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The impact of sequence periodicity on DNA
mechanics: investigating the origin of A-tract’s
curvaturet
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Periodic sequences in phase with DNA helical shape are prevalent in genomes due to their capacity to
modulate DNA elasticity on a global scale. However, how this occurs is hot well understood. We use all-
atom molecular dynamics simulations on 40 bp DNA fragments to assess the effect of periodicity on
bending, twisting, and stretch elasticity. We observe that DNA static curvature is the mechanical parameter
most influenced by periodicity, with A-tract sequences having the greatest effect. A-tracts generate
global curvature by bending in distinct directions (minor groove and backbones) that complement the
bending of the rest of DNA, which predominantly is towards the major groove. Even if A-tracts are rigid at
the local scale, these small bends integrate with the greater bends from the sequences between, produ-
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cing an amplifying effect. As a result, our findings support a ‘delocalized bend” model in which the A-tract
operates as an ‘adaptable mechanical part’. By understanding how global curvature emerges from local
fluctuations, we reconcile previous contradictory theories and open an avenue for manipulating DNA
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Introduction

The mechanical properties of DNA are fundamental to many
biological processes, for which decoding the complex rules of
flexibility is vital for understanding. The bendability of DNA
molecules is responsible for DNA packing within cells,’ gene
regulation,®” and protein interactions.>® DNA looping is
involved in regulatory regions by bringing together far away
sites along the chain,”® and some processes such as DNA
repair and methylation require change of flexibility at the indi-
vidual nucleotide level.'*™"?

A variety of methods have been employed to probe the
sequence features responsible for mechanical variation in
DNA. Structural imaging methods such as X-ray crystallogra-
phy give atomistic information but lack dynamics.'*'® There
has been success with experiments involving techniques such
as atomic force microscopy (AFM),'®"” cyclization,*'®2° and
optical/magnetic tweezers'”>"">* which reveal dynamic behav-
iour but only at the global scale. This leaves a need for tech-
niques able to study the local dynamics at the atomistic level,
which is filled by computational simulations.>*

Based on the findings of all-atom simulations and X-ray
database analysis, it has been determined that YR (pyrimi-
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mechanics through sequence design.

dine-purine) base-pair (bp) steps are the most flexible, often
exhibiting hinge-like behaviour."#***® In contrast, RR
(purine-purine) steps function as intermediaries, while RY
(purine-pyrimidine) steps are the most rigid. However, this
principle is an oversimplified description due to the influence
of the particular attributes of individual bases. Through the
analysis of all possible tetramers from the ABC simulation
database,”” we found A/T rich sequences tend to exhibit more
extreme mechanical properties, including the most rigid
(AAAA, AATT) and the most flexible (TATA, CACA), compared to
sequences abundant in G/C, which are more average.*®

An important factor for controlling DNA bendability at the
longer scale is the repetitive placement of particular sequences
in phase with the helical pitch. A-tracts sequences have been
studied extensively due to their periodic distribution in
genomes as well as their key role in nucleosome positioning
and DNA looping.”®*° It is widely recognised that multiple
short phased A-tracts introduce a directional bend in the DNA
helical axis, although this is counter-intuitive given that these
sequences possess a straight structure and rigid mechanical
properties.’”?*3% This has been explained by the fact that DNA
in solution tends to bend toward the major groove at the base-
pair level, which makes the local molecular contour be writhed
or crooked*' > (see Fig. 1). Then, the action of phased A-tracts
would be to provide proper helical phasing and not counteract
the net curvature produced by the sequences in between,
according to the non-A-tract model.>*?**> However, the
mechanism that determines the strong curvature caused by

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Sequence-averaged DNA presents a crooked shape due to its
propensity to bend towards the major groove at the bp step level. This
structure is built using average helical parameters®” with A represented
in orange, T in purple, C in red, and G in cyan. The local molecular
contour (in blue) is defined by the midpoint between bp steps.*? This
scheme also illustrates the expansion of 3DNA's algorithm by the
SerraNA program to consider pairs of bp that are not adjacent, using a
10mer as an example. The bending angle (6;;) between two bp i and j is
determined by the directional vectors (z; and Z)) originating from them.
The direction in which bending occurs is decided at the midpoint,
according to the orientation of grooves or backbones. The bending
angle is partitioned into two angles, which are equivalent to roll and tilt,
as defined at the level of two 2 bp.

A-tracts is still not clear. Bending at the edges of A-tracts, as
proposed in the junction model,>*>° or at the A-tracts them-
selves towards the minor groove, as suggested in the wedge
model,***” might also be the cause.

Further periodic signals have been detected by the utilis-
ation of high-throughput cyclization assays, which are capable
of ascertaining the inherent bendability of thousands of DNA
sequences.’® Sequences that have the greatest tendency for
cyclization are distinguished by the repeating of in-phase A/T
dinucleotides on one hand and in-phase G/C dinucleotides on
the other. These two motifs are interconnected by virtue of
being separated by half of the helical repeat (5, 15, 25 bp).>°
However, the exact influence of these correlations on the curva-
ture and dynamics of DNA is still unknown.

The field of DNA nanotechnology has just started to exploit
the growing understanding of DNA elasticity. To construct
complex shapes, for instance, twisting and curvature have
been altered by removing and adding bp.?® Still, the appli-
cation of sequence-dependent flexibility in the manipulation
of DNA nanostructures is infrequent. Recently, a Brownian
ratchet employing sequence-dependent flexibility gradients
has been suggested as a novel approach to facilitate the trans-
portation of positively charged nanoparticles.’® However,
A-tracts have been the sole motif specifically used in the con-
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struction of sequence-specific designs so far, including DNA
minicircles*® and lipid bilayers encircled by DNA.**

Although the origins of flexibility at the bp level are well-
established,'*** there have been limited efforts to understand
how these bends combine to produce global bending. These
studies have primarily relied on simple mesoscopic models
using the nearest-neighbour approximation (only interactions
between two bp),>>**** despite the well-established impact of
the sequence context.>®*> A new bp-level model incorporating
long-range effects through the implementation of machine
learning techniques has been recently developed, although it
has not yet been employed to calculate global elastic pro-
perties.*® All these limitations hinder our capacity to precisely
predict the mechanical characteristics of genomic sequences
or design sequences for DNA nanotechnology.

We previously developed the Length-Dependent Elastic
Model (LDEM) to characterize the evolution of DNA mechani-
cal properties as length scale progressively increases from a
single bp, through the analysis of all-atom molecular dynamics
simulations.?" Using this model, we observed that the tran-
sition from local to global elasticity typically occurs within the
length of one DNA turn, resulting in long-range values that are
consistent with DNAs at the kbp scale.”®*! The elastic con-
stants undergo significant changes at small lengths, until they
reach approximately 10 bp or a full helix turn.>®*' As the
length continues to increase, the elastic constants hit a
plateau, indicating that they remain moderately constant
without any major alterations (see Fig. S1t). This implies that
the global elastic properties of a sequence motif can be deter-
mined through all-atom simulations of relatively short DNA
fragments (30-50 bp). The implementation of the LDEM in the
SerraNA program allows for the execution of all these calcu-
lations in a highly efficient manner (https:/github.com/agnes-
noy/SerraNA)*® and has been employed in the present study.

Here, we conduct a systematic analysis of how sequence
periodicity affects DNA mechanical characteristics in terms of
bending, twisting and stretching, using all-atom molecular
dynamics. The goal is to understand why the repetition of
certain sequences results in DNA fragments with exceptional
mechanical properties. For these reasons, we designed and
modelled a series of 40 bp-long sequences with different peri-
odic patterns, taking into account the general YR/RR/RY prin-
ciple of DNA mechanics while integrating the most malleable
(TATA, CACA) and rigid (AAAA) tetramer motifs®® (see Fig. 2).
The 40 bp length was selected as a compromise between cap-
turing the plateau behaviour while optimizing computational
resources, as they are among the longest linear DNA molecules
simulated with an atomic description of the entire system,
including the solvation box.>**’

Materials and methods
Design of DNA sequences

A total of 24 linear DNA fragments containing 40 bp were built
using the NAB module from Amber20.”® Sequences were
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Fig. 2 Total (A), dynamic (Ag4) and static (As) persistence lengths of modelled DNA fragments. Sequences are grouped according to the constituent
bases (A/T, G/C and mixture) and coloured according to their pattern. The out-of-phase sequences were positioned following their equivalent in-
phase sequence pattern to facilitate comparison. Error bars represent the confidence intervals of the directional decay fitting at 70% as calculated

by SerraNA. Y refers to pyrimidines and R to purines.

designed under the assumption that helical pitch was effec-
tively 10 bp at this limited scale. They were classified primarily
into three categories: (i) uniform, including (R),9, (YR)20; (ii)
periodic, including (RsYRYRY),, (R5Ys)s, (RoY)s; and (iii) non-
periodic, including variants of the motifs listed above.
Sequences were also grouped by base composition being A/T,
C/G or mixture (see Fig. 2).

Simulations

A CG segment was placed at each end of the 40 bp
sequences to prevent end melting during the simulation.
The resulting 44 bp sequences were built using the nucleic
acid builder utility in Amber20 with bsc1 force-field.*®*° The
structures were solvated in TIP3P octahedral boxes®® and
Na‘/Cl~ pairs, using Smith-Dang parameters,’’ to achieve a
physiological salt concentration of 200 mM. Simulations
were carried out with the pmemd.cuda code from Amber20*®
using periodic boundary conditions and Particle Mesh
Ewald.”®> Movements of hydrogen atoms were annihilated
using SHAKE,”® which allowed us the use of a 2 fs inte-
gration step. The systems were subjected to a minimisation/
equilibration process according our standard protocols*>*®
and followed by 500 ns of productive simulations, which
provides an adequate sampling for elastic constant calcu-
lations.>® Simulations were performed at constant tempera-
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ture (300 K) and pressure (1 atm) using the Berendsen ther-
mostat and barostat.>*

Structural parameters and elastic constants

The elastic constants for bending, twisting, and stretching
were estimated for each DNA molecule using SerraNA, as
detailed before.*®*! This application employs the helical coor-
dinate system, as defined by the 3DNA program,®® to analyse
all the frames from simulations at the bp level. SerraNA
expands the 3DNA’s algorithm to characterize the geometry of
not only two consecutive bp, but also those separated by an
increasing number of nucleotides (see Fig. 1).

The program utilises the worm-like chain model (WLC) to
compute persistence lengths (A) by fitting the directional
decay between the tangent vectors (£; and ;) of two bp (i and j)
that are separated by a growing number of bp steps N with a
distance rise b of 0.34 nm. By assuming a sufficiently weakly
bending molecule, SerraNA simplifies WLC’s formula ({cos 6;,) =

e b/A), considering only the quadratic approximation:
1 bN
<c0s0id>%175<02>£177. (1)

where (6; f) are obtained from the simulated ensemble using
all sub-fragments with length N for a particular DNA molecule,
and A can be read off using the above definition.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr02571g

Open Access Article. Published on 04 September 2024. Downloaded on 7/30/2025 12:30:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

The net linear increase in (6; JZ) with length comes from the
distribution of static bends along a molecule ((6,*)) and the
dynamic bends induced by thermal fluctuations ({(04%)).°*"’
SerraNA obtains the former from the average bp step para-
meters, which determine the local static bends, and the latter
though (6%) = (6% + (04%).%°" Then, the static and dynamic
contributions of the persistence lengths (4s, Aq) are deter-
mined using the fitting of the linear directional decays, follow-
ing the same approximations as before:****

1-1/2(6) =1 —%
2 o (2)
1-1/2(04) = g

which provides the heuristic expression 1/4 = 1/A, + 1/Aq>*>
when combined.

The direction of bending is established by partitioning it
into two components: roll (towards the grooves) and tilt
(towards the backbone). The decomposition of bending is
defined according to the orientation of DNA’s grooves and
backbones at the mid-point between the two bp considered, as
defined in the 3DNA algorithm (see Fig. 1).

The bulk torsional modulus for each sequence (C) is deter-
mined by taking the overall average of C;; values obtained for
all sub-fragments longer than 10 bp (after the transition from
short- to long-range behaviour).”’ Each individual C;; is
obtained from the elastic matrix F;; = kgThNV; J_], where V; J‘l
represents the inverse covariance matrix extracted from simu-
lations using the bending, twisting and stretching parameters
for that particular sub-fragment comprised between bp i and
J.2%?' Covariance matrices (V;;) are assumed to have a multi-
Gaussian distribution, and while this is not always the case for
short sub-fragments due to their bimodality,””*>*® this behav-
iour rapidly dissipates as the DNA reaches the length of a com-
plete helical turn.*®

Similarly, stretch moduli for each sub-fragment (B;;) are cal-
culated using the diagonal term of F associated with the end-
to-end distance. Because the stretching response of relatively
short DNA molecules is affected by long end-effects, the bulk
stretch modulus (B) is determined through the linear fitting of
its length dependency, using only the central 18mer and sub-
fragments exceeding 10 bp®*®' (see Fig. S1f). This limited
fitting has been demonstrated to be enough for capturing
long-range behaviour, resulting in values that are comparable
to those obtained through single-molecule techniques.

Results and discussion

In order to discern the consequences of sequence periodicity
on DNA deformability, we investigated a series of linear DNA
fragments of 40 bp, combining different sequence motifs: (i)
uniform sequences as (R)yo and (YR),o, expected to be rigid
and flexible, respectively; (ii) periodic in-phase sequences of
alternating rigid and flexible pentamers ((RsYRYRY),); (iii) per-
iodic in-phase sequences with the flexible part reduced to

This journal is © The Royal Society of Chemistry 2024
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minimum ((RgY),); (iv) periodic sequences of alternating rigid
pentamers (Rs), placing hinge (YR) and anti-hinge (RY) steps
half-turn from each other and a full turn from themselves
(RsYs)s; (v) out-of-phase variations of (RsYRYRY),, such as
(R4YRYR)5 and (R3;YRY)s R;Y; and (vi) out-of-phase variations
of (R5Y5)4, such as (R,Y,4)s and (ReYe)3Ry.

Persistence length correlates with the amount of flexible bp
steps

Persistence length values A obtained from our simulations are
larger than the general experimental measurements of
45-55 nm'®*"?? but in agreement with other simulation
data®®*®*"9 (see Fig. 2 and Table S1}). This is common for
MD simulations, possibly due to an overestimation of stacking
interactions® or the simulations being conducted in much
more controlled salt conditions of monovalent (Na“, Cl7) ions
only, compared to experimental conditions where there are
other species such as Mg”*, Hepes and Tris'®?"?*> which sig-
nificantly affect DNA flexibility.”"®" Nevertheless, our simu-
lations can reproduce the degree of change observed in single-
molecule experiments'” when comparing sequences with
phased A-tracts (yielding an average + standard deviation of 63
+ 6 and 44 + 3 nm, respectively) and those without (67 + 8 and
47 + 4 nm), resulting in an identical decrease of 6%.

The variability of persistence lengths observed in Fig. 2
underscores the sequence-dependent nature of DNA flexibility
at this global length scale, as documented in prior
research.'®?%263%62 One can easily see that the nature of bp
steps plays a significant role when comparing sequences made
up of identical bases. At the A/T block, (A)yo presents a larger A
than (TA),, due to the accumulation of flexible TA steps.
However, for the G/C group, this order is reversed and (G)y, is
more flexible than the (GC),,. A similar observation was pre-
viously made at the tetramer level (GGGG vs. GCGC).”® This
can be explained by the fact that the GG step has a consider-
ably lower stacking energy than CG and GC,%*** which leads to
weaker interactions between adjacent bps, thereby permitting
bending and deformation. Overall, the remaining sequences,
including those in the mixed group, fall within the range of
values derived from their respective polydinucleotide
sequences, regardless of whether they exhibit periodicity in
phase or not (see Fig. 2). Nevertheless, some RxYy sequences
are exceptionally stiff as a result of the accumulation of poly(R)
and RY steps, both being similarly rigid and not compensated
by the flexible YR steps.

All these results suggest that the total number of flexible bp
steps determines the persistence lengths of individual DNA
fragments. We verified this idea by finding a measurable corre-
lation between the global value of A for each individual DNA
fragment and the mean value obtained from all the constitu-
ent tetramers in that specific sequence (with a correlation
coefficient of 0.52, see Fig. S21). When we only consider the
bendability caused by thermal fluctuations (i.e. Aq), the corre-
lation coefficient increases to 0.57, but it decreases to 0.51
when we only consider the static curvature (ie. Ag) (see
Fig. S2t). This suggests that the flexible or rigid character of
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the constituent bp steps dictate Aq. On the contrary, our
results indicate that a large number of short curved motifs is
not sufficient to predict a strong global curvature; rather, they
must be arranged in a particular manner (see below).

In-phase periodicity increases overall DNA curvature

The A, data is significantly more varied than the A and A4 data,
which agrees with Mitchell et al®° and Velasco-Berrelleza
et al.,”® who found sequence-dependent variation in A to be
primarily due to changes in intrinsic shape (i.e. Ag), rather
than to thermal fluctuations (44). Additionally, we noted that
the A/T group has the greatest degree of variance, while the
G/C group presents the least, consistent with our findings at
shorter length scales.?®

By employing the non-curved features of A-tracts, we
observe that curvature rises with the in-phase alternation of
curved and non-curved blocks (Fig. 2). Our simulations show
that (R;YRYRY), in the T/A and C/A groups have lower 4 (i.e.,
stronger curvature) than the corresponding (RY),,. This impact
is decreased when the flexible YRYRY section is reduced to a
single RY and YR step in (RogY), sequences. However, curvature
rises in (R5Ys)s sequences, indicating that the separation of
alternating RY and YR steps by 5 bps is a very efficient way for
causing curvature. Finally, we notice that deviations from in-
phase periodicity reduce or maintain DNA curvature, but never
increase it (Fig. 2).

In summary, our simulations suggest that alternating
curved and non-curved sections on DNA, aligned with its
helical structure, are essential for creating a significant overall
curvature. This is especially true when A-tracts are present,
regardless of the length or composition of sequences between
(T/A, C/A, or G/C motifs), as seen in previous experiments.'”*
Our findings are consistent with high-throughput cyclization
data, which identified A/T and G/C dinucleotides separated by
half a DNA turn.*® Although the same study found a weak
spatial association between AA and CA, gel electrophoresis
experiments have demonstrated that the presence of CA steps
helps to generate a particularly large curvature with A-tracts,®
which is in agreement with our simulations. Lastly, our
measurement of the degree of bending per decamer contain-
ing an A-tract is 17.7 + 0.5 degrees, which agrees really well
with the value of 18 degrees found by gel electrophoresis®® and
NMR structures®’ (see Fig. 3).

A-tract curvature is induced via the delocalized-bend model

We then investigated the connection between local and global
bending to determine which are the structural factors that con-
tribute to create a significant curvature when A-tracts are
present. A clear pattern at the dinucleotide level confirms the
basic notion that YR steps exhibit the most pronounced local
bends (similar to hinges), RY steps display the least bending
(anti-hinges), and RR steps exhibit an intermediate behaviour
(Fig. 3). Because the strongest local bends always point
towards the major groove (giving positive values for roll; see
Fig. S37), they cancel each other out in uniform or out-of-
phase sequences, due to their all-around orientation (Fig. S47).
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Then, the bending profiles for these sequences become flatter
as we extend the length of the sub-fragments, indicating that
there is no prevailing curvature direction and that bending
magnitude increases due to thermal fluctuations (Fig. 3). In
contrast, in most in-phase periodic sequences, local bends
couple to build up a large curvature, due to the consistent pla-
cement of their major grooves on the same side of the DNA.
This is reflected by the presence of peaks in the bending pro-
files, showing regardless of the length of the sub-fragments
(Fig. 3).

Therefore, our findings would initially suggest that the
source of bending is outside the A-tracts and that their
primary function is simply to be stiff and not counteract the
net curvature caused by the sequences between, as per the
non-A-tract model. Nevertheless, upon closer inspection of the
global bending profiles, we observe that the largest curvature
is not centred around YR steps, but rather is displaced in most
cases (Fig. 3).

To establish the orientation of the global DNA curvature
presented for each fragment, we decomposed the bending
angles into the roll and tilt components according to the mid-
point of the selected sub-fragments (see Methods and Fig. 1).
We chose to examine the 10 possible 30 bp sub-fragments
from the 40 bp sequences because their midpoints cover the
whole central DNA turn, thus accounting for every conceivable
orientation of the global curvature (see Fig. 4). We observe that
the largest curvature arises from a combination of bending
towards the grooves and backbones, with the latter being
equally important as the former (Fig. 4A and S47). A-tract
sequences bend towards the minor groove and backbone,
while sequences in between bend towards the major groove, as
shown in representative structures matching the two-com-
ponent bending profiles (Fig. 4B). In contrast the equivalent
non-curved sequences, like (GsCGCGC), and (GsCs),, have a
flatter profile without bending towards the minor groove and
backbones, demonstrating the significance of bending in
A-tracts (Fig. 4C, S3 and S47).

This preferred curved orientation is commonly observed in
our simulations for various sequences (such as (A;CACAC),,
(AsCGCGC),, (AsCs), and (AoC),) and is consistent with pre-
vious high-resolution structures®”*®* and simulations.'®>®
Specifically, A-tracts shift from a positive tilt at the 5’ junction
to negative at the 3’ junction, displaying a bending toward the
minor groove (negative roll) in the middle closer to the 3’
junction.

Because curvature emerges from bends inside and outside
A-tracts, our results support the delocalized-bend model pro-
posed by Crothers and co-workers.®®*®® This model amalga-
mates aspects from the alternative theories: curvature arises
from phased combinations of bending towards the major
groove (as in the non-A-tract model) and towards the minor
groove and backbone (A-tract model). The equivalence in
bending between (A;CACAC), and (A5Cs), sequences suggests
that the bend at the 5’ junction is critical, hence providing
support for the junction model. Nevertheless, our simulations
show that YR steps at the 5’ junction are not particularly flex-

This journal is © The Royal Society of Chemistry 2024
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G/C ones, which aligns with global A values.

ible, contrary to what was initially proposed by this
hypothesis.>**® Rather, their significance is derived from the
positioning of A-tracts to bend towards the minor groove and
backbone, as well as non-A-tracts to bend towards the major
groove. Collectively, the combination of these local effects pro-
duces a global curvature that is directed into the minor groove
at the A-tracts, slightly shifted towards the 3’-end. This corre-
lates well with the overall bending orientation deduced from
gel electrophoresis and hydroxyl-radical cutting.>®°%7°

A-tracts are versatile segments that enhance the curvature of
adjacent sequences

Based on our calculations, the mechanical property that
makes A-tracts essential for inducing large curvature in DNA is
the ability to bend in any direction, albeit only marginally,
owing to their rigid nature.”"”> This differentiates them from
the remaining DNA sequences, which are restricted to bending
in the direction of the major groove. As a result, A-tracts con-
tribute to the global curvature through their distinctive bends
toward the minor groove and backbones, which complement
the common DNA bends toward the major groove. This

This journal is © The Royal Society of Chemistry 2024

explains why the nature of the sequences between them has
such a negligible effect on this curvature.”® The (AoC),
sequence demonstrates the adaptability of A-tracts, as they
bend towards the minor groove and two backbones, allowing
the isolated YR steps to bend in the direction of the major
groove (Fig. 4).

Stretch and torsion moduli

The average stretch (B) and torsion moduli (C) for all our mod-
elled DNA fragments are 1882 + 455 and 104 + 18 (tstandard
deviation), respectively (see Table S1t). These values are in
reasonably good agreement with the results obtained from
single-molecule experiments, which are typically around 1500
pN and 100 nm.”>7® Recent experiments have shown that DNA
fragments containing A-tracts have higher stretching rigidity
(2400 + 220 pN),"” which could explain the comparatively high
value of B in our proposed sequences. By analyzing all simu-
lations without A-tracts, we obtain a lower average (1608 =
582), which is more consistent with the experiments con-
ducted on random DNA.”® The remaining sequences (with
A-tracts) provide a higher average (2018 + 336), which,

Nanoscale, 2024, 16, 18410-18420 | 18415
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Plots identical to those in (A), except for sequences lacking distinct curvature, as shown by the comparatively flat profiles. In each panel, dashed

lines indicate molecular midpoints.

although not identical to the experimental result, replicates
the observed trend.

Our simulations reveal that periodicity has no major effect
on the stretch modulus of a certain sequence (Fig. 5A). Instead,
the mechanical parameter appears to be influenced by the flex-
ible character of the constituent steps, as evidenced by the cor-
relation between global and local values with a coefficient of
0.48, in a similar manner to the dynamic persistence length (44)
(Fig. S2t). Contrary to the persistence length, G/C sequences
exhibit the largest variability, whereas the A/T group presents
the lowest (Fig. 5A). This agrees with the fact that the stretch
modulus is determined by the crookedness of the molecule, i.e.
the oscillations of bp centres around the molecular axis.’?
Then, the change in DNA contour length is mostly due to align-
ing the base pair centers with the helical axis, rather than
separating successive base pairs, which is prevented by the
strong stacking interactions.>"**”” Consequently, GG is the
most crooked polydinucleotide sequence®® and presents the
lowest stretch modulus, whereas GC is among the least crooked
sequences® with a high modulus. Sequences abundant in A/T
are comparatively rigid despite their weak stacking inter-
actions,® due to their comparatively low crookedness.*

The global torsional modulus of individual DNA segments is
not influenced by periodicity and shows a weak correlation with

18416 | Nanoscale, 2024, 16, 18410-18420

the constituent oligomers (with a coefficient of 0.09), suggesting
a complex transition between the short and long-range behaviour
(Fig. 5B and S21). Typically, the torsional modulus shows a cross-
over from relative soft values of around 30-60 nm at the dinucleo-
tide level to a large-scale asymptotic value between 90-120 nm.
However, our results indicate that this transition does not occur
in a uniform fashion. Instead, the different sequences exhibit
varying capacities to connect local oscillations within neighbor-
ing sequences in order to produce global fluctuations. When
examining sequences with similar torsion modulus at the dinu-
cleotide level, we notice that they exhibit a distinct rate of change
as the DNA length increases (see Fig. 5C). In some sequences,
the local fluctuations exhibit a high anti-correlation as length
increases, generating a rigid torsional modulus, whereas, in
others, the local fluctuations are more independent resulting in a
softer global elastic constant (Fig. 5C).

The varying capacity to connect local and global variations
for the different sequences could be caused by the distinct
levels of crookedness, as suggested by the remarkable corre-
lation between twist and stretch elastic constants (with a coeffi-
cient of 0.73, see Fig. S5). It is worth noting that a crooked
DNA fragment can alternatively be described as locally super-
coiled or writhed. Therefore, alterations in this structural para-
meter can be counterbalanced by fluctuations in twist, as per

This journal is © The Royal Society of Chemistry 2024
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twisting are the standard deviation obtained from considering all sub-fragments longer than 10 bp, as it is calculated by SerraNA and described in
the Method section. Y refers to pyrimidines and R to purines. (C) Length dependence of C for all simulated sequences, colored based on the value at
the dinucleotide level. C remains constant when variance simply adds up as we increase the length of the fragment; C increases when fluctuations
between neighbouring sections are negatively correlated, and decreases when these are positively correlated.

the DNA topology relation. In this, the total number of times
one strand revolves around the other (i.e. the linking number)
is equal to the sum of twist and writhe. We anticipate that the
potential correlation between twist elasticity and crookedness
will be the focus of subsequent research.

Conclusions

In this study, we performed all-atom molecular dynamics
simulations for numerous 40 bp DNA sequences with varying
levels of periodicity and analysed their elasticity and static cur-
vature using our software SerraNA. We found that the dynamic
persistence length is primarily influenced by the quantity of
flexible bp steps, whereas curvature is influenced by sequence
periodicity aligning with the helical shape of DNA. This is due
to the fact that, when position periodically, the structural fea-
tures of a specific sequence (major groove, minor groove, back-
bones) always face the same side of the DNA, multiplying the
effect of its inherent curvature.

Our simulations indicate that A-tract is the sequence motif
that generates the largest curvature when positioned at in-
phase regular intervals, in agreement with previous experi-
ments.>® By examining how global curvature emerges from
local bends, we provide a comprehensive understanding of the
origin of this curvature, tying together previous theories

This journal is © The Royal Society of Chemistry 2024

(A-tract, non-A-tract, and junction), which focused on the sep-
arate structural factors. We show that curvature can be attribu-
ted to the coordination of bends, both inside and outside
A-tracts, supporting the delocalized-bend model proposed by
Crothers and co-workers.®® On one hand, DNA bending occurs
predominantly at the flexible YR steps and, on average, is
directed toward the major groove. On the other hand, A-tracts
possess the distinct capacity of flexing in the other directions
(minor groove and backbones), even if it is only marginally
due to their rigid nature. Major curvature therefore emerges
from the phased combination of strong bending toward the
major groove in non-A-tract sequences and weak bending
toward the minor groove and backbone in A-tracts. The combi-
nation of these local effects produces a global curvature that is
directed into the major groove at the 5' junction of A-tracts
and into the minor groove at the 3' junction, explaining the
junction model derived from biochemical studies.

A-tracts’s fundamental property for inducing large curva-
ture is their mechanical adaptability, which enables them to
bend in various directions and couple with the directions of
the surrounding sequences, thereby producing an amplifying
effect. Thus, A-tracts mechanically versatile
elements. The composition of the sequences between A-tracts
hardly affects this curvature because the vast majority of DNA
sequences predominantly bend in the direction of the major

operate as

groove.
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Finally, our simulations reveal that the stretch and twist
elastic constants are independent of DNA periodicity. While
the number of flexible bp steps influences stretch modulus in
the same way as dynamic persistence length does, torsional
modulus has a more complex link between local and global
elasticity that needs additional investigation. Overall, the find-
ings presented in this work not only bring new insights into
the flexible features of periodic sequences in genomes, but
also facilitate the development of sequences with ad hoc
mechanical characteristics that can be utilized in DNA
nanotechnology.
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