceeding
from the T, state (nw*) and the other from the T, (wmw*)
triplet. On the contrary in the case of minor-groove binding the
T; sensitization channel is hampered by a significant barrier
(0.30eV), while the T, channel is still active and virtually
barrierless. Furthermore, it has been evidenced that due to the
close-by distance of the interacting chromophores the transfer
will proceed through the Dexter mechanism mainly driven by the
electronic densities overlap. Estimation of the overlap has shown
a slightly pronounced kinetic preference for the double-insertion
mode, but still shows that the transfer from minor-groove is
possible and efficient although with a 100 times lower efficiency
compared to the double-inserted situation.

Obviously a deeper characterization of energy- and electron-
transfer processes will necessitate to take into account non-
adiabatic and state-hopping dynamics. Furthermore, since the
triplet manifolds are involved in most of the cases the spin-
orbit coupling should not be neglected. This aspect coupled
with the necessity to take into account the environment and
many interacting chromophores and the relative long time scale
of the full sensitization process will necessitate a considerable
computational effort that can be achieved only through a proper
methodological development. Still significant progresses have
been made allowing to get a clearer vision of a fundamental and
rather complicated process whose biological relevance cannot be
underestimated.
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4. Sensitizing Non-canonical DNA
Structures

Even if the canonical B-DNA form is by far the most common
one, particular DNA sequences may adopt the so-called non-
canonical conformations. The biological relevance of such
structures is now clearly evidenced. On that context particular
significance has to be attributed to the guanine-quadruplex (G4),
that are present in guanine-rich sequences such as the telomeres
(Neidle and Parkinson, 2003). Telomeres protecting activity is
a key factor to regulate cellular apoptosis, indeed the activation
of telomerase, which is overexpressed in a vast majority of
tumor cell lines, is strongly related to cancer cells uncontrolled
replication (Neidle and Parkinson, 2002). The stabilization of G4
structures by DNA sensitization may result in an inhibition of
the telomerase (Neidle, 2010), hence opening the way to novel
anticancer therapies. In particular the selectivity of the sensitizer
toward G4, instead of canonical DNA structure, will be a key
factor governing the overall selectivity of the drug toward cancer
cells.

The relative peculiar structure of G4 has necessitated an
important computational effort to rationalize their structure and
their stability (Ilchenko and Dubey, 2014), as well as the the
sequence effects governing their formation. Furthermore, since
G4 are stabilized by interactions with cations to compensate
the negative charges the pH and salt concentrations are key
factors determining their appearance. In a vast majority of
studies (Ilchenko and Dubey, 2014) QM methods were used to
analyze the stabilizing factors of G4. Systematic DFT studies
were performed (Jissy et al., 2011), in addition the role of
different cations stabilizing the central channel was investigated
in particularly connected to the emergence of polarizability
anisotropy that may induce birifrangence potentially exploitable
in biomolecular imaging.

A rather serious complication in the study of G4 is connected
to the polymorphism observed for such structures (Ilchenko and
Dubey, 2014). This experimentally observed evidence, has also
been rationalized by other DFT calculations (Fonseca Guerra
etal,, 2010), in particular the role of the hydrogen-bond networks
has been evidenced. Some of the same authors have also proposed
new possible monomers leading to the formation of quadruplexes
structure such as substituted xanthines (Szolomajer et al., 2011).

In parallel, the necessity to correctly represent the
polymorphism of the G4 non-canonical structures has
pushed toward the validation of force-fields, which are usually
parameterized to reproduce the behavior of canonical B-DNA
(Grunenberg et al, 2014). The comparison of force field
descriptions with DFT calculations shows that extreme care
should be taken to model the competitive rotamers. In particular
while the OPLS and the MMFF force fields correctly reproduce
experimental and DFT results, the DNA-popular Amber force
field gives the opposite energy-order.

However, the combination of well parameterized force fields
and of QM and QM/MM techniques allows to correctly
reproduce the interaction of sensitizers with G4. The most
common G4 sensitizers are rather extended and planar
m-conjugated cations (Ilchenko and Dubey, 2014). Recently,

Barone group (Terenzi et al., 2014) has used molecular modeling
to predict the relative stability of G4 vs. B-DNA aggregates with
square-planar organometallic Schiff-base complexes containing
copper and zinc. MD simulations have shown that the Schiff-base
strongly interact with G4 both via electrostatic interactions and
through efficient 7 -stacking. The estimation of the G4/sensitizer
free energy of formation gives values ranging from —34.6
to —14.4 kcal/mol therefore speaking in favor of a stable complex.
It is noteworthy that these results have also been supported by
biological tests confirming a potential anti-cancer activity.

It is evident that despite some difficulty the sensitization of
non-canonical DNA structure, both at the ground and for the
excited-state, is no more considered as an exotic novelty. On
the contrary it is displaying all its potentiality in the rational
design of novel therapeutic strategies. Molecular modeling is
playing an active role on the field and will certainly drive not
only the comprehension of the mechanisms leading to a selective
sensitization, but also the prediction of entirely novel sensitizers.

5. Conclusions

The impressive progresses of modeling and simulation
techniques have now made possible tackling problems as
complex as the generation of oxidatively-induced DNA lesions
and the interaction of DNA with potential drugs. However, this
domain should still be considered very challenging also from a
computational chemistry point of view. Indeed, many different
factors should be taken into account and treated on the same
footing to have a proper, and biologically relevant, description of
the various phenomena comming into play.

Particular attention should be taken for instance to model
the conformational degrees of freedom of the very flexible DNA
macromolecule, this of course calls for adequate and long-
scale molecular dynamics trajectory. Techniques allowing a good
estimate of the free-energy, especially but not exclusively, in
the case of sensitization binding energies are also of paramount
importance. This aspect will of course require the development
of efficient force fields as well as of proper sampling techniques.

The study of the electron density reorganization taking place
on the ground- or on the excited states is also fundamental to go
beyond the simple structural description and propose hints on
the reactivity or the photochemistry of DNA alone or in presence
of sensitizers. The envisaged QM or QM/MM techniques should
conjugate the precision of the description with the efficiency
necessary to make possible the sampling of important region
of the configuration space, and hence having access to good
statistical properties. This is especially true since in many case
energy- or electron-transfer phenomena have to be taken into due
accounts, i.e., one has to deal with some of the most challenging
situations for QM methods.

We believe that from a methodological point of view the
development of novel multiscale techniques in particular for
what concerns excited state non-adiabatic dynamics as well as ab-
initio QM/MM dynamics will allow the treatment of more and
more complex scenarios, coupling a good accuracy with good
statistics. On that context the development of proper sampling
techniques allowing the definition of good and physical relevant
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reaction coordinates taking into account all the relevant collective
variables will certainly be one of the most important challenges of
the next years.

Nowadays, the atomistic scale description of DNA related
phenomena offered by multiscale modeling allows to rationalize
and properly describe phenomena as diverse as the behavior
of DNA under oxidative stress or the environment controlled
behavior of phototherapy drugs. The selectivity of potential
drug candidates toward different DNA configurations as well
as the differential dynamical behavior of different DNA
sequences are now accessible at least at a semi-quantitative
level.

Modern day molecular modeling is therefore able to provide
a molecular and electronic description of the factor governing
DNA chemistry under external perturbation, therefore molecular
modeling can nowadays be considered as a fundamental tool to
provide unprecedented insights in chemical biology. Conversely,
the knowledge of the mechanism of DNA lesions induction are
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also paving the way to the rational design of novel therapeutic
agents. Therefore we may safely say that the communication
between the in silico world of molecular modeling and the in
vitro world of biological chemistry and cellular biology is now
a sounding and promising reality.
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5’,8-Cyclo-2’-deoxyadenosine (cdA) and 5,8-cyclo-2'-deoxyguanosine (cdG) are lesions
resulting from hydroxyl radical (HO") attack on the 5’H of the nucleoside sugar moiety
and exist in both 5'R and 5'S diastereomeric forms. Increased levels of cdA and cdG
are linked to Nucleotide Excision Repair (NER) mechanism deficiency and mutagenesis.
Discrepancies in the damage measurements reported over recent years indicated the
weakness of the actual protocols, in particular for ensuring the quantitative release of
these lesions from the DNA sample and the appropriate method for their analysis. Herein
we report the detailed revision leading to a cost-effective and efficient protocol for the
DNA damage measurement, consisting of the nuclease benzonase and nuclease P1
enzymatic combination for DNA digestion followed by liquid chromatography isotope
dilution tandem mass spectrometry analysis.

Keywords: DNA damage, cyclonucleosides, enzymatic digestion protocols, isotope dilution analysis, liquid
chromatography-tandem mass spectrometry

Introduction

Hydroxyl radicals (HO") are known for their reactivity toward DNA leading to nucleobase
modifications and strand breaks. In particular, the attack at H5 of DNA by HO" is estimated
to occur with a 55% probability over all possible sugar positions, and produces the C5 radical
(Aydogan et al., 2002). The chemistry of C5’ radical is very peculiar with respect to the other
positions of 2-deoxyribose in the sense that it does not generate an abasic site, but unique cyclic
base-sugar adducts are formed denominated cyclopurine lesions (Figure 1). Therefore, apart from
the usual glycosidic bond, another covalent bond between the C5’ sugar and the C8 purine carbon
atoms is present (Chatgilialoglu et al., 2011). 5,8-Cyclo-2’-deoxyadenosine (cdA) and 5',8-cyclo-2'-
deoxyguanosine (cdG) in their 5'R and 5'S diastereomeric forms are tandem-type lesions observed
among the DNA modifications and identified in mammalian cellular DNA in vivo (Chatgilialoglu
et al., 2011). Nowadays these lesions are considered as robust biomarkers for oxidative stress and
might be resistant to repair machinery in cells. Indeed, it has been recently found that these tandem
lesions accumulate with aging in a tissue-specific manner (liver > kidney > brain), providing
evidence that DNA repair mechanisms are inadequate to preserve the integrity of genetic material
from these lesions (Wang et al., 2011, 2012). Results from competitive transcription and adduct
bypass assay revealed that 5'S-cdG strongly inhibits transcription in vitro and in mammalian
cells, and induces transcriptional mutagenesis both in vitro and in vivo (You et al., 2012). Recent
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FIGURE 1 | 5,8-Cyclo-2’-deoxyadenosine (cdA) and
5',8-cyclo-2'-deoxyguanosine (cdG) lesions.

studies reported cyclopurine lesions as reliable oxidative stress
biomarkers in animal models for examination of liver injury
pathophysiology in Wilson’s disease and pigmentation (Wang
et al, 2011; Mitra et al, 2012). A direct comparison of
relative Nucleotide Excision Repair (NER) efficiencies of the
four cyclopurines has been determined in the identical sequence
contexts and in the same HeLa cell extract preparations
(Kropachev et al., 2014). The cdA and cdG lesions were
excised with similar efficiencies, but the efficiencies for both 5'R
cyclopurines were greater by a factor of ~2 than for the 5§
lesions. Based on molecular modeling and molecular dynamics
simulations, the structural and energetic origins of this difference
in NER efficiencies have been suggested. Indeed, the greater
stacking impairment in the 5'R stereoisomer correlates well with
its greater relative NER excision efficiency.

Modified oligonucleotides and dimers containing the
cyclopurines were synthesized and used by different research
groups for the development of enzymatic protocols aiming at the
quantitative liberation of the lesions as nucleoside units, prior to
quantification (Romieu et al., 1998, 1999; Jaruga et al., 2004). The
cocktails used in the latter studies contain the nuclease enzyme
P1, which is dependent on both zinc and water co-factors and
is known to recognize and hydrolyze single-stranded DNA and
RNA to the level of 5'-mononucleotides by concerted endo- and
exonucleolytic action (Fujimoto et al., 1975; Volbeda et al., 1991;
Romier et al., 1998). The mechanism behind the action of the
snake venom phosphodiesterase (3’'-exo) and phosphodiesterase
II (5'-ex0), also used in digestion mixtures, has been identified
to proceed through the formation of a nucleotidyl-enzyme
intermediate by an active-site threonine insult, on which a
double-displacement takes place (Culp et al., 1985; Cummins
and Potter, 1987). Results reported for irradiated samples of calf
thymus DNA have been critically reviewed, highlighting that
the available protocols are not the best performing test available,
and revision is needed in order to get precise damage values
and foster the potential involvement of these lesions in human
health (Chatgilialoglu et al., 2011). The objectives of this work
were to (i) develop and validate a sensitive analytical method

based on the stable isotope-dilution tandem mass spectrometry
technique using triple quadrupole mass spectrometry, and
(ii) to elucidate the hydrolytic action of several enzymes for
the satisfactory DNA digestion and quantitative release of
single nucleoside cyclopurines. We anticipate that our revised
protocol, consisting of the nuclease benzonase and nuclease P1
enzymatic combination for DNA digestion followed by liquid
chromatography isotope dilution tandem mass spectrometry
analysis, provides benefits for costs and efficiency related to DNA
damage measurement including cyclopurine lesions.

Materials and Methods

Chemicals

8-Bromo-2’-deoxyadenosine, 2’-deoxyadenosine monohydrated,
7,8-dihydro-8-oxo0-2'-deoxyadenosine (8-0x0-dA), 2/-
deoxyguanosine monohydrated, 7,8-dihydro-8-ox0-2'-
deoxyguanosine 8-oxo-dG), and 8-bromo-2'-deoxyguanosine
were purchased from Berry & Associates Inc. (Dexter, USA).
[N5]-2’-deoxyadenosine monohydrated and [°N5]-2/-
deoxyguanosine monohydrated (all >98% isotopic purity) were
purchased from Cambridge Isotope Laboratories (Andover,
USA). All the salts and solvents, thymidine, 2’-deoxycytidine,
activated calf thymus DNA, nuclease P1 from Penicillium
citrinum, phosphodiesterase II, phosphodiesterase I from
Crotalus Adamanteus venom, DNAse I, DNAse II, alkaline
phosphatase from bovine intestinal mucosa, erythro-9-(2-
hydroxy-3-nonyl)adenine hydrochoride (EHNA), benzonase
99%, deferoxamine mesylate salt, BHT and pentostatin, were
obtained from Sigma (Taufkirchen, Germany and Milan, Italy)
while the 3 kDa filters were purchased from Millipore (Bedford,
USA). Distilled and deionized water (ddH20) was purified by a
Milli-Q system (Millipore, Bedford, USA).

Synthesis of Reference Compounds and Internal
Standards

The four diastereoisomers 5'R-cdA, 5'S-cdA, 5'R-, and 5'S-
cdG were synthesized according to published synthetic protocol
(Jimenez et al., 2004; Terzidis and Chatgilialoglu, 2013) (e.g.,
see Figure S1 for cdA). Synthesis of >N labeled of adenine
derivatives was performed as previously reported for the
unlabeled compounds (Boussicault et al., 2008). In particular,
1 mL of aqueous solution containing 1.5mM of ["*Ns]-dA was
prepared, flushed with N,O for 15min and y-irradiated with
a total dose of 2 kGy at a dose rate of 4.5 Gy min~!. After
the reaction crude mixture was submitted to HPLC purification
and the peaks corresponding to [!°N5]-5'R-cdA, ["°Ns]-5'S-cdA,
and [°N;s]-8-0x0-dA were collected (Figures S2, S3). The two
diastereoisomers in ESI MS/MS analysis gave m/z 255 for the
[M+H]™" and the two diagnostic fragment ions at m/z 169 and
at m/z 141, whereas [°Ns]-8-oxo-dA gave m/z 273 for the
[M + H]" and two fragment ions at m/z 157 and m/z 130,
which correspond to the protonated 2-deoxyribose and [1°Ns]-
8-oxo-adenine, respectively. The synthesis of [!°Ns]-8-bromo-
2/-deoxyguanosine has been achieved starting from [!°Ns]-dG
and following a known procedure for the unlabeled compound
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(Miinzel et al,, 2011). In particular, 1 mg (3.5 pmol) of ['°Ns]-
dG was suspended to 500 wL of acetonitrile/water mixture 4:1
in a microcentrifuge tube of 1.5mL volume. Then 1.3 mg N-
bromosuccinimide (7.3 pmol) was added to the suspension in
three portions and the mixture stirred at room temperature
for 2h. After the solvent was removed under a stream of
argon, acetone (100 L) was added. The mixture was stirred at
room temperature for 4 h and then stored at —20°C overnight.
Next, the mixture was centrifuged at 1000 g for 1min and
the supernatant was removed with a pipette. The precipitate
was washed with cold acetone (60 L), centrifuged again and
the liquid removed with a pipette. The bromo derivative was
irradiated as previously reported for the unlabeled compounds
(Chatgilialoglu et al., 2007): 1mM solution in ddH,O was
transferred into the UV irradiation apparatus, flushed with argon
for 15 min, and irradiated for 30 min with a UV light (5 W low
pressure Hg lamp). The reaction mixture was quenched with
a 5% NaHCOj; solution (final pH 7) and submitted to HPLC
for purification (Figure S4) affording the two diastereomers
[*N5]-5'R-cdG and ['°N5]-5'S-cdG (Figures S4, S5). [1°Ns]-8-
0x0-dG was prepared following a literature protocol (Taghizadeh
et al,, 2008). In particular, ['°N5]-dG (0.24 mg, 0.82 umol) was
dissolved in 164 L of water in an ultrasound bath. After, 5.45 wL
of 0.5M freshly prepared ascorbic acid (2.7 umol) were added
followed by 3.3 L of 0.1 M CuSO4 (3.3 pmol) and 9.4 wL of
30% hydrogen peroxide. The reaction mixture was stirred at
room temperature and quenched after 2h with a 5% Na;SO3
solution. The crude was purified by HPLC (Figures S6, S7).
The two diastereoisomers in ESI MS/MS analysis gave m/z 271
for the [M + HJ]' and the two diagnostic fragment ions at
m/z 185 and at m/z 206, whereas ['°Ns]-8-oxo-dG gave m/z
289 for the [M + H]" and two fragment ions at m/z 173 and
m/z 145, which correspond to the protonated 2-deoxyribose and
[1°Ns]-8-oxo-guanine respectively. The isotopic purities of the
15N labeled compounds were found to be >99.9% by tandem
mass spectrometry analysis using an ion-trap Bruker Daltonics
MS" system. The calculations were based on the ratio between
the signals of the fragment ions corresponding to the labeled and
the natural compounds. Their UV spectra were identical to those
of the unlabeled compounds.

Determination of Purine
5',8-Cyclo-2’-Deoxynucleosides Extinction
Coefficients

The purity of the natural standard references of purine 5,8-
cyclo-2'-deoxynucleosides was determined after the synthesis
according to published procedures (Jimenez et al., 2004; Terzidis
and Chatgilialoglu, 2013). They were all controlled by HPLC-
UV and LC-MS? (Agilent-Bruker Daltonics ion trap) for purity.
The purine 5',8-cyclo-2'-deoxynucleosides obtained by the
previous procedure were desalinated using solid phase extraction
cartridges (Waters Sep-Pak® C18-E, 120 A, 360 mg) by following
the manufacturer’s instruction. For the determination of the
extinction coeflicients (g) at the hpyax of each nucleoside and, in
order to reduce pipetting errors, aqueous solutions of each were
prepared involving a five digital balance. The UV spectra were
recorded by a UV spectrophotometer.

Isotope Dilution Tandem Mass Spectrometry
Quantification

The quantification of the lesions was carried out by liquid
chromatography isotope dilution tandem mass spectrometry
technique. The calibration of the spectrometer with the natural
lesions was based on the parameters reported previously
(Belmadoui et al., 2010). The analytes were resolved on a
2mm x 150 mm Luna C18 (2) 100 A column (3 . min particle
size, Phenomenex) loaded with a pre-column C18 (2) cartridge
using an LC system (Perkin Elmer Inc., USA) coupled with
an AB Sciex 4000 triple quadrupole mass spectrometer (AB
Sciex Inc., USA) working on multiple reaction monitoring mode.
The chromatographic method used for the separation of the
analytes started with 99% of 2 mM ammonium formate (solvent
A) and 1% acetonitrile (solvent B). A gradient program using
2 mM ammonium formate (A) and acetonitrile (B) was involved,
0 — 20 min solvent B 1 — 9.8%. The system was washed for
extra 5 min with isocratic solution B 15% and additional 10 min
were given for re-equilibration after each analysis. The flow rate
remained constant at 0.2 mL/min, the column was thermostated
at 30°C and the injection volume was 15 L. Linear responses
were found for injection volumes up to 30 wL and upon dilution
(see Figures S8, S10, respectively, in Supplementary Material).

Preparation of the Calibration Curves

The construction of the calibration curves of the isotopic
I5N5 labeled and unlabeled lesions of the four purine 5',8-
cyclo-2'-deoxynucleosides and the two 8-ox0-7,8-dihydro-2’-
deoxynucleosides were prepared by plotting the MRM signal area
ratios of the lesions and their isotopic equivalents against their
corresponding concentration of the lesions. The concentration
of the labeled lesions were chosen carefully be close to the
concentration of the analytes in the samples (nM) and kept
constant both for the construction of the curves and the
quantification of the lesions in the samples. The latter was
based on the comparison of the MRM signal areas between
the lesions and their internal standards, and their respective
response curves (see Table S2 in Supplementary Material). For
this reason the horizontal axis values in the curves are given
as analyte concentration (Figure S9). The concentrations of
the lesions used for building up the calibration curves are
reported in Table S3. For the preparation of the different
solutions a five-digital balance was used in order to avoid
pipetting errors. The determination of concentrations of the
internal standard solutions containing the purine [!°Ns]-
5,8-cyclo-2'-deoxynucleosides and [!°Ns]-7,8-dihydro-8-oxo-
2’-deoxyadenosine was based on their traces after HPLC-UV
analyses (at 260 nm) and the corresponding response curves
of the unlabeled equivalent compounds. The quantification of
the [!°Ns]-7,8-dihydro-8-oxo0-2’-deoxyguanosine solution was
performed by UV spectroscopy.

HPLC-UV Analysis, Off-line Sample Cleanup and
Enrichment

HPLC-UV analysis, cleanup and enrichment of the samples were
performed on a 4.6 mm x 150 mm Luna C18 (2) 100 A column
(5 min particle size, Phenomenex) loaded with a pre-column
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C18 (2) cartridge, on an Agilent 1100 HPLC-UV system (Agilent,
USA). The gradient program used an eluent composed by 2 mM
ammonium formate (solvent A), acetonitrile (solvent B), and
methanol (solvent C) (Table S5). The time windows used for the
collection of fractions containing the lesions are reported in Table
S6 (Figure S11). The collected fractions were freeze-dried, pooled,
freeze-dried again, and redissolved in 50 wL ddH,O before LC-
MS/MS analysis. The quantification of the dA, dG, dC, and Thy
was based on their absorbance at 260 nm (Cui et al., 2013). The
same analytical protocol was used also for the quantification of
the normal 2’-deoxyribonucleosides in the enzymatic digestion
studies.

Lesion Stability under Acidic Conditions

The stability of the lesions against the acidic hydrolysis was also
investigated. Six aqueous mixtures of 10 pL containing a mixture
of 19 pmol 8-0x0-dG, 6 pmol 5'R-cdG, 1 pmol 5'S-cdG, 5 pmol 8-
0x0-dA, 5 pmol 5'R-cdA and 3 pmol 5'S-cdA were prepared and
10 wL of formic acid solutions with different concentrations were
added in order to reach 0, 0.1, 0.5, 1, 5, and 10% final formic acid
concentrations. The solutions were incubated at 37°C for 4 h and
then quenched with cold NH4OH solution (Das et al., 2012). The
mixture of internal standard references (labeled) was added. The
samples were freeze-dried, reconstituted in 50 pL of ddH,O and
analyzed by LC-MS/MS. The experiments were repeated three
times.

Enzymatic Digestion Protocols

Protocol A (Wang et al., 2011): 40 pg DNA were dissolved in
10L of Ar flushed buffer containing 0.3M AcONa pH 5.6,
10 mM ZnCl,, 3 mM deferoxamine mesylate, and 1 mM EHNA.
Next, 4 U of Nuclease P1 (in 30 mM AcONa pH 5.3, 5 mM ZnCl,
and 50 mM NaCl) and 5 mU phosphodiesterase II were added
and the mixture was incubated in 37°C. After 48 h, 20 WL of 0.5 M
Tris-HCI buffer pH 8.9 flushed with Ar were added along with
4 U of alkaline phosphatase and 5mU of phosphodiesterase 1.
The mixture was incubated for extra 2 h. After quenching with
10% formic acid, the mixture was transferred in a microspin
filter (3kDa) and centrifuged at ~14,000¢ for 20 min (4°C).
The filtrate was submitted to lyophilization (n.b., the original
protocol does not use deferoxamine, degased solutions and argon
atmosphere, but we found necessary to be added according to the
recoveries studies we performed).

Protocol B (Jaruga et al., 2004): 50 pg DNA were dissolved
in 50 pL of 10 mM Tris-HCI buffer pH 7.5 containing 2.5 nL
of 1M AcONa and 45mM ZnCl, (final pH 6.0). Next, 5 U
of Nuclease P1 (in 30 mM AcONa pH 5.3, 5mM ZnCl, and
50 mM NaCl), 4 mU phosphodiesterase I and 32 U of alkaline
phosphatase were added and the mixture was incubated at 37°C.
After 24h, the mixture was transferred in a microspin filter
(3kDa) and centrifuged at ~14,000g for 20 min (4°C). The
filtrate was lyophilized overnight.

Protocol C (Belmadoui et al, 2010): 50pug DNA were
dissolved in 100 wL of buffer containing succinic acid 20 mM
pH 6, 10mM CaCly, 3mM deferoxamine mesylate, and 1 mM
EHNA. Next, 5 U of Nuclease P1 (in 30mM AcONa pH 5.3,
5mM ZnCl; and 50 mM NaCl), 4 mU phosphodiesterase II and

0.25 U DNAse II were added and the mixture was incubated
at 37°C. After 2h, 10 nL of Tris-HCI buffer 0.5M pH 8 were
added along with 5 U of alkaline phosphatase and 3 mU of
phosphodiesterase I. The mixture was incubated for extra 2h
at 37°C. Finally, 10 pL of buffer containing 0.2 M succinic acid
pH 6, 0.1 M CaCl, together with 5 U of nuclease P1, 4 mU
phosphodiesterase II and 0.25 U DNAse II were added and the
mixture was incubated at 37°C for 2 h before being transferred in
a microspin filter (3kDa) and centrifuged ~14,000 ¢ for 20 min
(4°C). The filtrate was submitted to lyophilization.

Protocol D: 50 g DNA were dissolved in 100 pL of Ar flushed
10 mM Tris-HCl buffer pH 7.9 containing 10 mM MgCl,, 50 mM
NaCl, 0.2 mM pentostatin, 5 uM BHT, and 3 mM deferoxamine.
Next, 3 U of benzonase (in 20 mM Tris HCI pH 8.0, 2 mM MgCl,,
and 20 mM NaCl), 4 mU phosphodiesterase I, 3 U DNAse I, 2 mU
of PDE II and 2 U of alkaline phosphatase were added and the
mixture was incubated at 37°C. Finally the mixture was quenched
with 1% formic acid, transferred in a microspin filter (3 kDa)
and centrifuged at ~14,000 g for 20 min (4°C). The filtrate was
submitted to lyophilization.

Protocol E: The same procedure as described in protocol
D was followed but after the first incubation, 35 L of Ar
flushed buffer containing 0.3 M AcONa pH 5.6 and 10 mM ZnCl,
along with 0.5 U of Nuclease P1 (in 30 mM AcONa pH 5.3,
5mM ZnCl,, and 50 mM NaCl), 4 mU phosphodiesterase II and
125mU of DNAse II were added. The mixture was incubated
at 37°C for extra 21h, then 20 uL of 0.5M Tris HCl pH 8.9
were added and the incubation continued for other 2 h, before
quenching and removal of the enzymes as described in the
previous protocols.

In the cases, when the samples were used for the LC-MS/MS
analysis, internal standards of all analytes were added prior to
enzymatic digestion.

Results and Discussion

Quantification of Lesions by Isotope Dilution
LC-MS/MS
Initially we have developed an HPLC-UV analytical protocol
for the satisfactory separation of the four natural 2’-
deoxyribonucleosides, the four diastereoisomers of the purine
5’,8-cyclo-2'-deoxynucleosides and the two 8-oxo- products
of dG and dA (see Figure S11 in Supplementary Material).
The quantification of the lesions was based on the liquid
chromatography isotope dilution tandem mass spectroscopy
technique. The LOD (s/n = 3) and LOQ (s/n = 10) for the
5'R-cdG, 5'8-cdG, 5'R-cdA, 5'S-cdA, 8-0x0-dG and 8-oxo-dA
were found 0.9, 0.6, 0.6, 0.2, 1.2, 0.2 fmol and 3.1, 2.2, 2.0, 0.8,
4.1 and 0.8 fmol respectively. Noteworthy, the LOD and LOQ
values found here are lower than those reported in the literature
(Wang et al., 2011, 2012) for the quantification of the lesions in
cellular DNA. A typical LC-MS/MS trace (TIC) of the six lesions
is depicted in Figure 2A together with the analytical traces of
the 5'R-cdG and isotopic labeled 5'R-cdG (Figure 2B) and the
fragmentation profiles of 5R-cdA and 5’ R-cdG (Figures 2C,D).
Regarding the stability of the lesions under acidic conditions,
it is known that the 5'S-diastereoisomers of the cdA and c¢dG

Frontiers in Chemistry | www.frontiersin.org

July 2015 | Volume 3 | Article 47 | 40


http://www.frontiersin.org/Chemistry
http://www.frontiersin.org
http://www.frontiersin.org/Chemistry/archive

Terzidis and Chatgilialoglu

Validated quantification of cyclopurines

5'R-cdA
1.1e5
le5 4
9e4
8e4
Ted4
6ed4 4
Se4 4
4e4
3ed4 A |
2e4 A
led
0 T T T T T T
6 8 10 12

intencity cpe

5'S-cdG 8-oxo-dA

8-0x0-dG |

o
[-9
5
3
3
£~
3

5'S-cdG

intencity cpe

14 16 18 20 22
minutes
164.2
8.0e6 4
5'R-cdA
7.0 ¢6 - - T MS/MS
NH, \

y
YRy e

HO,

5.0¢6 250.1

4.0¢6 oH

m/z =250

intensity cps

2.0¢6

119.1 136.2

1.0¢6 4 | 186.1

N | ¢
T T T T T T T T T T T

70 90 110 130 150 170 190 210 230 250 270
m/z

50

Bl 7000 ~ i

o
-

FIGURE 2 | (A) Total ion current traces of the six lesions, (B) Selective ion current traces of (i) the unlabeled and (i) isotopic labeled 5’'R-cdG, (C) Diagnostic MS/MS
fragmentation profiles of the 5’R-cdA, (D) Diagnostic MS/MS fragmentation profiles of the 5'R-cdG.

5000 [ ‘
3000 |
T |
1000 4 “ \

0 T T
) 1 2

w
IS
% un
o
N1
%

2000 4
1600 |
1200 4
800
400 - \

T T =
4 S 6 7 8
minutes

6.0 ¢6 -

5'R-cdG MS/MS

5.0¢6 o S

/ m/z— 180 o

NN |

4.0e6 4
180.1
HO.,

230.1

3.0e6 o
OH

2.0e6 . ol ‘

m/z =266 2482

1.0e6 o

202.1

La— ~r . T ——7 T T “r T
70 % 110 130 150 170 190 210 230 250 270

m/z

are more resistant to acidic hydrolysis than the normal purine
2’-deoxyribonucleosides (dA, dG), the most resistant one being
8-0x0-dG. To our knowledge there is no information regarding
the stability of the 5'R-diastereomers under acidic hydrolysis
conditions (Das et al., 2012). In order to investigate the relative
stability of the lesions and the recovery yields under acidic
conditions, solutions containing the six lesions were added with
different percentages of formic acid and incubated at 37°C for
4h. The LC-MS/MS analyses showed that all the lesions are
highly resistant to acidic hydrolysis and the order of resistance
increase following the pattern: 5S-cdG < 5R-cdG < 5'S-
cdA < 5R-cdA ~ 8-0x0-dG =~ 8-ox0-dA. The recoveries of
the lesions after 4h incubation with formic acid are shown in
Figure 3.

The investigation of the lesion stability in the enzymatic
digestion buffers (pH = 5.6 and pH = 9) and the conditions
followed until the LC-MS/MS analysis, autosampler storage,
etc., showed that 8-oxo-dG is the only nucleoside resulting
in low recoveries when protection from oxidation (use of
metal chelators, argon, and antioxidants) is not taken into
account. The lesions stock solutions were prepared by taking
in to account their extinction coefficients, and particularly for
5R- or 55-cdG found hmex = 258nm, ¢ 13850 M~*
cm™! and for 5R- or 5'S-cdA found hpax = 266nm, ¢ =
14900 M~! cm™!. Regarding the ['°Ns]-7,8-dihydro-8-oxo-2'-
deoxynucleosides were used the values reported in the literature
(Taghizadeh et al., 2008).

®

o 8-ox0-dA

? -#(5'S)-cdG

§ 4 (5'R)-cdG

& +#(5'S)-cdA
-#-8-0x0-dG
~(5'R)-cdA

0.0

4.0 6.0
Formic acid, %

20 8.0 10.0

FIGURE 3 | Recovery of the lesions treated with different percentages
of formic acid after incubation at 37°C for 4 h. The experiments were
conducted in triplicates and errors are within the size of the symbols.

Enzymatic Digestibility Studies

One of the most important steps for the accurate quantification
of the purine 5',8-cyclonucleosides is the enzymatic digestion for
the liberation of the lesions and the natural nucleotides to single
molecules. To our knowledge in the literature three relatively
recent enzymatic digestion protocols exist (protocols A, B, and
C), that are used to release the purine 5,8-cyclonucleosides
from DNA. The amount of the purine 5',8-cyclonucleosides
per million of normal nucleosides (Lesions/10° Nu) produced
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after gamma irradiation of calf thymus DNA, and the ratio
of the 5'R/5'S diastereoisomers display very different values
among the research groups working in this field (Chatgilialoglu
et al,, 2011). In order to investigate the efficiency of the various
enzymatic protocols, we compared them by using the same
solution of ds-DNA that was previously split into different
aliquots. After incubation the digestion mixtures were filtered by
ultracentrifuge filter (3 kDa), the filtrates were lyophilized and
resolubilized in ddH,O before being injected into the HPLC-
UV system. From the analysis it was found that the efficiency
of the enzymatic protocols in releasing the single nucleosides
varies among protocols. Protocols A and C exhibited similar
efficiencies while protocol B reached only 50%. In our two-
steps development of the enzymatic digestion protocol we first
sough to find which protocol lead to the complete liberation
of the unmodified nucleosides. Protocols A and C were found
to give the same result (Figure S12) for the digestion of the
same DNA samples, while Protocol B reached only up to
~50% in respect to A or C. When other protocols liberate
the same amount of unmodified nucleosides, then they can
be further considered also for their efficiency in liberation
of the other modified nucleosides (i.e., cyclonucleosides). In
fact, we evaluated the protocols A and C based on their
ability to liberate also the lesions. This evaluation showed that
Protocol A was predominant over Protocol C (Figure 5). The
new digestion protocol was designed based on the enzymatic
combination of benzonase and P1 nucleases. Benzonase was

successfully used in the quantification of 5-met-Cyt and 8-oxo-
dG (Quinlivan and Gregory, 2008; Cui et al., 2013), however
the choice of the other enzyme to couple and the exact steps
and duration of the treatment required to be determined.
The optimization of the enzymatic protocol was performed
in two phases. Initially, ds-DNA was incubated with different
amount of benzonase, DNAse I, alkaline phosphatase, and
phoshodiesterase I in 20 mM Tris-HCI buffer at pH 8 containing
20 mM MgCl,. It was found that the presence of 20 mM NaCl
increases the reactivity of the enzymes and the HPLC-UV
analysis showed that the digestion was complete after 21h
incubation at 37°C with 2U of benzonase, 2U DNAse, 2U
alkaline phosphatase, and 2mU phoshodiesterase 1. Figure 4
summarize the protocol steps in a flow diagram (see also Figure
S12 in Supplementary Material for the relative efficiency of the
four protocols).

Next, DNA solution (0.5 mg/mL) flushed with Ar, irradiated
in a Gammacell ®°Co with 60 Gy (4.1 Gy/min) of irradiation
dose at ambient temperature, was split in different aliquots of
50 pL each, and incubated according to the described protocol
D. For comparison, some of the ds-DNA aliquots were digested
according to Protocols A and C. Identical analytical results
were achieved for the normal nucleosides, as quantified after
the HPLC-UV analysis. On the other hand, the LC-MS/MS
quantification of the lesions in the above samples revealed that
the protocol D is much less efficient on the liberation of the
purine 5',8-cyclo-2'-deoxynucleosides compared to protocol A,

DNA sample

&

Enzymatic digestion to nucleosides

&

Microfiltration (3kDa)

&

Lyophilization

&

HPLC-UV for sample enrichment

=

Fractions lyophilization

&

LC-MS/MS analysis and quantification

FIGURE 4 | Flow diagram showing protocol steps.

(i) 50 ug DNA + 100 pL Ar flushed buffer of
10 mM Tris-HCI buffer (pH 7.9), 10 mM
MgCl, and 50 mM NaCl containing 0.2
mM pentostatin, 5 yM BH'I;Sand 3 mM

deferoxamine. Addition of N-labelled
compounds.

(i) +3 U of benzonase (in 20 mM Tris HCI
pH 8.0, 2 mM MgCl, and 20 mM NaCl), 4
mU phosphodiesterase |, 3 U DNAse |, 2
mU of PDE Il and 2 U of alkaline

phosphatase. Incubation for 21h at 37 oC.
(i)  + 35 pL Ar flushed buffer of 0.3 M AcONa
(pH 5.6) and 10 mM ZnCl,
(iv) + 0.5 U of Nuclease P1 (in 30 mM AcONa
pH 5.3, 5 mM ZnCI2 and 50 mM NacCl), 4
mU phosphodiesterase Il and 125 mU of

DNAse Il. Incubation for 21h at 37 OC.
(v)  +20pL of 0.5 M Tris HCI pH 8.9.
o
Incubation for 2h at 37 C.
(vi) + 50 pL of 1% formic acid
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FIGURE 5 | Digestion efficiency of protocols A, C, and D based on the LC-MS/MS analysis. The values represent the mean of n = 3 independent

LC-MS/MS analysis of digested ctDNA
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FIGURE 6 | Enzymatic protocol vs. digestibility efficiency 1 Application
of Protocol D 2 Protocol D and then second digestion with 20 mU PDE
Il (pH 5.6) 3 Protocol D and then second digestion with 1U nuclease P1
and 20 mU PDE Il (pH 5.6) 4 Protocol D and then second digestion with
1U nuclease P1 5 Protocol D, then 2nd digestion with 1U nuclease P1
(pH 5.6) and final third digestion with alkaline phosphatase and PDE |
(pH 8.9). The values recorded using Protocol A was employed as 100%.

even after increment of the enzyme units and the incubation
times (Figure 5). Considering the results for 8-oxo-dG, any of the
protocols A, C, or D gave the same value.

Stability studies of the lesions in the buffer used during
the enzymatic digestion with protocol A showed that special
precautions are necessary for keeping the recovery close to 90%
(ESCODD, 2002). Particularly, the combination of deferoxamine,
BHT, inert atmosphere, and argon-flushed buffers is used as
described elsewhere (Taghizadeh et al., 2008; Thornalley et al.,
2010). Interestingly, the control samples of the calf thymus DNA,
that were not exposed to y-rays, were found to contain all
four cyclopurines and the two 8-oxo lesions (see Table S4 in
Supplementary Material) (Cui et al., 2013; Guerrero et al., 2013).

In order to identify the enzyme that can cleave the
phosphodiester bond in the remaining DNA fragments, after
treatment according to protocol D (Figure 6; epl), the digestion
mixture was split to different aliquots and a buffer of 300 mM
AcONa pH 5.3 containing 10mM ZnCl, was added (until
final pH 5.8) together with 20 mU phosphodiesterase II

(Figure 6; ep2). The same procedure was followed also with a
combination of 20 mU phosphodiesterase II and 1 U nuclease
P1 (Figure6; ep3), and by using only 1 U of nuclease P1
(Figure 6; ep4). Finally, aliquots were treated with a combination
of phosphodiesterase II, 1 U nuclease P1, DNase II according to
protocol E (Figure 6; ep5).

Studies on the analytical recoveries were conducted by
splitting a calf thymus DNA solution in multiple aliquots, spiking
half of them with the lesions before being digested according
to the enzymatic protocol E, and comparing the added amount
with calculated by the LC-MS/MS system, after subtraction of the
pre-existed in DNA amount of lesions. The calculated recoveries
for 5'R-cdG, 5'S-cdG, 5'R-cdA, 5'R-cdA, 8-0xo-dG, and 8-oxo-
dA were found 104, 95, 96, 90, 90, 113% respectively and the
coefficients of variation as 2-5%. No significant loss was recorded
during the sample workup, storage, and until the LC-MS/MS
analysis.

In this work all the published digestion protocols have been
applied to the same aliquots containing DNA irradiated with 60
Gy irradiation dose (y-rays). Using this sampling, it was found
surprisingly that the efficiency of the digestion protocols for
the release of the single unmodified nucleosides is dissimilar in
the case of Protocol B (Figure S12 in Supplementary Material).
Additionally, when nuclease P1 was replaced by benzonase
(Protocol D) the efficiency of the lesion release could be
calculated as 30-60% (Figure 6). In order to identify the enzyme
that can catalyze the hydrolysis of remaining DNA fragments
containing the lesions, nuclease P1, and phosphodiesterase II
were used either separately or together in the first digestion
aliquots. In agreement with previous studies (Romieu et al., 1998)
the LC-MS/MS analysis revealed that only nuclease P1 is able to
lead to a complete digestion. Moreover, a subsequent activation
of alkaline phosphatase by changing pH to basic values was found
not to be necessary. The distortion that the purine 5’,8-cyclo-2’-
deoxynucleosides cause to the active sites of phoshodiesterases
can likely inhibit the formation of the necessary interactions
for the hydrolysis of nucleotidyl-enzyme intermediate by the
threonine active-site. On the contrary, the zinc-finger in the
active site of nuclease P1, activated by a water molecule, was
found to promote the hydrolysis at long incubation times.
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Noteworthly, nuclease P1 is known to hydrolyse native DNA
at much lower rate than the heat-denaturated DNA (Fujimoto
et al., 1974) and it is much more expensive than benzonase,
which is also more stable and known to hydrolyse fast both
single and double stranded DNA. The nuclease P1 buffer used,
in terms of zinc cation concentration, remained unaltered in
respect to the ones reported elsewhere (Romieu et al.,, 1998;
Wang et al., 2011), since our new protocol employs an off-line
HPLC clean-up that eliminates the problems related to the mass
detector deriving from the presence of non-volatile ions in the
samples. In agreement to our results, recently it has been reported
that the bulky spiroiminodihydantoin 2’-deoxynucleoside lesions
challenge the hydrolytic activity of the 3’-exo and 5'-exo
phosphodiesterases, and nuclease P1 quantitatively hydrolyzes
the phosphodiester bond between the modified (lesion) and the
normal nucleoside (Chen et al., 2013).

Conclusions

The use of purine 5,8-cyclonucleosides as marker of DNA
damage and reporter of DNA molecular asset at the moment of
the HO" insult is increasingly appreciated in free radical research,
together with the advantage that cyclopurine markers do not
suffer the stability problems and artifactual oxidative process of
the most known 8-oxo-dG. In this paper we applied a step-
wise approach for the development, optimization and validation
of a new analytical procedure allowing the reproducible and
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The formation of oxidative lesions arising from double stranded DNA damage is of major
significance to chemical biology from the perspective of application to human health.
The quantification of purine lesions arising from y-radiation-induced hydroxyl radicals
(HO®) has been the subject of numerous studies, with discrepancies on the measured
5’,8-cyclo-2’-deoxyadenosine (cdA) and 5',8-cyclo-2’-deoxyguanosine (cdG) lesions
reported by different groups. Here we applied an ameliorative protocol for the analysis
of DNA damage with quantitative determination of these lesions via isotope dilution
liquid chromatography coupled with tandem mass spectrometry. Tandem-type purine
lesions were quantified along with 7,8-dihydro-8-oxo-2’-deoxyguanosine (8-oxo-dG)
and 7,8-dihydro-8-oxo-2’-deoxyadenosine (8-oxo-dA) in single and double stranded
DNA, generated during DNA exposure to diffusible HO® radicals in the absence or
presence of physiological levels of oxygen. The cdA and cdG lesions in absence of
oxygen were found ~2 times higher in single than double stranded DNA, with 5'R
being ~6.5 and ~1.5 times more predominant than 5'S in cdG and cdA, respectively.
Interestingly, in the presence of 5% molecular oxygen the R/S ratios are retained with
substantially decreased vyields for cdA and cdG, whereas 8-oxo-dA and 8-oxo-dG
remain nearly constant. The overall lesion formation follows the order: 8-oxo-dG >>
8-0x0-dA > 5'R-cdG > 5'R-cdA > 5'S-cdA > 5'S-cdG. By this method, there was a
conclusive evaluation of radiation-induced DNA purine lesions.

Keywords: gamma radiation, free radicals, DNA damage, cyclopurines, 8-oxo-dG, LC-MS/MS

Introduction

Genetic information of all living organisms is stored in DNA, a polymer consisting of 2'-
deoxynucleosides. Reactive species, resulting from metabolic reactions, stresses, environmen-
tal conditions, presence of chemicals, etc., can alter the integrity of this biopolymer. Among
highly reactive species, the hydroxyl radicals (HO®) can lead to nucleobase modifications and
to strand breaks. The H5 of sugars in DNA have been found quite vulnerable with a 55%
probability of abstraction by HO®, in respect to the rest of the sugar hydrogen atoms (Aydo-
gan et al, 2002). This fact leads to the generation of peculiar lesions containing a carbon-
carbon bond between the sugar and the purine, rather than to abasic sites (Chatgilialoglu et al,,
2011a). 5,8-Cyclo-2'-deoxyadenosine (cdA) and 5',8-cyclo-2'-deoxyguanosine (cdG), in their 5'S
and 5'R diastereomeric forms (Figure 1), have been identified among other DNA lesions in
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enzymatically digested cellular DNA of mammals (Chatgilialoglu
et al,, 2011a). Moreover it has been recently reported that aging
causes accumulation of the cyclopurines in tissues, aging liver
holding the first place in aging accumulated cyclopurines, fol-
lowed by the kidney, while lower levels were found in the brain
(Wang et al,, 2011, 2012). It is worth noting that the cyclop-
urine lesions have been used in a recent study as reliable oxida-
tive stress biomarkers in animal models focusing on the liver
injury pathophysiology in Wilson’s disease and pigmentation
(Mitra et al., 2012; You et al., 2012). As matter of fact, oxida-
tive artifacts during work-up of biological DNA samples are
reported in the evaluation of 8-0xo0-dG lesions, whereas cyclop-
urines are “pure” radical-derived products, and cannot derive
from accidental oxidation of the material.

The repair efficiency of cyclopurine lesions has recently been
studied in some aspects and more information is expected in the
near future. These lesions are repaired by Nucleotide Excision
Repair (NER) and not by Base Excision Repair (BER). HeLa cell
extracts have been used in identical DNA sequences containing
the cdA and cdG lesions giving a direct comparison of the rela-
tive NER efficiencies that was missing (Kropachev et al., 2014).
Interestingly, the study revealed a higher repair efficiency, by a
factor of ~2, for the 5'R over the 5'S cyclopurines, however the
excision efficiency of the cdA and cdG lesions was found similar.
In the same vein, extensive in silico analysis confirmed the corre-
lation of the stacking impairment of the stereoisomer with their
relative NER excision efficiency. Evidence was recently provided
that both 5'R-cdA and 5'S-cdA in a CAG repeat tract causes CTG
repeat deletion exclusively during DNA lagging strand matura-
tion and BER activity (Xu et al., 2014). The latter study indicates
that accumulation of cyclopurine lesions in the human genome
can lead to trinucleotide repeat instability via a unique lesion

bypass by pol B.

Increased levels of cdA and cdG are linked to NER mecha-
nism deficiency and mutagenesis. Particularly, 5'S-cdG results in
strong inhibition and block of the transcription in both in vitro
and in mammalian cells as found by a competitive transcription
and adduct bypass assay by a recent study (You et al., 2012).

Attempts to accurately determine the level of these lesions in
DNA by enzymatic digestion followed by chromatographic meth-
ods coupled to mass spectrometric (MS) analyses are numerous.
Results reported for irradiated samples of calf thymus DNA have
been critically reviewed by us in 2011, underlining the need of
further research for the potential involvement of these lesions in
human health (Chatgilialoglu et al., 2011a). A detailed protocol
revision for the quantification of purine lesions in DNA has been
recently provided (Terzidis and Chatgilialoglu, in preparation).
The objectives of this work were to apply our protocol based on
the stable isotope-dilution tandem mass spectrometry technique
using triple quadrupole for the quantification of HO® radical
induced cyclopurine and 8-oxopurine lesions within single- and
double-stranded DNA in gamma-irradiated aqueous solutions.

Materials and Methods

Chemicals

All the salts and solvents, activated calf thymus DNA, nuclease
P1 from Penicillium citrinum, phosphodiesterase II, phosphodi-
esterase I from Crotalus Adamanteus venom, DNAse I, DNAse II,
alkaline phosphatase from bovine intestinal mucosa, erythro-9-
(2-hydroxy-3-nonyl)adenine hydrochoride (EHNA), benzonase
99%, deferoxamine mesylate salt, BHT and pentostatin, were
obtained from Sigma (Taufkirchen, Germany and Milan,
Italy) while the 3 and 100kDa cut-off filters were purchased
from Millipore (Bedford, USA). Distilled and deionized water
(ddH,0) was purified by a Milli-Q system (Millipore, Bedford,
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USA). Synthesis of reference compounds and internal stan-
dards was based on previously reported protocols (Terzidis and
Chatgilialoglu, in preparation).

y-Radiolysis Experiments

Calf thymus DNA (1 mg) was dissolved in ddH,O (1 mL) gen-
tly rocking overnight at 4°C. Next, the solution was transferred
in a microspin filter (100 kDa) and centrifuged at ~9000 g for
2 min. To the concentrated DNA solution, 1 mL of ddH,O was
added and the mixture was centrifuged again. The previous pro-
cedure was repeated for three times. Finally, an extra volume of
ddH, 0O was added and the concentration of the final DNA solu-
tion was estimated according to its absorbance at 260 nm. In a
typical gamma irradiation experiment, 200 L of the desalinated
ctDNA solution (0.5 mg/mL) were placed in a glass vial of 2mL,
flushed with N,O or N,O/O; 95:5 for 10 min. The solution was
exposed to gamma rays in a ©°Co Gammacell apparatus (dose
rate 4.1 Gy/min) and the irradiation dose increased from 0 to
20, 40, and 60 Gy. In the case of the experiments with the sin-
gle stranded DNA the samples were heated up to 92°C for 2 min
and were cooled down rapidly in ice water prior to irradiation.
All the irradiation experiments were performed in triplicates.

Enzymatic Digestion to Nucleosides

Materials and methods are described in detail elsewhere (Terzidis
and Chatgilialoglu, in preparation). Figure 2 summarizes the
protocol as a flow diagram, the key step being the enzymatic
digestion to obtain nucleosides in the presence of antioxidants,
inert atmosphere, an efficient biocompatible metal chelator and
the 1> N-labeled compounds. In summary, the necessary steps for
an efficient digestion are:

(i) in 50 g DNA sample

(i) add 100 wL Ar flushed buffer of 10 mM Tris-HCI buffer
(pH 7.9), 10mM MgCl, and 50mM NaCl containing
0.2 mM pentostatin, 5 uM BHT and 3 mM deferoxamine

(iii) add the N-labeled compounds

(iv) add a gently mixed cocktail of enzymes containing 3 U of
benzonase (in 20 mM Tris HCI pH 8.0, 2mM MgCl, and
20 mM NaCl), 4 mU phosphodiesterase I, 3 U DNAse [, 2
mU of PDE Il and 2 U of alkaline phosphatase.

Incubate for 21 h at 37°C

add 35 wL Ar flushed buffer of 0.3 M AcONa (pH 5.6) and
10 mM ZnCl

add a gently mixed cocktail of enzymes containing 0.5 U of
Nuclease P1 (in 30 mM AcONa pH 5.3, 5mM ZnCl, and
50 mM NaCl), 4 mU phosphodiesterase II and 125 mU of
DNAse II.

Incubate for 21 h at 37°C

add 20 pL of 0.5 M Tris HCI pH 8.9 and incubate for 2 h at
37°C (this step is optional)

quench the basic solution with 50 pL of 1% formic acid
(final pH ~ 7).

)
(vi)

(vii)

(viii)

(ix)
(x)

This procedure has been tested with purine cyclonucleosides to
exclude the occurrence of any degradative process.

LC-MS/MS Analysis and Quantification

Isotope Dilution Tandem Mass Spectrometry
Quantification

An LC-MS/MS system (LC, Perkin Elmer Inc., USA; triple
quadrupole mass spectrometer Q-Trap 4000, AB Sciex Inc.,
Canada) was employed for the quantification of the lesions in the
enzymatically digested DNA samples, while for the unmodified
nucleosides an HPLC-UV (Agilent 1100 series, Agilent Tech-
nologies, USA) was used, as described elsewhere (Terzidis and
Chatgilialoglu, in preparation). Briefly, the DNA samples, spiked
with the '°N-labeled nucleosides and after being enzymatically
digested, were injected in the HPLC-UV system loaded with a
4.6mm x 150 mm Luna C18 (2) 100 A column (5 )L min parti-
cle size, Phenomenex). During the analysis the fractions in the

Addition of

I5N-labelled Frc.teze-
nucleosides dr}"lng of
and enzymatic aliquots

digestion

Microfiltration
of the enzymes

)

FIGURE 2 | Flow diagram showing protocol steps.

Freeze-
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time windows where the lesions eluted were collected and freeze-
dried. The unmodified nucleosides were quantified based on their
absorption at 260 nm against their response calibration curves at
the same wavelength. The collected fractions were subsequently
injected to the LC-MS/MS system loaded with a 2 x 150 mm Luna
C18 (2) 100 A column (3 1 min particle size, Phenomenex) work-
ing on the multiple reaction monitoring (MRM) mode. A flow
diagram showing the protocol for the quantification of the lesions
is reported in Figure 2. All six lesions were found and quanti-
fied independently in all DNA samples before irradiation (control
experiments). Thus, values of the control experiments were sub-
tracted from the values recorded after the irradiation of the sam-
ples with the appropriate dose giving 0 lesions/10® nucleosides
(radiation induced) at 0 Gy of irradiation.

Results

Radiolysis of neutral water leads to e;;, HO® and H® as shown
in eq 1. The values in parentheses represent the radiation chem-
ical yields (G) in units of pmol J=1. In N,O-saturated solution
(~0.02m of N,O), €,q are efficiently transformed into HO® rad-
ical via Reaction 2 (k, = 9.1 x 10° M~! s71), with G(HO®) =
0.55 wmol J71, i.e.,, HO® radicals and H atoms account for 90 and
10%, respectively, of the reactive species (Buxton et al., 1988). The
rate constants for the reactions of HO® radicals and H atoms with
DNA (Reactions 3 and 4) have been estimated to be ca. 2.5 x 108
M~!s7land 6 x 107 M~ s7! per base unit, respectively (Buxton
et al., 1988).

H,O— WA= ¢ (0.27), HO®(0.28), H*(0.062) (1)
6;1 +N,0 + H,0 — HO® + N; + HO™ (2)
HO® + DNA — radical product (3)

H® + DNA — radical product (4)

The reactions of HO® radicals with DNA were carried out using
single- and double-stranded DNA. For this purpose 200 pL of
N,O-saturated aqueous solutions containing calf thymus DNA
(0.5mg/mL) at natural pH were irradiated under steady-state
conditions with a dose rate of 4.1 Gy min™!, followed by enzy-
matic DNA digestion optimized by us and LC-MS/MS anal-
ysis (see above). Both 5'R and 5'S diastereomers of cdA and
cdG were found to be generated linearly with the applied dose
within the range 0-60 Gy. Figures 3A,B (blue symbols) show
5'R-cdG and 5'S-cdG, respectively, in ss-DNA (open circles) and
ds-DNA (closed circles). In addition the formation of 8-0x0-7,8-
dihydro-2'-deoxyguanosine (8-0xo-dG) and 8-ox0-7,8-dihydro-
2’-deoxyadenosine (8-oxo-dA) was also measured. The levels of
DNA lesions per Gy in the absence of oxygen are reported in
Table 1 (For more details see Figures S1, S2 in Supplementary
Material).

The reactions of HO® radicals with ss-DNA or ds-DNA were
also carried out in the presence of molecular oxygen. In particu-
lar, 200 WL of N2O(95%)/02(5%)-saturated aqueous solutions of
calf thymus DNA (0.5 mg/mL) were irradiated under stationary
state conditions with a dose rate of 4.1 Gy min~!. Figures 3A,B

A
5'R-cdG
40
35
8 30 o
=
s 25
> 20
=
L 15
kA
= 10
5
0
0 20 40 60
Gy
B
5'S-cdG
6
wd
i
e 4
s
23
g
.g 2
—
1
0
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FIGURE 3 | Radiation-induced formation of 5'R-cdG (A) and 5'S-cdG
(B) of ss-DNA (open circles) or ds-DNA (closed circles); (O @)
N, O-saturated aqueous solutions; (O @) N, O (95%)/05(5%)-saturated
aqueous solutions. The values represent the mean of n = 3 independent
experiments.

(red symbols) show 5'R-cdG and 5'S-cdG, respectively, in ss-
DNA (open circles) and ds-DNA (closed circles). The levels of
DNA lesions per Gy in the presence of oxygen are also reported
in Table 1 (For more details see Figures S3, S4 in Supplemen-
tary Material). The 5% of oxygen-saturated solution corresponds
to 6.7 x 107> M, which is the typical concentration of well-
oxygenated tissues (Battino et al., 1983). Under our experimental
conditions, ;4 are still converted into HO® radical via Reaction
2, although Reaction 5 is quite fast (ks = 1.9 x 101 M~ s71) due
the large difference in concentration of the two gases and H® are
efficiently converted into O ® via Reaction 6 (ks = 2 x 1010 M1
s71), the pK,(HOO®) being 4.8 (Buxton et al., 1988). Since (O
does not react with DNA, these are ideal conditions for studying
the reaction of HO® radicals with DNA in the presence of oxygen.

eq + 02— 0,° (5)
H* + 0, —» HOO®* = 0,° + H (6)

In all cases, the formation of the 5'R and 5'S diastereomers of
both cdG and cdA, as well as the 8-0xo-dG and 8-oxo-dA, was
found to increase with the dose of y-rays within the dose-range
0-60 Gy. The levels of lesions per Gy in the presence of oxygen
are also reported in Table 1.
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TABLE 1 | Lesions measured from irradiated sample of calf thymus DNA by LC-MS/MS.

Substrate? Conditions? Lesion Lesions/106Nu/Gy 5'R/5'S
ss-DNA NoO, 0-60 Gy cdG 0.56 6.0
cdA 0.48 1.7
8-ox0-dG 49.3
8-oxo-dA 4.29
N50O:05 (95:5), 0-60 Gy cdG 0.24 6.5
cdA 0.21 1.7
8-ox0-dG 57.0
8-oxo-dA 3.61
ds-DNA N»>O, 0-60 Gy cdG 0.35 7.0
cdA 0.23 1.6
8-ox0-dG 20.2
8-oxo-dA 2.80
N50:05 (95:5), 0-60 Gy cdG 0.08 7.0
cdA 0.08 2.2
8-ox0-dG 22.4
8-oxo-dA 2.37

aCalf thymus DNA.
bUsed gas and irradiation dose.

Discussion

Many efforts have been devoted during the last two decades to
the identification and measurement of cdA and ¢dG lesions in
DNA samples (see Figure 1). These lesions are the products of
the intramolecular attack of C5’ radical to the purine moiety.
Both lesions have two diastereomeric forms (5'R and 5'S), for the
configuration of the C5’ position. The order of reactivity of HO®
radical toward the various C-H bonds of the 2-deoxyribose moi-
ety of DNA is expected to parallel the exposure to solvent of the
2-deoxyribose hydrogen atoms (i.e., H5' > H4' > H3 ~ H2' ~
H1’) (Chan et al., 2010). The yield of ¢dG was found to be equal
or higher than that of cdA, the ratio of formation between cdG
and cdA varying from 1 to 1.5 in all cases. The 5'R diastereomer
is formed predominantly leading to 5'R/5'S ratio of ~6.5:1.0 for
cdG and ~1.7:1.0 for cdA. It is worth mentioning that 5'R/5'S
ratios of 8.3:1 for c¢dG and 6:1 for cdA were obtained in water
upon irradiation of free nucleosides (Chatgilialoglu et al., 2007;
Boussicault et al., 2008), indicating that the 5'R-diastereomer is
always predominant in aqueous solution independently of the
molecular complexity. On the other hand, the formation of 8-
0x0-dG was about 90- and 60-fold higher than c¢dG in ss- and
ds-DNA, respectively, in the absence of oxygen, whereas the for-
mation of 8-oxo-dA was about 10-fold higher in both ss- and ds-
DNA. The formation of both cdG and cdA decreases substantially
in the presence of oxygen, indicating competition paths for C5’
radical between cyclization and addition to oxygen (Figure 4).
Moreover, the 5'R/5'S ratio is similar for both ¢dG and cdA as
observed in the absence of oxygen.

Experimental data on the reaction of HO® radical with sim-
ple nucleosides like 2'-deoxyadenosine and 2’-deoxyguanosine
indicated that ca. 10% of H-atom abstraction occurs at the H5'

position affording purine 5',8-cyclonucleosides (Chatgilialoglu
et al, 2007; Boussicault et al, 2008). Rate constants (k.)
of 1.6 x 10° s7! and 6.9 x 10° s7! for the cyclization
of 2'-deoxyadenosin-5'-yl and 2’-deoxyguanosin-5'-yl radicals
(1—2) were also reported at room temperature (cf., Figure 4)
(Chatgilialoglu et al., 2003, 2011b). The analogous cyclization
rates in ss-DNA or ds-DNA are unknown. With the due precau-
tion and reasonable assumptions, the rate constants of cycliza-
tion in ss-DNA or ds-DNA can be estimated from the data of
Table 1. Assuming that in Figure 4 the radical 1 is converted
quantitatively to cdA and cdG in the absence of oxygen, and
that decreased formation of purine 5,8-cyclonucleosides in the
presence of oxygen is mainly due to products deriving from
the peroxyl radical 3, the rate constant of unimolecular path
can be estimated by applying the free-radical clock methodol-
ogy (Newcomb, 1993). Using [02] = 6.7 x 107> M and k(O,)=
1 x 10° M1 s71, we estimated k. to be ca. 5 x 10* s7! for
both 2'-deoxyadenosin-5'-yl and 2’-deoxyguanosin-5’-yl radicals
in ss-DNA and about halved (2-3 x 10* s7!) in ds-DNA. We
suggest that (i) these values represent the mean rate constant for
cyclization obtained along the DNA sequence, and (ii) local con-
formations due to the supramolecular organization of DNA can
give different contribution to these values, but overall they reduce
substantially the cyclization rates of the two radicals.

It is worth pointing out that the data reported in the litera-
ture so far on the radiation-induced formation of purine 5',8-
cyclonucleosides in DNA give a quite confusing scenario. All data
were compared in a review article (Chatgilialoglu et al., 2011a)
evidencing the discrepancies including the latest one (Belmadoui
et al., 2010). In Table 1, in N,O-saturated solution experiments
the level of lesions/10° nucleosides/Gy was found to be 0.23 for
cdA, and 0.35 for ¢dG in ds-DNA, whereas the values of similar
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FIGURE 4 | Partition of C5’ radical 1 between cyclization reaction to give 2 and molecular oxygen addition to give 3.

experiments were reported by one of us and others to be 14.2 and
20.1 (Belmadoui et al., 2010), which is a ~60-fold excess for both
cdA and cdG. It is also worth mentioning that the 8-oxo-dA and
8-0x0-dG formation corresponds to a ~3-fold excess. These dis-
crepancies are likely derived from the analytical steps required
after the reaction, which involve the enzymatic DNA digestion
and the mass spectrometry assay. Indeed, the former quantifica-
tion of 5'R and 5'S diastereomers of cdA and c¢dG was achieved
by external calibration, whereas in the present work we employed
HPLC coupled with tandem mass spectrometry (LC-MS/MS)
with quantification given by the isotope-dilution technique.

Conclusions

The use of purine 5',8-cyclonucleosides as marker of DNA dam-
age and reporter of DNA structures at the moment of the HO®
insult is increasingly appreciated in free radical research, together
with the advantage that cyclopurine markers do not suffer the
stability problems and artifactual oxidative process of the most
known 8-0x0-dG. In this paper we applied the new analytical pro-
tocol to investigate the efficacy of the HO® generated by water
radiolysis to form the cdA and cdG lesions in single and double
stranded DNA in the presence and absence of molecular oxygen.
All together our findings suggest that cdA and c¢dG formation
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depends on the dose of irradiation and the DNA secondary struc-
ture (single or double stranded), with the lesions following the
order 5'R-cdG > 5'R-cdA > 5'S-cdA > 5'S-cdG. Particularly, in
absence of oxygen the HO® insult causes ~2 times more pro-
duction of cdA and ¢dG in single than in double stranded DNA,
with the 5'R diastereoisomer always more predominant than 5’S.
Interestingly, the presence of molecular oxygen showed no influ-
ence on the cyclopurines diastereomeric ratios, but remarkably
reduced their formation yields.
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The association of 5,8-cyclo-2’-deoxyguanosine (cdG), a DNA tandem lesion, with its
complementary base cytosine has been studied by voltammetry and NMR in chloroform,
using properly silylated derivatives of the two nucleobases for increasing their solubilities.
Both voltammetric data and NMR titrations indicated that the Watson-Crick complex of
cytidine with cdG is weaker than that with guanosine, the difference being approximately
of one order of magnitude between the two association constants.

Keywords: DNA damage, cyclopurines, voltammetry, NMR, Watson-Crick complex

Introduction

The level of distortion in DNA double helix is highly evaluated for the recognition and the repair of
DNA lesions in cells. Among the various lesions that can be produced as consequence of metabolic
processes and other external factors (oxidizing agents, drugs, ionizing, and non-ionizing irradia-
tion, etc.) are the 5’,8-cyclo-2'-deoxypurines (cdP) where the base is covalently connected with the
sugar with an extra carbon-carbon bond apart from the usual glycosidic bond (Chatgilialoglu et al.,
2011). Both cdA and cdG lesions exist as 5'R- and 5'S-diastereomers. The structural changes that
a C5'-C8 bond causes compared to natural purine nucleosides and the consequential distortion at
the local DNA sequence, have been found efficient enough for the selective activation of the com-
plex nucleotide excision repair (NER) apparatus in cells for restoring the damage. By the direct
comparison of all four cdP lesions in NER efficiency studies, it has been reported that cdA and cdG
are excised with similar yields while the configuration of the C5’ influences the repair yield with the
5'R lesions being 2 times more efficiently repaired (Kropachev et al., 2014).

The cdP are lesions observed among the DNA modifications and identified in mammalian cellu-
lar DNA in vivo (Chatgilialoglu et al., 2011). Recent studies reported cyclopurine lesions as reliable
oxidative stress biomarkers in animal models (Wang et al., 2011; Mitra et al., 2012).

NMR studies integrated by molecular dynamics simulations have shown that replacing a
deoxyguanosine (dG) with a 5'S-cdG in a B-DNA dodecamer results in perturbations of the helical
twist and base pair stacking at the lesion sites (Huang et al., 2011). A similar behavior was observed
in duplexes containing 5'S-cdA in place of dA (Zaliznyak et al., 2012). In both cases thermody-
namic destabilization of the damaged duplexes was observed, as testified by the lowering of the
melting point of the modified sequence with respect to unmodified DNA, amounting e.g., to 9°C
for a double stranded dodecamer containing a single 5'S-cdG (Huang et al., 2011).

Molecular dynamics simulations highlighted that both the 5'R-cdA and 5'R-cdG lesions are sig-
nificantly more distorting than the respective 5'S diastereomers, thus the different efficiency of NER
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was traced back to the larger stacking impairment induced by 5'R
isomers (Kropachev et al., 2014). However, the same lowering of
melting temperature was observed for modified 17-mers double
stranded oligonucleotides containing cdG and differing only for
the absolute configuration at the 5" carbon.

It is worth mentioning that the bulkiness of a lipophilic deriva-
tive of 5'S-cdG did not inhibit the self-assembly of the lesions in
G-quartets as revealed by NMR experiments. However, the type
of the supra-molecular organization was identified as all-anti-G-
quadruplex, realizing the first exception to the all syn conforma-
tion as a critical factor for a G4 self-assembly in non-aqueous
medium (Pieraccini et al., 2014).

Due to their multidisciplinary importance, further exploration
of the purine 5,8-cyclonucleoside behavior in respect with its
complementary base was investigated herein. Particularly, the
lack of correlation of the melting temperatures with the extent of
chain distortion and NER efficiencies indicated the existence of
additional effects, such as the interaction of cdG with its comple-
mentary nucleoside, that may play a role in the thermodynamic
destabilization of helices containing cyclopurines (Pande et al.,
2012). Differential pulse voltammetry revealed to be a very pow-
erful technique for investigating inter-base interactions between
complementary nucleobases (Caruso et al., 2005, 2007; Capo-
bianco et al., 2009, 2013a), and oligonucleotides (Capobianco
etal., 2013b; Capobianco and Peluso, 2014) thus, aiming at inves-
tigating the peculiar interaction between c¢dG and cytidine, we
have carried out a voltammetric and NMR study of lipophilic
derivatives of the 5'S-cdG or 5R-cdG with 2’-deoxycytidine in
chloroform, a solvent in which the nucleosides mainly form
H-bond complexes, mimicking the hydrophobic core of DNA
(Kyogoku et al., 1967; Williams et al., 1987).

Materials and Methods

To increase solubility in CHCl3 and prevent interference
of hydrogen bonding by ribose hydroxyls, 2’-deoxycytidine
was derivatized with tert-butyldimethylsilyl groups on the
2-deoxyribose unit to yield 3',5'-bis-O-(tert-butyldimethylsilyl)-
2’-deoxycytidine (dC’, SchemeI) (Caruso et al, 2005).
(5'S)- and (5'R)-3',5'-bis-O-(tert-butyldimethylsilyl)-5",8-cyclo-
2’-deoxyguanosine (ScdG’, RedG’) were prepared by following
the reported procedure (Terzidis and Chatgilialoglu, 2013).

'H-NMR spectra were recorded in CDCl3 by Bruker Advance
600 MHz. Differential pulse and cyclic voltammetry measure-
ments were performed at room temperature in chloroform (Spec-
troscopic grade, Sigma-Aldrich), scan rate = 100 mV/s, by Auto-
lab PGSTAT 302N potentiostat-galvanostat. A three-electrode
cell configuration was adopted, Pt bars have been employed
for quasi-reference and counter electrodes and a glassy carbon
electrode (Metrohm) was used as working electrode; a posi-
tive feedback was applied to compensate for ohmic drop. The
potential of the quasi-reference electrode was calibrated against
the ferrocenium/ferrocene couple (Fc*/Fc) (Capobianco et al.,
2009; Bard and Faulkner, 2001). Tetrabutylammonium perchlo-
rate (electrochemical grade, Sigma-Aldrich) 0.02 M was used as
the supporting electrolyte. Solutions were deaerated by bubbling
nitrogen before each experiment.

Results and Discussion

The differential pulse voltammogram of a 1.0 mM solution of
ScdG’ (see Scheme I) in chloroform is reported in Figure 1 (red
curve); an irreversible oxidation peak is observed at 0.95V vs.
Fct/Fc, a potential very close to the one (0.91 V) observed for the
oxidation of dG’ (Caruso et al., 2005) thus indicating that the for-
mation of the C8-C5’ covalent bond does not constitute a severe
perturbation of the 7 system of guanine, as expected.

The voltammogram of an equimolar solution of ScdG’ and
dC (Figure 1, black curve) exhibits two voltammetric signals,
one occurring at the same potential observed for solutions con-
taining only 5',8-cyclo-2'-deoxyguanosine, which can be safely
assigned to the fraction of free ScdG’ in solution, the other peaked
at 0.77 V. Since dC’ oxidation does not show any signal in the
allowed potential window in chloroform, the lower potential
peak is assigned to the 1:1 ScdG:dC’ H-bond complex, in anal-
ogy with the case of guanosine and cytidine nucleosides (Caruso
et al., 2005). Indistinguishable results were obtained for the R
diastereoisomer and its 1:1 complex with dC’.

The stabilization of ScdG’*" (or RedG™* ") radical cation by
cytidine in chloroform amounts to 0.18 eV, a value considerably
lower than that observed for the pairing of dG’” with dC’ (0.34
eV) and even smaller than the oxidation potential shift of adeno-
sine due to the formation of adenosine:thymidine complexes in
chloroform (0.28 eV) (Caruso et al., 2005, 2007).
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FIGURE 1 | Differential pulse voltammograms in CHCl3 20 mM TBAP of

1.0mM ScdG’ (red curve) and 1.0mM ScdG’: 1.0 mM dC’ (black curve).
Scan rate, 100mV/s.

The above result has relevant consequences on binding ener-
gies. Consider A and B species forming the AB complex; the
association and oxidation Gibbs free energies are defined as:

AGY p = Gap — Ga — Gp (1)
and
AGY = Gay — Gy (2)

By using Equations (1, 2), and assuming that A monomer holds
the whole positive charge in the singly ionized complex {AB}* we
have:

AGY — AGHy=AGY p — AGR] p = AHE
— AHE 5 - T(ASE - ASEL 5 )
Since
AH®SS  ~ AESS . — bind (4)
A.B ™ A..B — ~A.B

where Eg’”% is the binding energy in the AB complex, if we make
the reasonable approximation:

ASY g A ASYL B €))
then Equation (3) becomes:
AGY — DGy ~ E{"y — Ef g (6)

Application of Equation (6) in which B is dC” and A is dG), SedG
or RedG’ shows that cdG:dC’ and dG’:dC’ complexes are charac-
terized by different interaction energies both in the neutral and in
the charged state. To evaluate the binding energy of the ScdG’:dC’
complex, we have thus resorted to NMR titration experiments.

In Figure 2 the most interesting region of the NMR spectra of
solutions containing dC’ and ScdG’ in different ratios is reported.
As the concentration of dC’ increases, the imino N1-H proton
shift of ScdG’ increases from 11.5 ppm to 13.7 ppm, indicating
that the Watson-Crick complex, which is by far the most stable
motif for G:C association (Abo-Riziq et al., 2005) is actually
established in CHCl3, as also observed in modified DNA (Huang
etal., 2011).

The determination of the association equilibrium constant
for the ScdG:dC’ Watson-Crick complex is not an easy
task since many competitive processes may occur in solu-
tion. It is indeed well-known that guanosine self-associates
in non-protic solvents, leading to at least four different
dimeric complexes, see Figure 3, each of which is character-
ized by a different self-association constant. Moreover, hetero-
association between guanine and cytosine is accompanied by
additional, more intricate hydrogen-bonded complexes, such as
trimers (cytosine:guanine;) and tetramers [(cytosine:guanine)],
in weakly polar solvents (Williams et al.,, 1989; Sartorius and
Schneider, 1996). Because of that, use of non-linear least-squares
fits, explicitly considering the formation of self-association
dimers GG and CC, in addition to the G-C base pair, are needed
to obtain reliable association constants (Sartorius and Schneider,
1996) whereas more conventional treatment have only allowed
to obtain rough estimates of both the self-association constant
of guanine and the hetero-association constant with cytosine
(Kyogoku et al., 1969).

It was therefore necessary to determine the self-association
constant of cycloguanosine in CDCl; first in order to obtain
a reliable estimate of the hetero-association constant of
cycloguanosine with cytidine.

By following the chemical shift of the imino proton at increas-
ing concentrations of cycloguanosine and using the standard
equation (hereafter we further simplify notation, by indicating
dC’ as C and ScdG’ as G in the following equations):

%62 ~ %6 <4kD[G]O+ 1— /8kp[Glo + 1) )

Sohe = 6
obs =96+ LkplGly

where kp is the dimerization constant, 8g, 3G, the shifts of the
imino protons in G and Gy, respectively and [G]y is the analyti-
cal concentration of cycloguanosine (Davies et al., 1996), we have
obtained kp ~ 103 at 25°C.

The 1:1 model for the G:C association should be reliable only
in the presence of an excess of cytidine, because in that case
both the self-association of cycloguanosine and the formation of
trimers and tetramers are disfavored. Moreover self-association
of cytidine does not constitute a problem, because it is known to
be negligible in chloroform (Kyogoku et al., 1969; Sartorius and
Schneider, 1996).

The observed chemical shift of the imino proton when the
simultaneous equilibria for the self and the hetero-association are
considered, is given by:

Sobs = (1 —a — 28) 6 + adge + 288Gz (8)

where o and B are the hetero and self- association degrees,
respectively and are related by:
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ka being the hetero-association constant. In the case of a large excess of cytidine, o may be approximated as:

(Clo-+16lo+ K5 = [(1Clo-+ 16l + k5)* ~ il (1 - 42 ) (Cl
o= ” (10)
2061 (1 - 245-) 1Cho

Equations (8-10) have been used to fit the NMR data of Figure 4, yielding ky = 1.4 - 10> M~ at 22°C.
A slightly lower estimate, k4 = 7 - 10> M~! was obtained by fitting all the points of Figure 4 and neglecting the self-association
constant of cycloguanosine according to the well-known equation:

Sgc — 6
bon = B+ 2= ([CJO 16l + k5" = (IClo + 16l + k7Y — 4[G]o[c1o) (a1
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FIGURE 3 | Association modes of 5’,8-cyclo-2’-deoxyguanosine
dimers.

We have also considered a further fitting model, by using only
the points for which [dC’]o > 10 [Sch’]O (Fielding, 2000) in
conjunction with the NMR version of the Benesi-Hildenbrand
equation (Mathur et al., 1963). A similar value was obtained for
the hetero-association constant, namely ks = 1 - 103M 1.

Independent of the adopted approximation, ka is esti-
mated to be one order of magnitude less than that obtained
for the hetero-association of guanosine and cytidine in chlo-
roform (2.1-104 M~1), Caruso et al. (2007) thus showing
that the interaction of dC with ScdG is weaker than that
with dG. Moreover the equilibrium constant for the for-
mation of the Watson-Crick complex appears to be slightly
lower than that for the homo-association of guanosine in
chloroform thus confirming that all the equilibria must be
considered.

Conclusions

The interactions of ScdG’ and RedG), two important DNA tandem
lesions (Scheme I), with their complementary base have been
studied by NMR spectroscopy and differential pulse voltammetry
in chloroform solution, a solvent where guanosine and cytidine
are known to form the Watson-Crick hydrogen bonded complex.
The oxidation potentials of ScdG’ and RcdG’ are almost the same
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We investigate the attack of the nitrogen dioxide radical (NO2) to the guanine —cytosine
(GC) base pair and the subsequent tautomeric reactions able to induce mutations,
by means of density functional theory (DFT) calculations. The conducted simulations
allow us to identify the most reactive sites of the GC base pair. Indeed, the computed
relative energies demonstrate that the addition of the NO$ radical to the C8 position of
the guanine base forms to the most stable adduct. Although the initial adducts might
evolve to non-canonical structures via inter-base hydrogen bonds rearrangements, the
probability for the proton exchange to occur lies in the same range as that observed for
undamaged DNA. As a result, tautomeric errors in NOs-attacked DNA arises at the same
rate as in canonical DNA, with no macroscopic impact on the overall stability of DNA. The
potential mutagenic effects of the GC-NOS radical adducts likely involve side reactions,
e.g., the GC deprotonation to the solvent, rather than proton exchange between guanine
and cytosine basis.

Keywords: guanine-cytosine, NO5 radical, induced mutation, proton transfer reaction, tautomeric equilibria, rare
tautomers, computational chemistry, density functional theory

1. Introduction

Free radicals are naturally present in the biological medium as intermediates of the cellular
metabolism. Although necessary to keep the normal biochemical activity, these highly reactive
species tend to react, when present in excess, with a wide panel of biomolecules including DNA
(Cadet et al., 2010). Accordingly, free-radical-induced DNA damage (mutations) might eventually
initiate degenerative diseases, cardiovascular problems and cancers (von Sonntag, 2009). The reac-
tive nitrogen oxide species (RNOS) family is a representative example of the double role played
by free radicals (Lonkar and Dedon, 2011). Indeed, it has been established that mammalians cells
endogenously produce RNOS as critical biological mediators (Ignarro, 1990). However, intracel-
lular amounts of RNOS can overpass the tolerable limit by exposure to external chemical agents,
such as cigarette smoke or air pollution (Pacher et al., 2007), and physical agents like high-energy
radiations (Douki and Cadet, 2008).

One of the most important RNOS is the nitrogen dioxide radical, which is mainly present
under its monomer NOJ form in physiological conditions (Augusto et al, 2002). Like any
free radical, NOj might react by electron transfer, hydrogen atom abstraction and/or rad-
ical addition to unsaturated bonds (Galano, 2007; Cerén-Carrasco et al., 2010). As for a
reaction with DNA is concerned, the latter mechanism involves the addition of the radical
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to one of the unsaturated bonds of the guanine-cytosine (GC)
base pair. There are, in particular, five possible reactive positions
in the GC pair: C4, C5, and C8 in the guanine [C4(G), C5(G),
and C8(G)] and C5 and C6 in the cytosine [C5(C) and C6(C)].
The atomic numbering is shown in Figure 1. Previous experi-
mental and theoretical evidences indicated that C8(G) is the most
reactive site for OH® radical attack (Fortini et al., 2003; Shukla
et al.,, 2004; Jena and Mishra, 2005; Shukla and Mishra, 2007;
Zhang and Eriksson, 2007; Bergeron et al., 2010; Cerén-Carrasco
and Jacquemin, 2012). Agnihotri and Mishra have also shown
that NO$ quickly reacts with the guanine radical cation (G*%)
at this same position (Agnihotri and Mishra, 2009, 2010, 2011),
which might lead to DNA damage through the formation of an
intermediate 8-nitroguanine structure (Misiaszek et al., 2005).
The reaction of NOJ radical with the undamaged (neutral and
closed-shell) GC pair has been, however, much less explored, so
additional work is required to understand the biological action of
such radical once inside the cellular medium.

In this work, we use an state-of-the-art theoretical approach
within the density functional theory (DFT) framework to inves-
tigate the possible mutagenic effects induced by the NOS radical.
In particular, we study the formation of non-canonical Watson
and Crick structures arising from activation of the tautomeric
equilibria in the GC base pair. These equilibria involve proton
transfer (PT) between the guanine and cytosine basis yielding
the so-called rare tautomeric forms that have been proposed as
a plausible source of genetic errors (Lowdin, 1963; Floridn and
Leszczynski, 1996; Dannenberg and Tomasz, 2000; Gorb et al.,
2004; Kumar and Sevilla, 2010; Villani, 2010a; Jacquemin et al.,
2014). In undamaged DNA, GC base pairs naturally exchange
the position of the H1, H4 and H4' protons (see Figure 1),
eventually disrupting the standard hydrogen-bond pattern that
maintain the double helix bounded and thus inducing genetic
errors during the cell replication (Villani, 2010b). Consequently,
the tautomeric equilibria can be altered by external agents
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FIGURE 1 | Chemical structure and atomic numbering of the canonical
GC base pair. Both N9 in G and N1 in C are the connections to the lateral
backbone in DNA. In an isolated GC base pair, these positions are occupied
by two hydrogen atoms. Arrows show the possible displacements of the
protons H1, H4, and H4’ during the tautomeric reactions.

facilitating PT reactions (Khanduri et al., 2011). The main goal of
this contribution is therefore to determine whether NOJ radical
contributes to the mutagenic processes by shifting PT mechanism
toward rare-tautomeric GC structures.

2. Methods

Since all the structures under study correspond to radical forms,
the bullet superscript is hereafter omitted in the text in order to
lighten the notation. We employ two different chemical mod-
els. In an early stage, a single GC base pair is used to determine
the relative stabilities of all possible GC-radical adducts. More
specifically, the NO, radical is added to all possible reactive sites
of the GC base pair through the two possible binding modes,
e.g., ONO-CX and O;N-CX, where CX stands for the attacked
carbons: C4(G), C5(G), C8(G), C5(C), and C6(C). The resulting
adducts are next fully solvated with eleven water molecules, as
illustrated in Figure 2, in order to mimic the solvent effects of a
single solvated GC pair (Kumar et al., 2008). All these structures
are optimized without symmetry constraints at the M06-2X/6-
311G(d,p) level (Zhao and Truhlar, 2008a,b). The vibrational
frequencies are computed at the same level of theory to con-
firm the absence of imaginary frequencies so that real minima
are obtained. The total energies of all stationary points are then
improved using the same exchange-correlation functional with
the more extended atomic basis set, 6-311++G(d,p). Also, the
well-known polarisable continuum model (PCM) is additionally
used to account for solvent effects beyond the explicitly-treated
first hydration shell (Tomasi et al., 1999, 2005).

The isolated GC-radical adducts might form indeed over-
distorted structures compared to real DNA, since the stacking
effect is neglected. Consequently, the single base pair model
is next refined by sandwiching the most stable adduct into at
double-stranded B-form trimer d(5-GGG-3')d(3/-CCC-5'), as
shown in Figure 3. This model includes both nucleotides moi-
eties and sugar-phosphate backbone chains (Chen et al., 2009,
2011; Cerén-Carrasco et al., 2011). Since phosphates are nega-
tively charged at physiological pH, the neutrality of the systems
can be ensured by either adding counterions, e.g., Na™ or KT, or
protonating the phosphate groups. Since the backbone does not
significantly affect PT reactions in DNA (Close and @hman, 2008;

ras i
AT f{. HE ‘é":
9 ?—J Q: 53 o) J?'J ‘J
0,N-C8(G) ONO-C6(C)

FIGURE 2 | Chemical structure for two of the single GC-radical adduct
models: Oo,N-C8(G) and ONO-C6(C).
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Chen et al., 2009), we go for the latter procedure to have a neutral
system and consequently facilitate the convergence of the calcu-
lations. The GC-radical adduct is therefore located between two
GC base pairs, which correctly mimic the -stacking interactions
in real DNA (Chen et al., 2009). We should underline that the
stacked DNA model includes five water molecules in the vicinity
of N3(G), 06(G), N7(G), 02(C), and N4(C) atoms (see atomic
numbering in 1), and not eleven as in the single GC-radical
adduct. These five sites correspond to the solvent exposed het-
eroatoms in DNA, so five water molecules are enough to provide
a suitable representation of the hydrogen-bonds network formed
between the base pair and the first hydration shell of the stacked
structure (Schneider and Berman, 1995; Auffinger and Westhof,
2000; Makarov et al., 2002).

Due to the size of the DNA fragment (ca. 200 atoms), we
use the hybrid ONIOM approach (Dapprich et al., 1999), which
allows us to split the system into different regions, called lay-
ers. In this system, the layer of interest (defined as high layer) is
the central GC-NO,; radical adduct plus the five explicit water
molecules. This layer is treated at the same level that the iso-
lated model, i.e., by using M06-2X/6-311G(d,p) for the optimiza-
tion and PCM-MO06-2X/6-31++4G(d,p) for single-point energy
calculations (Vreven et al., 2001; Mo et al., 2004). The two bor-
der GC base pairs that confine the central GC-radical adduct
form the medium layer, which is described at the less demand-
ing M06-2X/6-31G(d) level, while the lateral sugar-phosphate
backbone (low layer) is simulated with the semiempirical PM6
method (Stewart, 2007). In this computation protocol, only the
high layer is optimized whereas the rest of the system is frozen in
the space. Such partial optimization procedure retains the charac-
teristic double helix form of DNA while allowing relaxation of the
central base pairs during the proton transfer reaction. Analytic
calculations of the vibrational frequencies confirm the nature of
the obtained structures to be minima (no imaginary frequencies)
or transition states (a single imaginary frequency corresponding
to the stretching of the transferred protons). All calculations are
carried out with Gaussian09 (Frisch et al., 2009).

FIGURE 3 | The ONIOM model for the DNA-embedded GC-radical
adduct. The high layer for the ONO-C8(G) adduct is represented as ball and
sticks whereas the confining base pair of the medium layer are shown as tube,
and the lateral back-bone placed in the low layer are displayed as wireframe.

3. Results and Discussion

Although previous experimental and theoretical evidences sug-
gest that the C8(G) is the preferred site for adding radicals to the
GC base pair (Kumar et al., 2011), we have calculated the rela-
tive stabilities of all possible GC-radical adducts to provide an
accurate picture of the NO; radical reactivity. The relative ener-
gies obtained for the located adducts are listed in Table 1, with the
reference value being taken as the most stable GC-radical adduct:
ONO-C8(G). As observed, there are two main radical-attacking
sites: C8(G) and C6(C). It wasn’t possible to optimize GC-radical
adduct at other positions, with the only exception of ONO-C5(C)
at a significantly higher energy (11.76 kcal.mol~!). This finding
is consistent with previous results obtained by Zhang and Eriks-
son using DFT calculations to determine the reactivity of the OH
radical with the neutral closed-shell GC base pair (Zhang and
Eriksson, 2007). These authors concluded that the two most sta-
ble binding sites for the GC-OH mutation are C8(G) and C6(C)
(Zhang and Eriksson, 2007). In contrast, there are two possible
binding modes (O;N- and ONO-) in the present case. Inspec-
tion of Table 1 reveals that the attack of the NO; radical could
proceed equally through the nitrogen or the oxygen atom. This
is a remarkable result: the binding mode does not significantly
affect the final stability of the generated adduct since the reported
difference is negligible (<0.40 kcal.mol™1).

Aiming to characterize better the structural changes induced
by the radical, we also include in Table 1 the interbase distances
and the partial atomic charges of the protons involved in the
intramolecular hydrogen bonds. Although there are slight dif-
ferences (ca. 0.1 A) in the interbase separation, adding the NO,
radical does significantly alter the GC geometry. The structures
of the two most stable GC-radical adducts, namely O,N-C8(G)
and ONO-C8(G), are shown in Figure 4. The side views show a
clear bent structure as a result of the radial addition. Such depar-
ture from planarity can be quantified through the dihedral angle
formed by C6(G)C2(G)C2(C)C4(C) (see atomic numbering in
Figure 1), which has a value of around 1° for undamaged GC,
but close to 10° in both GC-radical adducts. This is a logical con-
sequence of the selected model, which mimics the reactivity of a
single GC base pair in solution but does not reproduce the DNA
environment, and in particular the 77 -stacking constrain.

More intriguing are the results shown in Tablel for
the atomic charges. As observed, the O,N- biding mode
results in larger (more positive) atomic charges for the

TABLE 1 | Relative energy (AE/kcal.mol~1), theoretical interbase bond
distances (in A) and Mulliken atomic charges (in |e|) for the single
GC-radical adducts.

Adduct AE Distance Charge
0g-N;s  Ny-N3  Ny-O, Hy H4 Ho
ONO-C8(G) 0.00 2.908 2.907 2.839 0.34 049 0.38
0,N-C8(G) 0.15 2.894 2.890 2.838 0.38 056 0.36
0,N-C6(C) 7.69 2.843 2.912 2.891 041 057 0.35
ONO-C6(C) 8.08 2.859 2.920 2.878 0.34 047 032
ONO-C5(C)  11.76 2.871 2.935 2.876 0.34 052 0.35
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transferred proton during the tautomeric reaction, e.g., H4
and H1, compared to its ONO- counterpart. Although
limited, these changes might affect the stability of the induced
mutation since the atomic charges are directly related to the
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FIGURE 4 | Top and side views of the optimized structure for the
0O,N-C8(G) and ONO-C8(G) adducts.

proton acidity and, consequently, to the tendency of forming
tautomers.

The single GC base pair model provides the first clues for the
attack of the NO, radical to DNA, but the more refined model is
required for biological analysis because (i) bend structures imply
energetic penalties once inside DNA due to the 7 -stacking inter-
actions; and (ii) the location of the radical could be modified
by the chemical environment of DNA, e.g., by the interaction
with other base pairs and/or later sugar-phosphate backbone.
Consequently, the two most stable adducts, O,N-C8(G) and
ONO-C8(G), are “docked” into the DNA fragment shown in
Figure 3. In contrast with the single GC model in which both
binding modes are practically isoenergetic, the ONO-C8(G)
adduct is now 3.23 kcal.mol~! more stable than the O,N-C8(G)
adduct in DNA, which confirms the importance of accounting for
all key interactions.

In addition to the optimal geometry of the canonical GC-
radical adducts, we have computed the energetic profiles corre-
sponding both to the transfer of protons H1 and H4, directly
exchanged between the basis, and to the tautomeric equilibria
arising from the movement of the H4' (see Figure 1). The lat-
ter equilibrium implies a water-assisted mechanism in which the
surrounding water molecules catalyze the process by accepting
and donating protons (see Ref. Jacquemin et al., 2014 for details).

ONO-C8(G)

H1+H4'

H1+H4

FIGURE 5 | Chemical structures of the canonical rare
tautomeric form optimized for the O,N-C8(G) and ONO-C8(G)
adducts: H1+H4 and H1+H4'. For the sake of clarity only the

0,N-C8(G)

H1+H4'

central GC-radical adduct and the surrounding water molecules are
displayed as balls and sticks, while the rest of the system is
shown has wireframe.
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The optimized rare tautomeric structures are shown in Figure 5,
and their relative energies and equilibrium constant are given in
Table 2. We should note that all the attempts tried to optimize
products arising from a single-PT reaction, that is, to optimize
rare tautomers where only one proton (H1, H4 or H4') is shifted
from its position, failed as the geometry optimization quickly
restored the original canonical structure. However, we were able
to localize the products for H1+H4 and H1+H4' double-PT with
both O,N-C8(G) and ONO-C8(G) adducts, which structures are
shown in Figure 5. As discussed above, the O;N-C8(G) binding
mode results in more acidic H4 and H1 protons, compared to the
ONO-C8(G) adduct, eventually favouring the tautomeric equi-
libria by ca. 3kcal.mol~!. The associated equilibrium constants
(Keg) can be estimated from the relative energies obtained using
the expression

Keq — e—AE/RT (1)

where R is the ideal gas constant and T is the temperature
(298.15 K). Keq provides a measure of the mutation frequency,
which can be directly compared to the computed value for the
radical-free DNA. Taking the undamaged-DNA as a reference for
the impact of H1+H4 and H1+H4' reactions, one notices that
the latter is unlikely to occur due to the low Keq values, which
are of the order of 1071° and 10~13 for the O,N-C8(G) and
ONO-C8(G) adducts, respectively. However, the energies listed
in Table 2 hint that the O,N-C8(G) adduct stabilizes the H1+H4
mutation by ca. 2kcal.mol™!, slightly shifting the equilibrium
toward the rare tautomeric form (Keq = 7.27 x 10798). Despite of
such a difference, all rare tautomers are in the range of observed

TABLE 2 | Relative energy (AE/kcal.mol~1) and equilibrium constants
(Keq) at 298 K calculated for the H1+H4 and H1+H4’ tautomeric equilibria
of undamaged-DNA, O,N-C8(G) and ONO-C8(G) adducts.

Adduct Undamaged-DNA ONO-C8(G) 0O,N-C8(G)

AE Keq AE Keq AE Keq
Canonic  0.00 0.00 0.00
Hi+H4 1123 575x10709 12,96 3.11x10~10 973 7.27 x 10708
Hi+H4' 17.37 1.80x 10713 2071 650x 10~16 17.48 1.52x10~13

frequency for the spontaneous mutation, experimentally mea-
sured as ranging from 1078 to 107! (Topal and Fresco, 1976).
Interestingly, there is a certain dissimilarity between NO; and
OH. The latter clearly shifts the PT reactions toward the rare tau-
tomeric forms of the GC base pair, and its degenerative effects are
therefore governed by the transition states along the PT reactions,
which in turn determines their lifetimes (Zhang and Eriksson,
2007; Cerén-Carrasco and Jacquemin, 2012). In contrast, NO;
does not affect the PT reactions, so it is not necessary to compute
the transition states to conclude that they make no impact in the
global mutation when present in DNA during cell replication.

Since the canonical O2N-C8(G) and ONO-C8(G) adducts are
shown to be the most stable structures at an early stage of the
radical attack, we decided to compute the spin densities surfaces
for both forms to determine the localisation of the unpaired elec-
tron. Such calculations were performed by single-point full QM
calculations at the M06-2X/6-311G(d,p) level. As illustrated in
Figure 6, the spin density is distributed in the guanine as well
as in the radical, in agreement with previous results obtained
for the OH radical (Cerén-Carrasco and Jacquemin, 2012). This
finding indicates that the subsequent mutagenic steps will be
take place at this region rather than at further sugar-phosphate
backbones moieties or at other DNA basis. It becomes there-
fore necessary to perform additional dynamics calculations with
larger models (Loos et al., 2009; Ambrosek et al., 2010; Cauét
et al., 2010; Dupont et al., 2011; Garrec et al., 2012; Cerdn-
Carrasco et al., 2013; Dupont et al., 2013; Patel et al., 2013) for the
0,N-C8(G) and ONO-C8(G) adducts to further investigate the
damage mechanism initiated by GC-NO; structures. Our results
indicate that such adducts should evolve by side mechanisms dif-
ferent than PT between guanine an cytosine, e.g., deprotonation
to the solvent (Agnihotri and Mishra, 2011).

4. Concluding Remarks

We have performed theoretical calculations to determine the
reaction mechanism between the NO, radical and the neu-
tral closed-shell guanine-cytosine base pair. The reported data
demonstrate that the carbon C8 of the guanine moiety is the
preferential site to form the GC-radical adduct. The NO, radical
equally reacts with the single GC base pair through either its
nitrogen or its oxygen atom, with the latter yielding the most

O,N-C8(G)

pairs DNA fragment.

FIGURE 6 | Spin density distributions of the canonical radical adducts (isovalue = 0.002 a.u.) computed at M06-2X/6-311G(d,p) level for the three base

ONO-C8(G)
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stable adduct when a more realistic DNA-embedded model is
used. This finding confirms the importance of using a well-
balanced chemical model to obtain valuable conclusions. For the
radical addition to DNA, the m-stacking interaction not only
constrain the planarity of the attacked base pair, but also accom-
modates better the ONO- binding mode compared to its O;N-
counterpart. We have assessed the possible evolution of these
adducts through proton transfer reactions between guanine and
cytosine basis, which is one of the sources of genetic errors in
DNA. The associated equilibrium constants lie in the same range
as the one observed for spontaneous mutation. We conclude
that the initial ONO-C8(G) does not promote rare tautomeric
forms by proton exchange, at least not at a rate larger than
that in undamaged DNA. The NO,-induced genetic damage is
expectedly to be initiated by other side reactions.
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The deleterious effects of metal-catalyzed reactive oxygen species (ROS) in biological
systems can be seen in a wide variety of pathological conditions including
cancer, cardiovascular disease, aging, and neurodegenerative disorder. On the
other hand however, targeted ROS production in the vicinity of nucleic acids—as
demonstrated by metal-activated bleomycin—has paved the way for ROS-active
chemotherapeutic drug development. Herein we report mechanistic investigations
into the oxidative nuclease activity and redox properties of copper(ll) developmental
therapeutics [Cu(DPQ)(phen)]2* (Cu-DPQ-Phen), [Cu(DPPZ)(phen)2+ (Cu-DPPZ-Phen),
and [{Cu(phen)o}o(-terph)terph) (Cu-Terph), with results being compared directly to
Sigman’s reagent [Cu(phen)s]t throughout (phen = 1,10-phenanthroline; DPQ =
dipyridoguinoxaline; DPPZ = dipyridophenazine; Terph = terephthalate). Oxidative DNA
damage was identified at the minor groove through use of surface bound recognition
elements of methyl green, netropsin, and [Co(NH3)g]Cls that functioned to control
complex accessibility at selected regions. ROS-specific scavengers and stabilizers were
employed to identify the cleavage process, the results of which infer hydrogen peroxide
produced metal-hydroxo or free hydroxyl radicals (*OH) as the predominant species.
The extent of DNA damage owing to these radicals was then quantified through 8-oxo-
2’-deoxyguanosine (8-oxo-dG) lesion detection under ELISA protocol with the overall
trend following Cu-DPQ-Phen > Cu-Terph > Cu-Phen > Cu-DPPZ. Finally, the effects of
oxidative damage on DNA replication processes were investigated using the polymerase
chain reaction (PCR) where amplification of 120 base pair DNA sequences of varying
base content were inhibited—particularly along A-T rich chains—through oxidative
damage of template strands.

Keywords: copper, phenazine, chemical nuclease, hydroxyl radical, DNA damage, 8-oxo-dG

Introduction

Oxygen radical generation is an inevitable consequence of aerobic existence and has been impli-
cated in a wide variety of pathological conditions including cancer, cardiovascular disease, aging,
and neurodegenerative disease (Cooke and Evans, 2007). Reactive oxygen species (ROS) are created
in a variety of endogenous chemical and biological processes in the human body—predominantly
through oxygen metabolism. The sequential reduction of molecular oxygen can generate reactive
intermediates such as superoxide (O5™) and hydrogen peroxide (H,O,) that initiate a cascade of
redox reactions toward the production of hydroxyl radicals (*OH) and related metal-oxo species
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(Kellett et al., 2012). Molecular targets of ROS include pro-
teins, lipids, and nucleic acids—the deleterious effects of which
include base and deoxyribose modifications that ultimately pre-
cipitate single or double strand breaks. To counteract this, the
majority of cells possess defense mechanisms such as base exci-
sion repair (BER)—e.g., 8-oxoguanine glycosylase (OGG1) (Xu
et al., 2014)—and nucleotide excision repair (NER) pathways
that prevents genome instability to ultimately limit cytotoxic-
ity, the accumulation of deleterious mutations, and maintain
genome integrity. Two major *OH induced DNA lesions are 8-
oxoguanine (8-oxo0-dG), a mutagenic lesion that induces G —
T transversions widely seen in mutated oncogenes and tumor
suppressor genes, and the poorly mutagenic thymine glycol
(Basu et al., 1989; Chatgilialoglu and O’Neill, 2001). Recent evi-
dence suggests *OH attacks occur primarily at base moieties
and account for the majority of total hydrogen atom abstrac-
tion on DNA alone (Chatgilialoglu et al., 2011). Thus, 8-oxo-dG
has been subjected to intensive investigation due to its promi-
nence as a biomarker within ROS-mediated disease pathology,
and its ease of detection in bodily fluids and tissue samples has
allowed a variety of detection methods to accurately assess 8-
0x0-dG lesions including high-pressure liquid chromatography
(HPLC), gas chromatography (GC), mass spectrometry (MS),
and the enzyme linked immunosorbent assay (ELISA).

In addition to the induction of endogenous DNA damage,
exogenous sources including UV light, ionizing radiation, envi-
ronmental agents, pharmaceuticals, and industrial chemicals can
also initiate ROS production (Klaunig et al., 2010). Indeed the
clinical antineoplastic agent bleomycin (BLM) is a redox active
agent capable of DNA oxidative cleavage in the presence of Fe(II)
(and Cu(I)), molecular oxygen, and endogenous one electron
reductants (Stubbe and Kozarich, 1987; Burger, 1998; Chen et al.,
2008). Bleomycin can abstract hydrogen atoms from deoxyribose
in the DNA backbone, specifically from C4’ position (Breen and
Murphy, 1995). The active form of Fe(II)-BLM is a ternary, high-
valence Fe(III)-O® species (Rodriguez and Hecht, 1982; Pratviel
and Bernadou, 1989; Gajewski et al., 1991) that undergoes an
electron reduction by biological reductants (e.g., L-ascorbate) or
by another molecule of Fe(II)-BLM (Burger et al., 1981; Natra-
jan et al., 1990). Fe(II)-BLM can form 8-ox0-dG and other base
propenals, however these are known to occur in small amounts;
the formation of such DNA degradation products results from

*OH oxidative damage—a side product only of the ferryl-oxo
species—that does not functionally contribute to biological sys-
tems or participate in the nuclease activity of activated Fe(II)-
BLM (Rodriguez and Hecht, 1982).

Our group have recently investigated a range of
[Cu(phen),]>" (Cu-Phen) (Phen = 1,10-phenanthroline)
type systems as potential lead compounds for therapeutic and
biochemical application (Kellett et al., 2011; Prisecaru et al,
2012, 2013; Molphy et al, 2014). [Cu(phen)2]2+, originally
reported by Sigman et al. (1979), is believed to cleave DNA
through a variety of copper bound oxidants including Cu’*-
OH and Cu™-OOH with the possibility of free *OH playing
a role in the overall process (Marshall et al, 1981; Johnson
and Nazhat, 1987). Recent work on the development of bis-
chelate Cu?T phenanthroline-phenazine cationic complexes of
[Cu(DPQ)(phen)]** (Cu-DPQ-Phen) and [Cu(DPPZ)(phen)]*+
(Cu-DPPZ-Phen) (DPQ = dipyridoquinoxaline; DPPZ = dipyri-
dophenazine) have demonstrated how extension of the ligated
phenazine ligand influences DNA recognition and oxidative
degradation (Molphy et al., 2014). Indeed, when designer
phenazine ligands (DPQ and DPPZ) are incorporated into the
“copper bis-phen” chemical nuclease model, these agents display
enhanced DNA recognition and intercalation among the highest
reported on ctDNA (Table 1, Ky, ~ 3 x 107 M(bp)’l). Since
nuclearity is also established as an important factor in oxidative
DNA cleavage (Li et al., 2005; van der Steen et al., 2010), we also
reported the dinuclear complex, [{Cu(phen),},(u-terph)](terph)
(Cu-Terph) (terph = terephtalate), which is capable of inducing
oxidative DNA strand breaks in the absence of exogenous
reductant (Kellett et al., 2011). Cu-Terph has promising in vitro
cytoxicity toward human derived breast, prostate, colon, ovarian,
and lung human cance cell lines, with comparable activity to
mitoxantrone—a clinincal anthracene topoisomerase II inhibitor
(Kellett et al., 2011; Prisecaru et al., 2012).

In this contribution we identify, using head-to-head analy-
sis, the comparative oxidative DNA cleavage properties of DNA
binding Cu?" complexes Cu-Phen, Cu-DPQ-Phen, Cu-DPPZ-
Phen, and Cu-Terph (Scheme 1) through a variety of biophys-
ical and molecular biological methods. Additionally, we report
these agents inhibit DNA polymerase activity—particularly at A-
T rich sites—through oxidative degradation of template strands.
To that end, we report (i.) oxidative DNA profiles in the presence

TABLE 1 | Summary of DNA binding properties of tested complexes toward calf thymus DNA (ctDNA) along with synthetic nucleic acid polymers

poly[d(A-T),] and poly[d(G-C)].

Compound Cs0? KappM(bp)~® @ (M) poly[d(A-T)o]° @ (WM) poly[d(G-C)o]°  ATy(°C) poly[d(A-T)]9 ATy (°C) poly[d(G-C),]¢
Cu-Phen 179.21 0.67 x 106 13.34 7.96 ~0.02+0.29 06.64 + 1.58
Cu-DPQ-Phen 3.93 30.45 x 106 8.34 3.97 0.60 +0.18 11.39 +1.10
Cu-DPPZ-Phen 4.63 25.85 x 100 11.60 10.12 0.50 +0.10 10.44 +1.10
Cu-Terph 39.36 0.30 x 108 8.6 10.3 NT NT

@ Csp = concentration required to reduce 50% fluorescence of saturated bound ethidium bromide (12.6 uM) on ctDNA (10 uM).

b Kapp = Ko x 12.6/Cs0p where, Ke = 9.5 x 10° M(bp)~" (apparent binding constant on ctDNA).

¢ Fluorescence Quenching (Q) of limited bound Ethidium Bromide (5 1uM) bound poly[d(A-T)] and poly[d(G-C)o] by Cu?t complexes.
9 ATy = difference in thermal melting (Tyy) of drug-treated nucleotide at r = 0.1 compared with drug-untreated nucleotide.

NT = not tested.
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SCHEME 1 | Molecular structures of the copper(ll) complex cations examined in this study.
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of DNA recognition agents of netropsin, methyl green, and
[Co(NH3)6]Cls, (ii.) DNA cleavage profiles in the presence of
radical trapping and stabilizing co-factors, (iii.) quantitation
of 8-0x0-dG lesions arising from complex treated superhelical
plasmid DNA, and (iv.) DNA polymerase inhibition on DNA
templates of differential A-T content. The DNA binding pro-
files for this series have previous been reported and are sum-
marized in Table 1 (Kellett et al., 2011; McCann et al., 2013;
Prisecaru et al., 2013; Molphy et al, 2014); simple phenan-
throline containing complexes (Cu-Phen and Cu-Terph) have
moderate binding constants toward ctDNA while phenazine
compounds (Cu-DPQ-Phen and Cu-DPPZ-Phen) can be consid-
ered as high-affinity dsDNA intercalators. Further, ethidium bro-
mide fluorescence quenching on alternating duplex polymers—
poly[d(A-T);] and poly[d(G-C),]—has shown complexes inter-
calate from both minor and major grooves. It has not been estab-
lished, as yet, if chemical nuclease activity occurs preferentially at
either or both recognition sites.

Materials and Methods

Preparation of the Complexes
Chemicals were purchased from Sigma-Aldrich Ireland and used
without further purification.

DPQ and DPPZ ligands were initially generated
through the Schiff base condensation reactions of 1,10-
phenanthroline-5,6-dione ~ with  ethylenediamine  and
o-phenylenediamine respectively. The bis-phenanthroline
complex [Cu(phen),;](NO3), (Cu-Phen) was prepared by reflux-
ing 1,10-phenanthroline with copper(Il) nitrate in a 2:1 molar
ratio in aqueous-ethanol (Prisecaru et al., 2013). The phenazine
complexes [Cu(DPQ)(Phen)](NO3); (Cu-DPQ-Phen) and
[Cu(DPPZ)(Phen)](NO3), (Cu-DPPZ-Phen) were prepared by
treating the mono-phenanthroline complex [Cu(Phen)](NO3),
with 1 molar equivalent of the corresponding phenazine ligand in
ethanol (Molphy et al., 2014). The [Cu;(jL-terephthalate)(1,10-
phen);]>T was prepared by ethanolic reflux of copper(Il)
terephthalate hydrate and 1,10-phenanthroline in a 1:2 ratio
according to the reported method (Kellett et al., 2011).

DNA Cleavage Studies

DNA Cleavage in the Presence of Added Reductant
The ability of the complexes to oxidatively damage DNA in the
presence of added reductant was determined using a method pre-
viously published by this laboratory with minor changes (Molphy

et al., 2014). Reactions were carried out according to the follow-
ing general procedure: in a total volume of 20 LL using 80 mM
HEPES buffer (pH 7.2) with 25 mM NaCl, 1 mM Na-L-ascorbate,
400 ng superhelical pUC19 (NEB, N3041) and varying concen-
trations of test complex (250 nM, 500 nM, 1M and 2.5 uM).
Complexes were initially prepared in DMF and further diluted
in HEPES buffer (Fisher). Samples were incubated at 37°C for
30 min. Reactions were quenched by adding 6x loading buffer
(Fermentas) containing 10 mM Tris-HCI, 0.03% bromophenol
blue, 0.03% xylene cyanole FF, 60% glycerol, 60 mM EDTA and
samples were loaded onto an agarose gel (1.2%) containing 8 uL
EtBr. Electrophoresis was completed at 70 V for 2h in 1x TAE
buffer.

DNA Cleavage in the Presence of Non-Covalently
Bound Recognition Elements

This protocol was adapted from a previously reported proce-
dure (Tabassum et al., 2012). Briefly, 400 ng pUCI19 was incu-
bated with 25 mM NaCl, 1 mM Na-L-ascorbate, and 8, or 16 uM
of either methyl green, netropsin or hexamine cobalt(III) chlo-
ride in 80 mM HEPES buffer (pH 7.2) for 45 min at 37°C. Sam-
ple tubes were then vortexed and varying concentrations of test
complex were added (250 nM, 500 nM, 1 uM, and 2.5 uM). The
reaction mixture was further incubated at 37°C for 30 min. The
reaction was then quenched with 6x loading buffer and sub-
jected to gel electrophoresis (prepared and stained as previously

described).

DNA Oxidation with ROS Scavengers and Stabilizers

The presence of ROS specific scavengers was used to determine
the effect on the DNA cleavage abilities of each copper complex.
The procedure was adapted to the previously reported method
(Zhou et al., 2014). Briefly, to a final volume of 20 uL, 80 mM
HEPES (pH = 7.2), 25mM NaCl, 1 mM Na-L-ascorbate, and
400 ng of pUC19 DNA were treated with drug concentrations
of 250 nM, 500 nM, 1 uM, and 2.5 uM in the presence ROS scav-
engers / stablilisers; KI (10 mM), NaN3(10 mM), DMSO (10%),
and D,0O (77%). Reactions were incubated for 30 min at 37°C,
quenched with DNA loading dye and loaded onto 1.2% agarose
gel and run under conditions previously described.

HT Quantitation of 8-oxo-dG

Quantitation of 8-0xo0-dG lesions present in 3000 ng pUC19 plas-
mid DNA pre-incubated with test complexes (10 and 20 wM)
at 37°C for 30 min was achieved utilizing a high throughput
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8-0x0-dG ELISA kit (Trevigen) and performed as per manufac-
turers guidelines. Samples of damaged DNA were examined in
triplicate using a 96 well plate, pre-coated with 8-oxo-dG along
with varying concentrations of a standard 8-oxo-dG (200, 100,
50, 25, 12.5, 6.25, and 3.13 nM). An 8-0xo-dG monoclonal anti-
body, which competitively binds to 8-oxo-dG immobilized to
each well, was added to the plate with excess antibody being
washed with PBST (1x PBS, 0.1% Tween 20). The concentra-
tion of 8-0x0-dG was determined based on antibody retention in
each well using goat anti-mouse IgG-HRP conjugated antibody
and colorimetric detection substrate TACS-Sapphire. Product
formation was inversely proportional to 8-oxo-dG present in the
DNA sample. Samples were determined using a Bio-Tek synergy
HT multimode microplate reader at 450 nm and quantitation of
8-0x0-dG was extrapolated from the standard curve.

PCR Inhibition Studies
This protocol was adapted from a previously reported procedure
(Sanchez-Cano et al,, 2010). 400 ng pUC19 DNA was initially

exposed to each test complex in the presence and absence of
1 mM added reductant at 37°C for 30 min (Figures S-2, S-3).
20 ng of damaged DNA template was removed and PCR reac-
tions (35 cycles) were carried out with each varying G-C content
primer set (Figure S-4) at optimum annealing temperatures and
analyzed using gel electrophoresis. This investigation was repli-
cated in the absence of added reductant (Figure S-5) and also at
lower drug loading (250 nM, 500 nM, 1 wM, and 2.5 uM) with
1 mM reductant (Figure S-6).

Results and Discussion

DNA Cleavage in the Presence of Non-Covalently
Bound Recognition Elements

We have previously shown that DNA oxidative cleavage by
copper complexes is dependent on a range of factors includ-
ing (but not limited to): plasmid DNA conformation and
type, presence of competing metal chelating agents (e.g,

A Cu-Phen Cu-Phen + MG

Cu-DPQ-Phen

Cu-DPPZ-Phen

Cu-DPPZ-Phen + MG

222 g

Cu-Terph Cu-Terph + MG

ezl

7

FIGURE 1 | Lane 1-4 (A-D) DNA cleavage reactions with 250 nM,
500nM, 1.0 .M, and 2.5 .M test complex (A) Cu-Phen, (B)
Cu-DPQ-Phen, (C) Cu-DPPZ-Phen, and (D) Cu-Terph, 400 ng
superhelical pUC19 and 1 mM added Na-L-ascorbate incubated at
37°C for 30 min. Lanes 5-16 (A-D) DNA cleavage reactions in the presence

Cu-DPPZ-Phen + Net

7 %
7 é 2222?00

Cu-Phen + Net

Cu-Phen + Co(lll)

Cu-DPPZ-Phen + Co(lll)

Cu-Terph + Net

)

Cu-Terph + Co(lll)

ez

of recognition elements, methyl green (MG), netropsin (Net), and
[Co(NH3)gICl3 (Co(lll), where 400 ng pUC19 was initially pre-treated with

8 uM of respective non-covalent binding control at 37° C for 45 min and then
with 250 nM, 500nM, 1 uM, and 2.5 uM test complex in the presence of
1mM added Na-L-ascorbate at 37°C for 30 min.
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EDTA), reaction/exposure time, and presence/concentration of
exogenous reductant or oxidant. In the current work we examine
chemical nuclease activity of supercoiled pUC19 plasmid DNA in
the presence of 1 mM reductant (Na-L-ascorbate) using agarose
gel electrophoresis. In order to ensure the copper(I) active species
(i.e., the nuclease) was fully generated, each complex was initially
reduced with 1 mM of added reductant prior to pUC19 titration.
Relaxation of supercoiled (SC, FI) pUC19 DNA into open circu-
lar (OC, FII) and linear (LC, FIII) conformations was employed
to qualitatively measure the cleavage efficiency of complexes over
a concentration range of 250 nM, 500 nM, 1.0 .M, and 2.5uM
for 30 min at 37°C (Figures 1A-D, lanes 1-4). Complexes show
concentration-dependent relaxation of FI (superhelical) to FII
(open circular/nicked), while FIII (linear conformation) is evi-
dent at 2.5uM Cu-DPQ-Phen exposure and with 500 nM of
the dinuclear agent Cu-Terph. Complete digestion of SC DNA
occurs only with the maximum tested concentration (2.5 wM)
of Cu-Terph. The overall trend in chemical nuclease activity is
Cu-Terph > Cu-DPQ-Phen > Cu-Phen > Cu-DPPZ-Phen. The
activity profiles observed here are in good agreement with those

etal., 2013). The nuclease activity of both Cu-DPQ-Phen and Cu-
DPPZ-Phen has been identified previously (Molphy et al., 2014),
however, direct analysis with the current conditions cannot be
made.

In an attempt to determine DNA cleavage site specificity,
minor groove (netropsin, Net) and major groove (methyl green,
MG) binders, along a surface electrostatic binding and con-
densing agent ([Co(NHj3)s]Cls, Co(III)) were pre-incubated
with pUCI9 DNA prior to the addition of test complex
(Figures 1A-D, lanes 5-16). In all cases, presence of the major
groove binder MG enhanced chemical nuclease activity with
greater nicking (OC) and linearization (LC) frequency com-
pared with control experiments. Conversely, the minor groove
binder Net impedes chemical nuclease activity as pUCI9 is
clearly protected from both OC and LC damage across all exper-
iments. The cationic surface binding agent [Co(NH3)6]?t had
no major impact on the chemical nuclease activity of Cu-Phen

TABLE 2 | Scavengers and stabilizers utilized within this study.

previously reported by this group; Cu-Terph has previously dis-  gcavengera/stabilizer® ROS ~ References
played nicking at 1.0 M on the plasmid pBR322 with complete
digestion occurring thereafter (Prisecaru et al., 2012). We also  NaNg? 10, Franco et al., 2007
established that both 2.5 and 5.0 WM of Cu-Phen induced nicking k@ HyOp  Dunand et al., 2007; Steffens et al., 2012
(OC) on both pBR322 (Prisecaru etal., 2012; McCann etal., 2013) ~ DMSO? *OH Franco et al., 2007; Mazzer et al., 2007
with activity being impeded in the presence of EDTA (Prisecaru  D,0P 10, Merkel et al., 1972; Xia et al., 2006
Cu-Phen Cu-Phen + NaN3 Cu-Phen +KiI
A e

Cu-DPQ-Phen Cu-DPQ-Phen + NaN,

Cu-DPPZ-Phen Cu-DPPZ-Phen + NaN,

— |

XA

ocC
LC
sC

Cu-DPQ-Phen + Kl

B
/)

Cu-DPPZ-Phen +KI

Cu-DPQ-Phen + DMSO
)

Cu-DPQ-Phen +D,0

Cu-DPPZ-Phen + DMSO  Cu-DPPZ-Phen + DZO

Cu-Terph

Cu-Terph + Nc-xNJ
D R 7 %

Cu-Terph + Kl
)

Cu-Terph + D,0

Cu-Terph + DMSO
W) R )

FIGURE 2 | DNA cleavage reactions in the presence of ROS
scavengers. 400ng of SC pUC19 was incubated for for 30 min at 37°C
with 250nM, 500nM, 1M, and 2.5uM of test complex (A) Cu-Phen,
(B) Cu-DPQ-Phen, (C) Cu-DPPZ-Phen, and (D) Cu-Terph in the presence

of 1mM added Na-L-ascorbate for 30min. Lanes 1-4 metal complex
only, lanes 5-8, complex + 10mM NaNg; lanes 9-12, complex + 10mM
Kl; lanes 13-16, complex + 10% DMSO; and lanes 17-20, complex +
77% D5O.

Frontiers in Chemistry | www.frontiersin.org

April 2015 | Volume 3 | Article 28 |70


http://www.frontiersin.org/Chemistry
http://www.frontiersin.org
http://www.frontiersin.org/Chemistry/archive

Molphy et al.

DNA oxidation by copper phenanthrenes

and Cu-DPPZ-Phen but did reduce nicking by Cu-DPQ-Phen at
1 M and was also effective in protecting pUC19 damage by Cu-
Terph. Taken together, evidence here points toward the minor
groove as the major site of DNA oxidation by this complex series;
MG bound pUC19 primes the minor groove for chemical nucle-
ase activity while titrated Net clearly diminishes this damage.
Indeed this observation of minor groove targeting is consistent
with previous analysis on the rapid cleavage of poly(dA-dT) by
2:1 phenanthroline-Cu™ mixtures (Sigman et al., 1979).

DNA Oxidation with ROS Scavengers and
Stabilizers

In order to examine ROS species involved in DNA oxidation,
activity was investigated in the presence of radical-specific scav-
engers and stabilizers (Table 2) with results shown in Figure 2.
Before complex analysis, scavengers were confirmed to have
no impact on pUC19 conformation (data not shown). Control
experiments are in excellent agreement with those observed in
Figure 1 (lanes 1-4), however, a fraction of superhelical (FI)

pUC19 was found to remain upon 2.5puM exposure of Cu-
Phen. Results here suggest that *OH is the most prevalent rad-
ical species involved in strand scission as the presence of DMSO
considerably impedes cleavage activity of all complexes. It is
noteworthy DMSO had a major impact on cleavage activity of
Cu-Terph as only the maximum tested concentrations (1.0 and
2.5 wM) contained nicked cleavage products. The presence of the
H,0, scavenger, KI, was also found to inhibit chemical nucle-
ase activity of tested complexes—again most notably within Cu-
Terph reactions—and this observation is consistent with previ-
ous trapping studies conducted on these model systems (John-
son and Nazhat, 1987; Prisecaru et al., 2013). It is interesting
to note the catalase enzyme is a more effective scavenger of
H,0, compared with KI as previous work revealed complete
inhibition of DNA oxidation by Cu-Phen, Cu-DPQ-Phen, and
Cu-DPPZ-Phen complexes (Molphy et al., 2014).

The role of !0, was next examined utilizing the NaN3
scavenger (Franco et al., 2007) and D,O as a 'O, stabilizer
(Merkel et al, 1972; Xia et al, 2006). Nuclease activity by

FIGURE 3 | Structure and quantification of 8-oxo-dG. Graph
represents level of generated 8-oxo-dG asnM (left axis) and ng/mL (right
axis). 3000ng of SC pUC19 with 10 and 20 M of test complexes
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Cu-Phen, Cu-DPQ-Phen, Cu-DPPZ-Phen, and Cu-Terph with 1 mM
Na-L-ascorbate were incubated at 37°C for 30min and followed by
ELISA protocol.
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FIGURE 4 | (A) lllustration of steps involved in a successful PCR
reaction (denaturation, primer annealing, primer extension, and
template amplification), (B) the impact of a bound metal complex as
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physical block of the primer extension step, (C) inhibition of DNA
amplification in the PCR cycle through the oxidative damage of
template strand.
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Cu-Phen, Cu-DPQ-Phen, and Cu-DPPZ-Phen complexes was
only marginally inhibited by NaN3 while no change in activity
(relative to control) was observed in D,O thus suggesting a lim-
ited role in DNA oxidation by 10,. NaN3 did, however, impede
activity by Cu-Terph but the role of 1O, in the scission process
could not be verified as D,O was also found to reduce activity,
somewhat.

Quantitation of 8-oxo-dG

To examine if the oxidative DNA lesion, 8-0x0-dG, is formed
during complex reactions with DNA, an HT 8-oxo-dG ELISA kit
was employed for immunological detection and quantification.
The complex series was investigated at 10 and 20 uM with 3000
ng of SC pUC19, with 8-0x0-dG being quantified in both nM
and ng/mL (Figure 3). Nuclease activity was firstly confirmed at
10 uM and 20 pM (Figure S-1). Low numbers of lesions were
detected in the untreated control (3.92 = 0.79 nM) and the expo-
sure of pUC19 to each of the complexes at 10 WM resulted in
detectable increases in 8-0xo-dG (between 35.24 and 5.05nM)
with the trend following Cu-Terph > Cu-DPPZ-Phen > Cu-
DPQ-Phen > Cu-Phen. Upon 20 uM complex exposure signif-
icant levels of 8-0x0-dG (between 129.22 and 17.77 nM) were
produced with the trend changing toward Cu-DPQ-Phen > Cu-
Terph > Cu-Phen > Cu-DPPZ-Phen. Given the *OH radical is
fundamental in the production of 8-oxo-dG, results here demon-
strate DNA oxidation by copper phenanthrene complexes, par-
ticularly under extensive shearing conditions (Figure S-1), drive
formation of 8-oxo0-dG lesions.

PCR Inhibition Studies
Our next aim was to investigate how oxidative lesions—induced
through complex exposure—can ultimately impact on in vitro

DNA processing by the polymerase chain reaction (PCR)
(Figure 4). During the normal PCR process, a DNA template
is initially denatured through heating to more than 90°C to
separate double stranded DNA into constituent single strands.
The second step involves lowering the temperature (40-60°C)
to allow specifically designed forward and reverse primers to
anneal at targeted regions (for selective amplification) through
complementary base pairing. At this point the temperature is
increased again to allow Taq polymerase to attach at each prim-
ing site and extend to synthesize a new DNA strand. This ther-
mal cycling process allows for a chain reaction to occur in
which the selected DNA template is exponentially amplified cre-
ating millions of copies of the targeted sequence (Figure 4A).
In our study 400 ng of pUC19 plasmid DNA was initially
exposed to increasing concentrations (2.5, 5, 10, 20, 30, 40,
and 50 uM) of test complexes in the absence and presence of
exogenous reductant at 37°C for 30 min and used as a substrate
for the PCR reaction along with specific primer sets to gen-
erate three 120 bp sequences of varying G-C content (35, 50,
and 63%). PCR inhibition (up to 50 wM) was not achieved by
any tested agent (Figure S-5) in the absence of added reduc-
tant indicating physical blocking of the PCR process (Figure 4B)
does not occur. With added reductant, however, the pattern
emerges as described in Figure 4C. In the high A-T amplifi-
cation set (35% G-C), PCR was inhibited by 5.0uM of the
mono-nuclear complexes (Cu-Phen, Cu-DPQ-Phen and Cu-
DPPZ-Phen). In the case of the di-nuclear agent (Cu-Terph),
complete inhibition of template amplification was observed at
all exposure levels (Figure 5A). Within the 50 and 63% G-C
templates (Figures 5B,C respectively), the PCR reaction was
impeded at 5.0 uM for both Cu-DPQ-Phen and Cu-Terph com-
plexes whereas template DNA, oxidatively damaged by 5.0 uM

A Ctrl Cu-Phen Cu-DPQ-Phen
Ctrl Cu-DPQ-Phen
B

Cu-Phen Cu-DPQ-Phen

FIGURE 5 | 400 ng pUC19 DNA was initially exposed to 2.5, 5, 10, 20,
30, 40, and 50 .M of each test complex in the presence of 1 mM
added reductant at 37°C for 30 min. 20 ng of damaged DNA template
was removed and PCR reaction was carried out with each varying GC
content primer set at optimum annealing temperatures and analyzed using

Cu-DPPZ-Phen

Cu-Terph

e 00

Cu-Terph

)

Cu-DPPZ-Phen

Cu-Terph

gel electrophoresis. Panel (A) Lane 1, 50 bp DNA ladder, lane 2, 35 % GC
control; lane 3-9, 35% GC + Cu-Phen; lane 10-16, 35% GC +
Cu-DPQ-Phen; lane 17-23, 35% GC + Cu-DPPZ-Phen and lane 24-30,
35% GC + Cu-Terph. Panel (B) 50% GC, and Panel (C) 63% GC
respectively. All duplex sequences generated were 120 base pairs.
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of Cu-Phen and Cu-DPPZ-Phen, was still suitable for amplifying
120 base pair DNA sequences.

Conclusions

Mechanistic investigations into oxidative cleavage properties
of the copper(Il) complex series [Cu(phen)2]2+ (Cu-Phen)
[Cu(DPQ)(phen)]?* (Cu-DPQ-Phen), [Cu(DPPZ)(phen)]**
(Cu-DPPZ-Phen), and [{Cu(phen),},(jL-terph)](terph) (Cu-
Terph) reveal chemical nuclease activity occurs primarily at the
minor groove; titration of the major groove binder, methyl green,
enhances DNA degradation—most likely by directing (priming)
complex-DNA interactions to the minor groove—while the
presence of the minor grove binder, netropsin, was found to
significantly reduce oxidative damage on pUCI19. It is also
interesting to note that no correlation exists between chemical
nuclease activity (Figure 1) and apparent DNA binding constant
(Table 1). Instead, nuclearity has a more dramatic effect as
evidenced by Cu-Terph mediated DNA damage. ROS-specific
scavengers employed to identify the cleavage mechanism
revealed metal-hydroxo or free hydroxyl radicals (*OH), and not
10,, as the predominant species generated; DMSO was found
to limit DNA oxidation—most likely through the trapping of
hydroxyl radicals [(CH3),SO + *OH — CH3SO,H + CHj]
(Burkitt and Mason, 1991) —with sodium azide (NaN3) having
neglibile influence on all complexes except Cu-Terph. It is also
likely that hydrogen peroxide (H,O,) is the key intermediary in
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We use Forster Resonant Energy Transfer (FRET) in order to measure the increase
of flexibility of short ds-DNA induced by the intercalation of dipyridophenazine (dppz)
ligand in between DNA base pairs. By using a DNA double strand fluorescently labeled
at its extremities, it is shown that the end-to-end length increase of DNA due to the
intercalation of one dppz ligand is smaller than the DNA base pair interdistance. This
may be explained either by a local bending of the DNA or by an increase of its flexibility.
The persistence length of the formed DNA/ligand is evaluated. The described structure
may have implications in the photophysical damages induced by the complexation of
DNA by organometallic molecules.

Keywords: DNA intercalation, DNA flexibility, FRET, ruthenium compounds, dppz intercalator

1. Introduction

Since the first observation of the molecular “light switch” effect of Ru(bpy),dppz>*for DNA
their interaction with DNA has been intensively studied (Friedman et al., 1990; Brennaman
et al., 2002, 2004; Hu et al.,, 2009; Lim et al., 2009; Klajner et al., 2010; Sun et al., 2010; Song
et al.,, 2012; Vidimar et al., 2012). Ru(bpy),dppz*Tis a highly sensitive spectroscopic reporter of
double-helical DNA (Very et al.,, 2012). In aqueous solution, luminescence is detectable when
Ru(bpy)zdppz”intercalates into the nucleic acid structure (Batista and Martin, 2005). The emission
properties (both in terms of intensity and spectral band) furthermore depend on the different heli-
cal forms of the polynucleotides, allowing the use of Ru(bpy),dppz*Tas a sensitive, non-radioactive,
luminescent DNA probe in both heterogeneous and homogeneous assays. Ru(phen),dppz** pos-
sesses similar properties. Both complexes Ru(bpy),dppz**and Ru(phen),dppz>* have served as
“molecular light switch” for DNA, luminescing intensely in the presence of DNA but with no
photoluminescence in aqueous solution and can be seen as unique reporters of nucleic acid struc-
tures (Song et al., 2012). The luminescent enhancement observed upon binding is attributed to the
sensitivity of the excited state to quenching by water; the metal complex, upon intercalation into the
DNA helix, is protected from the aqueous solvent, thereby preserving the luminescence (Friedman
et al., 1990). Correlations between the extent of protection (depending upon the DNA confor-
mation) and the luminescence parameters have been proven. Indeed, the strongest luminescent
enhancement is observed for intercalation into DNA conformations which afford the greatest
amount of overlap with access from the major groove, such as in triple helices. Differences are
observed in the luminescent parameters between the two complexes which also correlate with the
level of water protection. In the presence of nucleic acids, these two complexes exhibit biexponen-
tial decays in emission (Jenkins et al., 1992). Quenching studies are consistent with two intercalative
binding modes for the dppz ligand in the major groove: one in which the metal-phenazine axis lies
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along the DNA dyad axis and another where the metal-phenazine
axis lies almost perpendicular to the DNA dyad axis.

Upon binding to mismatched DNA base pair,
Ru(bpy),dppz*Texhibits  significant luminescent enhance-
ments compared to well-matched DNA (Lim et al., 2009). In the
presence of a single base mismatch, large luminescent enhance-
ments are evident when ruthenium binds to an oligonucleotide
containing an abasic site. Titrations with hairpin oligonucleotides
containing a variable mismatch site have revealed correlation
between the level of luminescent enhancement and the ther-
modynamic destabilization associated with the mismatch (Lim
et al., 2009). This correlation is reminiscent of that found earlier
for a bulky rhodium complex that binds mismatched DNA sites
through metalloinsertion, where the complex binds the DNA
from the minor groove side, ejecting the mismatched bases
into the major groove (Lim et al., 2009). The smaller size of the
dppz ligand also allows the ruthenium complex to bind through
classical intercalation between two consecutive well-matched
base pairs. Intercalated complexes are also located in the minor
groove, stabilized by extensive ancillary interactions (Erkkila
et al., 1999). This discrepancy notwithstanding, the crystal
structure attests the remarkable structural flexibility of DNA
upon high-density ligand binding, and illustrates the nuanced
binding geometries sampled by a non-covalently bound small
molecule. It highlights the dominance of metalloinsertion as the
preferred binding mode to destabilized regions of DNA.

2. Flexibility

Although it is well-known that the length of DNA increases
approximately linearly with the number of intercalated
Ru(bpy),dppz*Tmolecules into the DNA double strand (Vlade-
scu et al.,, 2007), the induced dynamical changes of the DNA
chain have not been studied. Here, we quantify the variation
of double strand flexibility induced by the intercalation of
Ru(bpy)zdppz”into a short dsDNA (15 base pair long). We
use Fluorescence Resonance Energy Transfer (FRET) in order
to monitor the average distance between the extremities of a 15
bp dsDNA modified with two fluorophores at its extremities:
both ends of dsDNA are modified by two types of fluorophores:
Alexa488 and Alexa568. When Alexa488 is excited, it can decay
by transferring non-radiative energy to Alexa568, which then

de-excites by emitting photons of lower energy than those
emitted by Alexa488. The efficiency of this energy transfer can be
quantified from the measurement of the intensities emitted at low
and high energy. It depends a priori on the coupling efficiency
(and therefore the distance) between the two fluorophores. We
will show that the increase of the average distance between the
DNA extremities is incompatible with the assumption of a rigid
and straight DNA/Ru(bpy)2dppz>+complex. Nevertheless, the
observation is made difficult due to the strong quenching of the
fluorophores induced by the intercalation of the Ru(bpy),dppz**.
Thus, in this article, from the analysis of the evolution of the
lifetime of the donor on one hand, and that of the acceptor on
the other hand, we deduce the evolution of the efficiency of the
energy transfer in the concentration of ligand. We analyze the
evolution of the emitted intensity of the donor and the lifetime
of its excited state, and those of the acceptor, taking into account
the photophysical properties of the ruthenium complex. We then
obtain the evolution of the dsDNA average length as a function
of the Ru(bpy),dppz*T complexation.

3. Materials and Methods

15 base pair dsDNA are used to perform the experiment. The
number of DNA base pairs is limited by the range over which
the FRET can take place that is approximately 10 nm. Comple-
mentary strands were purchased from IBA (Germany company)
with sequences GGA GAC CAG AGG CCT and CCT CTG GTC
TCC GGA. The length of 15 base pairs is 5.1 nm. The extrem-
ity of the short double-stranded DNA (dsDNA) is labeled with
different kinds of fluorophores. The first sequence is modified in
three different ways. (1) 5'-end is labeled with Alexa488, (2) 3'-
end is labeled with Alexa568, (3) 5'-end and 3’-end are labeled
with Alexa488 and Alexa568, respectively (Figure 1). The Alexa
fluorophore is chemically linked with DNA base. Titrations are
performed by the addition of Ru(bpy),dppz**to a solution of
DNA at constant DNA concentration, equal to 1uM.

A pulsed laser of 495 nm wavelength with a repetition rate
of 1 MHz is used to excite the fluorophore. The photon detec-
tor temporal resolution is 0.1 ns. The wavelength collected is at
517 nm and 600 nm with 2 nm spectral slit. The acquisition time
is chosen so that the number of photons collected in the first
channel is equal to 10%. Under these experimental conditions, a

O
l

I |
O O

—NH—(CH;)-0O—P —0O—DNA

FIGURE 1 | Chemical structures of the Alexa488 (A) and Alexa568 (B) modified oligonucleotides.
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measurement lasts between 10 and 120 min. All measurements
are performed at constant room temperature (20°C).

The notations used in the analysis of the results are given in
Table 1.

4. Analysis of the Emission at 517 nm

We now turn to the analysis of the intensity emitted at 517 nm.
The most important factor we care in FRET process is the trans-
fer efficiency, that relies on two assumptions. First, it is assumed
that the presence of the acceptor neither changes nor adds any
relaxation process except for the FRET process. Then, the num-
ber donor molecules excited by the laser is assumed to remain
constant when the acceptor is present. The transfer efficiency
is defined as the probability that an excited donor fluorophore
comes back to its ground state by FRET process. This can be
expressed as:

E = kptP4 (1)

where «7 is the FRET transfer rate. «r is directly related to the
distance r between the two fluorophores according to: k7(r) =

6
%D (RT()) , where Ry is the Forster distance and t? the relaxation

time of the donor fluorophore in the absence of the acceptor.
P4 is the overall characteristic decay time of the donor molecule
in the presence of the acceptor: it is directly measured as the
decay time of the fluorophore emission at its maximum wave-
length. According to the first assumption, the presence of the
acceptor does not change any relaxation process except for the
FRET process. We thus have:

TABLE 1 | List of notations used in the analysis of the fluorophore
emission.

T relaxation time of the donor in the absence of the acceptor

DA relaxation time of the donor in the presence of the acceptor

A relaxation time of the acceptor

Iéoo decay time of the emission of the acceptor at 600 nm

KT, F Forster Resonant Energy Transfer rate, = K 1

Dx(t) number of excited donor molecules at time ¢

D*go initial number of excited donor molecules in the presence of the
acceptor

D o4 initial number of excited donor molecules in the absence of the acceptor

A*(t) number of excited acceptor molecules at time t

Ao initial number of excited acceptor molecules in the presence of the
donor

N1531 7 number of photons emitted at 517 nm by the donor in the absence of
the acceptor

Ngf‘7 number of photons emitted at 517 nm by the donor in the presence of
the acceptor

Ngoo number of photons emitted at 600 nm by the donor in the absence of
the acceptor

Ngéo number of photons emitted at 600 nm by the donor in the presence of
the acceptor

N’é‘go number of photons emitted at 600 nm by the acceptor in the presence
of the donor

Nggo number of photons emitted at 600 nm by the ruthenium compound

1 1
W=T7D+KT (2)

T
where 0 is the characteristic decay time in the absence of
acceptor, that can also be measured directly. Then the transfer
efficiency may be rewritten as:

DA
1
E=1-'" =~ 3)

D 6
T

D* being the number concentration of excited donor molecules,
we have:

dD* D*
& T oA @
leading to:
_ t
D*(t) = Djpe 1 = Diye /™ 5)

where D* is the number of excited donors at time ¢, Df;, is the ini-
tial population of excited donors in the presence of acceptor, 74
and 7P are the lifetimes in the presence and absence of accep-
tor, respectively. Nevertheless, D* cannot be measured directly:
the emitted intensity is measured. But the donor emits photons
both at 517 nm and at the maximum emission wavelength of
this acceptor, at 600 nm (this is the cross-talk phenomenon).The
number of photons emitted by the donor in the presence, N4,
and in the absence,N%)., of the acceptor, at 517 can be expressed
as the probability that their relaxation occurs through the emis-
sion of a photon at the corresponding wavelength:

D

N&i; =Dl ©6)
517
DA

N2 =Dp'p )
517

where 72 and P4 are the overall decay times in the absence and
presence of the acceptor, ti}, and 12, the characteristic decay
times of photon emission at 517 nm and 600 nm by the donor.
D{;, and D}, are the initial number of excited donors by the laser
in the absence and presence of acceptor. We thus have:

DA % DA DA

Noy; _ Dpt™ o7 (8)
D T oy D — D

N5;; Dy t T

assuming that the number of donor molecules excited by the laser
does not change when the acceptor fluorophore is present. This
leads to a new expression of the transfer efficiency:

DA DA
E=1- T oo ©
T Nsi7

We first consider the interaction between Ru(bpy),dppz*and
the fluorophores. The overall intensities and relaxation times of
single labeled DNA molecules is observed to decrease slightly in
the presence of Ru(bpy)2dppz**, due to quenching. The inverse
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of the intensity emitted by the donor fluorophore as well as its life
time are represented in Figure 2. One observes that:

L 1w
I(CRu) B f(CRu)

=14+ KpCgry (10)

where the subscript indicates that the measurement is performed
at null Ru(bpy),dppz** concentration. This relation implies that
Ru(bpy),dppz** dynamically quenches the emission of the donor
fluorophore and defines the dynamical quenching constant . One
finds Kp = 0.3 uM~L.

The transfer rate k7 and the transfer efficiency E are sepa-
rately computed from Equations 2, 9. The evolutions of tf' =
é and E as a function of the ruthenium complex concentra-

tion are shown in Figure 3. On the whole, 7% increases with the
increase of the complex whereas the transfer efficiency decreases
with increasing the Ru(bpy),dppz>+concentration. In the range
of studied concentrations, the evolution of v and E with the
Ru(bpy),dppz** concentration may be well-described by a linear
behavior.

4.1. Dynamical Measurements of the Emission at
600 nm

The acceptor can be excited following two different mechanisms,
either by direct excitation by the laser or by energy transfer from
the donor fluorophore. 74 is the overall relaxation time of the
acceptor. The existence of FRET does not change the relaxation
path of an excited acceptor, and 74 is identical to the relaxation
time of acceptor excited by the laser in the absence of donor.
From the perspective of the acceptor, the FRET process can be
determined by the following equations:

dA* 1

— = krD*(t) — —A*(t 11
=KD (1) = A0 (11)

where the first term represents the excitation through FRET and

the second one the desexcitation of the acceptor. With the initial

condition A*(0) = Af,, the solution is:

0.954, T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
CRu (!J'M)
FIGURE 2 | Evolution of l((,!g j @ and T(ég j O as a function of the
u u

ruthenium concentration. Continuous line is a adjustment fit of the data
from which one gets Kp = 0.3 uM.~ 1.

_4/DA
e t/t

_ ¢ba-1
1 A
¥ y* —t/t
+ (Aoz Dy,kr AT tDA—1> e (12)

* o
A*(t) = DOZKT -[A_l

where A, is the number of acceptor molecules excited by the
laser at time 0. This result states that the A*(¢) should exhibit a
two-time relaxation process, the first one equals to the relaxation
time of the donor population in the presence of the acceptor, 724,
and the second one equals to the relaxation time of the acceptor,

4. Moreover, if ﬁ < 0, the amplitude of the acceptor
T T
DA

decay over 7 is negative.
The number of photons emitted by the acceptor, Néjog can be
written as:

© 1 1 DA
NAD =/ [ (D* kp—————— /T
600 A 02KT ——1 1
0 500 TA _ TDA

1
+ (A5, — Dgoer) — = e*f/’A> dt (13)
T

1 -1
T600 — P4
A A
T T
* * DA
= Ap— + Dokt —— (14)
600 T600

Where 4, is the characteristic time of photon emission at
600 nm by the acceptor, and 4 = 74P, since the presence of
the donor does not change the relaxation of the acceptor. Finally,

using E = k714, we have:
AD o
Ngog = (Agy + D B)— (15)
T600

where Af, is the number of excited acceptor from the lasers exci-
tation, and D, E is the number of acceptor molecules excited by
the FRET process.

We now consider the emission at 600 nm of double labeled
dsDNA bound with ruthenium complex, Nggo. There are three
contributions to this emission. (i) the contribution of the donor
fluorophore, N24, the intensity emitted at 600 nm by the donor
after a pulse, I, g)‘g(t),(ii) the contribution of the acceptor, N&%, the
intensity emitted at 600 nm by the acceptor after a pulse, I40(#),
and (iii) the emission of Ru(bpy)zdppzz"'that is luminescent
when intercalated between DNA base pairs, Ngouo

So the total number of photons emitted at 600 nm can be
expressed as Ngop = Ngouo + Négg + Néo%» whose we are going
to perform an analysis term by term.

The intensity of emission at 600nm of bound
Ru(bpy),dppz*Thas been measured when the ruthenium
complex bound with non-labeled DNA. The contribution of the
ruthenium complex is found to be smaller than 0.5% of the total
observed intensity, so that we will neglect NX% in the subsequent
analysis.

The emission of the donor fluorophore at 600 nm in the
presence of the acceptor cannot be measured independently
and will be obtained indirectly. The number of photons emitted
by the donor at the two studied wavelengths with and without
the acceptor are given by the probabilities that the relaxation
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process occurs by the emission of a photon at the corresponding
wavelength. We have (Equation 8):

DA DA
N5; _ Dpt (16)
Nb,  Dg TP
517 01
and similarly at 600 nm:
DA
Newo _ Dyt (17)
NsDoo Dy, P

We finally obtain the number of photons emitted by the donor in
the presence of the acceptor, at 600 nm:

ND
— N ~7600 (18)
600 517 D
N517

The ratio 5"0 does not depend on the ruthenium complex con-

517
centration, and is measured at the null ruthenium concentration.

It is equal to 2.74%. NP4 is then measured directly from which
N600 can be calculated as a function of the ruthenium concentra-
tion. We can then obtain the emission of the acceptor in the pres-

ence of the donor fluorophore, at 600 nm: N4D = Ngoo — N2 =
(A, + DozE) The efficiency is then computed:
E— <N600 _ A&) 7600 (19)
™ 4/ Di

We now determine the three ratios involved:

AD
%: 4 is the fluorescence lifetime of single labeled DNA
with alexa568, and NA4D has been obtained in the previous
paragraph.

A
e =X is obtained from the amplitude of the 2 relaxation modes
600

of the intensity emitted at 600 nm by two labeled DNA. This
intensity is Isoo(t):

IéOO(t) = Isoo(t) + 600(t) (20)
with
_4/.-DA NDA _,-DA
600(t) — 02 Tt 16)(20 t/t (21)
400 T
and
600(t) =aje /e + aze_t/TA (22)

which defines «; and «,. They are obtained from the measure-
ment of 1600(t) — (051 + 600) e_t/‘[DA + (Xze_t/rA, We thus

. AR
obtain =2 = oy + «y.
T600

T600
D,
value can not be measured from measurements of Iy (t) as

does not depend on the ruthenium concentration. Its

. The evolution of the

it always appears under the form
600

efficiency E as a function of the ruthenium concentration is
thus obtained up to a constant multiplicative factor. In order to
compare the evolution of E(Cg,) with the efficiency obtained
from measurement at 517 nm, we determine this multiplica-
tion factor at Cr, = 0. The evolution of the FRET efficiency
and of the transfer rate kT are plotted in Figure 3e.

5. Discussion

At the concentration under study, the fraction of DNA strand
complexed by more than one ruthenium molecule may be
neglected. We thus have a mixture of uncomplexed DNA and
DNA strands complexed with one ruthenium molecule. More-
over this molecule may be intercalated at one or other of the
14 positions along the DNA double strand The intensities and
lifetimes measured are thus average values of the intensities and
lifetimes of these different complexes. The measured lifetime may
be written as:

t=(

é)fo-l-* Zﬁn (23)

n_l

where & is the fraction of DNA strands complexed with
one Ru(bpy),dppz>t, 1o is the decay time of non-complexed
DNA, 11, is the decay time of DNA strand intercalated with
Ru(bpy),dppz**+at the n™ position. We moreover assume that all
the intercalation positions are equiprobable. The decay time may
be expressed as the consequence of the existence of two processes:

1 _ 1 " 1
0(Cra)  tP(Cry) T

(249)

where t{ is the donor decay time in the absence of the acceptor at
concentration Cgy,, for a non-complexed dsDNA, and r(f =Ky 1

0.8 o
0.304

0.204

0.6 -

KT (HS l)

0.104

0.00-

T

0.0 ()1 02 03 04 05

M 04 ’M

0.2+

0.0+

T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

CRu (MM)

FIGURE 3 | Evolution of the FRET efficiency E and of k = 1/ (insert)
as a function of the ruthenium concentration. B: values obtained from the
measurements at 517 nm (Equations 9, 2). e: values obtained from the
measurements at 600 nm (Equation 19) and «7 = E/7PA
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1.05

Iy/Ty

100 —{ === == m o # e s oottt
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0904, T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

3

FIGURE 4 | Evolution of the average end-to-end distance of a 15-bp
dsDNA bound to one molecule of Ru(bpy)zdppzz"’, measured for
different ratios of complexation.

is the inverse of the FRET rate in the absence of complexation.
7§ does not depend on the Ru(bpy),dppz>*+ concentration and is
measured at Cr, = 0.

1 1 1
— + (25)
T1,n Tll?n(CRu) Tfin(CRu)

with similar notations. We have used the fact the rfn(C ru) does
not depend on n, as the observed quenching is dynamic. We thus
have:

FDCu 14 1
R AC NI IO e
Ty + 1 14 n=11+(&>

,n

where ] ,, is the distance between the two fluorophores when the
intercalation occurs at the nth position. It is known that the inter-
calation of the ruthenium compound induces a length increase
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and Marco Garavelli " 2*

" Dipartimento di Chimica “G. Ciamician,” Universita di Bologna, Bologna, Italy, 2 Ecole Normale Supérieure de Lyon, Centre
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The photophysics and photochemistry of water-solvated guanine monophosphate
(GMP) are here characterized by means of a multireference quantum-chemical/molecular
mechanics theoretical approach (CASPT2//CASSCF/AMBER) in order to elucidate the
main photo-processes occurring upon UV-light irradiation. The effect of the solvent
and of the phosphate group on the energetics and structural features of this system
are evaluated for the first time employing high-level ab initio methods and thoroughly
compared to those in vacuo previously reported in the literature and to the experimental
evidence to assess to which extent they influence the photoinduced mechanisms.
Solvated electronic excitation energies of solvated GMP at the Franck-Condon (FC)
region show a red shift for the nn* Ly and Ly, states, whereas the energy of the oxygen
lone-pair nnt* state is blue-shifted. The main photoinduced decay route is promoted
through a ring-puckering motion along the bright lowest-lying L, state toward a conical
intersection (CI) with the ground state, involving a very shallow stationary point along
the minimum energy pathway in contrast to the barrierless profile found in gas-phase,
the point being placed at the end of the minimum energy path (MEP) thus endorsing
its ultrafast deactivation in accordance with time-resolved transient and photoelectron
spectroscopy experiments. The role of the nt* state in the solvated system is severely
diminished as the crossings with the initially populated L, state and also with the
Ly, state are placed too high energetically to partake prominently in the deactivation
photo-process. The proposed mechanism present in solvated and in vacuo DNA/RNA
chromophores validates the intrinsic photostability mechanism through Cl-mediated
non-radiative processes accompanying the bright excited-state population toward the
ground state and subsequent relaxation back to the FC region.

Keywords: DNA, purine, CASSCF/CASPT2, photochemistry, QM/MM, photostability, GMP, guanine

Introduction

The genomic material and the mechanisms that process the disposal of the excess energy
attained upon UV-light irradiation are of paramount importance from both biomedical and
biotechnological standpoints. The initially populated excited states and their fate along the
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distinct deactivation routes present in the DNA/RNA double
helix chains relate simultaneously to the intrinsic photostability
of the genomic material (Callis, 1983; Crespo-Hernandez et al.,
2004; Kohler, 2010), as well as to the damaging photo-reactions
that ultimately yield mutations and single- and double-strand
breaks that have been associated to increasingly featured dis-
eases like skin cancer (Cadet et al., 2012; Noonan et al., 2012;
Giussani et al., 2013b; Brash, 2015). Besides the biological rele-
vance, the intricate photophysical properties of nucleobases can
be also exploited to design optical photo-responsive nanoma-
chines among a long list of prospective applications (Kamiya and
Asanuma, 2014), yet it is their biological relevance that focuses
our attention.

From a bio-physical and chemical point of view, fundamental
knowledge on the deactivation processes, including the associ-
ated underlying molecular motions, are essential to rationalize
the intrinsic photostability of the genomic material and to char-
acterize the aforementioned routes leading to deleterious photo-
chemical reactions (Markovitsi et al., 2010; Cadet et al., 2012).
These different pathways increase in number and complexity
as the size of the DNA/RNA single- or double-stranded chain
enlarges, as the different de-excitation routes interact with one
another yielding a ramification of complex photoinduced path-
ways that become extremely hard to discern, disentangle, and
comprehend. This increasing degree of complexity arises partially
due to the intermolecular interactions occurring from inter- and
intra-strand conformations between the nucleobases compress-
ing the DNA/RNA chains, related to their hydrogen-bonding
motifs and m-stacking interactions, respectively. Extensive exper-
imental work has been carried out recently in order to identify
and separate the different contributions arising from these inter-
actions, providing indicative fingerprints in the appearance of
a long-lived spectroscopic signal originating from a m-stacking
conformation within intra-strand sequences (Takaya et al., 2008;
Su et al,, 2012; Vayd et al,, 2012; Chen et al., 2013, 2014; Chen
and Kohler, 2014; Plasser et al., 2015) and to an ultrafast pro-
ton/hydrogen transfer stemming from a charge-transfer event
in the hydrogen-bonding motifs responsible for the inter-strand
interactions (Schwalb and Temps, 2007, 2008; Sauri et al., 2012).
Given the abstruse nature of the photo-processes under study and
their intrinsic difficulty, new development in methods and tech-
niques are expected to play a crucial role on disentangling all the
different deactivation channels (West et al., 2011, 2012; Krause
et al., 2012; West and Moran, 2012; Fingerhut et al., 2013, 2014;
Rivalta et al., 2014; Nenov et al., 2014a,b), even though the photo-
physical and photochemical studies on single nucleobases remain
at the cornerstone of the field.

A proper characterization of the monomeric chromophores
is therefore essential to understand the photoinduced events
occurring in DNA/RNA from a bottom-up approach that can
yield definitive answers regarding their role in photostability
and photo-damage (Serrano-Andrés and Merchan, 2009). This
avenue of research embodies the main efforts carried out by the
research community over the last two decades (Kleinermanns
et al,, 2013; Giussani et al., 2013a; Barbatti et al., 2014; Chen
etal., 2014; Mai et al., 2014), and even though plenty of advances
have been made there is still no definitive consensus regarding

the main deactivation routes present in the nucleobases (Crespo-
Hernandez et al., 2004; Hudock et al., 2007; Barbatti et al., 2010;
McFarland et al., 2014). Several decay paths have been identified
both in vacuo (Giussani et al., 2013a) and in solution (Improta
and Barone, 2014) and assigned to a number of processes, ranging
from a barrierless deactivation through a ring-puckering motion
of the bright mn* state (Merchin and Serrano-Andrés, 2003;
Gustavsson et al., 2006; Merchan et al., 2006; Serrano-Andrés
et al., 2006, 2008; Conti et al., 2009; Improta and Barone, 2014)
to a long-lived signal arising due to a possible crossing with a
dark nm* state (Hare et al, 2007), as well as an even longer-
lived pathway widely attributed to the role of triplet states, spe-
cially prominent in non-canonical nucleobases with heavy-atom
substitutions (Merchan et al., 2005; Gonzalez-Luque et al., 2010;
Martinez-Fernandez et al., 2012, 2014; Pollum et al., 2014).

In this study we turn out attention to water-solvated gua-
nine monophosphate (GMP), one of the canonical DNA/RNA
nucleobases. GMP has also been recently proposed to be an
interesting compound for nanotechnological applications due to
its outstanding capacity for self-assembly (Gupta et al., 2014),
specially remarkable in its quadruplex form, which has even
been located in DNA/RNA chains (Lam et al., 2013; Murat and
Balasubramanian, 2014). Whereas, guanine in vacuo has been
extensively studied at a high-level multireference ab initio level
(Serrano-Andrés et al., 2008; Barbatti et al., 2010, 2011) as well
as experimentally (Miannay et al., 2010; Chatterley et al., 2014),
a lesser degree of scrutiny, mainly at a density functional the-
ory level (Karunakaran et al., 2009; Parac et al., 2010; Santoro
et al., 2010; Improta, 2014; Improta and Barone, 2014), has been
considered on the effect of the phosphate group and the the sol-
vent on the photoinduced processes occurring in this compound
(Crespo-Hernandez et al., 2004). In the present work we pro-
pose a theoretical assessment of the deactivation routes embody-
ing the main photophysical and photochemical features of GMP
by employing high-level ab initio multireference perturbation
theory methods coupled with a quantum-mechanical/molecular
mechanics (QM/MM) approach, in order to ascertain the role
of the environmental perturbations in these type of systems as
they remain relatively unknown (Conti et al., 2010; Nachtigallova
et al., 2010; Barbatti, 2014). Further knowledge on the envi-
ronmental effects affecting the photo-processes occurring in the
DNA/RNA chromophores upon UV-light irradiation will pro-
vide essential information that can be properly translated to
water-solvated DNA/RNA systems such as those found in cells.

Computational Details

Sections MM Dynamics and Sampling and QM/MM Calcula-
tions describe the computational strategies and methodologi-
cal details considered in the computations of the MM sam-
pling dynamics and electronic structure QM/MM calculations
carried out.

MM Dynamics and Sampling

MM simulations were performed for GMP in water to obtain
a representative starting geometry to be employed for all
subsequent computations and analyses. The MM dynamics
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calculations were carried out using the Amber-11 suite of pro-
grams making use of the Parm99 force field (Case et al,
2005, 2011). Initially, a cubic solvent box comprising 700 water
molecules of explicit TIP3P (Jorgensen et al., 1983) with one Na™
counterion were considered. The entire system was then heated
from 0 to 300 K for 1 ns at constant volume and constant pres-
sure (1 atm), and then finally performing a production run for
100 ns recording the snapshots every 200 fs. To select the ini-
tial geometry we performed a cluster analysis based on a Root
Mean Square (RMS) coordinate deviation analysis on the guanine
moiety over all snapshots recorded along the MM dynamics run
within a 2.0 A difference using the MMTSB toolbox. We obtained
three different clusters, denoted a, b, and ¢ in Figure 1, with pop-
ulations relating to the 93, 6, and 1% of the total number of struc-
tures obtained along the dynamics run, respectively. The selected
initial structure was therefore chosen as the snapshot with the
closest geometrical parameters to the centroid of the average
structures obtained in cluster A, being the most representative.

QM/MM Calculations

QM/MM calculations were performed using the COBRAMM
interface developed in our group (Altoé et al, 2007a,b). The
cut between the QM and MM regions has been done so that it
includes all guanine atoms in the QM region, placing the link
atom between the N9 of guanine and the carbon of the sugar ring
directly attached to the nucleobase (see Figure 2). The choice of
the cut between the QM and MM regions is justified in terms
of charge redistribution on the nucleobase and its m-system
in order to better reflect the covalent link between guanine
and the monophosphate group. A three-layer approach (high,
medium, and low) was used throughout (Altoé et al., 2007a):
guanine was included in the QM region (high layer, ball, and stick

A B C

FIGURE 1 | GMP and its different main conformations along the MM
dynamics run obtained through a RMS deviation cluster analysis. (A-C)
depict the most important conformations extracted from the molecular
dynamics simulation (see text).

representation in Figure 2), whereas the medium layer comprises
the movable MM atoms within a 10 A radius surrounding the
GMP moiety, the remainder of the MM system being kept frozen
during all optimization procedures in the low layer. Equilib-
rium geometries and photoreaction paths (Garavelli, 2006) were
determined by using fully unconstrained optimizations and min-
imum energy path (MEP) computations on the relevant potential
energy hypersurfaces by employing the intrinsic reaction coordi-
nate (IRC) and optimization algorithms as implemented in the
Gaussian 09 program package (Frisch et al., 2009) interfaced with
COBRAMM. CI optimizations were performed with the gradient
projection algorithm of Bearpark et al. (1994) as implemented in
COBRAMM at the QM/MM level. Further details can be found
in Conti et al. (2015).

Energies and gradients in the QM region were computed
making use of the complete active space self-consistent field
(CASSCF) and complete active space second-order pertur-
bation theory (CASPT2) methods (Andersson et al., 1992;
Roca-Sanjuan et al., 2012), as implemented in the MOLPRO-
2010 (Werner et al.,, 2012a,b) and MOLCAS-7 (Aquilante et al.,
2010, 2013) suite of programs, respectively. All gradient and
non-adiabatic coupling calculations have been performed with
the CASSCF implementation of the MOLPRO-2010 code. Sub-
sequent CASPT2 calculations on the key structures obtained
along the optimizations and MEPs have been carried out as
implemented in the MOLCAS package in order to correct the
energy values due to the lack of dynamic correlation present
in the CASSCF method. This procedure is referred to as the
CASSCF/CASPT?2 protocol, and has been successfully employed
over the years to tackle a variety of photoinduced phenomena
from a theoretical standpoint (Garavelli, 2006; Gonzalez-Ramirez
et al., 2012; Segarra-Marti et al., 2012; Segarra-Marti and Coto,
2014). The active space selected comprised the full 7 space with
the exception of the lowest occupied 7 orbital plus the three lone-
pair orbitals to provide a proper description of the nm™* states,
thus making 18 electrons in 13 orbitals. The removal of the low-
est occupied 7 orbital is carried out due to its occupation number
being very close to two and given that its removal does not affect
the energy values obtained while speeding up the computations.
An imaginary level shift of 0.2 a.u. was employed in the per-
turbation step to avoid intruder states. Two different basis sets
were employed throughout: 6-31G* was used in order to map the
hypersurfaces at the CASSCF level whereas atomic natural orbital
(ANO) type (Pierloot et al., 1995) basis set with the large (ANO-
L) primitive set C,N,0(14s9p4d3f)/H(8s4p3d) contracted to
O[3s2p1d]/C[3s2p1d]/N[3s2pld]/H[2s1p] (ANO-L 321/21 here-
after) was employed in order to refine the single-point CASPT2
energies.

Results and Discussion

The results are divided in three different sections: First, the main
geometrical parameters of the ground-state Franck-Condon min-
imum of 9H-guanine both in vacuo and in solvated GMP are
presented, together with its corresponding vertical spectra, draw-
ing some conclusions on the influence the solvent and phosphate
group have on the relative position of the excited states. Next,
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FIGURE 2 | GMP and the three different QM/MM partitions defined in
the present study. The high layer treating the guanine moiety at the QM level
(ball and stick representation), the medium layer encompassing the movable
MM water molecules and the phosphate group enclosed within a 10 A radius
distance from GMP, and the low layer containing the remainder of the MM
region that is kept frozen throughout the calculations (see text).

the different minima and conical intersections describing the
photo-process are presented. Finally, a rationale of the photoin-
duced mechanisms in GMP is drawn in conjunction with previ-
ous results and experimental data acquired from the literature,
yielding concluding notes on the photophysical and photochem-
ical decay channels featuring in GMP and leading to its intrinsic
photostability.

UV Absorption at the Franck-Condon Region

The optimized FC structure of GMP in solution (Figure 3) shows
a strong resemblance with the in vacuo 9H-Guanine CASSCF/6-
31G* structure previously reported in the literature (Serrano-
Andrés et al, 2008). Table1 presents the main geometrical
parameters of both structures. As can be seen, bond lengths and
dihedral angles are analogous giving rise to a planar structure.
Small solvation effects are noticed in the GS structure mainly due
to its relatively small dipole moment, providing slight shorten-
ings in the C6-N1 bond distance in the presence of the solvent.
A very shallow stationary point (L,)sp, not present in the gas
phase, has been located at the end of the L, MEP featuring a
pronounced elongation of the C2-N3 and a shortening of the
N3-C4 distances, similar to those featured by the conical intersec-
tions between the L, and GS states both in vacuo and in solution.
The two CIs located between the L, and GS states do show pro-
nounced differences due to the solvent, yielding large elongations
in the C2-N3 bond compared to its in vacuo counterparts. This is
mainly due to the large dipole moment featured by the L, state,
which makes it a more influenced state upon solvation. A simi-
lar behavior can be seen in the CIs between the L, and L, states,
prompting large deviations in the C4-C5, C5-C6 and specially
pronounced in the C6-O distance, where water-solvated GMP
suffers an elongation of 0.15 A. The non* state minimum does
not show significant differences highlighting the scarce role polar
solvation has on these types of states. The CIs between non*
and the polar tw* L, and Ly, states are profoundly influenced
by the solvent comparing them to their in vacuo counterparts,
featuring large differences in the C4-C5 bond distance. These
differences are mainly attributed to the polar character of the
nne® La/Ly, states than to the effects on the nom™ state. Overall,

(nO”*)min

(Ldsp

FIGURE 3 | Geometries and main geometrical parameters of the
Franck-Condon structure and excited-state stationary points
characterized in GMP for its lowest-lying excited states computed at
the CASSCF/6-31G* level of theory.

it can be concluded that solvation has an important effect on
the polar wn* L,/Ly, states, while being negligible for the nom*
state. These states feature excitations that are prominently placed
on the six-member ring of guanine featuring noticeable changes
in the structure upon solvation, whereas the five-member ring
remains relatively unchanged. A possible cause for this effect
could lie on the presence of the phosphate group, which is tied
to the five-ring member and could be shielding that molecular
moiety from the surrounding water molecules thus mitigating its
exposure as compared to the six-member ring and justifying why
the latter suffers such pronounced changes upon solvation.
Table 2 contains the vertical excitation energies at the
CASPT?2 level computed in the present study, together with sev-
eral other computations and experimental values reported in the
literature. We have used Platt’s nomenclature (Platt, 1949), where
L, represents the wn™* excited state characterized by the largest
contribution of the configuration HOMO (H) — LUMO (L) to
the CASSCF wave function, whereas Ly, depicts the wnt™ excited
state with a predominance of H — L+1 and H-1 — L configu-
rations. By inspection of Table 2, it can be readily seen that there
is a qualitative difference in the relative order of the lowest-lying
excited states in vacuo and in solution: both cases feature the m*
L, state as the energetically lowest-lying excited state, at 4.93 and
4.77 eV respectively, but while in vacuo S; has no* nature (5.54
eV, involving the oxygen lone pair of the purinic base), in solu-
tion S; isthe wn™ Ly, state, placed at 5.44 eV. This effect has been
widely reported in the literature being related to a bathochromic
effect (Nakayama et al., 2013), with the now* featuring a dipole
moment of 5.69 D (3.51 D in vacuo) being less stabilized than the
nr* Ly, state (7.96 D, 4.92 D in vacuo) as it can be also noticed by
looking at their change in dipole moment. The solvent therefore
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TABLE 1 | Bond distances (in A) characterizing the key structures involved in the photoinduced events of GMP upon UV-light irradiation.

N1-C2 C2-N2 C2-N3 N3-C4 C4-C5 C5-C6 C6-0 C6-N1 C5-N7 N7-C8 C8-N9 N9-C4
GS in vacuo® 1.37 1.38 1.31 1.36 1.39 1.44 1.21 1.41 1.38 1.80 1.38 1.37
GS in solution P 1.37 1.36 1.29 1.36 1.37 1.43 1.20 1.38 1.38 1.80 1.37 1.37
(La)spin solution? 1.40 1.37 1.47 1.28 1.45 1.46 1.21 1.38 1.37 1.30 1.38 1.39
(La/GS)g)-1 in vacuo® 1.41 1.40 1.45 1.29 1.45 1.47 1.20 1.41 1.39 1.29 1.39 1.37
(La/GS)g)-1 In solution® 1.37 1.38 1.50 1.24 1.48 1.47 1.23 1.37 1.37 1.30 1.38 1.42
(La/GS)g)-p in vacuo® 1.41 1.40 1.38 1.28 1.45 1.35 1.34 1.36 1.39 1.29 1.38 1.38
(La/GS)g)-2 in solution® 1.42 1.36 1.49 1.27 1.48 1.48 1.21 1.39 1.38 1.30 1.39 1.39
(Lp/La)gin vacuo® 1.38 1.40 1.32 1.31 1.45 1.43 1.24 1.36 1.35 1.44 1.42 1.40
(Lp/La)gy-1 in solutionP 1.39 1.837 1.28 1.37 1.38 1.38 1.39 1.39 1.38 1.80 1.36 1.38
(Lp/La)gy-2 in solutionP 1.46 1.35 1.37 1.21 1.69 1.54 1.18 1.30 1.80 1.47 1.41 1.39
(NE)min in vacuo? 1.38 1.38 1.28 1.37 1.36 1.44 1.38 1.41 1.36 1.30 1.37 1.36
(NO)min I solution? 1.38 1.38 1.29 1.38 1.36 1.44 1.41 1.40 1.38 1.30 1.37 1.80
(no/La)gy in vacuo? 1.41 1.40 1.38 1.28 1.45 1.35 1.34 1.36 1.39 1.29 1.38 1.38
(no/La)g) in solution® 1.39 1.37 1.28 1.37 1.38 1.38 1.39 1.39 1.38 1.30 1.36 1.38
(No/Lp)cy in solution® 1.40 1.35 1.30 1.36 1.38 1.42 1.24 1.36 1.37 1.30 1.37 1.37

aValues obtained at the CASSCF/6-31G” level of theory by Serrano-Andrés et al. (2008).
b\alues computed in the present studly.

affects the absorption spectra prominently at the FC region by
blue-shifting the no ™ state by 0.23 and red-shifting the wn™ Ly,
by 0.33 eV with respect to the gas-phase, a change comparable to
those previously reported in other QM/MM studies in solution
(Parac et al., 2010; Nakayama et al., 2013). It is worth noting that
the oscillator strengths associated to the transitions to the L, and
Ly, states are also affected by the effect of the solvent. Whereas, L,
features as the brightest lowest-lying excited state in the gas phase
and the Ly, state presents a slightly smaller oscillator strength
(0.158 and 0.145 respectively), in solvent L, and L;, present an
inverse order in the values for the oscillator strength associated to
their transitions (0.09 and 0.17 respectively), being in agreement
with the experimental data reported by femtosecond broad-band
transient spectroscopy (Karunakaran et al., 2009).

The effect of the basis set on the excitation energies has also
been studied by employing both 6-31G* and ANO-L 321/21
basis sets. The 6-31G* CASPT2 computations report values
of 4.77, 5.44, and 5.77 eV for the L,, Ly, and non™* transi-
tions, respectively, whereas the ANO-L yields absorption energy
values of 4.50, 5.10, and 5.71 eV for the L,, L, and non*
states respectively, consistent with those reported experimentally
(Karunakaran et al., 2009), which place the absorption maxi-
mum of L, at 4.50 eV. Table 2 also reports several theoretical
approaches found in the literature employing different methods
to simulate solvated GMP. As can be seen, more sophisticated
DFT/MRCI methods agree qualitatively with the values here
reported at the CASPT2 level of theory, yielding values within
0.33 and 0.02 for the L, and Ly, states respectively with respect to
the CASPT2/ANO-L values here obtained, and a slight energetic
deviation is also found when comparing to the values computed
ata TDDFT level. This small difference present in TDDFT results
employing a polarization continuum model (PCM) (see Table 2)
could also be due to the fact that (Karunakaran et al., 2009)
used a methylated guanine to model the effect of the phosphate

group whereas here the phosphate group is explicitly included
even if just at the MM level. On overall we can conclude that the
absorption values reported here at the CASPT2/ANO-L level are
consistent with the experimental data and with the highest-level
theoretical estimates present in the literature, thus highlighting
the capabilities of the CASSCF/CASPT?2 protocol to treat excited
states in a balanced manner (Roos et al., 1996) and its usage for
mapping photochemical reaction paths (Garavelli, 2006).

Excited-State Evolution

The excited-state evolution is here tracked by means of static
approaches through excited-state optimizations and the char-
acterization of the conical intersections representing the cross-
ings among the energetically lowest-lying excited states, ultimate
protagonists in the deactivation photo-process. Additionally, the
MEPs connecting the initially accessed states and subsequent
photoinduced events have been mapped making use of the IRC
technique.

The lowest-lying excited state is the wn*™ L, state, which is
expected to be the main spectroscopic state due to its lowest-
lying position and relatively large oscillator strength. This state
is generally assumed to present an easily accessible CI along
its relaxation pathway toward the ground-state characterized by
a ring-puckering motion (see Figure 4) widely featured in the
DNA/RNA nucleobases (Giussani et al., 2013a) in vacuo. This
profile is slightly altered in the presence of polar environments
as it has been previously reported for other purine nucleobases
(Conti et al., 2010), where a shallow stationary point (L,)sp arises
along the MEP close to the CI with the ground state being
placed at 1.15 eV vertically and adiabatically at 3.30 eV from
the ground state (see Figure5). Two different CIs have been
characterized in the vicinity of this stationary point, one opti-
mized directly in solvent corresponding to the minimum energy
conical intersection (MECI) also reported by Serrano-Andrés
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TABLE 2 | Vertical absorption energies (AE, in eV), oscillator strengths (f)
and dipole moments (., in Debye) computed at the FC region, together
with previous theoretical and experimental data.

States AE f w

9H-GUANINE IN VACUO?

GS 0 5.81
an* La 4.93 0.158 5.23
no* 5.54 0.002 3.51
Ly 5.77 0.145 4,92
GMP IN SOLVENT (6-31G*)°

GS 0 8.58
nn* La 4.77 0.09 8.97
nom* 5.77 0.00 5.69
it Ly 5.44 017 7.96
GMP IN SOLVENT (ANO-L 321/21)P

GS 0 8.88
nn* Lg 4.50 0.17 9.62
no* 5.71 0.00 5.64
ot Ly 5.10 0.20 8.31
EXPERIMENT®

nnt La 4.50 0.094

nom*

ot Ly 4.96 0.167

9Me-GUANINE*5H20 (TDDFT/PCM)®

nn* La 4.68 0.16

nom* 5.77

it Ly 5.18 0.34

9H-GUANINE (TDDFT/TZVP)d

nn* Lg 4.93 0.158

nom* 5.36 0.106

ot Ly 5.28 0.117

9H-GUANINE (DFT/MRCI/TZVP)d

nn* La 4.83 0.22

nom* 5.32 0.001

Ly 5.08 0.368

aValues obtained at the CASSCF/6-31G" level of theory by Serrano-Andrés et al. (2008).
bResults obtained in the present studly.

CResults obtained by Karunakaran et al. (2009).

9Results obtained by Parac et al. (2010).

et al. (2008), and another relating to the CI found in the same
study along the MEP in vacuo, which we have tentatively named
(La/GS)c1-1 and (La/GS)c1-2 in the present study, respectively.
Both ClIs as well as the (L,)sp present ring-puckering structures
in the A6 cycle yielding slight bond-length alterations (C2-N3,
N1-C2, N3-C4, and C4-C5) compared to the FC structure and
featuring prominent N1-N-C2-N3 dihedral angle distortions at
133°,132°, and 140° for the (La/GS)cr-1, (La/GS)cr-2, and (La)sp
structures, respectively. These distortions are quantitatively dif-
ferent to those reported in vacuo, stressing out the importance
of the solvent where the (L,/GS)c1-1 presents a ~143° dihe-
dral angle as compared to its 133° solvated counterpart, together
with slightly pronounced bond-length differences as can be seen
in Table1. Both CIs here characterized present very similar
structures (see Figure 4) and charge distributions very close to

those found in the gas phase, presenting an inversion in their
energetic order in solution being (L,/GS)ci-1 the energetically
lowest-lying adiabatically at 3.31 eV, (L./GS)c1-2» being placed
0.3 eV higher in energy and 3.60 eV adiabatically from the FC
region.

Two different CIs connecting the mn* L, and mw* Ly
states have also been located. Direct CI optimization leads to
(Lp/La)cr-2, its geometry presenting a deformation near the N9-
C8-N7 angle with respect to the ground state. The bond lengths
suffer large distortions, observing a shortening of the N1-C6, C5-
N7, C4-N3, N3-C2, C6-0O, and C2-N bonds, and an increase in
the length of the remaining bonds with respect to the FC region
(see Figure 4). This Cl is placed at 7.62 eV vertically from the FC
region, which is higher in energy than both nw* L, and ™ L,
vertical excitation energies, placed at 4.77 and 5.44 respectively,
thus hinting toward a sloped CI profile preventing their non-
adiabatic interaction. A second CI, (Ly/L,)cr-1, obtained along
the L, MEP computed within a 4in4 active space to avoid exces-
sive wave function mixing, has been located being placed ~5 eV
adiabatically from the FC region. This CI presents geometrical
similarities with its in vacuo counterpart and provide an accessi-
ble channel to funnel the initially populated Ljstate down to L,.
Further attempts to optimize the Ly, state toward a possible min-
imum have been fruitless due to the large wave function mixing
and root flipping problems experienced along the optimization
procedure, preventing us to obtain further information on this
specific state.

As previously stated, nom* represents the third energetically
wise excited state for the GMP in solvent. The optimized no7*
minimum found in solvent is prominently characterized by an
elongation of the C6-O bond distance with respect to the ground
state. Table 1 shows the main differences in bond lengths, where
the C6-O bond is elongated in this minimum from 1.22 A at the
FC region to 1.41 A. The minimum of this excited state in sol-
vent is very similar to the one reported in vacuo (Serrano-Andrés
etal., 2008), as would be expected given the small effects provided
by the solvent on n* excited states. Energetically it is placed 3.97
eV adiabatically and 2.67 eV vertically with respect to the ground
state (see Figure 6), which constitutes a stabilization of 1.8 eV
from its initial value at the FC region.

We have also located the CI between the states nom™* and ™
Ly, (no/Ly)cr, its geometry presenting a planar structure like the
ground state, but showing an elongation of the C6-O bond and a
shortening of the C6-C5 bond. We observe similarities between
this geometry and that of the CI optimized in vacuo, as they both
present the same kind of geometrical distortions given the small
solvent effects in the non™ state, yielding a relative energy of
4.90 eV with respect to the FC region. The CI connecting the
non* and tt* Ly, states, (no/Ly)cr, has also been located, featur-
ing a planar structure and differences in the bond lengths in the
six-member ring, in particular in the differences in the N1-C2,
N1-C6 bonds.

The differences observed in the geometries of the excited state
minima and of the different Cls characterized both in vacuo and
in solvent highlight the importance of the solvent that is consid-
ered explicit in our calculations, together with the explicit pres-
ence of the ribose and phosphate groups on GMP, providing more
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FIGURE 4 | GMP geometries and main geometrical parameters of the characterized conical intersections between the lowest-lying excited states

(nom*/Lp)cy

accurate estimates to relate to the photoinduced events in the
cellular system.

Photophysics and Photochemistry of GMP:
Elucidating Its Intrinsic Photostability

Figure 7 features a scheme with the tentative photo-processes
occurring upon UV irradiation in GMP based on our present
computations and the theoretical and experimental data available
in the literature. Experimentally, time-resolved transient absorp-
tion in solution by Karunakaran et al. (2009) suggest either bi- or
triexponential decay depending on the spectral region measured,
providing ; = 0.25 ps, 7, = 1.0 ps, and 73 = 2.5 ps for
the 270-400 nm region in the non-protonated GMP at neutral
pH. (Karunakaran et al., 2009) justify these ultrafast signals in
terms of TDDFT calculations due to ring-puckering CIs between
the ™ L, and GS states, in accordance to what was previously
proposed in vacuo by Serrano-Andrés et al. (2008) on the basis
of CASSCF/CASPT2 computations. Molecular dynamics simu-
lations by Serrano-Andrés et al. (2008) proposed that the ultra-
fast decay from the wn* L, state could occur already within the
first 100 fs, an assumption that has been challenged by Barbatti
etal. (2011), pushing the timescale toward the 500 fs mark. (Lan
et al,, 2009), on the other hand, support a biexponential decay

based on their MD simulations where they obtain a faster ~190
fs and a slower ~400 fs decays through two different CIs between
the wm™ L, and GS states, thus highlighting the complex process
under study and the difficulty to simulate it coherently (Mai et al.,
2014). The most recent experimental data to our knowledge is
based on the photoelectron spectroscopy of GMP both in vacuo
and in solution (Chatterley et al., 2014), yielding a biexponential
decay of 71 = 50 fs and 7, = 600 fs in vacuo and t; = 120 fs
and 7, = 680 fs in solution, which reveals a striking similarity
among the two different set of values as they are within experi-
mental error and therefore provide evidence of the negligible role
played by the solvent in the photoinduced decay paths present
in this system. This biexponential decay is obtained through a
4.66 eV pump, which also suggests the possibility of only probing
those kinetic processes undergone after direct nn* L, popula-
tion, whereas the time-resolved transient data by Karunakaran
et al. (2009) yields a third exponent related to a slower timescale
possibly arisen through an initial population of the tr* L, state.

Our present results point toward an ultrafast deactivation
along the L, MEP characterized by a ring-puckering motion
centered in the C2 atom, which brings the excited-state popu-
lation to interact non-adiabatically with the ground state, fun-
neling down the population that is further relaxed to the FC
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region. This kind of process has been widely attributed to the
DNA/RNA nucleobases and is permanently linked with their
intrinsic photostability (Serrano-Andrés and Merchdn, 2009) and
therefore extends to the photostability of the genomic material.
Our calculations in the presence of the solvent and the sugar
and phosphate groups reveal a very shallow stationary point at
the end of the MEP right before reaching the intersection seam
(see Figure 5), which has also been previously documented in
other nucleobases at a TDDFT level of theory to be related to a
transition state with an imaginary reaction coordinate that drives

the system toward the ring-puckering CI (Picconi et al., 2011).
This stationary point is explained in terms of the planarity of
the mtm™* potential energy hypersurfaces of all nucleobases (Gius-
sani et al., 2013a; Improta and Barone, 2014), and is expected
to be overcome in order to reach the CIs with the ground state
in an ultrafast manner. In contrast, we have shown recently
(Conti et al., 2010, 2015) that the corresponding internal con-
version path in adenine is controlled by a larger barrier, which
may explain its longer lifetimes. Two different CIs have been
located between the ™ L, and GS states, namely (L,/GS)c1-1
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FIGURE 7 | Scheme of the photoinduced processes occurring in
solvated GMP upon UV-light irradiation. The energetic values (in eV) and
the different crossing points and minima depicted refer to the CASPT2
computations carried out in the present study. The associated time constants
marked in yellow have been taken tentatively from the ultrafast pump-probe
transient absorption experiments reported by Karunakaran et al. (2009). Three
different decay channels have been assigned to the experimental evidence: 74
refers to the ultrafast decay path from an initially accessed nn Lg excitation to
the ring-puckering Cl with the GS, 75 to the initial population of the i Ly
state and subsequent non-adiabatic population transfer to the Ly state
finalizing in the Cl between La and GS, and t3 that is tentatively assigned
mainly to deactivation processes along the Ly, state (See text for details).

and (L,/GS)c1-2. These two Cls are analogous to those found in
vacuo by Serrano-Andrés et al. (2008) but present an energetic
inversion due to the embedding effect of the solvent. Both are
expected to belong to the same intersection seam given their sim-
ilar structures, and both are considered to be accessible from the
L, stationary point previously characterized. (L,/GS)cy-1, being
the lowest-lying energy wise is expected to embody the fastest
decay route, relating to the 7, = 0.25 ps recorded through time-
resolved transient and 7; = 120 fs in time-resolved photoelec-
tron spectroscopy experiments. This assignment is analogous to
that previously reported for 9H-Guanine in vacuo, and supports
recent experiments reporting analogous excited-state decays for
GMP in gas-phase and in solution (Chatterley et al., 2014). The
second conical intersection with the ground state, (L,/GS)c1-2,
might be responsible for the second exponential measured at
73 = 1.0 ps and 75 = 680 fs in time-resolved transient and
photoelectron spectroscopy, respectively, given its higher-lying
energetic position and a relatively small barrier of ~0.3 eV to
be overcome in order to access it once reaching the intersection
seam. Nevertheless, the existence of another CI between the L,
and GS states not characterized in the present contribution could
better explain that second lifetime, which will be related to the
L, surface as it has been recently reported experimentally (Chat-
terley et al., 2014). These assignments are in line with the MD
studies by Lan et al. (2009), reporting two different decay routes
with their associated timescales to two distinct CIs between the
nt* L, and the ground state, and are in line with other theoreti-
cal CASPT2 and TDDFT studies that point toward the L, state as
the responsible for both ultrafast decay timescales.

The ™ Ly, state is predicted to be involved in the photoin-
duced events being related possibly only to the longest-lived 3.
This is explained in terms of an initial population of the L, state,
which presents a sizable oscillator strength, and subsequent fun-
neling of the population toward the L, state mediated by the
(Lp/La)ci-1, placed at ~5 eV along the L, relaxation pathway. The
second CI characterized between Ly, and L, states, (Ly/L;)c1-2, is
expected to be irrelevant to the photo-process due to its high-
lying energetic position preventing its accessibility. The lone-pair
excited state, no7*, is blue-shifted in solution as has been already
mentioned above. Its elevated vertical absorption energy prevents
it to be one of the main spectroscopic states, yet its close-lying
position to the absorbing mm* Ly, state facilitates a possible pop-
ulation of this state and subsequent relaxation toward its min-
imum, (no7*)min. This minimum is placed at 3.97 eV adiabat-
ically and 2.67 eV vertically from the GS, and could be partly
responsible of the longest-lived signal reported experimentally
at T3 = 2.5 ps or at 13 = 167 ps at low pH, given that such
nm*-mediated processes have been already characterized experi-
mentally to be close to the ~100 ps timescale on pyrimidines both
in vacuo and in solution (Hare et al., 2007).

The present study elucidates the photoinduced events in GMP
in terms of an ultrafast decay along the main spectroscopic and
initially accessed mm* L, state characterized by a ring-puckering
motion, which would cover the experimental timescales 7} and
7, through different CIs with the ground state, whereas the
longest-lived component would be attributed to the decay routes
mediated through the tm* L, and, to a minor extent, to the no*
state.

Conclusions

The present study encompasses a photophysical and photochem-
ical appraisal of water-solvated GMP by means of theoretical
multireference perturbation theory QM/MM techniques. An ini-
tial MD simulation has been carried out in order to charac-
terize the geometrical parameters of the FC region. The verti-
cal excitation energies have been computed and compared to
recent data found in the literature and to the results obtained
in vacuo, highlighting the importance of the environment yield-
ing qualitative differences for the mn* L, and mn™* Ly states
being red-shifted and for the nom™ state being blue-shifted as
compared to their gas-phase counterpart. The mn* L, state is
predicted to be the main spectroscopic state driving the ultra-
fast deactivation processes occurring in GMP upon UV-light
irradiation based on a ring-puckering motion that enhances its
non-adiabatic interaction with the ground state in a radiation-
less manner. A shallow stationary point toward the end of the
n* L, MEP has been characterized, together with two dif-
ferent CIs with the ground state that help rationalize the two
fastest decay times measured experimentally. Upon initial L,
absorption, two CIs between the mw* L and L, states have
also been located, one of them along the L;, decay path point-
ing toward a population funneling down to the L, state and
another being too high in energy to contribute prominently in
the photo-process. The CIs connecting the nom* state and the
n* Ly, and L, states have also been characterized along its
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relaxation route, yielding a minimum in the nomt* state expected
to emit vertically at ~2.7 eV. Both ™ Ly, and non™ are sug-
gested to contribute to the longest-lived experimental timescale,
the latter providing a lesser contribution given the relatively
fast kinetic timescale and the long-lived timescales expected in
nr* fluorescent states. Upcoming QM/MM dynamics simula-
tions are expected to shed some more light on the photoinduced
events occurring in water-solvated GMP and its specific decay
timescales in order to provide a more specific molecular coun-
terpart to the experiment and better explain the photochemical
and photophysical processes resulting in the intrinsic stability of
the genomic material.
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