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DNA Crookedness Regulates DNA Mechanical Properties at Short Length Scales

Alberto Marin-Gonzalez,l’* J.G. Vilhena,z’3 * Fernando Moreno-Herrero,l’

]

24.%
and Ruben Perez™™"

'Department of Macromolecular Structures, Centro Nacional de Biotecnologia,
Consejo Superior de Investigaciones Cientificas, 28049 Cantoblanco, Madrid, Spain
2Departamento de Fisica Teorica de la Materia Condensada, Universidad Autonoma de Madrid, E-28049 Madrid, Spain
3Department of Physics, University of Basel, Klingelbergstrasse 82, CH 4056 Basel, Switzerland
*Condensed Matter Physics Center (IFIMAC), Universidad Autonoma de Madrid, E-28049 Madrid, Spain

® (Received 28 May 2018; published 1 February 2019)

Sequence-dependent DNA conformation and flexibility play a fundamental role in the specificity of
DNA-protein interactions. Here we quantify the DNA crookedness: a sequence-dependent deformation of
DNA that consists of periodic bends of the base pair centers chain. Using extensive 100 us-long, all-atom
molecular dynamics simulations, we found that DNA crookedness and its associated flexibility are
bijective, which unveils a one-to-one relation between DNA structure and dynamics. This allowed us to
build a predictive model to compute the stretch moduli of different DNA sequences from solely their
structure. Sequences with very little crookedness show extremely high stretching stiffness and have
been previously shown to form unstable nucleosomes and promote gene expression. Interestingly, the
crookedness can be tailored by epigenetic modifications, known to affect gene expression. Our results
rationalize the idea that the DNA sequence is not only a chemical code, but also a physical one that allows
finely regulating its mechanical properties and, possibly, its 3D arrangement inside the cell.
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The mechanism by which proteins interact with the
genome with such extraordinary specificity is still an open
question in biology. Since the discovery of the DNA double
helix (dsDNA), it became clear that a sequence-dependent
set of hydrogen bond donors and acceptors are exposed in
the major groove and are specifically recognized by certain
amino acids. However, there is increasing evidence that
this mechanism is far from sufficient. In a number of
DNA-protein complexes, DNA adopts a conformation that
substantially deviates from the canonical B form [1-3],
suggesting a structural deformation or an exceptional
flexibility intrinsic to the DNA sequence. Among the
most-studied cases are sequence-dependent DNA defor-
mations (such as A-like structures, kinked base pair steps,
and A tracts) that play an important role in transcription
regulation [4-7]. In parallel, the high sequence-dependent
flexibility of DNA is used by several proteins to achieve
binding specificity [1,8].

However, many aspects of DNA flexibility have so far
remained elusive. Indeed, it is not fully understood how
a relatively stiff molecule, with a persistence length of
P ~ 50 nm, is able to wrap around a histone octamer of
~4 nm of radius. Even more intriguing is the fact that some
sequences are hardly able to form stable nucleosomes,
arguably as a consequence of a distinct conformation or
mechanical properties [9,10]. The same question holds for
other DNA-protein complexes, in particular, for many
repressor systems where a highly bent loop is predicted
in the DNA [11]. These considerations, supported by recent
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findings on high bendability of DNA at short-length scales
[12,13], challenge the currently accepted worm-like chain
model (WLC) and demand for an accurate description of
sequence-dependent DNA flexibility at these scales.

Using constant-force molecular dynamics (MD) simula-
tions [14], we observed that the extension of the DNA
changed from one sequence to another for molecules with
the same number of base pairs. We performed over 1 us-long
MD simulations of 18 base pair long DNA molecules with
benchmark sequences of the form CGCG(NN);CGCG,
where NN denotes AA, AC, AG, AT, CG, and GG, and
computed its average structure at 1 pN force, see Fig. 1(a)
and Fig. S1 [15]. The variability in the extension could not
be attributed to a different separation between consecutive
base pairs (Fig. S2 [15]) and, therefore, reflects an intrinsic
curvature of the molecule. This curvature is apparent if
we represent the centers of the base pairs [color beads in
Fig. 1(a) and Fig. S1]. We will denote this curvature by
crookedness, in analogy with a crooked road whose trajec-
tory is not straight. Importantly, DNA crookedness is of
the order of a few (~2) nanometers, a scale comparable with
the histone octamer radius [39], the DNA curvature of the
DNA-I-Ppol endonuclease complex [40], and several exam-
ples of sharply bent DNA found in regulatory regions [11].
This is illustrated in Fig. 1(b).

Additionally, it is useful to compare the crookedness
with the curvature predicted by the WLC model. Notice
that the WLC curvature is entropic (i.e., temperature
dependent and absent as T — 0), whereas the crookedness
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FIG. 1. Representation of DNA crookedness. (a) Average
structures and computed S values (in rads) over 1 us-long MD
simulation at 1 pN force of the sequences CGCG(NN);CGCG
with NN = AA, AC, AT, and GG. The beads represent the centers
of the base pairs. The terminal base pairs have been omitted.
(b) Top: average structure over 250 ns MD of a 30 bps poly-G
DNA molecule. The solid black line represents the crookedness
curvature and the dashed blue line an estimation of the curvature
predicted by the WLC. Bottom: examples of highly curved DNA
when bound to proteins. (left) Histone octamer crystallized in
Ref. [39] (PDB ID: 1AOI), where the histone tails have been
removed for clarity. A grey circle of radius 41.8 A represents the
trajectory of nucleosomal DNA. (right) Crystal structure of the
homing endonuclease I-Ppol DNA complex taken from Ref. [40]
(PDB ID: 1A73), with an estimation of the DNA curvature
represented by the solid red line.

is enthalpic and, thus, characteristic of the structure of
the molecule and present at zero temperature. Figure 1
illustrates that, at length scales of the order of a few nm, the
curvature predicted by the WLC (~16 nm of radius) is
much smaller than the crookedness curvature intrinsic to
the DNA molecule. This contrasts with the behavior
expected for DNA molecules longer than the persistence
length, for which entropic effects are no longer negligible
and will eventually dominate over the crookedness.
Crookedness can be quantified via a parameter f defined
as cos f = x/ > 1;, with x being the extension (end-to-end
distance) of the molecule and ) /; the sum of distances
between consecutive base pair centers. When the molecule
is completely straight, the line that runs through the base

pairs is perfectly aligned, x = > /;, and the crookedness, 3,
is zero. As this line deviates more from the helical axis,
the ratio x/ ) I; becomes smaller and therefore DNA
crookedness increases. Double stranded RNA (dsRNA),
which structure is A form, is the most crooked of the
simulated molecules, whereas B-DNA molecules exhibit
lower 3 values centered on 0.5 [Fig. 1(a)]. Indeed, as shown
in Figs. S3 and S4, the crookedness is a reasonable
parameter to distinguish DNA conformations along the
A < B form spectrum and is closely related with major
groove dimensions. Moreover, the 3 for a poly-G sequence
of 30 bps (# = 0.620 rad) was very similar to the one found
the 18 bps molecule (f = 0.626 rad), suggesting that
values are likely to persist for longer DNA molecules.
Crookedness was inspired by the idea of springiness,
proposed by J. Lipfert and co-workers in Refs. [41,42]
to account for differences in mechanical properties of
dsDNA and dsRNA.

Additionally, to sequence-dependent conformations,
proteins often exploit DNA flexibility [1,8]. Therefore, a
complete comprehension of the biological relevance of
DNA crookedness requires understanding its effect on
DNA mechanical properties. We propose a model to
rationalize the relation between f and DNA stretch modu-
lus, S, where DNA can elongate by reducing its  or by
separating consecutive base pairs [Figs. 2(a) and 2(b) and
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FIG. 2. A model to link DNA crookedness with DNA stretch
modulus, S. (a) DNA molecule with the base pair centers
represented by purple beads. An external force, F, induces a
change in DNA extension, x(F). (b) DNA can elongate by
separating consecutive base pairs (top; Ax;;) or by aligning the
base pair centers with the helical axis (bottom; Axg). (c) DNA is
modelled as a set of N springs in series. The first N-1 springs
account for the stiffness of elongating individual base pair steps,
k;;, and the Nth spring is the crookedness stiffness, k.
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Supplemental Material [15] ]. Thus S can be written for an
N-bps molecule as a set of N springs in series:

N-1
ST=> "kl kg (1)
i=1

The first N-1 springs correspond to the stiffness of
separating consecutive base pairs, denoted by k;;, and
the Nth spring to the crookedness stiffness, denoted by kg
[Fig. 2(c) and Fig. S4 [15]].

We ran five constant-force MD simulations at F' = 1, 5,
10, 15, and 20 pN using the benchmark sequences
described above to determine the sequence dependence
of k;; and kgz. We found that consecutive base pair
elongation [ kfi', Fig. 2(c), blue springs] has a minor
contribution to S (Figs. S5, S6 [15]) and the dominant
contribution comes from kg, which accounts for a global
deformation of the molecule as a whole [Fig. 2(c), purple
spring]. We computed k; by measuring the force induced
change in DNA crookedness, A cos 3(F), according to this
(see Supplemental Material [15]):

F
kp = AcosB(F)/cos p(0)

Figure 3(a) shows the calculated values (blue points) and
the extraordinary fit provided by the function k4(f) =
Ae ™ + B with parameters A = (2.24 + 1.24) x 10° pN,
B =700 =+ 120 pN, and k = 16.2 + 1.5. Remarkably, this
phenomenological function reproduces the results for 11
additional sequences exhibiting a broad range of  values
(Table S2 [15]) [43]. Importantly, this finding is consistent
when defining # at 10 pN, see Fig. S5. This reveals an
exceptional property of DNA crookedness: the relation
with its associated stiffness is bijective. In other words, an
equilibrium structural parameter, 3, univocally determines
a dynamical response, ks, and vice versa.

The one-to-one correspondence between S and kg
provides predictive power to our model. Indeed, if the
equilibrium structure of a DNA sequence is known (by
NMR, crystallography, MD, etc.) one can measure f and
the base pair separation distances. Then, the k; obtained
from Fig. 3(a) and the k; ;, taken from Table S1 [15], can be
used to compute the value of § with Eq. (1). Figure 3(b)
confirms the good agreement with the measured values
(our calculations and Refs. [50,51]) for a wide range of S
values (~800-3000 pN).

In addition to predicting the stretch modulus, our model
provides valuable information about the nature of its
sequence dependence. Our results show that S is not
dependent on the GC content, but, rather, on how guanines
and cytosines are distributed along the strands. Molecules
with alternating GCs are much less prone to stretching than
those where several guanines are placed sequentially on the
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FIG. 3. Implications of DNA crookedness on DNA stretching

flexibility. (a) k; values as a function of the crookedness, . kg
was computed from the MD simulations data using Eq. (1) and
taking the F =1 pN simulation as reference. f was computed
from the F = 1 pN simulation as # = cos™'(x/ >_ [;). The blue
squares correspond to the benchmark sequences and are the
points used for the fit ks(f) = Ae™ + B (fitting parameters in
main text). The red circles represent the sequences simulated to
test the model. The void green triangles are the A tracts
containing sequences and the filled green triangles are the
sequences used to test the effect of the A tracts. See Table S3
[15] for a list of the simulated sequences. The dashed line
represents an estimation of nucleosome curvature according to
[44]. (b) The computed value of S is plotted as a function of the
value directly measured from the force-extension curve as done in
Ref. [14]. The stretch modulus was computed from our model for
the simulated sequences described above using Eq. (1), the value
of the fit of k4(f3), Table S1 [15], and the values of § and > I;
obtained from the F = 1 pN simulation. The experimental value
of the stretch modulus for random DNA and dsRNA sequences
are the average value of the measurements from Refs. [42,45-48]
and [42,45], respectively; and the error bars are the standard
deviation of these values. The experimental value of the CpG
island is the one from Ref. [49] with the error reported there.

same strand. This adds to other examples where mechanical
stability is independent of thermal stability [52]. Moreover,
our model identified three molecules with anomalously
enhanced stretching flexibility [Fig. 3(a), void green
triangles]. These molecules include two strings of three
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or four A tracts, which are known to introduce anomalies in
DNA curvature and mechanical properties [53,54]. The
possibility that this enhanced stretching flexibility stems
from the presence of two A tracts in A,TA, and A,GGA,
molecules was confirmed by running additional simula-
tions using the sequences Ag T and AgGG [Fig. 3(a), filled
green triangles]. This highlights that other sources of
flexibility may coexist with the crookedness mechanism
proposed here.

Our benchmark simulations allowed us to identify
sequence patterns with unusually high stretching stiffness,
namely poly-A and alternating CG. They appear repeat-
edly throughout the genome and are frequently involved
in gene expression regulation [9,10]. Long poly (dA:dT)
and their flanking DNA have been shown to be depleted of
nucleosomes in vitro, suggesting a mechanism of gene
activation [9]. In parallel, about 70% of annotated gene
promoters are associated with so-called CpG islands
(CGI), rich in CpG steps [10]. Notice that our CG-
alternating sequence shows the largest proportion of
CpG steps possible in any molecule: one in every two
steps. As in the case of the poly-A, CGI have been
attributed to nucleosome destabilization [55]. These find-
ings together with Fig. 3(a) suggest a possible relation
between an unusually high crookedness stiffness and
nucleosome destabilization. Hypermethylation of CGI
commonly induces gene silencing, and in some cases
this has been attributed to nucleosome stabilization
[10]. We found that complete hypermethylation of the
poly-CG molecule significantly increases its crookedness
and stretching flexibility, in quantitative agreement
(Table S3 [15]) with recent optical tweezers experiments
reporting both an unusually high § and a softening
induced by hypermethylation in CGI [49]. This could
increase nucleosome affinity for a hypermethylated CGI
[56]. Notice, however, that, outside this context, methyla-
tion is known to reduce DNA flexibility and destabilize
nucleosomes [57-59].

We have shown that DNA crookedness can be tuned
by specific sequences, being the main responsible for a
sequence-dependent stretching flexibility. In addition, the
crookedness mechanism, which regulates DNA enthalpic
bending at short scales (10 bps), might extend to longer
length scales. This would be similar to the case of A-tract
induced bending. Although a single A tract shows a small
kink at the 10 bps scale, placing several A tracts in phase
with the helical pitch results in highly bent DNA molecules
longer than 100 bps [53]. Similarly, one could think that
placing alternating high and low crookedness motifs, such
as poly-Gs and poly-As, would result in highly bent
molecules. Supporting this idea, G-rich and A-rich motifs,
with a periodic repeat of 10 bps and in antiphase with each
other, are frequently found in nucleosome positioning
sequences [60—62]. This crookedness regulation of DNA
curvature is illustrated in Fig. 4(a). This mechanism would
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FIG. 4. Implications of DNA crookedness on DNA-protein
interactions. (a) The base pair center chains of a DNA molecule
are represented by color beads. We propose that net directional
bending could be achieved by alternating high and low
crookedness motifs, such as G-rich and A-rich sequences.
(b) Additionally, crookedness flexibility could be exploited
to induce a conformational change in DNA towards an A-like
structure. On the left is the crystal structure of the I-Ppol DNA
complex [40] (PDB ID: 1A73), the same as in Fig. 1(b). When
bound to this protein a high distortion is found on the DNA,
which would be more favorable for highly crooked and flexible
sequences (left) than for sequences for which this flexibility is
hindered (right).

add to other DNA features such as nicks [13,63], mis-
matches [13], and kinks [64,65] that are known to facilitate
DNA bending at short scales.

Additionally, highly crooked molecules might be pre-
ferred for DNA-ligand binding where DNA flexibility is
required. Indeed, interaction of DNA with proteins and
drugs commonly modifies the B-DNA to a more A-like
form and this occurs in a sequence-dependent manner [3].
According to Fig. 3 molecules with high  would be more
prone to form an A-type helix when bound to a protein both
because their structure is already closer to the A form and
because of their enhanced flexibility [Fig. 4(b)]. Moreover,
our finding that the stretching flexibility of DNA relating to
sequence may have a relevant role in homologous recom-
bination, where DNA must be stretched for homologous
pairing and repair [66,67]. Finally, crookedness may
modulate the charge distribution along the duplex, known
to be a mechanism for protein-DNA recognition by
electrostatic interactions [7].

In this Letter, we have introduced the crookedness:
a “hidden code” imprinted in the DNA sequence that
modulates its local curvature at short length scales. Our
extensive all-atom simulations allowed us to unveil a
striking one-to-one correspondence between this structural
parameter and its associated flexibility. Such remarkable
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correspondence was exploited to build a discrete model to
compute the stretch modulus of any DNA sequence given
solely by its equilibrium structure. Altogether, we have
described how the DNA sequence finely tunes the stretch
modulus of the molecule via the crookedness. Our results
rationalize the idea that DNA sequence regulates the local
curvature and the mechanical properties of the double helix
at the length scale relevant for biological function.
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