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Abstract: Base excision repair enzymes (BERSs) detect and repair oxidative DNA damage with efficacy despite
the small size of the defects and their often only minor structural impact. A charge transfer (CT) model for rapid
scanning of DNA stretches has been evoked to explain the high detection rate in the face of numerous, small
lesions. The viability of CT DNA defect detection is explored via hybrid QM/MM computational studies that le-
verage the accuracy of quantum mechanics (QM) for a region of interest and the descriptive power of molecular
mechanics (MM) for the remainder of the system. We find that the presence of an oxidative lesion lowers the
redox free energy of oxidation by approximately 1.0 eV regardless of DNA compaction (free DNA versus packed
DNA in nucleosome core particles) and damage location indicating the high feasibility of a CT-based process for

defect detection in DNA.
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1. Introduction

1.1 DNA Oxidative Damage

The human genome is under constant exposure to damage-
inflicting endogenous and exogenous agents. The most common
product of DNA harm, oxidative lesions, occur over 10,000 times
per day in each cell.l'l If undetected and unrepaired, oxidative
DNA defects promote further oxidation, point mutations, apurinic
sites, or even strand breaks.[23] Accrued DNA injury has been im-
plicated in oncogenesis, cancer progression, and neurodegenera-
tive diseases,[*81 which has triggered a deep interest in gaining a
comprehensive, fundamental understanding of the origin of oxi-
dative damage as well as its detection and repair.

The majority of oxidative damage to DNA occurs due to inter-
action of DNA with reactive oxygen species (ROS), which include
molecular oxygen, hydroxyl radical, superoxide anion radical,
hydrogen peroxide, and singlet oxygen. DNA exposure to ROS
yields oxidized nucleobases with the most common being the
8-oxoguanine (8-0xoG) defect. Experimental and computational
evidence confirm the low oxidation potential of guanine base in
both gas and aqueous forms relative to other native bases, which
explains the prevalence of guanine derivatives over other oxida-
tive lesions in DNA such as 5-hydroxycytosine, 8-oxoadenine,
and isoguanine amongst others (Fig. 1).[9-15]

Excessive ROS exposure in the cellular environment, espe-
cially when chronic, contributes to the onset and advancement
of many diseases due to the increased quantity of oxidative DNA
defects. While our cellular metabolic processes yield ROS natu-
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Fig. 1. Structural formulas of three native DNA bases (adenine, guanine,
cytosine) with several of their common oxidative damage derivatives
(8-oxoadenine, 8-oxogaunine, 5-hydroxycytosine, isoguanine and
fapyG).

rally, behavioral and environmental factors — such as prolonged
physical or psychological stress, smoking, UV radiation, and air
pollution — promote further generation of and exposure to ROS.[16]
Management of environmental factors can mitigate ROS impacts
on our DNA only to a certain degree, yet developing efficacious
therapeutics against oxidative damage requires a deeper knowl-
edge of DNA repair.

Continuous research efforts produce valuable insights into the
function of base excision repair enzymes (BERs), the central play-
ers of one of the major pathways involved in DNA repair. The type
of damage dictates which BERs participate in the repair of small,
non-bulky lesions such as 8-oxoguanine.[!”] An oxidative lesion
is initially excised by one of 11 human DNA glycosylases which
leaves behind an apurinic site to be summarily patched by other
BER enzymes.['”l BERs repair damage in both unpacked and
packed (chromatin) forms of DNA. Unfortunately, repair rates
of oxidative damage are reduced in the cellularly more abundant
chromatin DNA structure likely as a consequence of the more
complex network of electrostatic interactions and the diminished
accessibility.[18-22] Strong DNA-protein interactions characterize
the structural unit of chromatin, the nucleosome core particle
(NCP), which contains a DNA helix of approximately 146 base
pairs wrapped around a core of eight histone proteins.

In contrast to the rapidly emerging knowledge about the DNA
repair process of BER enzymes and the development of promising
anticancer therapeutics, e.g. those that block the function of key
BERs leading to the accumulation of damage and accelerating
cellular death,[2324Imuch less is known about mechanisms for the
continuous, efficacious scan of the large human genome which
enables seemingly immediate detection of defects and signals
damage type and location.

1.2 Charge Transfer Model for DNA Damage Detection

Despite the growing awareness of sources, impacts, and repair
schemes of oxidative damage, the specific mechanisms of defect
detection, especially in chromatin, remain an open question. Es-
timates suggest that a diffusive, base-by-base scanning process
for damage detection by DNA glycosylases might not account
for the rapid recognition of oxidative damaged lesions across the
entire human genome.[2526 Furthermore, oxidative damage prod-
ucts tend to incite small structural changes and can mimic native

hydrogen bonding patterns.[27-28] In the face of such evidence, reli-
ance on structural and mechanical attributes alone to flag defect
bases appears inefficient. Alternatively, electrochemical process-
es have been invoked as the potential foundation for oxidative
damage detection.

During the last 20 years, a charge transfer (CT) mechanism for
DNA damage detection has increasingly garnered attention.[29-34]
In this scheme, pairs of BER enzymes interrogate a stretch of
DNA by dispatching a charge (usually a positive charge, i.e. a
hole) between one another. In the case of an undamaged inter-
connecting DNA sequence, the second BER enzyme can receive
the hole from its BER partner and unbind from the DNA helix to
probe other locations. However, if the charge encounters a defect
base with a lower oxidation potential than its native base, the hole
becomes trapped. The BER enzyme which did not receive the
now-trapped charge signal can stay on the helix to recruit other
repair enzymes and to fine scan the involved DNA stretch to better
locate the defect.

Examination of DNA glycosylases revealed that several con-
tain 4Fe—4S clusters which could act as the donor and acceptor
sites for CT across the DNA.[33:341 DNA conducts excess charge
and holes effectively over long distances, 3536 meaning a charge
transfer process can occur at rate orders of magnitude faster than
a base-by-base scanning process by a DNA glycosylase.

The CT transfer scheme for DNA defect detection relies on
pronounced dissimilarities of redox free energies between native
and defect bases so that the defect base can act as a reliable charge
sink between two BERs. However, experimental evaluation of the
redox free energy differences between such similar systems can
be challenging or even impossible. Fortunately, modern computa-
tional chemistry techniques allow for accurate modeling of DNA
at both classical and/or quantum mechanical levels of theory, e.g.
within the framework of mixed quantum mechanical/molecular
mechanical (QM/MM) simulations detailed in section 3 below.

2. Theoretical Basis to Study DNA Redox Properties

Computationalists and experimentalists alike frequently ap-
ply Warshel’s vertical energy gap theory37-38] together with Mar-
cus’ theory of electron transfer39-42! to evaluate redox properties
in biosystems from distributions of vertical ionization energies
(VIEs) and vertical electron affinities (VEAS).[43-501 The descrip-
tion of this combined theoretical basis is abbreviated in this ar-
ticle, however, more detailed accounts of the underlying theory
can be found in works by Sulpizi et al.,[*¢] Ghosh et al.,[*3 Kilig
and Ensing,*7l and Diamantis et al.[*) amongst others. The verti-
cal energy values represent the energy change when an electron
is removed (respectively added) to the system at fixed nuclear
positions. When a system undergoes a change in oxidation state
via electron transfer (ET), its surrounding environment, including
solvent, also ‘reorganizes’ thereby constituting an additional ener-
getic contribution to the overall ET process. The ET rate reaches
a maximum as the activation barrier for ET approaches zero, i.e.
when the free energy needed for reorganization is balanced out
by the gain in redox free energy. If an electron transfer process
adheres to a linear solvent response, then resulting free energy
curves for the two oxidation states of the system are intersecting
parabolas along the reaction coordinate.

In fact, if the vertical energy distributions are Gaussian in
shape and display negligible differences in variance (consistent
with Marcus theory), then a simple relationship arises between
the ensemble-averaged vertical energy values and the Helmholtz
free energy of oxidation AA,_ .

_ (VIE) + (VEA)

1
5 ey

AAg 0
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where (VIE) and (VEA) respectively represent the ensemble aver-
ages of vertical energies arising from the reduced (VIE) and oxi-
dized (VEA) states of the system.

Furthermore, the reorganization free energy (A) of the redox
reaction is also related to the ensemble averages of vertical ener-
gies, or alternatively, to the variance of the vertical energy dis-
tribution (0), temperature (7)), and the Boltzmann constant (k,):

o? _ (VIE)— (VEA)

= 2
2kpT 2 &

A=Ar=XAo =

3. The QM/MM Approach

Only quantum mechanics (QM) properly captures electronic
properties of a system (e.g. vertical energy values). However, a
full QM treatment of a biosystem, such as a solvated nucleosome
core particle with around 250,000 atoms, is computationally in-
tractable. Further, carving out a small subsystem in isolation to
describe with QM alone omits the crucial influence of the en-
vironment on structural and electronic properties. The impasse
between computational resources and need for accurate modeling
motivated development of the multiscale quantum mechanical/
molecular mechanics (QM/MM) approach.[1-531

In the QM/MM framework, the system Hamiltonian integrates
three unique components: the quantum part (H,,, ), the classical-
part (H,,,,), and the interaction between QM and MM parts of the
system (Homav). Additive QM/MM schemes directly use such a
composite Hamiltonian:

Hiot = Hom + HuMm + Hom-mm 3)

Typically, H,,,, is given by a classical (analytic) force field
with established parameters to describe bond stretching, angle
bending and torsions as well as parameters to describe the non-
bonded van der Waals interactions and a (effective) point charge
representation of the electrostatics. For Hyy on the other hand, a
quantum chemical method is selected to approximately solve the
time- independent many-electron electronic Schrodinger equation
at a given nuclear configuration (Equation 4):

Eulcc‘l’(ry R) = Hclccql(ru R) =

“

[Ta(r) + Ven (1, R) + Van(R) + Voo (r)]¥(r, R)

Due to its favorable cost-accuracy ratio, Kohn-Sham Density
Functional Theory (KS-DFT) is often the method of choice in
first-principles based QM/MM simulations. DFT provides an ex-
act solution to the ground state of the many-body quantum prob-
lem based on the electronic density p(r), given the exchange-cor-
relation functional E_[p(r)] is known. Albeit, the exact E_[po(r)]
remains unknown, a hierarchy of accurate approximate exchange-
correlation functionals has been developed during the years>+-56]
enabling DFT based QM/MM simulations with accurate QM de-
scriptions for extended systems and time scales.

Further, the interaction Hamiltonian H,, , ., incorporates both
bonded and non-bonded contributions:

Hommm = VGRS + VSRR )

Bonded interactions between QM and MM atoms (including
bond, angle, and torsional terms) are usually described at the level
of the classical force field. However, for cases, in which the border
between QM and MM parts transverses a chemical bond, special

care has to be taken to saturate the open valence atoms in the QM
description. Methods for this purpose include link atoms, mon-
ovalent pseudopotentials and more.[53 Non-bonded terms com-
prise van der Waals and electrostatic interactions. The former are
usually treated at the classical level by assigning appropriate van
der Waals parameters to the QM atoms. The latter are typically
treated at the QM level with so-called electrostatic embedding,
in which the electron density of the QM part is polarized by the
electrostatic potential generated by the effective point charges of
the MM surrounding. For the sake of computational efficiency,
the electrostatic interactions between QM and MM subsystems
often comprise a short-range contribution and a long-range con-
tribution. The short-range term contains explicit Coulomb interac-
tions between the QM and MM regions where the QM region is
represented by the electron density at every point (r) in space and
the positive core charges situated at the QM nuclei while the MM
part is represented by all effective point charges located at MM
atoms. Longer range electrostatic interactions between QM and
MM regions are instead described via a multipole expansion of
the QM charge density.

In addition to purely static descriptions of a system, the QM/
MM approach can also be combined with phase space sampling
to generate ensemble averages of properties such as the vertical
energies necessary to calculate AA,_  according to Equation 1.
Typical sampling schemes follow either a Monte Carlo (MC) or
a Molecular Dynamics (MD) approach, with the latter preferred
for high-density biosystems. Classical time-propagation of a QM/
MM system can be obtained using either Born-Oppenheimer dy-
namics (BOMD) or a Car-Parrinello scheme (CPMD).[57-5381 Many
software packages are currently available that offer a QM/MM
option such as CPMD, CP2K, the flexible MiMiC framework,
and more.[59-61]

4. Redox Properties of Native and Defect DNA
Systems from QM/MM Simulations

In this section, selected studies of the 8-oxoguanine oxidative
lesion in DNA illustrate the methods and theories previously dis-
cussed while providing insight into the impact of oxidative defects
on DNA redox properties.

4.1 Computational Setup

The practical application of the QM/MM approach first re-
quires a preparation and equilibration at the full MM level, i.e.
with force field based MD for solvation, and thermalization of the
systems at body temperature and atmospheric pressure. Classical
MD packages such as Amber or GROMACS facilitate this prep-
aration process.[92-641 Moving from a purely classical to a QM/
MM model of a DNA system necessitates a suitable choice of the
QM region. In the majority of examples below, three base pairs
are included in the QM part with capping hydrogen atoms at the
C5’—C4’ and C3’-03’ bonds to ensure seamless QM-MM inter-
facing. With this choice of QM region, two base pairs flank a
central guanine-cytosine base pair (native systems) or a central
8-oxoguanine-cytosine base pair (defect systems). A systematic
study of the size effect for isolated quantum system of one and two
base pairs was performed in ref. [65]. For the latter, the Gaussian
09 packagel®®l was utilized to apply DFT to static DNA fragment
systems at the B3LYP/6-31++G* level.[67:68] For studies employ-
ing the QM/MM MD approach, the QM/MM-enabled version of
CPMD 4.152:61.69-721 j5 the software of choice and the QM part is
described using DFT at the BLYP levell33-¢ with corresponding
Dispersion-Corrected Atom-Centered Potentials (DCACPs) to
account for dispersion forces.[73:74l Similar to classical equilibra-
tion, QM/MM simulations need NVT equilibration with BOMD
or CPMD. Finally, a production run of NVE QM/MM MD, either
5 ps (unpacked DNA) or 25 ps (packed DNA), provides data for
evaluation.
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Both a free DNA system (unraveled DNA)“1 (Fig. 2A) and a
solvated NCP system (packed/chromatin) (Fig. 2B) from recent
work!50! will be discussed, as well as smaller units of DNA com-
prising between one to three base pairs. The related, recent publi-
cations provide further computational details for all systems re-
viewed.[49,50.63]

A __ &

Fig. 2. A) Free double-helix DNA with 39 base pairs with the highlighted
quantum region in red. The full solvated system includes approximately
50,000 atoms.[“® B) NCP DNA-protein complex (1AOI PDB)I"%! with the
two highlighted quantum regions in red (region 1 on left) and (region 2
on right).[%% The full solvated system includes approximately 252,500
atoms. Solvent and counter ions are not shown for the sake of clarity in
A) and B). C) lllustrative quantum region containing three pairs of nati-
ve bases in cyan. D) lllustrative quantum region containing three base
pairs. Native bases are in cyan and the inserted 8-oxoG lesion is multi-
colored. In C) and D), the phosphate-sugar backbone atoms (black) are
treated classically in QM/MM studies and explicitly in some parts of the
fragment studies. 6%

4.2 Redox Properties in Unpacked DNA

As a precursor to QM/MM investigations, full QM approach-
es with and without a polarizable continuum model (PCM) have
been used to study small DNA fragments (including one to three
base pairs or one to two nucleotides as shown in Fig. 2C and 2D)
in order to understand the effect of oxidative damage on DNA
redox properties, i.e. vertical energies.[%] Both the gas phase and
PCM results show VIE decreases as fragment size increases,
though changes are more pronounced in the gas phase assess-
ment indicating that solvent environment impacts redox proper-
ties of nucleic acids. Furthermore, fragments, such as those in Fig.
2C and 2D, containing an 8-0xoG lesion consistently show lower

VIEs than their native counterparts, however only by up to -0.1
eV. Importantly, the study finds that convergence for VIE values
as a function of fragment size is never attained for models of iso-
lated DNA that are computationally feasible to study with full QM
treatment. Furthermore, this study considered implicit solvent and
DNA fragments in a static context, which excludes both the influ-
ence of a larger DNA environment and thermodynamic sampling
of thermally relevant configurations.

Therefore, a follow-up QM/MM study applied the combined
Marcus and Warshel approach with thermal sampling to evaluate
differences not only in vertical energies, but also in redox free
energies in extended DNA fragments (39-base pairs) with and
without an 8-0xoG lesion. The study recovered the characteris-
tic vertical energy distributions in good agreement with Marcus
theory (Fig. 3). Values for the free energy of oxidation and the
reorganization energy upon oxidation result from the analysis of
between 400 and 600 snapshots along the 5 ps QM/MM MD sim-
ulation trajectory. The analysis shows that presence of the 8-0xoG
lesion lowers the redox free energy by over 1.0 eV while the reor-
ganization free energy changes by only 0.25 eV (see Table 1).149:65]
These values show a marked difference (10x greater) compared to
the fragment-only studies emphasizing the need for models which
take into account the short-range and long-range electrostatics in
a solvated system, such as in QM/MM studies. Meanwhile, the
differences in reorganization energies between native and defect
systems are small relative to the larger difference in their free en-
ergies. Thus, while the energy required to adjust the environment
to a new oxidation state is similar in both systems, the free energy
change upon oxidation is substantially different for DNA con-
taining a single 8-0xoG. Taken together, this evidence highlights
the feasibility of a charge transfer mechanism of 8-oxoG lesion
detection in unpacked DNA as 8-0x0G is more likely than native
guanine to trap an incoming hole (positive charge) and halt the
transfer of charge between BER enzymes.

4.3 Redox Properties in Chromatin

Electronic properties of DNA are highly sensitive to local en-
vironment.[76-791 Due to the strong DNA-protein interactions in
chromatin, its electrostatics and structural properties vary greatly
from those of free DNA.[80-82 However, an analogous evaluation
of the redox properties of packed DNA as the one described above
for free DNA, shows that the difference in redox free energies be-
tween native and defect containing systems persist also in packed
DNA independent of defect location (region 1 and region 2 shown
in Fig. 2B that differ in their solvent accessibility).[5% Table 2 dis-
plays ensemble averages for VIE and VEA along with calculated
AA,__, and A values for both studied regions of the NCP systems.
Approximately 1000 frames from a 25 ps QM/MM MD simula-
tion generated data for this study. As for free DNA, the distribu-
tions of VIE and VEA values are almost perfectly Gaussian for
both regions generating characteristic parabolic Marcus curves.
Differences in redox free energies between native and defect
structures remain close to 1.0 eV while changes in reorganization
energies are even less pronounced than for unpacked DNA. Mean-
while redox properties measured for the corresponding native
systems remain similar across both regions. These observations
strongly point to the viability of a charge transfer based detection
mechanism for 8-0xoG lesions at any location within the genome.
Disparity in rates of oxidative lesion repair between unpacked
and packed DNA structures are thus likely due to the limited ac-
cessibility by BER enzymes involved in defect base removal and
subsequent repair.

Well-equilibrated classical MD with subsequent QM/MM MD
generates a wealth of thermally-sampled data, including structural
properties for configurations visited by the system along the MD
trajectories of defect-free and damaged DNA in their NCP packed
forms. Therefore, in addition to the analysis of VIE and VEA,
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Fig. 3. Distributions of vertical energies for a free DNA system containing
an 8-oxoG lesion (top) and corresponding Marcus curves (bottom).[ 9

Table 1. Redox properties of unpacked DNA in its native form (Native)
and containing an 8-oxoG defect (Defect). Data gathered via QW/MM MD
simulations.[49]

Unpacked DNA
Property Native (eV) Defect (eV)
(VIE) 7.80 = 0.22 6.62 +0.22
(VEA) 5.30 +0.28 4.62 +0.28
AA, 6.55 +0.28 5.62 +0.30
A 1.25 +0.18 1.00 £ 0.18

41 unique geometric DNA parameters across configurations from
1 us classical MD trajectories were evaluated with the CURVES+
softwarel83-84] to determine the possible degree of structural im-
pact made by an 8-0xoG lesion. Fig. 4 compares the statistical
distributions of some characteristic structural features sampled
during the classical MD. As it is evident from Fig. 4, no signifi-
cant changes between native and defect systems arise. The same
holds for all analyzed parameters, indicating that the presence of
8-0x0G in chromatin generates no reliable structural indicators
for defect detection.[%1 As chromatin is the primary cellular form
of human DNA, it appears essential that oxidative damage can be
immediately detected even for DNA in its packed form. A lack
of structural red flags for oxidative lesions strongly suggests that
nature indeed relies on different properties, such as the change in
redox free energies, to denote the presence of damage.

Table 2. Redox properties for two DNA systems representing packed
(NCP) DNA structures. Data gathered via QM/MM MD simulations.

NCP Region 1

Property Native (eV) Defect (eV)
(VIE) 7.82 +£0.24 6.88 + 0.23
(VEA) 5.81+0.24 4.59 £ 0.27
AA, 6.81 £ 0.17 5.73 £0.18

A 1.01 = 0.17 1.14 £ 0.18
NCP Region 2

Property Native (eV) Defect (eV)
(VIE) 8.13 £0.24 6.93 + 0.23
(VEA) 5.77 £0.26 4.60 = 0.27
AA, 6.95 +0.18 5.77 £ 0.18

A 1.18 £ 0.18 1.17 £ 0.18

5. Conclusion and Outlook

Hybrid integration of classical and quantum physics through a
QM/MM framework allows for feasible computational modeling
of systems at relevant biological temperature and solvation con-
ditions. The QM/MM investigation into the impact of oxidative
lesions on both structural and redox properties of packed DNA
in conjunction with similar work on unpacked DNA demonstrate
that the 8-0xoG oxidative lesion lowers the redox free energy by
approximately 1.0 eV regardless of its location within unpacked
DNA or chromatin structures. Furthermore, the stuies showcased
indicate that the significance of redox changes are much more pro-
nounced than DNA structural changes that are essentially absent
(Fig. 4). Therefore, oxidative lesion detection based on electro-
chemical properties, as suggested by the proposed CT base detec-
tion mechanism, is likely more consistently reliable and universal
than possible structural signals.

Two pathways for future work lie ahead: prediction of redox
‘hotspots’ in NCPs and modeling of a broad variety of different
DNA damage types. MD simulations generate large amounts of
data necessary to make observations, but the causes underlying the
conclusions are not always obvious. Successful use of correlation-
based feature selection combined with causal analysis, represents
a powerful tool for dimensionality reduction and rationalization of
observations in MD simulations.[85-86] Applying these approaches
to QM/MM MD studies on DNA might establish casual criteria
for chromatin systems sensitive to redox changes thereby leading
to some predictive tool development for redox ‘hotspots’. Addi-
tionally, other forms of DNA damage from Fig. 1 may affect re-
dox and structural properties differently than 8-oxoG, especially
those with a greater rearrangement of bonds from the native bases,
such as the fapyG lesion, or large adducts such as those formed
between hormone metabolites and DNA bases.
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