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Abstract

Cellular DNA is constantly exposed to endogenous or exogenous factors that can induce lesions. Several types of lesions
have been described that can result from UV/ionizing irradiations, oxidative stress, or free radicals, among others. In order
to overcome the deleterious effects of such damages, i.e., mutagenicity or cytotoxicity, cells possess a highly complex DNA
repair machinery, involving repair enzymes targeting specific types of lesions through dedicated cellular pathways. In addi-
tion, DNA is highly compacted in the nucleus, the first level of compaction consisting of ~ 147 DNA base pairs wrapped
around a core of histones, the so-called nucleosome core particle. In this complex environment, the DNA structure is highly
constrained, and fine-tuned mechanisms involving remodeling processes are required to expose the DNA to repair enzymes
and to facilitate the damage removal. However, these nucleosome-specific mechanisms remain poorly understood, and com-
putational methods emerged only recently as powerful tools to investigate DNA damages in such complex systems as the
nucleosome. In this mini-review, we summarize the latest advances brought out by computational approaches in the field,
opening new exciting perspectives for the study of DNA damage and repair in the nucleosome context.

Keywords DNA damage repair - Lesion recognition - Nucleosome core particle - Molecular dynamics - Computational
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Introduction canonical state. Depending on the damage to be repaired,

different pathways can be activated that constitute the DNA

DNA is continuously altered by different factors, from both
endogenous and exogenous sources, that can be harmful to
genome integrity. The cell’s defense relies on sophisticated
repair pathways that involve recognition, scission, and liga-
tion enzymes for bringing the DNA structure back to its
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damage response (DDR). Indeed, many different types
of lesions have been described in vivo, and recognition
enzymes are capable of distinguishing them, specifically
activating the nucleobase excision repair (NER) pathway
for bulky lesions (e.g., for UV-induced pyrimidine dimers),
the base excision repair (BER) for more discrete nucle-
obase modifications (e.g., for oxidation, abasic sites, single-
strand breaks), the mismatch repair (MMR) for base pair
mismatches, the ribonucleotide excision repair (RER) for
misincorporated ribonucleotides, and the non-homologous
end-joining (NHEJ) or the homologous recombination (HR)
for double-strand breaks, among others.

The mechanisms underlying the different repair path-
ways are now broadly understood, and both experimental
and computational methods shed light on how the repair
enzymes can detect the structural signature of the different
lesions among the billions of canonical base pairs. Sensor
proteins scan the genome, localize specific lesions, and trig-
ger specific signaling pathways involving the activation of
downstream kinases and effector proteins to halt the cell
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cycle and activate DNA repair. Noteworthy, dysregulation
or mutations in DNA repair proteins can contribute to the
development of diseases such as cancer and serious genetic
diseases (e.g., Cockayne syndrome). While the molecular
mechanisms driving lesion formation and repair have been
well described in B-DNA, in the nucleus, the DNA under-
goes a drastic compaction and is subjected to strong struc-
tural constraints which in turn modulates damage induction
and repair (see Fig. 1). Indeed, the first level of DNA com-
paction involves its wrapping around an octamer of histone
proteins, resulting in the so-called nucleosome core particle
that comprises ~ 147 base pairs (McGinty and Tan 2015).
Noteworthy, positional demarcations of the DNA sequence
around the nucleosome structure, named superhelical loca-
tions (SHL), are conventionally used and refer to the coiling
of the DNA strand around the histone octamer core with
respect to the dyad position (SHL 0).

In this context, DDR is much more complex as the
nucleosome has to undergo disassembly to expose DNA to
repair proteins. As a matter of fact, little is known about
the nucleosome-specific DDR mechanisms, which appear
to involve epigenetic processes through the modulation of
histone post-translational modifications (PTM), histone vari-
ant exchange, and the action of chromatin remodelers, as
reviewed elsewhere (Polo and Almouzni 2015; Hauer and
Gasser 2017; Smerdon et al. 2023). Many pending questions
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Fig.1 a DNA compaction levels in the nucleus. b Structure of a
nucleosome, adapted from Smirnova et al. (2024). Superhelical loca-
tions (SHL) are marked in magenta. ¢ Equilibrium between open and
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remain to be investigated to build up a better understanding
of each sequential step of the damage recognition and repair,
as well as the specificities of lesion formation in the context
of the nucleosome which remain poorly defined.

In the last decades, computational studies of the nucleo-
some dynamics and its interactions with partner proteins
or other nucleosomes multiplied thanks to outstanding
advances in computational resources. Showcasing state-
of-the-art techniques, these studies provided breakthrough
insights into the nucleosome architecture and epigenetic
processes. They allowed to capture motions taking place on
microsecond to millisecond timescales such as nucleoso-
mal DNA dynamics, inter-nucleosome interactions, ionic
strength, and sequence effects. They also highlighted the
importance of inter-NCP linker length and environment
and the role of histone tails and their epigenetic marks
(Collepardo-Guevara et al. 2015; Bowerman and Wereszc-
zynski 2016; Lequieu et al. 2016; Armeeyv et al. 2019, 2021;
Kono and Ishida 2020; Alvarado et al. 2021; Peng et al.
2021). Over the past 5 years, simulations of DNA damages
within the nucleosome have multiplied, providing important
first insights at the atomic scale improving our understand-
ing of DDR in this context.

In this review, we put the emphasis on the insights from
computational studies to unravel the complex mecha-
nisms driving DNA damage formation and repair in the

base strand  adduct
d)abasic site modification breaks /

intrastrand crosslink
(e.g. photolesion)

closed states of the chromatin. d Examples of DNA lesions (DPC,
DNA-protein crosslink)



Biophysical Reviews (2024) 16:345-356

347

nucleosome. We describe how computational approaches
have contributed to the field with respect to the damage type
modeled and discuss the broad perspectives for future com-
puter-based investigations. The increasing amounts of such
investigations hold the promise of outstanding advances in
the field, shedding light on the fine-tuned molecular mecha-
nisms associated with DNA damage recognition and pro-
cessing within the nucleosome.

Double-strand breaks

DNA double-strand breaks (DSB) are highly lethal damages
consisting in the double cleavage of the DNA backbone on
the two facing strands within a range of 10 base pairs, which
can result from exposure to irradiation, chemical agents, or
reactive oxygen species (ROS). Interestingly, it has been
shown that the nucleosome compaction acts as a protective
shield against DSB formation, especially around the dyad
axis where the DNA-histone interactions are the strongest
(Brambilla et al. 2020). Likewise, investigations of clustered
oxidative lesions repair revealed that the nucleosome embed-
ding hampers the endogenous formation of DSB during base
excision repair (Cannan et al. 2014). However, DNA—protein
crosslinks induced by histone tail reaction at clustered aba-
sic sites favor the formation of DSB at specific superhelical
location (SHL) on the nucleosome core particle (Banerjee
et al. 2017). These results highlight the complexity DSB for-
mation mechanisms within the nucleosome structure, most
certainly driven by specific mechanical constraints.

The influence of DNA compaction is also observed in
DSB repair (Seeber et al. 2013). Indeed, PTM (adenosine
diphosphate (ADP)-ribosylation, acetylation, ubiquitination,
phosphorylation, etc.), chromatin remodelers (poly(ADP-
ribose) polymerase (PARP), inositol requiring 80 (INO80)
complexes, etc.), and histone variants exchange (H2A.Z,
H2A.X, etc.) must act in precisely orchestrated processes
to ensure the nucleosome unwrapping for further exposure
of the damage site to downstream repair enzymes (Gursoy-
Yuzugullu et al. 2016; Karch et al. 2017; Sharma et al.
2019).

In this context, the dynamical release of DSB DNA ends
from the histone core has been revealed by Cleri et al. (2018)
relying on microsecond-range classical molecular dynamic
(MD) simulations and umbrella sampling-based free energy
calculations. The authors described how DSB cannot sponta-
neously fully detach from the histone core because of small
free energy barriers of few kcal/mol to sequentially break
the DNA—protein interactions around the lesion site. These
calculations suggest a~5-nm limitation of the distance that
the DNA ends can easily reach with respect to the histone
core center, imposed by the constraining action of the his-
tone tails that prevents further opening. They revealed that

the lesion mechanical signature is highly influenced by its
interaction with the close-by histone tails at different loca-
tions: with inward/outward orientations at SHL. —2.5/ -3,
at the dyad (SHL 0), and at the DNA entry point (SHL —7).
Overall, they described the DSB as rather strongly attached
to the histone core, with small fluctuations presuming the
possible local detachment of short DNA sections on> 100 ps
timescales that are nonetheless extremely constrained by
interactions with the histone tails. This is in line with the
necessity of remodelers and/or histone tails PTM to achieve
any larger-scale release of the damaged DNA for exposure
to downstream repair enzymes. Noteworthy, they performed
molecular stress calculations showing that the circular bend
of the nucleosomal DNA constitutes an internal stress that
might be the driving force for spontaneous local opening,
which might also be crucial for nucleosome remodeling
processes.

These results constitute the first insights into the atomic-
scale structural details of a DSB within the nucleosome
environment, which provides important data towards the
better understanding of these deleterious lesions recogni-
tion and processing. This is unfortunately the only compu-
tational study we could find for DSB, and such approaches
could help gathering extensive atomic-scale data to further
delineate the mechanisms behind the interplay between DSB
repair and epigenetic marks, the DSB recognition by sensor
proteins, or even their structural signature in higher-scale
architectures.

Oxidative lesions

DNA oxidative lesions comprise a wide range of chemical
species, due to the direct oxidation of DNA or the reactions
with oxidative molecules such as ROS (Cadet et al. 2017).
Due to its relatively low ionization potential, guanine is the
most sensitive nucleobase towards oxidation. The radical
cation guanine can evolve towards different products (see
Fig. 2), the most frequent one being the 8-oxoguanine,
whose redox potential is even lower. 8-Oxoguanine thus
can be reoxidized to bulkier lesions such as the spiroimi-
nodihydantoin and the guanidinohydantoin products. Oxi-
dized nucleobases and their products can also react with
the biological environment to form intrastrand or interstrand
crosslinks with nucleobases, protein residues, or molecules.

The study of nucleosomal oxidation must face the issue
of the competition between the radical reactivity of the oxi-
dized DNA and the hole transfer along the strand in a very
complex system. The DNA double helix is a semiconductor
polymer whose electronic properties depend on its sequence,
but also on its surrounding electrostatic field (Arnold et al.
2016; Peluso et al. 2019). The histone core and the flexible
histone tails, which are rich in positively charged residues
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Fig.2 Guanine radical cation
evolution in the nucleosome,
leading to the formation of
crosslinks, 8-oxoguanine, or
charge transfer within DNA or
towards tyrosines
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that can interact with the nucleobases, impact the redox
properties of the nucleosomal DNA (Davis et al. 2012). In
addition, the tyrosine residues can quench the charge transfer
by attracting the radical hole. Experimentally, this leads to
difficulties to predict and control the location of the damages
and suppose the use of dedicated sequences with guanines
tracts embedded in dA-dT-rich sequences (Sun et al. 2019;
Wen et al. 2023) and specific cofactors (Nufiez et al. 1999).

Computationally, it means that the highly complex
dynamical behavior of the nucleosome must be taken into
account to correctly describe the combinatorial effects
(sequence, mechanical constraints, electrostatic environ-
ment) while the redox and charge transfers properties
must be calculated at the quantum level, which dramati-
cally increases the computational cost. Voityuk and Davis
(2007) determined the redox properties of nucleosomal
guanines by Neglect of Diatomic Differential Overlap with
Gaussian-type orbital (NDDO-G) calculations to decipher
the impact of the mechanical distortion due to the super
helicoidal wrapping and of the proximal water or protein
environment. They found that the inter-base pair parameters
with the 3'-neighbor and their fluctuations have the biggest
impact on the redox properties of the guanines, even more
than the proximity of the guanidinium group of an arginine.
Despite overlooking of the histone tail dynamic impact on
the DNA, this study highlights the major role played by the
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local chromatin structure and its modulation in the formation
of genomic oxidative damages.

Beyond the first oxidation of the guanine, the charac-
teristics of 8-oxoguanine can be also explored by means
of computational methods, as already described in B-DNA
(Lee et al. 2012; Drsata et al. 2013; La Rosa and Zacha-
rias 2016). Kili¢ et al. (2023) have recently published a
work in which they describe the impact of the nucleosome
core on the 8-oxoguanine redox properties. In addition to
microsecond timescale classical simulations, they used
hybrid quantum mechanics/molecular mechanics (QM/
MM) approaches to determine the oxidation free energy
of the 8-oxoguanine site in the framework of the Marcus
theory. They observed few structural changes in the nucle-
obase or its close neighboring before or after oxidation.
They suggest that the detection of oxidative damages in
compacted chromatin is driven by a DNA-mediated hole
transfer from BER proteins, in agreement with some experi-
mental data reviewed in Arnold et al. (2016). Nevertheless,
recent studies focusing on the 8-oxoguanine DNA glyco-
sylase 1 (OGG1) protein describe a detection mechanism
based on conformational recognition and further flipping of
the damages (Lukina et al. 2017; Shigdel et al. 2020; Jiang
et al. 2021; Cintori et al. 2023), which can be extended to
nucleosome thanks to local unwrapping and interaction with
histone tails (Bilotti et al. 2017; Ren et al. 2021).
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Overall, the DNA packing in chromatin can affect DNA
redox properties and its propensity to undergo various oxida-
tive lesions which can further evolve in bulkier, more muta-
genic damages. The role of histone tails in both oxidation,
damage formation, and repair has been observed experi-
mentally but remains sparsely explored computationally as
it requires the quantum description of the hole, which can
become dramatically expensive in such a complex system.
Fast QM/MM approaches for charge transfer calculation
(Kubaft and Elstner 2013; Wolter et al. 2017) and the devel-
opment of dedicated machine learning algorithms (Kréamer
et al. 2020; Bag et al. 2020; Lee et al. 2022) open the door
for the computational mapping of the DNA oxidation hot-
spots in the nucleosome.

DNA-protein crosslinks

DNA-protein crosslinks (DPC) are a diverse class of lesions
which can be induced by a variety of processes (ionizing
irradiation, ROS, cellular metabolism, etc.). They result
from the covalent linkage between the DNA and a protein
and constitute deleterious, bulky damages. Several repair
pathways can remove them that mostly involve the process-
ing of the three distinct DPC components: the covalent
linkage hydrolysis, the excision of the damaged nucleotide,
and the proteolytic repair (Zhang et al. 2020; Weickert and
Stingele 2022). Interestingly, recent studies suggested a pos-
sible beneficial role of DPC in genome protection mecha-
nisms, highlighting the high complexity of this lesion type
(Kiihbacher and Duxin 2020).

In the nucleosome, DPC can arise from the linkage
between histone proteins and DNA and exhibit contrasted
roles in both the initiation or the prevention of DNA repair
depending on the circumstances (Zhou et al. 2012; Weng
and Greenberg 2015; Ren et al. 2021). The Greenberg’s
group has released a very large body of studies shedding
light on histone-DNA crosslinking resulting from histone
linkage with a variety of lesions, all elegantly summarized in
arecent review (Ren et al. 2022). Their work delineated the
basis of DNA-histone adduct formation and their possible
implication in DNA damage and repair.

In recent computational studies, we described the dynam-
ical behavior of single and clustered abasic sites in the nucle-
osome and mapped their interactions with proximal histone
tails. Based on classical MD simulations starting from an
X-ray structure featuring symmetric tetrahydrofuran at SHL
4.5 and —4.5 (Osakabe et al. 2017), we described the dynam-
ical signatures of canonical abasic sites at these positions
(Bignon et al. 2020). We revealed the monotonous behav-
ior of these isolated lesions in the constrained DNA helix,
which differs from B-DNA and from control simulations

with their tetrahydrofuran counterpart. Importantly, we were
able to capture the key interactions between the histone H2A
N-terminal tail and the lesions sites, pinpointing H2A K13
as a crucial residue. Such interaction might be important for
the formation of DPC, as H2A is responsible for~77% of
these at SHL 4.7 (Sczepanski et al. 2013).

We later investigated the same features in the case of clus-
tered abasic sites at the SHL 1.5 mutational hotspot (Bignon
et al. 2021). Owing to MD simulations of the nucleosome
bearing 2-base pair-distant abasic sites at this location, we
highlighted how their cumulative effect resulted in a much
stronger distortion of the DNA helix than what was observed
for isolated lesions. We also described fast, stable interac-
tions with histones H3 and H4 tails depending on the lesion
position, again mapping the key amino acids that could be
involved in DPC formation, which was in excellent agree-
ment with the experimental observations by Greenberg et al.
(see Fig. 3).

The combination of experimental and theoretical
approaches is of utmost importance to scrutinize the nucleo-
some reactivity and map the interactions preceding DPC
formation, as shown by the recent work by some of us with
the Greenberg’s group (Wen et al. 2023). In this study, a
GGGGGCGCGGGGG sequence was inserted at different
positions in the nucleosome and oxidized, leading to water
trapping and DPC formation with histone tails. While elec-
trophoresis and mass spectrometry experiments were used
for DPC detection and quantification, our MD simulations
allowed us to describe the contact panorama between the dif-
ferent tails and the DNA. The very good agreement between
computational and experimental data unveiled the role of
histone tails lysines in the formation of DPC with oxidized
DNA, and the parameters that favor the occurrence of these
damages: accessibility of the guanine, proximity of H2B,
H4, and H3 histone tails, and no quenching by tyrosine resi-
dues. We have also demonstrated that a well-located GGG
tract is sufficient to form a DPC with a histone tail.

These results constitute first insights into the structural
and chemical mechanisms preceding DPC formation in the
nucleosome. They set the grounds for a large-scale mapping
of tail interactions with DPC-inducing DNA lesions, and
further simulations of formed DPC in the nucleosome will
provide important data to capture their structural signature
and unravel their repair mechanisms.

Photolesions

DNA photolesions mostly occur upon UV irradiation
through thymines. Their sequence-dependent formation and
repair has been recently assessed in 4096 oligonucleotide
sequences (Kufner et al. 2023). Both cyclobutane pyrimidine
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Fig.3 a Schematic represen-
tation of an abasic site (AP)
isolated (left) or involved in a 0

DPC (right). b Mapping of the (0]
interactions between histone

H4 basic residues and clustered

abasic sites (positions 89 and o)
207) in the nucleosome from ;J‘r

MD simulations. Adapted from
Bignon et al. (2021)
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dimers (CPD) and pyrimidine 6—4 pyrimidone (6-4PP) are
associated with distortions of the B-DNA helix, which can
be large and very dynamic (see Fig. 4). It is now possible
to map, at unprecedented resolution (single-nucleotide for
the yeast genome using the CPD-seq method), their dis-
tribution and subsequent repair in the nucleosome (Mao
et al. 2017). The levels of CPD along a nucleosome obey

\
a) \ &UV damage

NCP: 86 thymines over 294 nucleobases, 25 TT pairs

Fig.4 a Thymine positions over an a-satellite nucleosome (front and
top views). Formation yields obey a 10.3 base pair periodicity, with
more propensity when they face outwards (outer) the histone core
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a hallmark ~ 10.3 base pair periodicity (Stark et al. 2022),
a specific “photo-footprint” where the CPD formation is
maximal as the phosphate backbone lies far from the his-
tone surface (“outward” rotational setting). This periodic-
ity was retrieved by MD simulations that allowed to quan-
tify conformational coupling for all thymine pairs possibly
prone to dimerization (Nayis et al. 2023). Zacharias and
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than inwards (in). b Structure of the two main DNA photolesions:
cyclobutane pyrimidine dimers (CPD) and pyrimidine 6-4 pyrimi-
done (6-4PP)
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coworkers also relied on time-dependent density functional
theory (TDDFT) calculations to assess HOMO — LUMO
transitions that prefigure the dimerization, thus refin-
ing the Kohler’s criterion for CPD formation in B-DNA
situating pre-reactive conformation with C5-C6 distance
below 4.17 A and a torsion angle as low as 36°. Beyond
the nucleosome, new insights into chromatin influence on
CPD formation across the genome could call for coupling
all-atom molecular dynamic simulations with coarse-grained
approaches.

The second most frequent DNA photolesion, 6-4PP, fol-
lows a very contrasted pattern and forms more randomly
around the nucleosome, with a predominance for linker
DNA. It surmised that an increased thymine—thymine flex-
ibility is needed to form the 6-4PP defect, which can be
assessed by all-atom MD simulations. In turn, similar simu-
lations with ad hoc parameters and a coarse-grained post-
processing situated the role of the nucleosome architecture
in tuning the conformational landscape of lesions positioned
at SHL3.5 and 4.0, also highlighting the influence of the his-
tones H2A and H2B tails in tuning conformational states of
the lesion (Matouskova et al. 2020). Such approaches offer
the possibility, not exploited yet, to further decompose the
effect of the histone tails whose N-terminal residues were
found to play a non-negligible role.

Beyond the formation of CPD and 6-4PP, the interac-
tion with photosensitizers or the formation of photochemi-
cal cross-links within the histones (Sperling and Sperling
1978) could be investigated by QM/MM-MD protocols used
successfully for B-DNA (Dumont et al. 2015; Bignon et al.
2015, 2017). The recent publication of the ultraviolet-dam-
aged DNA binding (UV-DDB) repair complex bound to the
nucleosome with 6-4PP also offers interesting opportunities

Fig.5 a 3D structure of the
benzo[a]pyrene diol epoxide
(BPDE) compound. b Crys-

tal structure of a BPDE-dA
adduct in B-DNA, with a
facing dG mismatch (Schwartz
et al. 1997). ¢ Structures of a

S 5'-8-cyclo-2'-dG (top) and
(+)-cis-anti-B[a]P-dG (bottom)
adducts in the nucleosome
from MD simulations. Adapted
with permission from Cai et al.
(2015). Copyright 2015 Ameri-
can Chemical Society

for computational investigations of photolesion repair mech-
anisms (Matsumoto et al. 2019).

DNA adducts

DNA adducts result from the covalent binding of endog-
enous or exogenous chemicals to the nucleobases, which
can lead to mutations and carcinogenesis. Depending on
the type of the adduct, it can hinder DNA replication and
cell division, provoke the incorporation of base mismatches
during replication, or result in the formation of abasic sites
and the subsequent strand breaks (Marnett and Burcham
1993). Because of their cytotoxic potential, DNA adducts
have gathered the interest of scientists for the design of anti-
cancer therapeutics such as platinum drugs (Makovec 2019).
The latest developments of experimental approaches such as
mass spectrometry-based adductomics allow to scrutinize
the exposome and to map DNA adducts across the genome
(Boysen and Nookaew 2022; Cui and Wang 2022).
Formation and repair of DNA adducts have been inves-
tigated in the nucleosome context revealing specificities
linked to the DNA mechanical constraints. For instance, the
NER pathway can repair platinum — DNA adducts in the
nucleosome in a process modulated by histone PTM, yet
with only 10-30% efficiency compared to B-DNA (Smerdon
et al. 2023). The specificities of the nucleosome environment
appear to be crucial for the design of novel anticancer drugs,
allowing to develop molecules with stereochemistry-based
site selectivity (Chua et al. 2015). Indeed, the nucleosome
architecture offers DNA locations with specific, distinct
structural behaviors that drive the selective formation of
DNA adducts. It has been shown that covalent adducts by
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benzo[a]pyrene diol epoxide (BPDE, see Fig. 5) are favored
on nucleosome locations where the minor groove width
fluctuations are larger (i.e., far from the dyad) (Thrall et al.
1994). Besides, the effect of different DNA adducts can dra-
matically differ from one another: nucleosome disassembly
induced by ethidium bromide (McMurray and Van Holde
1986), DNA rotation upon echinomycin or distamycin bind-
ing (Low et al. 1986), and even nucleosome-favorable DNA
structural deformations induced by BPDE adducts (minor
groove width widening, bending) (Mann et al. 1997).

In the past few years, Broyde, Geacintov, and collabo-
rators have published an extensive series of classical MD-
based investigations reporting the conformational behav-
ior of benzo[a]pyrene (B[a]P)-derived adducts within the
nucleosome, highlighting the role of histone tails in the DDR
activation. They first reported the conformational behav-
ior of different lesions (R and S 5'-8-cyclo-2'-dG and the
(+)-cis-anti-B[a]P-dG) located near the nucleosome dyad,
underlining the more pronounced structural destabilization
induced by the bulkier B[a]P-dG lesion compared to the
5'-8 cyclopurine damages, also characterized by a weaker
histone-DNA interaction energy estimated by molecular
mechanics/Poisson-Boltzmann surface area (MMPBSA)
calculations (Cai et al. 2015) (see Fig. 5).

Following up, they compared the NER processing rates
of BPDE-dG adducts (cis and trans-N>-guanine) and 5'-8
cyclopurine lesions in a joint experimental-theoretical
study. They shed light on the importance of the lesion-
induced DNA structural perturbation which also depends
on the lesion rotational positioning (Shafirovich et al. 2019).
Importantly, they showed that while the BPDE-dG adducts
are quite efficiently processed by NER in both positions,
the 5'-8 cyclopurine structural signature is much less pro-
nounced in the nucleosome than in B-DNA, which results in
a decreased repair efficiency. They also confirmed this trends
for the 10R and 10S (+)-cis-anti-B[a]P-N?-dG adducts and
the 5'R-8-cyclo-2'-deoxyguanosine lesion, suggesting that
the intrinsic structural signature of the lesions are re-defined
in the nucleosomal embedding, driving their recognition and
processing by repair enzymes (Cai et al. 2020).

They also mapped the interactions of B[a]P-dG deriva-
tives with the histone, first revealing that these lesions can
induce the entrapment of a nearby histone tail (H2B tail for
an adduct at SHL3.0) that could hamper their correct epige-
netic marking, most probably impacting their cellular func-
tions (Fu et al. 2016, 2017). Later on, they showed how his-
tone H3 and H4 acetylation could modulate the exposure of
B[a]P-dG adducts for facilitating NER initiation (Cai et al.
2018; Fu et al. 2021). For adducts positioned at SHL — 1,
interactions with the H4 tail appeared to be modified upon
poly-acetylation of H4 K5, K8, K12, and K16, which induce
a flipping of the facing dC nucleobase, further captured by
the H3 tail. The authors suggested that the ability of the H3
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tail to concomitantly bind the NER-triggering protein XPC
and capture the dC partner of the adduct could play a key
role in triggering the DDR. For adducts at SHL 6.25, they
further revealed that the H3K56 acetylation could amplify
the structural distortions at the B[a]P-dG site, which might
be an important step for facilitating the access of repair
enzymes to the damage.

Overall, these extensive computational studies provide
outstanding insights into adduct formation, structural signa-
ture, positional effect, and interplay with histone tails. They
demonstrate how powerful computational methods can be
to delineate the atomistic details of DNA damage forma-
tion and repair in the nucleosome. Such investigations are of
utmost importance to push the field further on. They provide
solid grounds to foster more studies about other endogenous
or exogenous DNA adduct formation and repair mecha-
nisms, and for the development of next-generation antican-
cer drugs taking into account the nucleosome environment.

Ribonucleotide misincorporation

During DNA synthesis by DNA polymerases, faulty incor-
poration of ribonucleotides can occur and provoke replica-
tive stress and genome instability if left unrepaired (McEI-
hinny et al. 2010). This very common type of replication
error is efficiently recognized and cleaved on its 5’ end by
the ribonuclease (Rnase) HII, triggering downstream DDR
events (Sparks et al. 2012). At first, such misincorporation
was thought to essentially lead to deleterious consequences,
but new evidences shed light onto its functional role and
utility in specific situations linked to DNA damage repair
(Dalgaard 2012; Potenski and Klein 2014).

The structural impact of ribonucleotides in hundreds of
base pair long-free DNA has been studied by atomic force
microscopy, describing a shortening of the molecule induced
by the ribose-induced backbone compaction and a decrease
of its persistence length (Meroni et al. 2017). While even a
small percentage of ribonucleotide in the DNA helix could
reduce the formation of nucleosomes (Hovatter and Martin-
son 1987), a 552-fold decrease of repair rates by the Rnase
HII in the nucleosome compared to B-DNA has been high-
lighted in vitro (Ren et al. 2019), underlining the deleterious
effect of such lesion.

Computational investigations brought out new insights
into the structural impact of a single ribonucleotide incor-
poration in the nucleosome (Fu et al. 2019). Positioning the
ribonucleotide at different positions (near SHL 0, SHL 2.5,
and SHL 5.5), with different rotational orientations (inwards
or outwards), they described the distortions induced by the
damage on the DNA structure and on DNA-histone interac-
tions. They revealed that the inward position of the damage
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exhibits a C3’-endo ribose puckering that is stabilized by
the interactions with the histone core and propagates to the
adjacent deoxyribonucleotides, hence inducing an important
structural perturbation in a 2-base pair radius, with a maxi-
mum effect at SHL 2.5.

The molecular mechanisms of single ribonucleotide
repair in the nucleosome remains to be unraveled, but these
computational investigations constitute the first insights into
their structural signature at different SHL and orientations.
Importantly, they suggested a strong role of histone-DNA
contacts in the amplification of the ribonucleotide-induced
structural distortion, which could be of utmost importance
for triggering the DDR. Future combined experimental and
theoretical studies will be crucial to shed light on the ribonu-
cleotide misincorporation repair in the nucleosome context,
which most probably involves PTM and remodeling events.

Conclusions and outlook

In the last decade, computational approaches have emerged
as an important way to accumulate new knowledge about
DNA damage and repair in the nucleosome context, at
atomic or even electronic scales. The particular DNA con-
straints imposed by the nucleosome structure imply different
formation/repair mechanisms and site specificities than what
is observed in B-DNA. Indeed, the formation of lesions will
be favored at specific SHL and rotational orientations, while
their repair can necessitate DNA unwrapping by chromatin
remodelers, most probably involving specific signaling by
histone PTM.

Classical MD simulations of nucleosome core particles
bearing DNA damages have multiplied over the past 5 years,
highlighting a real effort from the community to improve
our knowledge of DNA damage and repair in this complex
architecture. Such investigations shed light on the specific
structural signature of a variety of DNA lesions (DNA
adducts, photolesions, DPC, DSB, abasic sites, ribonucleo-
tides) in the nucleosome. These tools allow the mapping, at
the atomic scale, of canonical and PTM-bearing histone tail
interactions with the lesion sites, which provide invaluable
information about how they influence the lesion-induced
local DNA distortion and about which residues could be
involved in the formation of DPC. The increasing computa-
tional power also allowed the very recent release of costly
QM/MM studies, providing unprecedented evidences of the
intrinsic reactivity of DNA nucleobases (guanines) and his-
tone residues in the nucleosome context.

Overall, the recent accumulation of computational efforts
to model the dynamics and reactivity of damaged nucle-
osomes portends future cutting-edge work. The combina-
tion of experimental and theoretical approaches provides
complementary data to describe these complex processes.

Importantly, the growing amounts of experimental structures
featuring the binding mode of repair enzymes and DDR-
related chromatin remodelers or histone PTM writer/eras-
ers to the nucleosome provide important starting points for
further modeling investigations (Eustermann et al. 2018;
Matsumoto et al. 2019; Weaver et al. 2022; Zheng et al.
2023; Smirnova et al. 2024). Besides, the latest develop-
ments towards affordable classical MD simulations of multi-
million atom systems (Antolinez et al. 2024) and machine
learning—based approaches (Jackson et al. 2023) constitute
interesting methodological perspectives for future inves-
tigations. The use of coarse-graining approaches, which
have shown their worth for the study of undamaged multi-
nucleosome systems, could also bring out new perspectives
on DNA damage signature and structural effect on higher-
scale architectures. We believe that the computational efforts
described in this review highlight the start of a growing
interest for atomic- and electronic-scale modeling of DNA
damages in the nucleosome, which forecasts a new excit-
ing era for uncovering precise mechanisms modulating their
formation, structural signature, and repair.
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