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ABSTRACT

Thymine dimers are a major mutagenic photoprod-
uct induced by UV radiation. While they have been
the subject of extensive theoretical and experimental
investigations, questions of how DNA supercoiling
affects local defect properties, or, conversely, how
the presence of such defects changes global super-
coiled structure, are largely unexplored. Here, we in-
troduce a model of thymine dimers in the oxDNA
forcefield, parametrized by comparison to melting
experiments and structural measurements of the
thymine dimer induced bend angle. We performed ex-
tensive molecular dynamics simulations of double-
stranded DNA as a function of external twist and
force. Compared to undamaged DNA, the presence
of a thymine dimer lowers the supercoiling densities
at which plectonemes and bubbles occur. For bio-
logically relevant supercoiling densities and forces,
thymine dimers can preferentially segregate to the
tips of the plectonemes, where they enhance the
probability of a localized tip-bubble. This mecha-
nism increases the probability of highly bent and
denatured states at the thymine dimer site, which
may facilitate repair enzyme binding. Thymine dimer-
induced tip-bubbles also pin plectonemes, which
may help repair enzymes to locate damage. We hy-
pothesize that the interplay of supercoiling and local
defects plays an important role for a wider set of DNA
damage repair systems.

INTRODUCTION

DNA supercoiling is actively maintained by cells at sig-
nificant energetic cost. It plays an important role in key
biological processes such as transcription, regulation, and
replication, and facilitates the formation of compact struc-
tures needed to pack DNA into cellular compartments (1

4). Variation in DNA supercoiling is thought to serve as
both a sensor and a relay of physiological status that allows
the individual cell to optimize its response to changing en-
vironmental factors (5). The movement of the RNA poly-
merase along DNA during transcription generates down-
stream positive supercoiling and upstream negative super-
coiling. The negative supercoils that are formed facilitate
strand separation in the promoter regions of the genome
that enable the formation of an open complex with the RNA
polymerase (6-8). In order to avoid misfunction, excess he-
lical stress is relieved by specialist proteins such as topoiso-
merases. Supercoiling is also thought to affect DNA-protein
binding rates (9) by reducing the energy cost of associated
twisting or bending of the DNA (10).

Because of its biological importance, DNA supercoil-
ing has been extensively studied by theory (11-13) and
by in-vitro single-molecule experiments (14-16). These in-
vestigations have mainly considered homogenous double-
stranded DNA. Cellular DNA, however, is highly inho-
mogeneous. For example, many different kinds of proteins
bind to DNA and affect its supercoiled structure (1,17).
In addition, endogenous and exogenous agents can dam-
age DNA, and these defects may have strong effects on lo-
cal elastic properties (18). Much less is known about how
such inhomogeneities affect the supercoiled structure of
DNA. Including them into a description of how super-
coiling interacts with processes such as replication, tran-
scription, and DNA damage repair, is a major scientific
challenge.

In this paper, we focus on the interaction between su-
percoiling and inhomogeneities caused by thymine dimers,
the most common of several types of mutagenic lesions
caused by UV irradiation of DNA. They are perhaps
the best known and studied DNA damage system (19).
Thymine dimers are also called cyclobutane pyrimidine
dimers (CPDs), because they are formed via a cyclobu-
tane ring that connects the 5,6 positions of any two ad-
jacent pyrimidine bases (19). While it is possible to form
an intrastrand cross-link between any adjacent pyrimidine
base (i.e. thymine-thymine, cytosine-thymine and cytosine—
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cytosine), thymine—thymine dimerization is the most com-
mon.

Persistent thymine dimers are thought to hinder DNA
transcription and replication by stalling the progress of
RNA polymerase (20,21). This can cause cellular death
which manifests, for example, in sunburn. Their presence
can also lead to the misreading of the genetic code, causing
mutations which in some cases can lead to cancer.

Fortunately, living organisms possess a variety of mech-
anisms to repair detrimental lesions in their DNA (22). In
fact, sunburn only occurs when UV induced thymine dimers
are produced at a rate that overwhelms the repair mecha-
nisms. In organisms such as bacteria and plants, thymine
dimers can be repaired via enzymatic photoreactivation. A
photolyase enzyme binds to thymine dimers and reverses
the damage using the energy of light. Mammalian cells, on
the other hand, do not have photolyases to perform the re-
pairs. Instead, thymine dimer repair takes place through a
light-independent mechanism known as nucleotide excision
repair that excises the region of damaged nucleotides in-
stead of just breaking the bonds of the pyrimidine dimer
as is done by photolyase. The general excision repair path-
way begins with the recognition of the lesion site by the
Xeroderma pigmentosum group C (XPC) protein in com-
plex with RAD23B (also commonly referred to as XPC).
There is accumulating evidence to suggest that XPC is a
non-discriminatory damage marker that is non-specific to
CPDs (23,24). Thus, for further confirmation that the le-
sion is indeed a CPD, the multi-subunit transcription factor
TFIIH, including the helicase subunits of XPB and XPD, as
well as XPA, are recruited (25,26). Once the identity and lo-
cation of the lesion site is verified, XPC dissociates from the
complex, and XPG and XPF enters to make the 3’ incision
and 5’ incision around the lesion site, respectively. The ex-
cised oligodeoxynucleotide has a length of ~30 bp (27), and
is removed from the DNA together with the TFITH-XPG
complex and XPF (28,29). Apart from XPC, RNA poly-
merase can also serve as an initial damage marker (30). In
this transcription-coupled repair pathway, the RNA poly-
merase stalls at the lesion site on the transcribed template
strand, and, unlike XPC, remains on the strand after the
dual incision events by XPF and XPG.

Fundamental to these repair pathways is the question of
how repair proteins locate and bind to the DNA lesion (31).
In enzymatic photoreactivation for instance, it is generally
accepted that the thymine dimer lesion has to be flipped into
the active site of the bound photolyase to have the covalent
bond between the two pyrimidine bases removed (32). Yet, it
is unclear how this stage of the repair process is achieved in
the first place. Two competing models, namely the passive
model and the active ‘induced fit” model, have been pro-
posed. In the passive model, the thymine dimer base pair
has to first flip out of the helix before the enzyme can lo-
cate and bind to the lesion site (33). On the other hand, in
the active model, the repair enzyme first binds to the lesion
site, kinks the duplex at the lesion site (reported bend an-
gles range from 42° in the DNA-XPC/Rad4 complex (34)
to 50° in the DNA-photolyase complex (32)), and then flips
the thymine dimer bases into an extrahelical arrangement
that is fitted into the enzyme’s active site (35,36). The pas-
sive model seems to be supported by calorimetric calcula-
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tions (37) and binding kinetic studies (38) but it remains
unclear how the CPD lesion adopts an extrahelical confor-
mation in the first instance, given that crystal structure and
NMR analyses of thymine dimer-containing DNA typically
show an intra-helical arrangement of CPD bases within the
double helix (39,40). In these configurations, the free energy
barrier for flipping out the thymine dimer bases has been
calculated to be between 6 to 7.5 kcal/mol, and which is
most likely too big to be surmounted by thermal fluctua-
tions on time-scales needed for repair (41).

Many of the experimental and computational studies
above that probe the passive/active nature of the repair
mechanism use relatively short DNA strands which means
that they may miss the potential impact of supercoiling.
For example, supercoiling can significantly affect binding
affinities (9). It may also affect the rate at which repair pro-
teins can locate DNA damage. For example, van den Broek
et al. (42) showed that supercoiling accelerated EcoRV’s
search for its target site. In addition, simulations by Brack-
ley et al. (43,44) suggested that for low binding energies,
protein target search is significantly shorter if the target se-
quence is located on a loop of a DNA rosette instead of in
the rosette’s centre.

The big question then is how DNA damage interacts
with supercoiling to affect protein binding or damage lo-
cation by repair enzymes. A first step is to ask how dam-
age affects plectonemes. It was suggested in (45) that the
formation of a bubble at the tip of a plectoneme (a tip-
bubble) could pin the plectoneme. Sequences high in AT
content were found to be more likely to form tip-bubbles,
and intriguingly, RNA polymerase has been shown to seg-
regate to plectoneme tips (46), suggesting that there is a
co-localization of plectoneme tips with AT rich promo-
tor sequences. Furthermore, it was predicted by simula-
tions (47,48), theory (49) and, importantly, shown by mag-
netic tweezer experiments (50), that mismatches can also
co-localize with plectoneme tips. Taken together, theses pre-
vious results suggests a number of hypotheses for thymine
dimers. Firstly, that they may also co-localize with plec-
toneme tips, which can lead to pinning that may enhance
the ability of repair enzymes to locate thymine dimer dam-
age. Secondly, such co-localization may lead to tip-bubbles,
which can enhance the probability that the thymine dimer
base pair is in an extrahelical arrangement and may provide
a possible pathway for the passive model.

To test these hypotheses in simulations, we need a method
that can access the length scales associated with super-
coiling, while also accurately describing the breaking and
formation of individual base pairs. Atomistic simulations
are too computationally expensive to treat this regime, and
more coarse-grained models based on the worm-like chain
(WLC) model of DNA cannot capture structural changes at
the nucleotide level. We therefore turn to the coarse-grained
oxDNA model (51-53), which reproduces DNA’s basic me-
chanical properties such as the persistence length and tor-
sional modulus, thermodynamic properties such as melt-
ing point (53,54), the behaviour of DNA under overstretch-
ing (55), as well as sequence effects on DNA hybridiza-
tion (56). In particular, oxDNA has been shown to faith-
fully reproduce DNA’s response to external tension and tor-
sion (45), including the formation of plectonemes and bub-
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bles (albeit with transitions between different regimes oc-
curring at slightly higher forces than observed experimen-
tally). Furthermore, it has already been used to study the
effects of mismatches on supercoiling (47,48).

We proceed as follows. First, we introduce a descrip-
tion of thymine dimers into the oxDNA model. Then, we
show that plectoneme tip-bubbles reveal an extra-helical ar-
rangement of thymine dimers and that these tip-bubbles
strengthen the pinning of the plectoneme. Increasing twist
increases the probability that thymine dimer base-pairs de-
nature and supercoiling induced plectoneme tip-bubbles
further enhances this effect. Finally, we comment on the ro-
bustness of our results to model choice, and discuss some
potential biological consequences of our findings.

MATERIALS AND METHODS
Constructing the oxDNA thymine dimer model

Our strategy for modelling the thymine dimers is consis-
tent with the approach used to develop oxDNA, that is, we
use a ‘top-down’ coarse-graining method where a simplified
model is parametrized to reproduce experimental structural
and thermodynamic properties. This differs from a ‘bottom-
up’ approach, where a simpler model is derived by integrat-
ing out degrees of freedom from a more complex model.
Strengths and weaknesses of these two approaches are dis-
cussed for example in (57) and (51).

To demonstrate the feasibility of modelling thymine
dimers with oxDNA, we therefore need to ensure that the
model can reproduce well-established structural and ther-
modynamic effects of thymine dimers on DNA. Melting ex-
periments have shown that the presence of a thymine dimer
can produce a significant drop in the DNA melting tem-
perature in short oligomers (39,58-60). Thymine dimers are
also reported to induce a bend in double-stranded DNA.
NMR studies suggest a bend angle 6y around 10° (39,61,62)
while the crystal structure of Park ez al. (40) and the pioneer-
ing gel and electron microscope studies by Husain et al. (63)
suggest that 6y ~ 30°. Atomistic simulations of DNA with
thymine dimers do not provide much extra insight into the
precise value of 0, with estimates in the literature ranging
from approximately 15° to 30° (64—66).

Estimates of the detailed effects of thymine dimers on the
helix geometry are also available. NMR Studies by McA-
teer et al. (39) suggest an increase of ~26° in the roll an-
gle between the thymine dimer-containing base pairs and a
decrease of approximately 9° in the tilt between the same
base pairs (from ~—1° in the native DNA, to ~—10° in the
thymine dimer DNA). The crystal structure of Park et al.
(40), on the other hand, yields an increase in roll of 22° but
did not report the tilt. In both studies, the twist angle be-
tween the central thymine base pairs of the CPD is reported
to decrease, although the magnitude of the decrease varies,
with McAteer et al. suggesting a decrease of 15° and Park
et al. a 9° decrease. Results from atomistic molecular dy-
namics (MD) simulations also show an increase in roll and
a decrease in twist between the thymine dimer base pairs
(relative to undamaged base pairs) but no change in tilt for
the thymine-dimer base pairs (67).

To create a thymine dimer model we focus on reproduc-
ing the change in roll angle, DNA melting temperature and

Hydrogen bond strength

Roll angle ¢ Stacking interaction

multiplier

Figure 1. The oxDNA thymine dimer model (highlighted in cyan). Nu-
cleotides are represented by the colours: red (T), blue (A), green (C) and
yellow (G). The white lines represent the weakened hydrogen bonding
while the strengthened stacking interaction is denoted by a dashed black
line. A finite roll of ¢ = 27.1° is introduced in our model.

DNA bend angle. There is reasonable consensus on the first
two of these properties, but somewhat less agreement on the
latter. Changes to tilt were not explicitly incorporated into
the model, in part because the introduction of roll is suffi-
cient to generate a bend in DNA, and in part because the
results of (67) suggest little change to the tilt.

In the oxDNA model, the stacking interaction term be-
tween two adjacent nucleotides on the same strand de-
pends on their relative distance and respective orientations.
The changes we introduced into oxDNA to model thymine
dimers are illustrated in Figure 1. We modified the stacking
term by introducing an increased roll angle to the thymine
dimer-containing nucleotide, similar to that observed ex-
perimentally. Specifically, the orientation matrix of the nu-
cleotide in the 3’ direction is rotated by an angle ¢ around
the base vector of the nucleotide before the interaction
potential is computed in a typical MD algorithm or en-
ergy minimization simulation. This introduces the desired
roll. To demonstrate that the introduction of a non-zero
roll angle can generate a noticeable bending of the DNA,
we perform potential energy minimization using the mod-
ified stacking interaction term on a 40-bp DNA duplex.
This produced the bent DNA shown in Figure 2. For our
thymine dimer model, we chose to adjust the roll in a single
base pair by 27.1° and enhance the stacking interaction for
the thymine dimer-containing base step by a factor of ten to
mimic the covalent bonds between the thymines; this model
has a DNA bend angle at the potential energy minimum
of 13.6°. We also measured the bend angle in MD simula-
tions of the same duplex at 7= 300 K and a salt concentra-
tion of 0.16 M obtaining a value of 11.3° (see Section S2,
Supplementary Figures S1 and S2 in the Supplementary
Data). The thermalized value is slightly smaller than at the
minimum because the bend fluctuations are not symmetric
around the potential minimum. In our robustness analysis
below, we also consider a model of thymine dimers that has
a larger bend angle commensurate with that measured by
Park et al. (40).

Next, we used the octamer sequence studied by Kem-
mink et al. (58) as a benchmark for measuring the change in
melting temperature induced by the thymine dimer model.
These results are similar to the drop in melting tempera-
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Figure 2. Thymine dimer induced bending: The DNA bend angle 6 is measured after energy minimization is carried out on a 40-bp DNA duplex that
contains a thymine dimer (in cyan). The angle 6 is defined by first assigning each base pair on the DNA into one of two groups, depending on which side
of the thymine dimer it is located. Lines are then fitted through the midpoints of the base pairs of each of the two groups, and used to calculate the bend

angle, as in (68).

ture found in other studies (39,59,60) once the difference
in DNA strand concentration used in these studies is ac-
counted for (69,70). Umbrella sampling simulations using
the Virtual Move Monte Carlo (VMMC) algorithm (71)
were carried out (as in (52,70)) to measure the melting tem-
perature of both undamaged and thymine dimer-containing
octamers at the experimental conditions of 6 mM dsDNA
concentration and 0.3 M monovalent salt concentration. To
ensure that the standard mean error is below 0.2 K, simu-
lations were carried out for at least five independent repli-
cas of each system. With just the change to the roll and
the stacking detailed above a melting temperature drop is
observed, but less than in experiment. To achieve the de-
sired temperature drop, we also reduced the hydrogen bond
strengths of the thymine dimer-containing base pairs by
60%. This results in a ATy, of 12.3 K, well within the error
margins (£3 K) of the experimental value of 13 K.

MD simulation protocols for molecular tweezers geometry

To simulate the effect of supercoiling, we used a similar pro-
tocol to that of Matek et al. (45), who set up a molecular
tweezer geometry using external potential traps. The main
difference is our introduction of the thymine dimer defect,
and our use of the improved ‘0xDNA?2’ (53) model instead
of the original oxDNA force-field (51,52). A 600-bp DNA
duplex, with a randomized sequence with 50% GC con-
tent (see Section S3 for the sequence), was simulated with
MD at an effective NaCl concentration of 100mM and 7'
= 300K. 12 bp were attached at each end of the DNA as
‘handles’ to constrain the linking number of the DNA and
its spatial position, and to apply the pulling force F. The
nucleotides in the handle at the ‘surface’ end of the DNA
were kept in a fixed position by applying harmonic traps
to simulate the presence of a fixed surface to which the

DNA is tethered; each nucleotide was subject to an external
harmonic potential Viap(Xn;Fn0) = % Z?:l k{rap(r,i —rl )%
where r, = (r!,r2,r2) is the centre-of-mass position of the
nth nucleotide in the harmonic trap, and the position of the
trap ry is set to the initial centre-of-mass position of the
nucleotide, with k{rap taking on the value of 571 N/m for all
the nucleotides in the handle.

At the other end of the DNA duplex, a harmonic poten-
tial with kf’rap = 0 was applied to emulate the freely-moving
optical/magnetic bead. This allows the nucleotides to move
freely in the direction parallel to the helical axis while re-

maining constrained in the plane perpendicular to the he-
lical axis. These harmonic traps can also be rotated in the
(x, y) plane to achieve the desired superhelical density o,
here defined as o = (Lk — Lky)/Lky, where Lk is the link-
ing number of the supercoiled DNA and Lk, the linking
number of the relaxed DNA duplex, is 600/10.55 ~ 56.87.
For these underwinding/overwinding simulations, a rota-
tion period of 10’ MD simulation steps per turn was ap-
plied. A constant external force F/2 was also applied to
the outermost nucleotides of each strand in this handle to
model the presence of an external pulling force totalling F.

To ensure that the nucleotides do not cross the DNA
ends and change the linking number of the system, a re-
pulsive external potential Vjjane(ri; R) = %kplane[(rk —R)-
fi?0(—(ry — R) - h) was added to all nucleotides not in the
handle. Here, R is set to the position of one of the nu-
cleotides in the handle that is furthest from the end of the
duplex, 6 is the Heaviside step function, and i is the normal
to the repulsion plane. kpjane is set to 571 N/m.

MD trajectories were obtained by integrating Newton’s
equations of motion with the velocity Verlet algorithm (72)
using an integration time step of 6.06fs. A Langevin-like
dynamics thermostat was applied to simulate the impact of
the solvent (73). The diffusion coefficient was chosen such
that the diffusive dynamics of individual nucleotides is ac-
celerated by ~2 orders of magnitude compared to experi-
ment (74). This enables the simulation to access longer ef-
fective time-scales, accelerating the convergence of the av-
erage values of quantities measured during simulations. At
least three independent trajectories were used to ensure the
reproducibility and consistency of measurements made. A
larger than usual number of trajectories were simulated near
state boundaries to ensure good sampling of the confor-
mational states. The simulations were performed using the
GPU-enabled version of the oxDNA simulation code (75).

To carry out production runs, configurations at the de-
sired superhelical density o and pulling force F were ex-
tracted from the winding simulations at the appropriate
time point. An equilibration time 74 is measured using the
decay time of the auto-correlation function of the DNA
end-to-end distance. In order to ensure that the observ-
able of interest (i.e. state occupancy, end to-end distance or
plectonemic state) is well equilibrated, data was collected
for at least 67, time steps (between 2 x 10% and 1 x 10°
steps). Measurements were made after discarding the first
27¢q time steps.
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Figure 3. Structure of a 600-bp supercoiled DNA duplex with a thymine dimer 110 bp away from the centre for F = 1.5 pN and o = —0.073. The flipped-
out thymine dimer base pairs are coloured in cyan (with the thymine bases labelled as T) while the surrounding denatured base pairs are coloured in red
(light blue box). The plectoneme possesses an end loop that is highly bent (Section S4, Supplementary Figures S3-S5), and is pinned by a tip-bubble at the

thymine dimer.

For simulations involving thymine dimer containing
DNA, the same protocol was applied, with the thymine
dimer defect placed 110 bp away from the centre of the
DNA. Moving the defect away from the centre helps high-
light the effect of plectonemic pinning because the con-
straints on the duplex ends mean that for homogeneous
DNA, the plectoneme is most likely to be near the centre of
the DNA, an effect that can be quite pronounced for these
lengths (45).

RESULTS

Plectoneme tip-bubbles reveal an extra-helical arrangement
of thymine dimer

DNA can relieve imposed torsional strain by buckling to
form a plectoneme or by denaturing to form bubbles, which
have a much lower twist modulus and so can absorb some
of the torsional strain. The relaxation pathway that DNA
adopts depends on the applied force. For a given superheli-
cal density o, plectonemes are favoured for low forces, and
bubbles for larger forces (11,76,77).

An intermediate tip-bubble regime where a bubble lo-
calizes at the plectoneme tip, was discovered by Matek
et al. (45) using oxDNA simulations. For this state, the cost
of breaking bonds to form the bubble is compensated by
several effects. Firstly, the greater ease of bending at the tip
leads to a smaller bending cost as well as a reduction AL
of the loop size, which means an additional energy gain of

FAL. Moreover, the tip-bubble can absorb some of the tor-
sion just as a normal bubble can. Together, these effects can
lead to a tip-bubble regime.

Thymine dimers can enhance plectoneme and tip-bubble
formation for two main reasons. Firstly, the intrinsic bend-
ing reduces the cost to form an initial loop of the plec-
toneme. For example, it has also been shown that plec-
tonemes localize at sequences with enhanced curvature (78).
Secondly, the reduced strength of base-pairing lowers the
cost of forming a bubble at the thymine-dimer site. Figure 3
depicts such a tip-bubble; the sharp bending at the thymine
dimer at the plectoneme tip is typical (quantitative evidence
for the thymine dimer’s facilitation of enhanced bending at
the plectoneme tip is provided in Section S4 of the Sup-
plementary Data). This configuration also illustrates how
this mechanism results in the presence of an exposed un-
bound thymine dimer at the kinked site of the plectonemic
tip-bubble, suggesting the possibility that tip-bubbles may
help favour the passive pathway for thymine dimer repair.

To quantify the extent of the tip-bubble regime in thymine
dimer-containing DNA, we compare, in Figure 4, the force-
torsion state diagrams for undamaged and thymine dimer-
containing DNA (quantitative data for the occupancy of
the different plectonemic states are given in Supplementary
Figure S6 of the Supplementary Data). As expected, plec-
tonemes start to form at lower o for the damaged DNA than
for undamaged DNA (compare o =~ —0.038). Tip-bubbles
start to form at lower force and ¢ as can be seen, for exam-
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Undamaged DNA DNA with Thymine Dimer
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Figure 4. Force-torsion state diagrams for (A) undamaged and (B) thymine dimer-containing DNA. For each (o, F) point simulated the dominant state is
identified. A bubble is defined by the denaturation of at least two consecutive base pairs (a base pair is considered denatured if the binding energy is less than
10% of its maximum possible value). Plectonemes are detected using the algorithm described in the supplementary material of Matek ef al. (45). B-DNA
is the canonical state where no bubbles or plectonemes are present. A plectoneme is identified as having a tip-bubble, if a kink defect of a few broken base
pairs is localized at the tip of the plectoneme (defined here as when the distance between the centre of the bubble and the centre of the plectoneme is less
than 20 bp). The dominant states is defined as having a state occupancy >50%; mixed states with occupancy >40% but below 50% are also highlighted. At
low forces, the presence of a thymine dimer enhances the occupancy of the plectonemic state (relative to the undamaged DNA) at low superhelical densities.
The presence of the thymine dimer also increases the tip-bubble plectoneme and bubble state occupancy at low superhelical densities for F= 1.5 pN and 2
pN. Quantitative details of the plectoneme state occupancy at the illustrated state points can be found in Supplementary Figure S6 of the Supplementary

Data.

ple by comparing both diagrams at ¢ ~ —0.056, and o ~
—0.073, for forces of F = 1.0pN and F = 1.5pN, respec-
tively. Such forces and supercoiling densities are typical of
values observed in vivo.

Thymine dimer-induced tip-bubbles can pin plectonemes

We also studied the diffusion of plectonemes with and with-
out damage, and representative results at a state point where
tip-bubble plectonemes are also observed for the undam-
aged case can be seen in Figure 5. While tip-bubble plec-
tonemes have previously been shown to be more likely to
occur in regions with high AT content (45), we found that
the plectoneme in the undamaged DNA is not strongly lo-
calized to a specific part of the duplex for the sequence we
used here. By contrast, as can be seen for the thymine—dimer
containing duplex in Figure 5, the tip-bubbles preferentially
form at the site of the damage, and very strongly pin the
plectoneme. To verify that the reduced plectonemic diffu-
sivity is directly attributed to the tip-bubble instead of the
thymine dimer alone, similar simulations were carried out
in the positively supercoiled regime at F = 1.5pN and o

= 0.067. Under these circumstances, the plectoneme in the
thymine dimer-containing DNA does not have a tip-bubble
and possesses much greater diffusivity (see Figure S13 for
details).

Tip-bubbles enhance the denaturation probability of thymine
dimer base pairs

The stability of the extrahelical arrangement of thymine
dimer base pairs can be quantified by measuring the
thymine dimer base pairs’ denaturation probability (Fig-
ure 6). At low forces and lol, the thymine dimer base pairs
remain largely in an intra-helical conformation for the val-
ues of o we studied. By contrast, for the applied tensions of
1.5 and 2 pN, the thymine dimer base pairs exhibit a much
higher propensity to open up at low superhelical densities
relative to its undamaged counterpart. At these forces, we
observe that, as a function of increasing superhelical den-
sity, first a bubble forms at the site of the thymine dimer,
and then subsequently, plectonemic writhe forms with the
bubble at the tip, which then causes the thymine dimer base
pair to be denatured most of the time.
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Figure 5. Plectoneme position distributions corresponding to state point F = 1.5 pN and ¢ = —0.073. (Inset) The plectoneme position as a function of

time. For F = 1.5 pN and o = —0.073, we find that for undamaged DNA the plectoneme can diffuse along the duplex, while when a thymine dimer (TD)
is present the plectoneme is strongly localized in one place due to the co-localization of the tip-bubble with the thymine dimer. Using a conversion factor
based on the base units of the oxDNA model, the total time of the simulation illustrated in the inset would correspond to 3.6 ms. Because of the reduction in
time scale separations inherent to coarse-grained models, using a conversion factor based on diffusional time scales would lead to a much longer simulation

time.

Robustness analysis

As an added layer of checks to ensure that the simulation re-
sults are not a peculiarity of the parameters we chose for our
thymine dimer model, or an artefact of the particular bend-
ing angle experiments we chose to replicate, two other mod-
els were created. The first additional model, dubbed TD]1,
had the roll angle ¢ adjusted in two adjacent base pairs in-
stead of one and the hydrogen bond strength weakened by
10%. In particular, it produces a larger bending angle, close
to that what Park et al. (40) observed in their crystal struc-
ture. The second model, TD2, has a similar bending angle
to the original model, which we will call TDO here. However,
like TD1, it has two base pairs with modified stacking, and
like TDO, it has hydrogen-bond weakening of 55%. Table 1
outlines the features of these three models. In all three ap-
proaches, there is a linear relation between the DNA bend
angle 09 and ¢ that holds well until ¢ &~ 45° (see Supplemen-
tary Figure S7), thus enabling us to reproduce the different
experimental values of DNA bending angle and roll in a
consistent manner.

Increasing the stacking interaction thermodynamically
stabilizes the DNA duplex, while increasing the roll desta-
bilizes it. Thus, models with a different balance between
these factors can all adequately reproduce the experimental
change in melting temperature. The melting temperatures,
which were also computed for TD1 and TD2 using the same
VMMC protocols as before are presented in Table 2. The
measured ATy, for TD1 and TD2 DNA again fall within
the error margins of the experimental value.

To extract further insights on the different parameter
choices of the thymine dimer models, we can also mea-

sure the twist at the thymine dimer site. Even though the
thymine dimer models were not parametrized to reproduce
the decrease in twist angle reported in experiments (39,40),
in relaxed DNA they also all show a similar decrease in
the twist angle at the thymine dimer site (Supplementary
Figure S8), albeit of lower magnitude than experiment. In
the B-DNA and plectonemic states at F' = 0.5 pN, the de-
crease in twist angle at the thymine dimer site increases
only slightly (Supplementary Figures S9A and B). By con-
trast, in the tip-bubble plectoneme state at higher forces (F
= 1.5 pN), all three models show significant twist adsorp-
tion at the thymine dimer site, this being largest for the TDO0
model (Supplementary Figure S9C). Similarly, in the bub-
ble state TDO again shows the most twist adsorption at the
thymine dimer (Supplementary Figure S9D), because of the
strong localization at the thymine-dimer site. For TD1 and
TD2, twist-induced bubbles can also form at other locations
along the DNA strands.

Overwinding/underwinding simulations were also car-
ried out on TDI and TD2 DNA (Supplementary Fig-
ure S10). We observe a similar increase in state occupancy of
plectonemes and tip-bubbles at lower superhelical densities
for these models, although there are also some differences
in the exact positions of the boundaries between the differ-
ent states in the three thymine dimer models. With TDI1 for
instance, bubbles are not the dominant state at F' = 2pN
and o = —0.038, though its average occupancy at 33% re-
mains higher than its counterpart for the undamaged DNA
(23%). On the other hand, TD0O and TD2 exhibit a dom-
inant bubble state at the same point in the force-torsion
space. In this particular example, the difference in bubble
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Figure 6. (A) Average denaturation probability of the thymine dimer base pairs compared to the probability of any rwo consecutive AT base pairs being
open in undamaged DNA at F = 1.5 pN. In addition, the dotted line shows the averaged probability that a single set of two consecutive AT base pairs is
denatured. The colours in each point correspond to the dominant state occupancy at the given superhelical density (see legend in Figure 4). The thymine
dimer base pairs exhibit a higher propensity to denature relative to the undamaged AT base pairs, even at low values of o where no plectoneme or tip-
bubbles are observed. At higher forces and superhelical densities, the co-localization of the plectoneme tip-bubble and thymine dimer causes the thymine
dimer to be part of the denaturation bubble most of the time. (B) A duplex configuration in the bubble state at = 1.5 pN and ¢ = —0.038. The bubble
preferentially nucleates at the thymine dimer site (coloured in cyan with the thymine bases labelled as T). As more turns are imposed, the denatured site

becomes the preferred location for plectoneme formation.

state occupancy across the three thymine-dimer models can
be attributed to the difference in the magnitude of the hy-
drogen bond strength reduction for these models.

The observation of tip-bubbles at lower lo| than for un-
damaged DNA gives rise to similar sharply localized plec-
toneme position distributions for TD1 and TD2-containing
plectonemes at ¥ = 1.5pN and o = —0.073 (Supplemen-
tary Figure S11) as found for TD0. With TDI1, which is
more strongly bent than TDO or TD2, we also observe plec-

toneme localization at lower forces and positive o (Supple-
mentary Figure S12). At F=1.5pN and o =0.067, the peak
of the probability distribution is approximately half the dis-
tribution peak at F=1.5pN and ¢ = —0.073, and its width
(measured at the 50% peak value) is noticeably broader than
that of its counterpart at ¢ = —0.073. This indicates that
TD1 as a defect on its own constrains the position of a plec-
toneme somewhat less than a tip-bubble. Under the same
sets of F and positive o, localization of the plectoneme by
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Table 1. Features of the three thymine dimer models. Standard errors for
the mean bending angles obtained using MD simulations are less than 1.3°

TDO TDI1 TD2
Roll angle ¢ 27.1° 37.0° 18.3°
Stacking interaction multiplier 10 1 1
Number of base pairs with modified 1 2
stacking
Hydrogen bond weakening 60% 10% 55%
DNA bending angle 6 (energy 13.6° 27.8° 13.9°
minimization)
DNA bending angle 6o (MD 11.3° 30.7° 13.8°
simulation)

Table 2. Melting temperature 7y, of the thymine-dimer containing oc-
tamer used in the study by Kemmink ez al. (58) for the three thymine dimer
models compared to undamaged DNA and experiment. The melting tem-
perature drop ATy, is within the error margins of experimental results for
all three models

oxDNA Experiment
Undamaged TDO TDl TD2 Undamaged TD
Tm (°C) 70.4 58.1 58.0 57.0 70 57
ATy (°C) - 123 124 134 - 13

TDO and TD2 is not readily observed. From an energetics
standpoint, it requires more bending energy to form a plec-
tonemic end-loop with TDO or TD2 as compared to TD1 by
virtue of their smaller 0 at the defect site in the DNA. This
in turn makes it less favourable to nucleate a plectoneme at
the TDO or TD2 site.

We can attempt to quantify the favourability of nucleat-
ing a plectoneme at the defect site by examining the free
energy of plectonemic loop formation. First, we assume
that the reduction in the free energy of loop formation at
the defect site (relative to the non-defect site) is largely at-
tributed to the bend angle 6, induced by the thymine dimer.
Next, using the plectoneme formation energy model by
Brutzer et al., we can estimate the free energy reduction as
00/ 2k Tp FZ, where Z ~ 0.88 (at F = 1.5pN) is a dimen-
sionless correction term that takes into account writhe fluc-
tuations in B-DNA, and p is the bending persistence length
of 45 nm (13). Using the values of 6 from Table 1, and F =
1.5 pN to ensure a fair comparison with the plectoneme pin-
ning results in Supplementary Figure S12, we found that the
loop formation free energy reduction associated with TD1
is approximately 3.1 kg7, while the equivalent values for
TDO0 and TD2 are 1.1 kg T and 1.4 kg T, respectively. Conse-
quently, the thermodynamic drive for plectoneme localiza-
tion at the thymine dimer when a tip-bubble is not present is
significantly reduced in the TD0O and TD2 models. Consis-
tent with this, in Supplementary Figure S13 we observe dif-
fusion of the plectoneme centre away from the defect site for
TDO0 and TD2 in the positively supercoiled regime, whilst it
remains pinned for TDI.

We also compared the denaturation probability of the
thymine dimer base pairs for all three models (Supplemen-
tary Figure S14). All show a substantial increase in the de-
naturation probability of the thymine dimer base pairs at
F = 1.5pN when lo| exceeds 0.04. The thymine-dimer de-
naturation probability is less for TD1 consistent with this
model’s lower weakening of base pairing (only 10% less than

anormal AT base pair). The smaller energetic advantage of
opening a bubble at the thymine dimer rather than elsewhere
along the duplex offsets less the entropic cost of localiza-
tion.

Enhancement to the stacking interaction between
thymine bases is present in TDO but absent in TD1 and
TD2 (Table 1). The increased stacking between the thymine
bases better mimics the additional covalent linkages in
the thymine dimer, and ensures that the thymine bases
remain stacked even if the thymine dimer adopts an ex-
trahelical arrangement in the tip-bubble state (Figure 3).
This structural effect is clearly absent in TD1 and TD2
models (see section S11, Supplementary Figures S15-S17
in Supplementary Data for further details). That being
said, in our experimentation with various thymine dimer
model parameters, we observe that the variation in the
stacking interaction multiplier (up to a value of 10) has
a relatively small impact on other simulation results (i.e.
melting temperature drop, changes in tip-bubble state
occupancy, etc.).

DISCUSSION

Our observations of plectonemic pinning by a thymine
dimer are consistent with similar pinning by mismatches, as
observed in magnetic tweezer experiments (50) (albeit for
positive supercoiling) and also predicted by oxDNA sim-
ulations (47,48) and theory (49). Taken together, these re-
sults suggest that plectonemic pinning may reflect DNA’s
structural response to a broader range of possible defects in
DNA.

For reasons of computational cost, we have only pre-
sented results for a fixed length DNA duplex. To first order,
the longer the strand is, the larger the relative entropic cost
of localizing a plectoneme or a bubble at a damaged site.
However, entropic costs typically scale with the log of the
length (see, e.g. (49)), so, although the tendency for local-
ization will be reduced at longer lengths, we can still expect
qualitatively similar effects from thymine dimers in longer
strands. Typical plectonemic loops in bacteria are thought
to be on the order of a few thousand to tens of thousands
of base-pairs in size (4).

Given that bubble and tip-bubble states are not observed
in our simulations at low force (both because the work
against the force associated with plectoneme formation is
reduced and because the curvature of the plectoneme and
its end loop is reduced (79)) one might be tempted to ques-
tion the relevance of these states to biological systems. First,
cellular DNA is subject to transient forces as well as torques
by the action of various proteins. Second, in our simula-
tions, we employ a magnetic tweezer-like setup where there
are no constraints on the z position of the strand end in the
twist trap. By contrast, genomic DNA is likely to be much
more constrained in its response to superhelical stress by its
higher-level organization. Indeed, small DNA minicircles
provide simple examples of the occurrence of tip-bubble and
bubble states in the absence of tension due to the circular
topology constraining the system’s curvature and leading
to an interplay between supercoiling and base-pair opening
(80-82).
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Thus, one can instead imagine that the coupling between
supercoiling and DNA damage that we have observed might
be exploited by biological systems to help achieve certain
tasks. One is DNA damage recognition. In our simulations
plectoneme localization at a thymine dimer causes it to
adopt a configuration that increases its differentiation from
normal double-stranded DNA, be it by being more bent or
by opening up a denaturation bubble at the plectoneme tip.
In the latter case, the thymine dimer is likely to adopt an
extrahelical configuration. These more extreme configura-
tions could well allow the DNA damage to be more easily
recognized by the relevant protein.

In a crowded living cell, a large number of proteins simul-
taneously seek to locate specific targets on the chromosomal
DNA to carry out their biological functions. Negatively su-
percoiling could potentially aid the discovery of the thymine
dimer (and other defects) by favouring the location of the
damage in the relatively easy-to-find plectonemic loop away
from the crowded environment at the centre of the chromo-
some. To explore this hypothesis by simulation, much longer
DNA duplexes in much more complex configurations must
be treated than the simple geometry that we use here.

Unlike in our simulations where a fixed superhelical den-
sity and force is applied, cellular DNA is constantly being
subjected to transient local mechanical stresses applied by
various proteins. The coupling between their action and the
mechanical response of defective DNA might also provide a
means to locate DNA damage, such as thymine dimers. For
example, in the the twist-open mechanism of damage recog-
nition proposed for the Rad4/XPC nucleotide excision re-
pair complex (24,83), the requisite repair protein switches
between ‘search’ mode (i.e. facilitated diffusion) and ‘inter-
rogation’ mode (i.e. unwinding of the DNA duplex) in its at-
tempt to locate the defect on DNA. One could envisage that
a plectoneme preferentially forms at the defect site when
the repair protein interacts with and twists the DNA du-
plex during the interrogation mode. The structural distor-
tion then serves as a marker for the repair protein, stalling
its diffusive motion and enabling it to engage more exten-
sively with the thymine dimer site.

The increased probability of bubble formation at a
thymine dimer means that double-stranded DNA is more
likely to absorb excess twist at such damage locations. Var-
ious biological processes such as transcription and repli-
cation are affected by the denaturation profile (84), which
might in turn be affected by the presence of a thymine dimer.
Such twist absorption effects were indeed proposed over 40
years ago (85), and there are examples in the literature of
thymine dimers and other damage affecting replication ef-
ficiency in plasmids (86,87), although the effects observed
there may be more complex than just the twist absorption
effect mentioned above (81). Moreover, it remains to be un-
derstood how excess twist can be partitioned between defect
sites and twist buffering protein complexes in vivo such as
chromatin fibers in eukaryotic DNA (88).

Recent developments in DNA nanotechnology have
shown that user-defined placement of thymine dimers in
DNA nanostructures can provide an additional level of
structural stability. In this approach UV irradiation is used
to generate thymine dimers that link strand ends and bridge
strand breaks at crossover sites (89). Studying how these
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thymine dimers affect DNA nanostructures is another av-
enue of research where the oxDNA model, which has been
widely used to study such systems (90-92), can now be ap-
plied.

Although we have shown that plectoneme pinning by a
thymine dimer is robust to variations in our model, it would
of course be desirable to further explore these phenomena
with more detailed atomistic simulations (80,93,94). While
larger scale writhing effects such as the formation of plec-
tonemes would be very challenging to study with atom-
istic simulations, it may be possible to use multi-scale tech-
niques to treat the writhe on a coarser level, for example
with oxXDNA, and to then locally treat the thymine dimer
with more fine-grained solvent-free atomistic force-fields.

Finally, the best way to test these hypotheses about
the interaction between supercoiling and DNA damage is
through experiments. One promising direction is through
in-vitro single-molecule experiments with magnetic tweez-
ers. These can be used to test, as was done in (50) for mis-
matches, whether thymine dimers pin plectonemes. Using
fluorescent probes, it should also be possible to investi-
gate how imposed force and twist affect the propensity of
thymine dimers to denature. It may also be possible to mea-
sure the binding constants for key thymine dimer repair pro-
teins as a function of superhelical density, as was done in (9)
for example. Demonstrating whether or not these mecha-
nisms are at work and assist the location and repair mech-
anisms of thymine dimers and other defects in vivo, is a sig-
nificantly more complex challenge.

CONCLUSION

To conclude, we have demonstrated a working model of
thymine dimers in oxDNA that can reproduce known exper-
imental results. There is a certain amount of robustness in
the choice of model parameters, constrained by experiments
on melting temperatures and bending angles. Within this
range of parameters, we achieve consistent results on DNA’s
response to twist, namely a preferential co-localization of
the thymine dimer with the tips of supercoiled plectone-
mic structures and the enhanced probability for the thymine
dimer to be in a bubble state. This robustness to model
choice suggests that the results are not a peculiarity of the
parameters used in our model, but are instead reflective of
a more general interaction between supercoiling and the
thymine dimer. By exposing the thymine dimer in a plec-
toneme tip-bubble, negative supercoiling could play a big-
ger role than previously thought in facilitating the repair
of thymine dimers. Moreover, our results here are sugges-
tive of a much richer set of possible mechanisms that could
be driven by the coupling between supercoiling and DNA
damage.

DATA AVAILABILITY

The oxDNA simulation code is available to download
at https://sourceforge.net/projects/oxdna/. The GPU imple-
mentation of the thymine dimer model can be found in the
/contrib/randisi folder of the oxDNA package.
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