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A central question in biophysics is whether DNA sequence affects its mechanical properties, which
are thought to influence nucleosome positioning and gene expression. Previous attempts to answer
this question have been hindered by an inability to resolve DNA structure and dynamics at the
base-pair level. Here we use a model to measure the effects of sequence on the stability of DNA
under bending. Sequence is shown to influence DNA’s flexibility and its ability to form kinks,
which arise when certain motifs slide past others to form non-native contacts. A mechanism for
nucleosome positioning is proposed in which sequence influences DNA-histone binding by altering
the local base-pair-level structure when subject to the curvature necessary for binding.

Uncovering and understanding regulatory mechanisms
for gene expression represents a grand challenge for bio-
physics and epigenetics. One of these mechanisms in-
volves controlling the way in which genes are packed in
the chromosome, rendering some regions more accessi-
ble for expression than others. In the chromosome, the
basic packing unit is the nucleosome (Fig. 1bi): a 147
base-pair (bp) long DNA segment wrapped around a pro-
tein octamer (histones). Any DNA segment can form
nucleosomes in vitro, but the relative affinity of histones
for different DNA sequences can differ by as much as
1000-fold (> 4 kcal/mol in free-energy) [1]. Through
analysis of nucleosome-bound DNA sequences, Segal et
al. [2] discovered that AA/TT/TA bp steps are more
likely to be found where the minor groove of DNA is
at the DNA-histone interface. Crystal structures of nu-
clesomes [3] show no contacts between DNA bases and
histones, leading to the proposal that sequence could in-
fluence nucleosome positioning indirectly by facilitating
the tight bending required to wrap DNA around his-
tones. Sequence could affect binding by either creating
a kink (an abrupt and pronounced change in curvature)
in a DNA segment (altering bendedness) or by changing
the amount of energy required to bend it (altering bend-
ability). The main question addressed here is whether
DNA'’s mechanical properties, at small length scales, de-
pend on sequence, as nucleosome positioning data sug-
gest. Experimental studies have provided some under-
standing of this issue [4-11], but attempts to distinguish
bendedness from bendability have met with limited suc-
cess [1]. While fully atomistic models are available for
DNA [12], the computational demands associated with
atomistic simulations of long strands preclude a system-
atic study of bendedness and bendability, and theoretical
treatments have been scarce, largely because models ca-
pable of describing the mechanical properties of double
stranded DNA beyond the elastic limit and its ability
to de-hybridize locally on a sequence-dependent manner
were not available until recently [13].

In this study we present a coarse-grained (c-g) model
of DNA (Fig. la) that reproduces experimental melt-
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FIG. 1. DNA model. a) Each nucleotide is described by three
interaction sites; S - sugar (yellow), P - phosphate (tan), and
B - base (C - cyan, G - green, T - pink, A - white). Arrows
define bonds, bends and torsions in the model, defined in the
order encountered when moving along the molecule from 5’
to 3’ (arrow direction). b) DNA system studied. %) Crystal
structure of the nucleosome core particle [3], ) segment of
DNA after removal of the histones (147 bp), #ii) central 73
bp, and %) c-g version of the segment.

ing temperatures and their dependence on chain length,
GC-content and ionic strength [14], describes hybridiza-
tion [15], and captures local mechanical properties of
the molecule (bp-step deformability). Langevin dynam-
ics simulations are employed to examine the macroscopic
mechanical properties of DNA as a function of sequence.
Since the model allows for de-hybridization, it enables
examination of the effects of sequence on the overall sta-
bility of the DNA double helix when subject to bending
constraints. Omitting the histones from the simulated
systems allows one to discern whether the sharp bends
observed in crystal structures of nucleosomes are a cause
or an effect of the formation of the complex. All four
segments considered here (Nuc, A-tract, Flex and Stiff)
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FIG. 2. Microscopic flexibility. Negative logarithm of the ob-
served probability distribution function, P(6, ANy ), of angles
between tangents separated by ANy, base-pairs. The inset
shows how the contour of the molecule is divided into 7-bp
segments (marked by black spheres); two tangents are drawn,
which are separated by ANy, = 21.

consist of 73 bp; the length required to form one full turn
around the histones (Fig. 1biéi). In experiments, the Nuc
and A-tract sequences were found to exhibit high [3] and
low [16] affinity for the histones, respectively. Flex and
Stiff sequences were engineered on the basis of our model
for high and low flexibility, respectively. Details on the
model and sequences are provided as Supplemental Ma-
terial.

The potential of mean force, or free energy (AG), as-
sociated with loop formation (work required to bring
the molecule’s ends together) was measured in umbrella-
sampling simulations. The resulting AG profiles (Supp.
Fig. 1) are barely different from one sequence to another,
indicating that at length scales of 73 bp the average me-
chanical properties of the molecules are similar. This
is consistent with experimental findings of Widom and
co-workers [2], who report differences in sequence prob-
abilities in the nucleosome of up to 0.1, translating into
AG differences of up to 0.5 kpT'. Examination of smaller
length scales, however, reveals profound distinctions. As
done in the experimental analysis of DNA contours in
[17], the probability distribution function P(6, ANy,) of
deflection angle 6 between tangents to the double he-
lix was calculated at points separated by ANy,. Fig.
2 shows the negative logarithm of P(6, ANyp), a mea-
sure of the bending energy E(0)/kgT of a DNA seg-
ment at length scales defined by AN,,. For ANy, =
7 bp, the Flex and A-tract sequences exhibit a procliv-
ity to form tight bends (6 > 1.2 rad), whereas Nuc and
Stiff do not. However, as ANy, is increased - the res-
olution of the analysis becomes coarser - the differences
between sequences disappear. This result suggests that a
boundary exists between length-scales at which DNA se-
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FIG. 3. The integral of P;(0, 7 bp) for 0.85 < § < 7, eval-
uated at each bp position along the sequence, measures the
probability of observing high deflection angles (kinks) at that
position. The labels show the specific motifs (e.g. consecu-
tively repeated A bases) that are responsible for the largest
peaks in the curves.

quence affects its mechanical properties - ~three turns -
and length-scales over which sequence effects are homog-
enized. This analysis was also performed for ANy, =5
(Supp. Fig. 2), and the same results were obtained. On
one hand, at a length-scale of 7 bp (~2.5 nm), A-tract
and Flex appear more flexible in Fig. 2. On the other
hand, equilibrium end-to-end distance values show that
A-tract is the shortest (R = 243 A), and Flex is the
longest (Ruin = 251 A). These two observations can be
explained by the argument that sequence can affect both
bendedness, by forming kinks (A-tract case), and bend-
ability, by making it more flexible (Flex case). The DNA
model presented here can identify and distinguish these
two effects from each other.

If A-tract forms kinks, where in the molecule do they
arise? Are they distributed uniformly, or do they appear
in specific regions of a segment? To answer this, the dis-
tribution P(8, ANy, = 7) of Fig. 2 was deconstructed
into contributions from individual bp (see Supp. Mat.),
providing the probability of observing a kink at a spe-
cific position along a sequence, as shown in Fig. 3. The
labels on the figure show that regions with high probabil-
ity of forming kinks consist of repeated base-pairs, and
the magnitude of the corresponding peak correlates with
the length of the repeated base-pair segment. Longer re-
peated segments (such as AAAAAAAAA) have a higher
probability of forming a kink, but even relatively short
repetitive stretches (e.g. CC) can exhibit distinct kinks
(albeit less frequently).

Insights into local effects of sequence are provided by
quantifying the hybridization of the molecule. Fig. 4
shows profiles of the fraction of time that a base spends in
one of three states: (i) hybridized to its native base ( fnat ),
(ii) hybridized to a non-native neighboring complemen-
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FIG. 4. Hybridization profiles. Fraction of total simulation
time during which a base was (i) hybridized to its native com-
plementary base (fnat-green), (ii) hybridized to a non-native
complementary base (fnon-nat-blue), and (iii) dehybridized
(firee-red). Average values over all bases are shown on the
right. Segment sequences are shown alongside the data.

tary base (fnonnat), or (iii) de-hybridized (ffree). These
fractions add up to unity (fuat+ fnon-nat + feree = 1). Fig-
ure 4 shows that consecutively repeated regions, such as
A-tracts, exhibit high f,onnat levels. This sustained non-
native “hybridization” in repeated sequences is the likely
cause for the formation of the kinks observed in Fig. 3.
Due to its lack of repeated domains, the Flex molecule
shows almost no fuonnat- The Nuc segment does ex-
hibit some non-native hybridization but regions of high
Sfnon-nat are small and distributed uniformly throughout
the molecule. Bendability also appears to correlate with
< fnon-nat>. The bending AG from (Supp. Fig. 1) are
arranged from lower to higher magnitude in the same
order as that observed for increasing < fhon-nat> in Fig.
4 (Flex—Nuc—Stiff—+A-tract). This suggests that sus-
tained non-native hybridization, particularly pronounced
in the A-tract segment, is responsible for both the for-
mation of kinks and changes in flexibility.

Our discussion so far has relied on results from a three-
site-per-nucleotide model. To explore the atomistic ori-
gins of the above observations, we also performed exten-
sive molecular dynamics simulations of an all-atom (a-a)
representation of the Nuc sequence in explicit water, with
the ends constrained at a distance of 30 A (distance re-
quired for nucleosome binding, Fig. 1biv). We note that
the a-a model was not parameterized to provide the melt-
ing behavior of DNA at experimentally observed temper-
atures [18], and one cannot ascertain whether the extent
of non-native hybridization that it predicts is in fact accu-
rate at the temperature considered in this work. Results
included in the Supp. Mat. suggest that the a-a model is
overly stable. The c-g model was parameterized to pro-
vide accurate melting temperatures and heat capacities
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FIG. 5. Analysis of non-native contacts in Nuc segment at
a-a (a-b) and c-g (c-d) levels. a) Representative configura-
tion from a-a simulation showing native (green dashed line)
and non-native (blue dashed line) hydrogen bonding. b,d)
Propensity of a base to form a non-native contact (Pnon-nat)
as a function of base identity and bond direction. Positive
(+1, 4+2) and negative (-1, -2) values correspond to non-
native contacts in the 3’ and 5 directions, respectively. c)
Configuration from c-g simulation showing non-native con-
tacts. Dashed lines identify the native pairs: A (green) is
“hybridized” to a non-native T (white) in the +2 direction,
the contact between the G (pink) and C (cyan) is broken, and
they remain de-hybrized.

over a wide range of ionic strength, which at any given
temperature quantify the fluctuations of the energy, in-
cluding contributions arising from hybridization and elec-
trostatic interactions. Given such issues, we simply seek
to determine whether a-a and c-g simulations exhibit a
similar, qualitative behavior with regards to non-native
hybridization. Fig. 5a provides a representative configu-
ration from the simulation showing native and non-native
hydrogen bonds. From a 10-ns trajectory (0.5% of a c-
g simulation) one can infer the propensity of a base to
form a non-native hydrogen bond (Pphonnat), See Supp.
Mat. In Fig. 5b, C and G bases exhibit a higher Pon nat
than A and T, and all bases exhibit a higher propensity
for non-native hydrogen bonds in the 3’ direction than
in the 5" direction (schematic drawing under Fig. 5b).
Pron-nat determined from the c-g model (Fig. 5d) are in
agreement with those from the a-a model, but the ratio
of 3'-to-5" non-native hybridization is larger in the a-a
model. The c-g simulations, which one is able to per-
form over much longer time intervals, also reveal some -2
and 42 non-native hybridization events, as shown in Fig.
5c. Finally, when measuring the distance between bases
when forming non-native contacts, one finds that the av-
erage contact distance in the 3’ direction is higher (~4.5
A) than in the 5 direction (~3.3 A). This observation
helps explain why the 3’ direction is preferred over the 5’
direction; it requires the helical structure to deform less.



A-tracts have generated controversy in past discus-
sions of nucleosome positioning; tracts of five or more
nucleotides were recently shown to be excluded from nu-
cleosomes [16] but, prior to that work, they were thought
to be stabilizing in nucleosome binding because of their
high tendency to form bends in solution [11]. Fig. 3 offers
an explanation for these experimental observations: A-
tracts longer than 5 bp enable the formation of kinks, but
these are highly localized and do not occur at regular in-
tervals throughout the chain. The molecule therefore be-
haves as a collection of rods and hinges which would not
have the uniformity required to accommodate a contin-
uous, regular wrapping around the histone. The exper-
imental observation [11] that A-tracts exhibit a tighter
bend at the 3’ end than at the 5 end is consistent with
our findings in Fig. 5; a preference exists for the di-
rection in which bases form non-native pairs. The se-
quence GGGCCC has also been shown experimentally
to exhibit a net bend [19, 20]. The fact that this is a re-
peated sequence supports our result that the formation
of kinks is tightly correlated to the ability of the seg-
ment to form non-native contacts. In our simulations,
a bending constraint is imposed and the DNA double-
helix is free to adopt any twist that allows it to reach
the lowest energy possible (under the constraint). How-
ever, a-a studies in which a twist is imposed by closing
the DNA loop (nanocircle) have also reported kinking
and denaturation [21, 22]. The a-a description makes it
computationally expensive to explore sequence space in
these systems, and past studies could not narrow down
the relationship between sequence and kinking and de-
naturation that has been identified here. A study that
that extended the classical elastic rod DNA model to in-
clude the possibility of denaturation [13] also observed
denaturation in small nanocircles. That study looked
at loop-length effects instead of sequence, and given a
simpler description of denaturation (each bp denatured
in an independent manner without taking into account
couplings between neighbors) observations of sequence ef-
fects with that model would be necessarily different from
those reported here, particularly for repeated tracks.

Sequence is thought to play an important role in nucle-
osome stability and dynamics by influencing the confor-
mational and mechanical properties of a DNA segment
in contact with the histones. The results presented in
this Letter have uncovered a number of plausible sources
of that sequence dependence. Free-energy calculations
of unprecedented accuracy on a model of DNA that ac-
counts for both sequence-dependent bp step deforma-
bility and base-pairing have revealed that the AG as-
sociated with the formation of a 73-bp loop shows a
small but statistically significant dependence on the se-
quence of the molecule. Sequence affects the flexibility
of DNA at a length scale smaller than ~3 DNA turns.
These effects arise from the formation of kinks (modi-
fication of bendedness) or from an increase in the seg-

ment’s ability to bend (modification of bendability), as
seen in the A-tract and Flex sequences, respectively. Lo-
cal melting plays a major role on the molecule’s ability
to bend; kinks arise in a repeated sequence when strands
slide past each other and the bases make non-native con-
tacts with neighboring complementary bases. This phe-
nomenon was corroborated through detailed a-a simula-
tions, and was shown to correlate with the length of the
repeated segment and with the identity of the bases in-
volved. Our results serve to establish that DNA exhibits
a sequence-dependent preference for bending, indepen-
dent of the presence of a protein. When considering these
and experimental results, the picture that emerges for a
description of the DNA-histone binding process is one in
which all sequences have similar probabilities of forming
the required bends, but differences that arise at the local
bp level enable molecules to adopt conformations that are
highly dependent on the sequence. Such local mechani-
cal effects, which partially rely on local dehybridization,
are encoded in the sequence and, as proposed by Widom
and co-workers, in all likelihood affect the ability of the
molecule to interact with and wrap around the histones.
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