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Abstract

The mechanics of DNA bending is crucially related to many vital biological pro-
cesses. Recent experiments reported anomalous flexibility for DNA on short length
scales, calling into doubt the validity of the harmonic worm-like chain (WLC) model
in this region. In the present work, we systematically probed the bending dynamics of
DNA at different length scales. In contrast to the remarkable deviation from the WLC
description for DNA duplexes of less than three helical turns, our atomistic studies
indicate that the neutral “null isomer” behaves in accord with the ideal elastic WLC,
and exhibits a uniform decay for the directional correlation of local bending. The back-
bone neutralization weakens the anisotropy in the effective bending preference and the
helical periodicity of bend correlation that have previously been observed for normal
DNA. The contribution of electrostatic repulsion to stretching cooperativity and the
mechanical properties of DNA strands is length scale dependent; the phosphate neutral-
ization increases the stiffness of DNA below two helical turns, but decreases for longer
strands. We find that DNA rigidity is largely determined by base pair stacking, with

electrostatic interactions contributing only around 10% of the total persistence length.
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Introduction

The mechanical properties of DNA play a key role for its activity in cells, and quantifying the
intrinsic elasticity in the sub-persistence length (I, ~ 150 base pairs) is essential to under-
stand the structural dynamics of cellular processes, such as replication and transcription.
Previous experimental and theoretical investigations at the single molecule level suggested
that DNA can be characterized as an ideal elastic rod, and well described by the traditional
worm-like chain (WLC) model.?® However, this result has been challenged by recent exper-
iments that probe the inherent flexibility and bending of DNA fragments on short length
scales. The cyclization assays of around 100 base pairs (bp) DNA, based on ligation reac-
tion, performed by Cloutier and Widom, revealed a much higher rate of cyclization than
the prediction of the WLC model, indicating greatly enhanced flexility.%” This unexpected
result is supported by later atomic force microscopy (AFM) and small-angle x-ray scattering

810and verified by the recent cyclization experiments of single DNA molecules

experiments,
directly monitored using single-molecule fluorescence resonance energy transfer (smFRET). !
Molecular dynamics (MD) simulations by Noy and Golestanian revealed a smooth crossover
behaviour for the twist modulus, indicating less resistance to twisting for length scales less
than about half a turn of the helix.!? This surprising length scale dependence questions
the validity of the WLC model for DNA shorter than [,. To explain the relatively large
flexibility of short DNA, extended WLC models have been developed by allowing for the
formation of temporary bubbles'® or kinks.* ! However, there is still no reliable evidence
for DNA segments with opened base pairs.® Recent theoretical'®?° and experimental stud-
ies?122 questioned the anomalous bending of DNA on short length scales, arguing that DNA
can be well described by the harmonic WLC model. Although recent AFM experiments
demonstrated that the bending fluctuation in DNA is well described as a WLC chain on all
length scales beyond three helical turns,?' the length limit at which the WLC model holds
remains uncertain, and the mechanical properties of DNA at short lengths remain intriguing,

controversial, and important.?32°



In this communication, we try to determine when DNA starts to deviate from the WLC
model, and to uncover the origin of this deviation, using atomistic MD simulations of the
intrinsic bending of dinucleotides to five helical turns. The rigidity of DNA is found to come
from the compressive base stacking combined with the significant electrostatic repulsion
along the backbone. To extract the electrostatic contribution from the overall effects, a “null
isomer” of DNA is constructed, which is a hypothetical structure?2® with the backbone
neutralized by reducing the charge of the phosphate groups.?$?® Hence we quantitatively
analyse the role of electrostatics in regulating the elasticity of DNA, structural stability
and functional dynamics of DNA on intermediate length scales, especially the excessive

flexibility. 2330

Results and discussion

The DNA sequence used in the experiments of Vafabakhsh and Ha!! is chosen as the model
system, modified to ensure that no less than five copies of the 10 unique dinucleotide steps are
included (GCTAG TACCG CAATA TAGAC TCGCT TCTAA TTGAC CATGA CTATC
CTCAC CGCCA CCGTT GCG, see Supporting Information). The “null isomer" can be
obtained by reducing backbone charge or introducing site-specific neutralizing chemical sub-
stitutions of phosphate oxygens.?2® To avoid the the stereospecific effects induced by the
incorporation of methylphosphonate or other groups,?’ such as bending orientation, groove
width and water distribution, we neutralized a given phosphate group by adding charge of
+1.0 e, including one phosphorus (P) and four oxygen (O1P, O2P, O3’, O5’) atoms, leaving
the partial charges of all the other atoms of the nucleotides unchanged. The DNA geometric
variables and helical parameters between two neighbouring base pairs are calculated using
our in-house program package based on the methodology of 3DNA.3133 According to the
principles of the WLC model, the bending angle 6 of two tangent vectors z; - z; separated

34

by a distance L;; obeys the general theory of fluctuations,3* (cos#; ;) = e Lii/l where I,



is the bending persistence length. For a sufficiently weak bending rod, this equation can be
rewritten in a linear form as (cos6; ;) =1 — 3(0?,) = 1 — L; ;/,. The apparent persistence
length [, can then be derived using the growth rate of the averaged (cos#; ;) with respect
to the fragment length L;;. The present analysis of the effects of backbone neutralization
on the elastic properties of DNA at different fragments lengths was inspired by the previous
contribution of Noy and Golestanian.!?

Figure 1 presents the probability distribution (P) of bending angles () in various lengths
of DNA. For normal DNA with segments longer than 25 base pairs, the MD derived distri-
butions of In P vary near linearly as 1 — cos #, shown the gray dashed line in Figure 1c. This
behaviour agrees very well with the WLC model, and agrees with the previous experimental
and simulation results.21:3%36 On short length scales, a remarkable deviation from the WLC
description is observed. In contrast to the length-dependent behaviour of the probability
distribution for DNA bending, the “null isomer” DNA double helix with the same sequence
but no net charge exhibits a completely different pattern, in which the MD distributions give
descending straight lines of In P versus 1 — cos @ for all the DNA chains investigated. This
linear dependence of In P on 1—cos# is in good agreement with the WLC theory, and there-
fore reveals a homogeneous characteristic of bending fluctuations for neutral DNA. These
results demonstrate that macroscopic elastic theory can accurately describe DNA bending
at the base pair level if the net charge is removed.

As suggested by molecular simulations and statistical analysis of protein-DNA struc-
tures, 3?37 the nonlinear behaviour of normal DNA on short length scales originates from the
heterogeneity of the intrinsic geometric frustration in the B-DNA structure, such as the back-

35:38 accompanied by anisotropy of groove bending.3>3" The anisotropy in

bone compression,
the effective bending preference into the major or minor grooves, in addition to the sequence
inhomogeneity of DNA, are responsible for the variations in local bending motions.3?4° These

effects explain the significant downward deviation of the tails in the In P curves with re-

spect to the linear regression lines obtained for small angles for normal DNA fragments of
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Figure 1: Probability distribution for bending angles (6) in DNA fragments of
N = 5, 15, 25, 35, 45, and 55 bp, in normal DNA (c), and neutral DNA (d), in

which backbone phosphates are neutralized. The gray dashed lines represent linear re-
gression analysis of the initial points (at least five.). All plots are consecutively shifted
vertically for clarity. After shifting, the values of the In probabilities at 1 — cos# = 0.01 are
—4.0, — 2.5, — 1.0, +0.5, +2.0, + 3.5 for DNA fragments of N = 5, 15, 25, 35, 45, and
55 bp, respectively. (a) 63 bp DNA oligomer; (b) schematic diagram of the DNA contour
length (L), end-to-end distance (L), and bending angle.



less than two helical turns, shown in Figure 1c. The shorter the fragments, the larger the
deviation from the WLC distribution derived using [, fitted for longer length scale. This
anharmonic elastic behaviour will be masked for DNA beyond more than two or three helical
turns because of averaging, therefore approaching a WLC angular distribution. Accordingly,
the backbone electrostatic repulsion can be viewed as a significant perturbation to the elastic
energy function of the WLC model, causing deviations from WLC theory for short DNA frag-
ments. The reduction of backbone electrostatic repulsion decreases the perturbation coming
from the neighbouring base pairs, and therefore reduces the bending anisotropy (Figure 1d).
Our results indicate that the reduction of phosphate net charge helps to reduce the overall
preference of bending direction for short DNA fragments, and therefore results in consistent

bending behaviour on different length scales.
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Figure 2: (a) The variance of the end-to-end distance (L) and the contour length (L, inset)
extracted from MD simulations of 63 bp DNA. Panels (a) and (c), the stretch modulus
associated with L (B, b) and Ly (By,, ¢). The stretch modulus is also calculated for
the central three DNA turns associated with L, Ly, and the corresponding additive helical
parameters, 12 shift, slide and rise (d, e). The average values and their standard deviations
were calculated using all possible subframents with a particular length.

We now turn to the effects of electrostatic repulsion on the stretching response of DNA.



The derived variations from MD trajectories for both normal and neutral DNA helices ex-
hibit a nearly linear dependence on contour length (L), and a faster-than-linear growth for
the end-to-end distance (L, Figure 2a), in accord with previous simulation results of Noy
and Golestanian.'? Although the phosphate neutralization greatly enhances the fluctuation
of the end-to-end distance, indicated by the larger variance, the variance profiles in terms
of contour length differ slightly. This difference arises because, rather than the essentially
uncorrelated and independent behaviour of contour length, the end of the duplex fluctuates
in a cooperative way and can be influenced by the motions of neighbouring segments, *!?
which are affected by the backbone electrostatic interactions. Further examination indi-
cates lower variances for the contour length on length scales over three helical turns for
neutral DNA compared to its normal counterpart. The smaller variances of Ly for neutral
DNA at long length scales imply enhanced rigidity because of the phosphate neutralization.
Correspondingly, neutral DNA exhibits a significantly larger stretching modulus (Bp,) than
normal DNA on all length scales (Figure 2c). For the end-to-end distance, the enhanced
superlinear growth in the variance with respect to the number of bases at long length scales
suggests that phosphate neutralization contributes to the stretching cooperativity for DNA
duplexes longer than one to two helical turns. Hence the effects of backbone electrostatic
interactions on the stretching fluctuations are length scale dependent. The elastic modulus
exhibits a slightly larger value for neutral DNA from one base pair to approximately two
DNA turns, above which an enhanced softening was observed, finally resulting in smaller By,
values by about 250 pN compared with the normal charged form (Figure 2b). This result
indicates the reduced vibrations thus weakened stretching cooperativity at lengths less than
two DNA turns because of the stronger stacking interactions when backbone phosphates are
neutralized.

The above results raise the question of why end-to-end distance and contour length
stretch definitions with respect to the duplex length exhibit such different elastic responses

to phosphate neutralization. To exclude the end effects on the local elastic properties of



inter-base pairs, we calculate the stretch modulus of the longitudinal rise, and the two
lateral shear components (i.e., slide and shift) of the central three helical turns of the 63-
mer oligonucleotide (Figure 2d,e). We find that the neutral DNA produces increased force
constants for the three helical parameters compared with normal DNA, especially for the rise
parameter (displacement along the helix axis), where the elastic modulus increases by about
1500 pN. Since the effective elastic modulus of contour length can be roughly quantified
using the average value of the three local force constants,'? it is understandable that the
stiffness of contour length is significantly enhanced after phosphate neutralization. We then
analysed the behaviour of end-to-end distance for the central three helical turns of our
model DNA helix strand, and found that B first increases from a value of approximately
1500 pN to a maximum at around 8 bp, and finally reaches a plateau (around 1300 pN).

1241 and experiments. 42

This result accords with the values previously reported in simulations
The stiffening of the end-to-end distance for DNA below two helical turns after phosphate
neutralization is retained. This result occurs because for short duplexes, the end-to-end
distance is predominantly influenced by the rise parameter at short length scales.'? The
larger modulus of the rise, caused by the stronger stacking interactions upon backbone
neutralization, explains why By, exhibits a relative stiffening on short length scales. Similar
to the normal DNA, evidence of cooperativity with a crossover at around one DNA turn was
observed after neutralization, confirming the critical role of end effects correlating with the
stretching cooperativity and the soft stretch modulus of DNA on long length scales. 2% It is
interesting to note that elastic constants for the end-to-end distance at the plateau stage are
very close to each other in the internal fragment for neutral and normal 63-mer DNAs. The
negligible effects of backbone repulsion are in agreement with overstretching experiments
of single DNA molecules, which revealed a stretch modulus of around 1300 pN, with a
weak dependence on ion concentration.*® These results verify the crucial role of cooperative

motions in determining the behaviour of DNA stretching on length scales beyond three helical

turns.
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Figure 3: The cosine functions between base-pair axial vectors derived from MD trajectories
in normal (a) and neutral (b) DNA systems. (c) and (d) show the static and dynamic
contributions to the fluctuations of the bending angle #. (e) and (f) present the apparent
persistence lengths (I, .,,) calculated by a linear fit of the local directional decay, and the
error bars are the asymptotic standard errors of the fitted persistence length.!?
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Figure 4: The persistence length (l,) contributions of tilt (a), and roll (b), and the dynamic
persistence length contributed by tilt and roll (c) calculated from the MD trajectories. (d)
is the torsional persistence length.

Figures 3a,b show the chain length dependence of directional decay for the 63-mer derived
from MD trajectories. Rather than the uniform decay predicted by the traditional WLC
model, DNA in its true fully charged state exhibits periodic oscillations, with the helical
period for directional correlation of local bending, in accord with previous experimental
and simulation results.?344% The orientation of the chain end moves rapidly away from
the normal vector of the reference Cartesian frame at the chain origin for fragment lengths
ranging from n to n + % helical turns, and recovers for lengths between n + % and n + 1
turns. In particular, the profiles of (cosf) exhibit almost the same amplitude of deviation
from linearity. In contrast to the bending periodicity of normal DNA, neural DNA exhibits
a nearly uniform and linear growth in the bending correlation with respect to increasing
lengths for fragments less than five helical turns, and weak oscillations beyond. In the
wedge theory of DNA curvature, bends are classified as static (6;) and dynamic (64), and

these two contributions correlate with the bending angle fluctuations as (#%) = (62) + (63),
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where the angle brackets indicate averaging over all possible dinucleotide steps, and bending
angles. Both normal and neutral oligonucleotides exhibit a net linear increase in (6%) with
fragment length, which yields 103 and 86 nm for the dynamic persistence length (1, q),
respectively. These values for the dynamic persistence length agree with single molecule
experiments (I, 4 = 70 ~ 110 nm as the concentration of Na® ranges from 10.0 to 1.0 mM).?
However, the periodicity observed in the static bending correlations of fully charged DNA
is greatly reduced after phosphate neutralization (Figure 3c,d). This linear growth in the
bending correlation of neutral DNA at lengths shorter than five helical turns agrees with
the conventional description of the DNA duplex as an ideal elastic model. Furthermore,
the pronounced variations in apparent persistence length, which is calculated using the local
definition of short segments? with 16 bp, is significantly reduced on phosphate neutralization
(Figure 3e,f). The loss of periodicity indicates the crucial role of electrostatic interactions
between backbone phosphates in the cooperative fluctuations and orientational memories
between neighbouring steps.

At the structural level, DNA bending mainly arises from the successive rotation in terms
of tilt (7) and roll (p). For harmonic bending potentials, the variances of roll and tilt
are related to the dynamic persistence length by 2Lo/l,q = 07 + 02, where o represents
the variance. Using this formulation, dynamic persistence lengths with respect to fragment
lengths were calculated (Figure 4c). We see that [, 4 increases monotonically to the crossover
at one helical turn from around 50 nm at the level of single base pair, then softens by
approximately one third, and finally gives a plateau value of around 75 nm beyond four
turns. The persistence lengths in the plateau regions are 75 and 70 nm for the normal and
neutral DNA duplexes, respectively. This trend agrees with the results calculated using
dynamic bending correlations, showing that the DNA molecules become less stiff as the
charge is reduced. This result is consistent with the elasticity of single DNA molecules
as a function of ionic strength,® where [, 4 is smaller for stronger ionic strength because

of increased electrostatic screening. The persistence lengths of roll exhibit similar trends
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(Figure 4b), confirming that DNA bending flexibility is mostly due to changes in the roll
angle,*! which is preferentially involved in spontaneous bending. In contrast, I, 4 for tilt in
neutral DNA is larger than that of normal DNA at all length scales (Figure 4a).

Similar calculations were performed for torsion flexibility, revealing a crossover at ap-
proximately one helical turn, in line with the simulations of Noy and Golestanian.!? The
calculated torsional modulus is around 50 nm at the single base-pair level, and gives a
large-scale asymptotic value of around 130 nm, which is consistent with single-molecule ex-
periments (around 120 nm). %> 47 The slight deviation may be attributed to the different DNA
sequences as well as salt concentrations and applied forces in experiments.*%*® The neutral
duplex has larger values for the torsional persistence length compared to normal DNA at
all scales. Interestingly, the difference in the persistence length between these two forms of
DNA decreases as the fragment elongates, suggesting that phosphate neutralization affects
the DNA torsion mainly for a couple of DNA turns, but vanishes beyond. For angular param-
eters, phosphate neutralization increases the DNA rigidity for fragments shorter than a full
turn, but has the opposite effect for roll and for tilt or torsion at long length scales (Figure 4).
These distinct behaviours of roll and tilt or torsion rigidities as a function of length scale
support the conclusion that the electrostatic contribution to the DNA rigidity is length scale
dependent. For the smaller rise value after neutralization (see Table S2), we suspect that the
electrostatic repulsion between backbone counteracts internal compressive base stacking to
some extent, and therefore softens the conformational rigidity at short length scales, leading
to the large flexibility for short oligonucleotides observed in single molecule experiments. !
On long length scales, B-DNA bends most easily in a groove direction through roll angle, i.e.,
bending anisotropy, while tilt and torsion make no net contribution and correlate more with
the mechanical properties of local base pair steps.?? It is not surprising that roll persistence
length gives very similar profiles to the end-to-end distance for normal and neutral DNA
strands.

The last question is the contribution of electrostatics to the net bending persistence

13



length. We use the variation of DNA persistence length on phosphate neutralization to
estimate the electrostatic contribution. The net persistence lengths are obtained using overall
average slope with respect to bending angle, shown in Figure 3a,b, are 74 and 67 nm for
the normal and neutral DNA duplex, respectively. These results suggest a contribution
of around 9% for the electrostatic persistence length. The persistence length can also be
obtained by combining static and dynamic persistence lengths using 1/1, = 1/l, s + 1/, 4.
The static bending correlation (see Figure 3c,d) yields [, s = 236 and 184 nm for normal
and neutral duplexes, respectively. The dynamic persistence length can be evaluated from
the variances of tilt and roll (Figure 4c), neglecting the contribution from twist, giving
persistence lengths of 57 and 51 nm for normal and neutral strands, respectively. This
analysis suggests a contribution of around 12% for the electrostatics. Our calculations suggest
a less important role for DNA electrostatics in governing stiffness, and support the theoretical
prediction of Odijk and Skolnick and Fixman (OSF),%%5! that the electrostatic repulsion
contributes less than 10% to the total persistence length, with base pair stacking interactions
dominate the stiffness of DNA. The persistence length derived using the variances of roll and
tilt is not strictly the true value, since all six step degrees of freedom contribute to DNA
bending because of local distortions. Note that because the deviations from the ideal B-
DNA helix remain small,?® we can still use the dynamic persistence length derived using
the variances of roll and tilt to evaluate the net persistence length. We note that the
bending flexility correlates strongly with the DNA sequence and the type of metallic ion in
solution.? Although the calculated bending stiffness here is slightly larger than the widely
used bare persistence length of 50 nm for DNA, it still falls in the range of experimental

observations. 3:443:53
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Conclusions

In summary, we find that the intrinsic bending dynamics for short and intermediate lengths
of DNA deviate from ideal harmonic elastic rods. In contrast, the neutral “null isomer” can
be accurately described by the ideal WLC model, exhibiting a uniform decay for the direc-
tional correlation of local bending, rather than the helical periodicity observed in the fully
charged oligonucleotide. The backbone neutralization softens the stretch modulus measured
by end-to-end distance at all scales, except for fragments shorter than one to two full DNA
turns. For the torsional persistence length, a monotonic crossover is observed for both the
normal and neutral DNA isomers. However, the difference due to backbone net charges
decreases with elongation of the DNA fragments. Our results demonstrate that phosphate
neutralization increases the stiffness of DNA below two helical turns, but decreases it for
longer strands, suggesting a length dependence for the contribution of electrostatic repulsion
arising from negative net charges on the backbone to the DNA mechanics of bending. Back-
bone neutralization leads to softer vibrations, and hence weaker stretching cooperativity at
lengths less than two DNA turns because of the stronger stacking interactions, but enhances
the stretching cooperativity for longer strands. Furthermore, the proposed model can be
used to evaluate the relative contribution of electrostatic and nonelectrostatic interactions
to the persistence length. Our calculations indicate that base pair stacking dominates DNA
rigidity, in agreement with the OSF prediction.®**! Our study contributes to the interpreta-
tion of DNA mechanics, DNA-protein interactions, DNA looping, and other key biophysical

processes.
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