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Abstract

Uracil is a common DNA lesion which is recognized and removed by uracil DNA-glycosylase
(UDG) as a part of the base excision repair pathway. Excision proceeds by base flipping, and
UDG efficiency is thought to depend on the ease of deformability of the bases neighboring the
lesion. We used molecular dynamics simulations to assess the flexibility of a large library of
dsDNA strands, containing all tetranucleotide motifs with U:A, U:G, T:A or C:G base pairs. Our
study demonstrates that uracil damaged DNA largely follows trends in flexibility of undamaged
DNA. Measured bending persistence lengths, groove widths, step parameters and base flipping
propensities demonstrate that uracil increases the flexibility of DNA, and that U:G base paired
strands are more flexible than U:A strands. Certain sequence contexts are more deformable than
others, with a key role for the 3° base next to uracil. Flexibilities are large when this base is an A
or G, and repressed for a C or T. A 5° T adjacent to the uracil strongly promotes flexibility, but
other 5’ bases are less influential. DNA bending is correlated to step deformations and base
flipping, and bending aids flipping. Our study implies that the link between substrate flexibility
and UDG efficiency is widely valid, helps explain why UDG prefers to bind U:G base paired
strands, and suggests that the DNA bending angle of the UDG-substrate complex is optimal for
base flipping.
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Introduction

DNA undergoes thousands of daily spontaneous lesions that can lead to mutations in the genome
(Hoeijmakers, 2009). A common lesion is uracil, which arises because of misincorporation or
through spontaneous deamination of cytosine (Krokan, Drablos, & Slupphaug, 2002). The
presence of uracil from misincorporation produces U:A base pairs, which can lead to strand
breakage (Williams, Lujan, & Kunkel, 2016). Uracil resulting from cytosine deamination results
in U:G mismatches, which, if left unrepaired, are 100% mutagenic (Visnes et al., 2009). Uracil is
removed from the genome by uracil-DNA glycosylase (UDG), which uses a base flipping
mechanism to reorient uracil extrahelical for excision (Brooks, Adhikary, Rubinson, & Eichman,
2013; Sudip S. Parikh et al., 2000; James T. Stivers & Jiang, 2003). UDG binds U:G base paired
strands better than U:A strands (Panayotou, Brown, Barlow, Pearl, & Savva, 1998) and has higher
excision rates for U:G than U:A (S. S. Parikh et al., 1998), although the preference is not absolute
and also depends on sequence (Bellamy & Baldwin, 2001; Nilsen, Yazdankhah, Eftedal, &
Krokan, 1995; G. Slupphaug et al., 1995). While the initial steps of damage recognition remain
unclear, the dynamics and deformability of the lesion site are thought to trigger UDG detection
rather than its structure. Uracil is structurally similar to thymine; while it formed a wobble base
pair with G, it did not appear to modify the DNA structure in NMR studies (Carbonnaux,
Fazakerley, & Sowers, 1990). However, NMR experiments showed that U: A base pairs open faster
than T:A base pairs (Parker & Stivers, 2011), and lower barriers for flipping of uracil relative to
cytosine (Fuxreiter, Luo, Jedlovszky, Simon, & Osman, 2002) and thymine (Fadda & Pomgs,
2011) were observed in computer simulations. The importance of uracil's flexibility was also
shown in simulations of UDG-assisted base flipping (Franco, Sgrignani, Bussi, & Magistrato,

2013; Priyakumar & MacKerell, 2006).

UDG catalyzed excision of uracil requires hydrogen bond breakage, destabilization of base
stacking interactions, and increased bending and twisting of the DNA, and it is thought that DNA
is locally destabilized before base flipping (J. T. Stivers, Pankiewicz, & Watanabe, 1999). Since
deformability of DNA is strongly dependent on sequence (Hagerman, 1988; Marin-Gonzalez,
Vilhena, Perez, & Moreno-Herrero, 2021; Peters & Maher, 2010), a dependence of the efficiency
of repair on the sequence around the lesion is to be expected. Rates were shown to be dependent

on the sequence surrounding the lesion, with poor repair rates when the uracil is directly adjacent



to a 3' thymine or when the GC content is high near the lesion (Bellamy & Baldwin, 2001; Eftedal,
Guddal, Slupphaug, Volden, & Krokan, 1993; Holz, Pavlic, Lietard, & Somoza, 2019; Nilsen et
al., 1995; G. Slupphaug et al., 1995). Rates for substrates with TUA motifs were markedly higher
than for substrates with AUT motifs (Eftedal et al., 1993; Nilsen et al., 1995). A recent study
confirmed this observation, by quantifying ke./Km for various U:A base paired sequences with
AUT, TUA, AUA and TUT motifs, and measuring flexibilities of the strands by a combination of
time-resolved fluorescence, NMR imino proton exchange, and molecular dynamics (MD)
simulations (Orndorff et al., 2023). It was shown that TUA strands are significantly more flexible
in terms of DNA bending and base flipping than AUT strands. Moreover, it was demonstrated that
for the tested sequences, substrate flexibility controlled repair efficiency, with faster excision for
more flexible strands. More bendable sequences were shown to flip more (Orndorff et al., 2023);
this coupling between bending and base flipping was also seen in simulations of UDG (Franco et
al., 2013) and other systems (Ning Ma & Arjan van der Vaart, 2017; Ramstein & Lavery, 1988),
and may help explain why DNA is bent by 33 + 8° in crystal structures of UDG (Bianchet et al.,
2003; Burmeister et al., 2015; Earl et al., 2018; H. Kosaka, Hoseki, Nakagawa, Kuramitsu, &
Masui, 2007; H. Kosaka, Nakagawa, N., Masui, R., Kuramitsu, S., Hoseki, J., 2007; S. S. Parikh
et al., 1998; Sudip S. Parikh et al., 2000; Parker et al., 2007; Pedersen, Johnson, McVey, Leiros,
& Moe, 2015; Geir Slupphaug et al., 1996).

Given the strong link between DNA flexibility and UDG repair efficiency, we set out to use MD
to systematically assess the inherent flexibility of uracil containing DNA as a function of sequence.
Since nearest neighbors contribute most to the flexibility of base steps in undamaged DNA (D. L.
Beveridge et al., 2004; David L. Beveridge, Cheatham, & Mezei, 2012; Dixit et al., 2005; Lavery
etal., 2010), we focused on uracil containing tetranucleotide motifs. Statistics on these motifs were
increased by embedding three motifs per strand (D. L. Beveridge et al., 2004; David L. Beveridge
et al., 2012; Dixit et al., 2005; Lavery et al., 2010). By simulating all 256 unique combinations,
our study greatly extends previous work that focused on a few strands (Fadda & Pomes, 2011;
Fuxreiter et al., 2002; Mardt et al., 2022; Orndorff et al., 2023; Peguero-Tejada & van der Vaart,
2017; Seibert, Ross, & Osman, 2003). Moreover, all U:A and U:G base paired sequences were
studied, together with undamaged T:A and C:G controls. Sequence effects in the coupling between

uracil base flipping and DNA bending were further quantified by free energy simulations for a



number of representative strands. Together, the simulations revealed clear trends in how the
sequence around the lesion modulates the flexibility of DNA, and how the lesion modifies the
sequence-dependent trends in the flexibility of undamaged DNA. When combining our data with
findings from the literature, our study shows that the link between substrate flexibility and UDG
efficiency can be generalized to much wider sequence contexts, explains why U:G base paired
strands are better bound than U:A strands, and demonstrates that the UDG bending angle in the

complex is optimal for flipping for all studied sequences.

Methods

The flexibility of uracil damaged DNA was systematically studied by explicit solvent MD
simulations of 256 designed dsDNA 17mers with the 5’-GCGZ(UXYZ);G-3" sequence.
Tetranucleotides are minimal constructs that incorporate the effect of neighboring base pairs on
central dinucleotide steps; by embedding three uracil-containing tetranucleotide motifs per
sequence, statistics on the motions these motifs was increased (D. L. Beveridge et al., 2004; David
L. Beveridge et al., 2012; Dixit et al., 2005; Lavery et al., 2010). In these sequences uracil was
either hydrogen bonded to adenine or to guanine; both systems were simulated. In addition, two
sets of undamaged sequences with all U replaced by T and base paired to A, and all U replaced by
C and base paired to G were simulated as well. Initial coordinates were constructed in the BII
conformation using 3DNA (X.-J. Lu & Olson, 2008), and each sequence was solvated in 150 mM
KCI of TIP3P (Jorgensen, Chandrasekhar, Madura, Impey, & Klein, 1983) water, using a
rectangular box that surrounded the DNA by at least 15 A of solvent in each dimension. Each
system was energy minimized and subsequently heated and equilibrated. Heating from 100 to 300
K was completed over 2.5 ns with a 1 kcal/mol-A2 harmonic force constant placed on all atoms. In
addition, flat bottom distance restraints with a force constant of 1 kcal/mol-A% were placed on base
paired hydrogen bonds. After heating, harmonic restraints were removed over 1.2 ns, while flat
bottom restraints were still in effect; the flat bottom restraints were subsequently removed over an
additional 3 ns. The unrestrained systems were equilibrated for 100 ns followed by 400 ns of
production. Convergence of the production runs was assessed by ensuring the cumulative average
of the DNA bending angle for each sequence had plateaued to constant value within the simulation

time. Root mean square deviations (rmsds) were also monitored; representative plots are shown in



Fig. S1. The simulations used the AMBER OL15 DNA force field (Galindo-Murillo et al., 2016) in
which the deoxyribose parameters for U were copied from T deoxyribose. Heating and
equilibration were run with Langevin dynamics in the AMBER (Case et al., 2018) program, and
production was run with Langevin dynamics using OPENMM (Eastman et al., 2017). Simulations
were run under constant pressure using periodic boundary conditions. SHAKE (Ryckaert, Ciccotti,
& Berendsen, 1977) was applied to all covalently bonded hydrogen atoms, and long-range
electrostatics were treated by the particle-mesh Ewald method (Darden, York, & Pedersen, 1993).

DNA bending angles (¢) and bending persistence lengths (BPLs) were calculated as a measure of
global flexibilities. Bending was monitored by calculating the angle between the center of mass
(COM) between each terminal residue’s phosphodiester backbone and the COM of the

phosphodiester backbone of the central base pair. The angle between these three coordinates was

olnP(¢)
o(1-cos(p))’

is the contour length, and P(¢) the probability of observing a particular bending angle (Mazur,

evaluated every 10 ps of the simulation. BPLs were calculated from: BPL=-L where L

2007). Contour lengths were calculated from the sum of the helical rise steps (X.-J. Lu & Olson,

2008). To account for fraying, the terminal base steps were excluded from the ¢ and BPL analyses.

Base step parameters and major and minor grove widths were calculated with 3DNA (X.-J. Lu &
Olson, 2008). Spontaneous base flipping of uracil was frequently observed in many of the
sequences, and quantified by monitoring pseudodihedral angles. This flipping angle was taken as
the dihedral angle between the COM of the U base ring, the COM of the U backbone, the COM of
the backbone of the two bases 3’ to the U, and the COM of the backbone of U’s complementary
base (Banavali & MacKerell, 2002). Uracil was considered flipped out if the pseudodihedral angle
was greater than 40° or less than -40°. Fluctuations in these local properties were monitored and

correlated with base step parameters to elucidate sequence trends.

Coupling between DNA bending and base flipping was studied by two-dimensional umbrella
sampling simulations (Torrie & Valleau, 1977). In these simulations, the DNA bending angle was
biased from 0° to 90° and the flipping angle was biased between 0° and 180° out of the major and
minor grooves. Each of these angles was biased in 15° windows with a force constant of 65

kcal/molerad®. Simulations were run under constant pressure Langevin dynamics using OPENMM



(Eastman et al., 2017). Given the cost of these simulations, only a small subset of representative
sequences were studied. The sequences used for the 2D umbrella sampling were chosen to
represent flexible (TUA) and more rigid (AUT) motifs at the same nucleotide content, plus two
controls (AUA and TUT); the central uracil was base paired to either a guanine or an adenine
(Table 1). Each window was run until at least 100 decorrelated snapshots of the flipping angle
were obtained; this required at least 2 ns per window. Decorrelation and PMF computations were

performed with pymbar (Shirts & Chodera, 2008).

Table 1. DNA Sequences for umbrella sampling simulations; central motifs are bolded. Uracil
was base paired to either guanine or adenine; both possibilities were simulated.

Name Motif

TUA1 5" CGT GCA TUA ATG ACG 3’

TUTI1 5"CGT GCA TUT ATG ACG 3’

AUT1 5" CGT GCA AUT ATG ACG 3’

AUA1 5" CGT GCA AUA ATG ACG 3’

TUA2 5" CGT GAA TUA GTT ACG ¥’

TUT2 5 CGT GAA TUT GTT ACG ¥’

AUT2 5" CGT GAA AUT GTT ACG 3’

AUA2 5 CGT GAA AUA GTT ACG 3’



Results

We performed MD simulations of all unique 5’-GCGZ(NXYZ)3G-3" dsDNA 17-mers, where N
represents either a U:A, U:G, T:A, or C:G base pair. Uracil-containing strands will be referred to
as damaged DNA; strands without uracil as undamaged DNA. The uracils in each of the tetramer
nucleotide motifs behaved more or less independently, as shown by the distribution of Pearson
correlation coefficients in Fig. S2. Bending persistence lengths (BPLs) were calculated for each
strand. In Fig. 1a these BPLs are averaged over strands with the ZN or NX motifs. Fig. 1b shows
the differences of these averages between the undamaged T:A and damaged U:A strands, and the
undamaged C:G and damaged U:G strands. BPLs for undamaged DNA are in line with literature
values and known trends; for example, GC rich sequences displayed larger BPLs than AT rich
sequences (Baumann, Smith, Bloomfield, & Bustamante, 1997; Brunet et al., 2015; Bustamante,
Bryant, & Smith, 2003; Herrero-Galén et al., 2013; Lipfert, Kerssemakers, Jager, & Dekker, 2010;
Y. Lu, Weers, & Stellwagen, 2002). Values are also consistent with BPLs of other sequences
calculated using the OLI15 force field (Chhetri, Sharma, Naskar, & Maiti, 2022; Velasco-
Berrelleza et al., 2020). All undamaged sequences had significantly larger BPLs than the damaged
strands, indicating that the uracil lesion increases the flexibility of DNA. The BPLs of U:G strands
were significantly lower than the BPLs of U:A strands; moreover, differences between C:G and
U:G strands were larger than differences between T:A and U:A strands. These findings indicate
that the lesion has a significant effect on DNA stiffness, and that sequences containing U:G are

more easily bent than those containing U:A.
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Figure 1: BPLs for damaged and undamaged DNA (a), and their difference in values (b). Values
are averaged over all sequences with NX or ZN contexts, and error bars represent standard

deviations.

For the U:A and T:A strands, sequences where uracil (for U:A) or thymine (for T:A) is followed
by a 3’ C or T display larger BPLs than those with a 3’ A or G (NX motifs in Fig. 1a); moreover,
a 5’ neighboring T displays the lowest BPL. In U:G and C:G strands, the largest BPLs occur in
sequences where uracil (U:G) or cytosine (C:G) neighbors a 3° G; for C:G strands sequences with
CN steps are most flexible. No other trends were observed for the C:G and U:G sequences. Fig.
1b shows that differences in BPLs between the undamaged and damaged strands depend stronger
on sequence context for the U:G damage than for the U:A damage. For U:A the average difference

is 220.7 + 25.0 A for all contexts, except for the TN and NT contexts where the difference is 249.1



+21.2 A. For U:G, differences vary more over the contexts. Differences follow similar trends for
its ZN and NX motifs, with the largest difference in BPLs for CN and NC motifs. Combined, these
findings indicate that while uracil increases bendability of DNA, U:A damage largely follows the
same trends in bending flexibility as undamaged DNA, while U:G damage deviates from these
trends. Overall, these observed differences between U:A and U:G damaged strands likely stem
from a difference in size and hydrogen bonding of the lesion. Whereas U readily substitutes for T
in terms of hydrogen bonding and size, U:G represents a mismatch; explaining the increased

flexibility and larger deviations from undamaged DNA for the U:G lesion.

Fig. 2 displays the major and minor groove widths of the NXYZ motif for damaged and
undamaged sequences; values were averaged over the three NXYZ motifs of each strand. Like
Fig. 1, all measurements are shown as averages over all sequences with NX or ZN contexts. Major
and minor groove widths were the same for palindromic steps of undamaged DNA (Table S1),
indicating convergence of the simulations. Bending toward the major groove is observed
specifically around the lesion. As the major groove compresses upon bending, the minor groove
expands, and this pinching/bending behavior is enhanced when U is followed by a 3> A or G (Fig.
2b) or preceded by a 5’ T (Fig. 2a). The relation between groove pinching and DNA bending is
also clear from the fact that for U:A, these sequences (i.e. with UA, UG, and TG motifs) have the
lowest BPLs (Fig. 1) and therefore the largest bending flexibility. In these sequence contexts, the
XY, YZ and ZN major groove widths gradually increase up to 2 steps away from the lesion. As
the major groove width increases beyond the NX step, the minor groove decreases. The latter
indicates a bend back to the minor groove up to 2 steps away from the lesion. The compression
and expansion of groove widths was muted for strands in which U is neighbored by a 3> C or T or
a5’ A or G, and widths for the neighboring steps did not exhibit this pinching or bending behavior
around the lesion in these sequences. In the undamaged sequences, similar trends were observed,
with pinching or bending behavior towards the major groove for NA, NG and TN contexts. These
correspond to the U:A sequences with the lowest BPLs (Fig. 1). However, for undamaged DNA,

the changes in groove width upon pinching and bending were less than for the damaged strands.
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Figure 2: Groove widths averaged over NXYZ motifs and averaged for all sequences with ZN (a)

and NX (b) contexts; bars indicate standard deviations.

More detail on the effect of the lesion on groove widths is captured in Fig. S3, which shows the
difference in major and minor groove widths between undamaged and damaged DNA. As was
done in Fig. 2, these differences were averaged over NXYZ motifs and averaged by sequence
context. Uracil widened both major and minor grooves, but differences between damaged and
undamaged DNA were larger for the major groove (Fig. S3). This was seen for both U:A and U:G
damaged DNA, but the effect was larger in U:G strands than in U:A strands. The increased groove
widths are likely due to a combination of the increased polarity of U over T and increased DNA
bending. The lack of the methyl group opens the major groove for increased solvent accessibility,
thus increasing the size and fluctuations in bending around the grooves. Increased dynamics
around the lesion exacerbates the effect, leading to larger fluctuations in bending and enhanced
motions in major and minor groove widths. U:G lesions contribute to even more motion, resulting
in further increase in groove widths. Widened grooves and increased fluctuations for uracil
containing sequences suggest that damaged DNA is more likely to bend back and forth whereas
undamaged DNA is stiffer and more compactly coiled. These trends are most visible in TN, NA

and NG steps and consistent with the trends observed in the BPL analysis of U:A base pairs. Even
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though the measured BPLs for C:G and U:G did not follow these trends, the pinching behavior

near the lesion was consistent in all sequences with TN, NA or NG contexts.

The effect of the lesion on local DNA structure was probed by analysis of DNA step parameters.
Fig. 3 displays the average and standard deviation of the ZN and NX step parameters, while Fig.
S4 shows the difference in these step parameters between undamaged and damaged DNA.
Reported standard deviations are over these sequence averages; these standard deviations followed
the same trend as standard deviations over all snapshots (Fig. S5) and therefore provide a measure
of flexibility. A few trends are apparent for the translational shift, slide, and rise parameters. First,
fluctuations in these parameters were generally larger for damaged DNA, indicating more
flexibility, and largest for the U:G sequences. Second, slide was consistently lower for damaged
DNA. Third, shift was lower in U:A damaged DNA than undamaged DNA, while it was larger in
U:G damaged DNA, and particularly for its ZN step. Lastly, for all NX steps, rise was lower in
undamaged than damaged DNA, particularly for the U:G sequences; but for the ZN step, no
consistent pattern was observed. Fig. 3a and S4a also show that the difference in slide between
the C:G and U:G sequences was larger for CN and TN steps. These enhanced translational
parameters for U:G sequences resulted in a more open and solvent accessible state than U:A

sequences.
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Figure 3: Step parameters averaged over all sequences with a ZN (a) or NX (b) context.

In terms of the rotational step parameters, the most important observation was a significant under
twisting of the NX step of damaged DNA, particularly for the U:G sequences. Under twisting was
also observed for the GN and TN steps, but the AN and CN steps were overtwisted. NC and NT
steps had larger twist than NA and NG steps in both damaged and undamaged sequences, and all
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damaged twist angles were lower than in undamaged stands. Fluctuations of the NX roll angle
were much larger in damaged DNA than in undamaged DNA; for the ZN roll angle this difference
was subdued. Roll angles for the NA and NG steps were larger than those of the NC and NT steps
in both damaged and undamaged sequences. The ZN roll was largest for CN followed by TN for
both damaged and undamaged DNA; the roll angles were smaller for damaged DNA in these steps.
All NX tilt angles were larger in damaged sequences; ZN tilts were generally lower for damaged

DNA, and the largest changes in tilt from undamaged DNA were observed for CN and TN.

Trends in step parameters mimic trends in DNA bending (Fig. 1, 3). Fluctuations in step parameters
increased from undamaged DNA, to U:A, to U:G damaged DNA, and BPLs decreased in the same
order. Even though all NX steps were under twisted in the damaged strands, under twisting was
largest at NA and NG steps, for both damaged and undamaged DNA. Moreover, increased roll
angles were observed at these steps (Fig. 3). The BPL analysis showed that sequences with NA
and NG are more flexible than NC and NT contexts for both damaged and undamaged DNA in
U:A and U:T sequences. Although this trend was not observed in BPLs of U:G and C:G sequences,
the groove width analysis showed increased bending toward the major groove for NA and NG
steps for both U:A and U:G damaged DNA and the undamaged sequences. In both damaged and
undamaged DNA, little correlation was found between the ZN step parameters and BPLs. The TN
step influenced groove widths, resulting in increased bending at the lesion (Fig. 2). Even though
CN and TN step parameters followed the same trends, the 5° thymine appeared to have a greater

effect on groove widths.

These observations suggest that the influence of the neighboring 3’ base contributes to larger
deformability around a lesion site than the neighboring 5° base. In fact, the rotational parameters
of the NX step were more affected by the lesion than the parameters of the ZN step: averaged
changes were generally higher in magnitude, and fluctuations were also larger (Fig. S4). Fig. 4
shows that BPLs were most strongly correlated to the tilt, roll and twist of the NX step, while
correlations with the ZN step were weak. These findings confirm that the 3’ base adjacent to U is

more important in modulating local flexibilities than the 5° base.
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Figure 4: Correlation of BPLs with NX and ZN step parameters.
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Significant base flipping of the uracil lesion was observed for the damaged strands in all sequence
contexts (Table 2); most flipping occurred in the U:G sequences. Notably, sporadic spontaneous
flipping of a T or C base was observed in some of the undamaged sequences. Several trends that
link the propensity of base flipping to the identity of the 5’ and 3’ bases adjacent to the lesion
emerge from Table 2. With the exception of CNG, increased flipping in undamaged DNA occurred
when the central T or C was followed by a 3’ purine and preceded by a 5’ pyrimidine. This trend
was also seen for the central U in damaged DNA, but certain sequence contexts did not fit this
pattern. For example, significant base flipping was observed in ANG contexts for U:G sequences,
and ANA contexts increased flipping for both U:G and U:A sequences. Apart from these
exceptions, lesions with 3° purine and 5° pyrimidine neighboring bases experienced more base

flipping than other contexts; furthermore, 5' T led to more flipping than 5' C.
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Table 2. Percentage of time central N base is intrahelical in sequences with ZNX motifs.

Motif U:A T:A U:G C:G

ANA 93.6£6.4 100.0£0.0  85.9£2.8  100.0+0.0
ANC 99.6£0.4 100.0+0.0 92+3.8 100.0+0.0
ANG 98.5+4.2 100.0£0.0  55.6+9.1 100.0+0.0
ANT 99.1+1.1 100.0£0.0 91.4+3.6  100.0+0.0
CNA  96£5.7 99.8+0.2 95.5+1.8 99.9+0.0
CNC 96.3+6.7 100.0£0.0  96.6£2.2  100.0+0.0
CNG 98.1£2.6  99.9+0.2 87.2£3.9  100.0+0.0
CNT  99+1.1 100.0+0.0 98+1.8 100.0+0.0
GNA 99.6+0.5 100.0£0.0  93.5+4.6  100.0+0.0
GNC 99.8+0.4 100.0+0.0  98.5%1.1 100.0+0.0
GNG 98.5+3.3 100.0£0.0  90.144.2  100.0+0.0
GNT  99.4+1 100.0+0.0 98+0.9 100.0+0.0
TNA 81.8421.7  99.9+0.1 85+20.4 99.9+0.0
TNC  89.849.9 100+0 91.9£3.5  100.0+0.1
TNG 89.1£8.6  99.9+0.1 75.2+4.5 99.9+0.1
TNT 100.0+0.0 100.0£0.0  92.8+2.3 100.0+0.0

This behavior is echoed in Fig. 5, where the fluctuations of the flipping angle and the average
flipping angle are shown for ZNX contexts. Fluctuations for uracil damaged DNA were
significantly greater than those for undamaged DNA (Fig. 5a). Particularly large averages and
standard deviations were seen for the 5' T contexts that experienced frequent flipping (Table 2).
Fig. 5b shows that the average flipping angle for 3’ pyrimidines was generally larger than 3’
purines. These trends were seen for both damaged and undamaged sequences, and indicate that 3'
pyrimidines were better stacked and less solvent exposed. Lower flipping angles correspond to a
more solvent exposed, open state, and for flipping angles below -40° to a state that is flipped
toward the major groove. U:G sequences exhibited the lowest flipping angles; the average flipping
angle of U:G sequences was -27° and significantly lower than for U:A sequences (-18°). In fact,

throughout all U:G simulations uracil existed as a wobble base pair, in an open, more solvent
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accessible state instead of being well-stacked; this opened state helped facilitate base flipping in
U:G sequences. Flipping towards the major groove was more prevalent than flipping towards the
minor groove; but when a base flipped completely extra helically from the major groove side, it
could start interacting with the minor groove. However, all flipping started from the major groove.
Little to no base flipping was observed in undamaged sequences; these sequences exhibited low
flipping angle fluctuations (~ 5°) and large flipping angles (Fig. 5). Overall, these trends in flipping
and flipping motions largely matched trends in BPLs, groove widths and step parameters, with
more frequent flipping for more flexible sequences, particularly for sequences with a 3' purine and
5' pyrimidine adjacent to the flipped base. The link between flipping and flexibility is further
supported by Fig. 6, which shows that the flipping fluctuations and flipping angle (Fig. 5) are
strongly correlated to the BPLs (Fig. 1).

16



a. 30 4 1 @ U:A

> ® UG
o ® T:A
E ® CG
g 207 [l |
— ‘
o, 1 o | ¢
& 10—'}§ : ]
S 5}{ {} .{{{E{L{ QE} {{ | i;
o® (8 a3 " et et i e 00 55 °f° o oo™
b. '
-10+
i ¢
éﬂ -15-{.1}{ ;{{ { t ] i) }
Py -20——i . ! ] ii Ei}i } $ b
=) {i } $ () "{ﬂ
Z ot *{ { s
oD 25 + | |
£ ; { 4] }
& =30+ i ]
—
35+ {
PhgEEYge Y Ige
%2252800545852EE8

Figure 5: Base flipping motions of central N base, averaged over all sequences with a ZNX

context. a) Fluctuations in the flipping angle, b) average flipping angle.
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Figure 6: Correlation of uracil base flipping fluctuations (a) and flipping angle values (b) with

BPLs. Each dot represents a sequence in a ZNX motif for damaged and undamaged DNA.

DNA bending and base flipping were favored toward the major groove in all sequences studied.
To further quantify the coupling between bending and flipping, PMFs as a function of the bending
and flipping angle were calculated from umbrella sampling simulations (Fig. 7). Due to the cost,
these calculations were done for a few representative sequences (Table 1): U:A and U:G base
paired sequences with the flexible TUA and rigid AUT motifs and two controls. Only bending
toward the major groove was considered: this was the only direction observed in the unbiased
simulations, and bending toward the minor groove is known to be significantly harder (Ma & van
der Vaart, 2016; N. Ma & A. van der Vaart, 2017). The PMFs show that flipping is eased when
DNA is moderately bent. Large barriers for flipping were observed when the DNA was either
unbent or heavily bent (Fig. 7). For unbent DNA, flipping out of the minor groove pushed the
DNA to bend toward the major groove to make enough space for the flipped base, indicating that
DNA bends to facilitate flipping (Fig. S6). Back bending toward the minor groove was also
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observed for flipping when DNA was heavily bent; consequently, flipping barriers were large
when DNA was heavily bent. In either case, this behavior was due to the limited amount of space
in the grooves for flipping. When DNA was unbent the minor groove was compressed, while the
major groove was compressed when it was highly bent. This compression of the grooves at very

high or low bending made it more difficult for the base to flip out.
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Figure 7 Potential of mean force as a function the DNA bending angle and uracil flipping angle

(in kcal/mol).

Barriers to flipping were lowest when DNA was bent between 30° and 50°. Bending angles in this
range did not display any back bending towards the minor groove since the groove widths were
wide enough for uracil to be flipped in either direction. In nearly all cases, the main basin was
oriented diagonally, indicating that bending primes flipping toward major groove. Flipping toward
the major groove was indeed favored for all sequences which was consistent with unbiased
observations as well. Many sequences displayed a high energy basin for bent DNA with a flipping

angle of 160°-170°. In this basin, the extrahelical uracil interacted favorably with the minor groove.
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This behavior was also common in many of the unbiased simulations. The free energy for major
groove flipping was minimal at a DNA bending angle of 32 + 6° for all sequences; for minor
groove flipping it ranged between 15° and 45°. The minimum free energy was located at a flipping
angle of -28 £ 7° for U:G sequences and -15 + 7° for U:A sequences. The error bars correspond to
the grid size for the PMF calculation; minima were found at the same grid location for all
simulations. For U:G sequences this was at the same value as the average flipping angle in the
unbiased simulations (-28°), while for U:A sequences it was slightly shifted (-19°). This
consistency reaffirms that the pathway to flipping is lower in free energy for U:G than U:A.

Fig. 8 shows the free energy barriers for uracil flipping. These were obtained from the potential of
mean force of Fig. 7 at a flipping angle of -40°. For U:A strands, major groove flipping barriers
were largest for AUT sequences, followed by AUA and TUT sequences; barriers were lowest for
TUA sequences. Similar trends were observed in U:G strands, except that IAUA had the lowest
barrier. Flipping toward the major groove was particularly facile for U:G strands, with barriers of
1.3-2.2 kcal/mol; these barriers were between 1.7-4.2 kcal/mol less than in U:A strands. For U:A
strands, minor groove flipping barriers were largest for AUT and TUT sequences, followed by
TUA and AUA sequences. Minor groove flipping barriers did not follow the same trends in U:G
strands: TUT sequences had the largest barriers, but no other patterns were found. Some U:G
strands had higher minor groove flipping barriers than U:A strands; moreover, in the U:G strands,
the difference between minor and major groove flipping (7.5-12.9 kcal/mol) was larger than for
U:A strands (1.7-8.5 kcal/mol). Overall, sequence trends for the preferred direction of flipping
(i.e. flipping toward major groove) were similar to the those observed in unbiased simulations: a
5’ T with 3” A facilitated base flipping, while a 5> A with a 3’ T kept the uracil better stacked. The
difference in flipping for AUT and TUA sequences is also consistent with findings from the

unbiased simulations.

20



=
: @ -
£ C
'§ 10 @ ¢ ® . U:A major
- . @ . U:G major
Eﬁ o @ U:A minor
8 | @ U:G minor
&3 e |
]
0T e ¢ oo °
L
- ® - -
0 —

| | | | | | | |
! 1 1 1 | 1 | 1
IAUA 1AUT ITUA 1ITUT 2AUA 2AUT 2TUA 2TUT

Figure 8: Flipping free energy barriers for each of the sequences in Table 1 where uracil is base

paired to either A or G.

Discussion

A systematic simulation study of uracil-damaged DNA showed that the lesion significantly
increases the flexibility of DNA in a sequence-dependent manner. Apart from the bending
persistence length and minor groove flipping barriers of U:G base paired sequences, sequence
trends in the flexibilities of U:A and U:G base paired DNA largely followed trends of
undamaged DNA. For U:G base paired strands, sequence trends in local flexibilities, groove
widths, and major groove flipping were similar to undamaged DNA, but motions were more
amplified and also significantly larger than in U:A paired strands. Therefore, by and large, the
lesion mostly enhances trends in flexibility that are already apparent in undamaged DNA. In
dictating deformability of grooves and steps, DNA bending and base flipping, the 3’ base
immediately adjacent to the lesion is generally the most influential, and 3’ purines induce more

flexibility than 3' pyrimidines. Flexibility is strongly promoted by a 5° thymine immediately
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adjacent to the lesion. Other 5' bases are less influential, although a 5' cytosine mildly promotes

flexibility.

It was recently established that UDG excision efficiency is controlled by substrate flexibility for
DNA with U:A base paired AUT, TUA, AUA and TUT motifs, with higher rates for more
flexible substrates (Orndorff et al., 2023). The current simulations echo trends in flexibility of
those sequences. More importantly, when combined with previously published UDG excision
rates, they indicate that the link between substrate flexibility and repair efficiency can be
generalized to larger sequence contexts. Relative excision efficiencies have been reported for
uracils embedded within a long (> 6 kbp) viral dsDNA (Nilsen et al., 1995), but information on
the flexibility of most constructs was lacking until now. Inspection of these efficiencies shows a
clear correspondence to our established trends in flexibility: sequences with a vicinal 3' T are
generally poorer substrates, while sequences with a 5' T or 3' A or 3' G are generally better
substrates. These observations imply that the link between substrate flexibility and UDG

efficiency is much more widely valid.

Sequences in which the uracil is base paired to guanine resemble a mismatch and exist in a
naturally open state. This not only decreases base stacking and promotes base flipping, but also
contributes to the flexibility of the entire sequence. Sequences in which uracil is base paired to
adenine are better stacked; while much more flexible than undamaged DNA, these sequences bend
and flip less than U:G base paired sequences. It is of interest that Km but not ket was correlated to
substrate flexibility in the aforementioned study (Orndorff et al., 2023), which indicates that more
flexible substrates are better bound. Combined with our finding that U:G strands are much more
flexible than U:A strands, this may explain why UDG binds U:G base paired strands better than
U:A strands (Panayotou et al., 1998).

DNA bending and base flipping are strongly coupled, with more flipping for more bendable
sequences. DNA bending primes uracil damaged strands toward major groove flipping, and DNA
bending by 30-50° facilitates flipping. Flipping for unbent or highly bent DNA is unfavorable,
because of steric interactions of the flipped base with the groove. In fact, flipping at low angles

induces a larger DNA bending angle, and flipping at high angle a back bend. The calculations
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reaffirm the notion that in the UDG complex DNA is bent to facilitate flipping (Franco et al., 2013;
Orndorff et al., 2023), but also explain why bending is only moderate (Bianchet et al., 2003;
Burmeister et al., 2015; Earl et al., 2018; H. Kosaka et al., 2007; H. Kosaka, Nakagawa, N., Masui,
R., Kuramitsu, S., Hoseki, J., 2007; S. S. Parikh et al., 1998; Sudip S. Parikh et al., 2000; Parker
et al., 2007; Pedersen et al., 2015; Geir Slupphaug et al., 1996). Moreover, in the free energy
simulations, the bending angle at which the free energy for major groove flipping was minimized
was 32 + 6° for the simulated sequences (where the error is from the grid size of the PMF). While
the PMF simulations were only done for a subset of sequences, it is intriguing that this value is the
same for all. Moreover, this bending angle is the same as the average bending angle in the crystal
structures (33 + 8°). These observations suggest that UDG binds the substrate in a bend
conformation that is optimal for flipping, and that this particularly bending angle is optimal for

flipping of all tested substrates.

Supplemental Online Material

Figures on the rmsds, distribution of Pearson correlation coefficients for uracil motion, differences
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snapshots, and DNA base flipping and bending of the 2AUT A:U sequence, as well as a table with

groove widths for palindromic steps are provided as Supplemental Online Material.
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