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ABSTRACT

Most of eukaryotic cellular DNA is packed in nucleosome core particles (NCPs), in which the DNA (DNAncp) is
wrapped around histones. The influence of this organization on the intrinsic local dynamics of DNA is largely
unknown, in particular because capturing such information from experiments remains notoriously challenging.
Given the importance of dynamical properties in DNA functions, we addressed this issue using MD simulations
of a nucleosome containing the NCP positioning 601 sequence and four related free dodecamers. Comparison
between DNAncp and free DNA reveals a limited impact of the dense DNA-histone interface on correlated
motions of dinucleotide constituents and on fluctuations of inter base pair parameters. A characteristic feature
intimately associated with the DNAncp super-helical path is a set of structural periodicities that includes a marked
alternation of regions enriched in backbone BI and BII conformers. This observation led to uncover a convincing
correspondence between the sequence effect on BI/BII propensities in both DNAncp and free DNA, strengthening
the idea that the histone preference for particular DNA sequences relies on those intrinsic structural properties.

These results offer for the first time a detailed view of the DNA dynamical behavior within NCP. They show in
particular that the DNAncp dynamics is substantial enough to preserve the ability to structurally adjust to external
proteins, for instance remodelers. Also, fresh structural arguments highlight the relevance of relationships between
DNA sequence and structural properties for NCP formation. Overall, our work offers a more rational framework

to approach the functional, biological roles of NCP.

Keywords: nucleosome; nucleosomal DNA; DNA structure and dynamics; BI <> BII equilibrium; modeling;

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S1047847720300800
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S1047847720300800

INTRODUCTION

The nucleosome core particle (NCP) is one of the most notorious DNA-protein complexes, as the fundamental
building block of packaged DNA in eukaryotic cells. X-ray structures showed that the DNA in NCP (DNAncp)
wraps ~1.7 times around eight histone proteins (two copies of H2A, H2B, H3, and H4) to form a super-helical
double helix, as described in numerous reviews (Cutter and Hayes, 2015; Kornberg and Lorch, 1999; Luger, 2001;
Luger et al., 1997; Luger and Richmond, 1998; McGinty and Tan, 2015; Zhou et al., 2018). DNAncp of different
sequences and lengths (145 to 147 bp) adapts to highly conserved histone binding motifs, regularly positioned at
the surface of the histone structured domains. The DNAncp superhelical path and the associated curvature rely on
two inter base-pair parameters, roll and slide (Olson and Zhurkin, 2011; Tolstorukov et al., 2007; Xu and Olson,
2010), complemented by twist and rise adjustments (Edayathumangalam et al., 2005; McGinty and Tan, 2015;
Muthurajan et al., 2003; Ong et al., 2007; Tan and Davey, 2011). Along the DNA sequences, the values of these
inter base-pair parameters and the groove dimensions follow more or less marked sinusoidal profiles, with
oscillation period close to 10 base-pairs (bp) (Bishop, 2008; Olson and Zhurkin, 2011; Wu et al., 2010; Xu and
Olson, 2010; Yang and Yan, 2011).

The DNA access and readability are often presented as closely related to the in vivo nucleosome
positioning that results from complex processes involving a series of trans-acting factors (reviews: (Hughes and
Rando, 2014; Lieleg et al., 2015; McGinty and Tan, 2016; Zhou et al., 2018), but also the intrinsic DNA properties.
However, disassembling DNAncp from the histones is not an absolute requirement for binding it and forming
NCP-factor complexes. Even when complexed with the histones, DNAncp remains available enough to interact
or even operate with chaperones, chromatin remodelers, enzymes or transcription factors (Fernandez Garcia et
al., 2019; Kobayashi and Kurumizaka, 2019; Mayanagi et al., 2019; McGinty and Tan, 2016; Speranzini et al.,
2016; Volokh et al., 2016; Zhou et al., 2018). The DNase I enzyme is an interesting example, since it has long
been exploited in nucleosome studies (Klug and Lutter, 1981; Simpson and Stafford, 1983) and still is (Zhong et
al., 2016). Essentially, the catalytic site of DNase I fills the DNA minor groove and cleaves the phosphodiester
linkage (Lahm and Suck, 1991; Weston et al., 1992). Applied on NCP, this enzyme targets the wide minor grooves
pointing outwards, opposite to the histone octamer, and produces a typical oscillatory cleavage profile (Zhong et
al., 2016) and references herein). This property was cleverly exploited to detect transcription factors that bind to
DNAncp and consequently disrupt the DNAse I periodic cleavage pattern (Zhong et al., 2016).

The ability of DNAncp to recognize proteins raises in particular the issue of its dynamical behavior.
Indeed, it is now accepted that small, frequently subtle motions of free (unbound) DNA affect the assembly of
nucleoprotein complexes (Battistini et al., 2019; Rohs et al., 2010). How the local (for instance roll or twist) or
semi-local (groove dimensions, curvature) DNA sequence-dependent flexibility influences protein affinities was
documented on various systems (Abe et al., 2015; Azad et al., 2018; Djuranovic et al., 2004; Djuranovic and
Hartmann, 2005; Heddi et al., 2010a, 2008; Koudelka and Carlson, 1992; Parvin et al., 1995; Tisné et al., 1999).
As typical examples, the dynamics of NF-KB DNA targets is needed to transiently expose the specific base atom
pattern recognized by the protein (Tisné et al., 1999; Wecker et al., 2002); also, the DNase I cleavage efficiency

is increased by a malleable minor groove that favors the enzyme anchoring (Heddi et al., 2010a).
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However, to which extent are structural fluctuations, potentially functionally relevant, preserved, damped
or even suppressed in the case of a bound, and therefore constrained, DNA? For such a question, DNAncp is a
paradigm: on one hand, at least a residual malleability should be preserved to ensure the structural fit with external
partners; on the other hand, DNAncp seems robustly constrained since its super helix path is maintained by an
especially dense interaction network involving both the histone structured domains and specific N-terminal
regions along the two DNA strands, as recently observed on a nucleosome simulated in solution (Elbahnsi et al.,
2018). Despite this, studies suggest that at least some DNAncp properties are reminiscent of those of free DNA.
Indeed, free and DNAncp profiles are qualitatively parallel for i) roll and twist (Chua et al., 2012; Richmond and
Davey, 2003), ii) roll, twist and phosphate group conformers (Heddi et al., 2010b), iii) roll, twist, and slide
(Marathe and Bansal, 2011; Wu et al., 2010), or iv) roll, twist and groove width (Xu and Olson, 2010). This is
probably indicative of coordinated motions at the dinucleotide level as observed in free DNA (Dans et al., 2019;
Drsata et al., 2013; Heddi et al., 2010b, 2006; Imeddourene et al., 2016), Concerning the dispersion of DNAncp
helical parameter values, a direct way to characterize the DNAncp malleability, studies based on X-ray (Dlaki¢ et
al., 2005) or simulations (Roccatano et al., 2007; Sun et al., 2019) mentioned that the ranges of thermal motion of
DNAncr and free DNA were similar.

The scarcity of insights on DNAncp dynamics reflects the notorious difficulty to decipher dynamical
properties experimentally, in particular DNA flexibility, a situation further aggravated in the case of nucleoprotein
complex as large as NCP. While potentially influenced by biases such as intermolecular NCP contacts and crystal
packing (Harp et al., 2000; McGinty and Tan, 2015; Tsunaka et al., 2005), examining X-ray structures is of course
helpful, but the essentially static character of solid state models limits the information about dynamics. Solution
or solid-state NMR is potentially of great interest to approach DNAncp dynamics but remains impracticable
because the combination of the DNAncp molecular size and the limited dispersion of chemical shifts causes
uninterpretable broadened and overlapping signals (van Emmerik and van Ingen, 2019). In this situation,
molecular simulations are a promising alternative, especially considering the improvements of DNA force fields
(Ben Imeddourene et al., 2015; Dans et al., 2017; Hart et al., 2012; Zgarbova et al., 2017, 2013). Two among
these force fields, ParmbscOezorr (Zgarbova et al., 2013) and CHARMM36 (Hart et al., 2012), were tested on a
series of simulations of 1pus each on four free DNA dodecamers related to the 601 sequence (Ben Imeddourene et
al., 2015). We recall that the 601 sequence, also called Widom sequence, is widely used for positioning
nucleosomes in in vitro and in vivo experiments because of its high affinity for the histone octamer (Thastrom et
al., 2004). The MDs of dodecamers yielded output in reasonable agreement with NMR-inferred data, despite
being intentionally carried out without experimental structural restraints, and in spite of strong differences in the
conception and parametrization of the two underlying force fields. CHARMM36 in particular provided a
satisfactory representation of the backbone dihedral transitions and their modulation by the dinucleotide sequence,
features that had long been defective in prior simulations.

Given the force field progress, we decided to carry out MD simulations of a nucleosome formed with the
601 sequence in explicit solvent using the CHARMM36 force field (Hart et al., 2012), for a total duration of more

than 1 ps. Our aim of this previous work was to describe the DNA/histone interface (Elbahnsi et al., 2018) in



conjunction with VLDM, a Voronoi tessellation-based method analyzing the topology of interacting elements
without any empirical or subjective adjustment (Elbahnsi et al., 2018; Esque et al., 2013; Retureau et al., 2019).
Here, we exploited the same simulations to gain a direct view of the behavior of DNAncp in solution and highlight
the main features of the DNA~cp dynamics. To obtain a comparison between free and histone bound DNA, we
also draw on MDs of free dodecamer segments that together cover 39 base pairs of the 5’ half of 601 sequence
(Figure 1). As implied above, these dodecamer simulations were initially performed for force field tests (Ben
Imeddourene et al., 2015), with protocol and force-field consistent with the MDs of NCP.

Several analyses presented here address DNA backbone motions, for the following reasons. Backbone
motions in free B-DNA consist in coordinated conformational transitions of € and { dihedral angles between two
states called BI and BII. BI and BII populations on oligonucleotides are extrapolated from *'P NMR chemical
shifts (Heddi et al., 2006; Tian et al., 2009), relatively easily measured (Gorenstein, 1992). NMR-based studies
have provided a general framework to understand the BI <» BII equilibrium and its structural effect on the double
helix (Heddi et al., 2010b, 2006; Imeddourene et al., 2016; Isaacs and Spielmann, 2001; Schwieters and Clore,
2007; Tian et al., 2009). Combining experimental data and modelling established that, in NpN*NpN steps (N for
any nucleotide), motions of the two facing phosphodiester linkages are concomitant with variations of the relative
positions of two successive bases (Dans et al., 2019; DrSata et al., 2013; Heddi et al., 2010b, 2006; Imeddourene
et al., 2016). This reciprocal dependence involves the BI/BII states, the slide, roll, twist (Ben Imeddourene et al.,
2015; Heddi et al., 2010b; Imeddourene et al., 2016) and, to a lesser extent, the rise, tilt and shift (DrSata et al.,
2013). The BI or BII density per 4-5 bp segments and the groove dimensions are also coupled (Oguey et al.,
2010; Xu et al., 2014). Another key point is that NMR data ascertained that the BI/BII propensity is highly
sensitive to the DNA sequence (Heddi et al., 2010b, 2006; Schwieters and Clore, 2007; Tian et al., 2009; Xu et
al., 2014). Owing to the structural couplings, the BI/BII populations of each dinucleotide reflect the
conformational landscape that this dinucleotide explores. So, in free DNA, ApA/G*T/CpT and ApT/CeApT/C
have only access to a restricted conformational region characterized by predominant BI conformer, negative slide,
null or positive roll and low or moderate twist. On the other hand, GpG*CpC, CpG+CpG, GpC+CpC and CpA*TpG
are more flexible, with BI «» BII oscillations associated to the broadening of slide, roll and twist ranges towards
positive, negative and high values, respectively. In sum, the phosphate group motion is an effective reporter of
the sequence-dependent local deformability of DNA, and its intramolecular energetics. This is the reason why the

backbone states deserve such attention.

This study presents extensive analyzes from careful simulations carried out on DNAncp, and relevant free
oligomers, with a state-of-the-art protocol and validated energy model. It documents multiple aspects of DNAncp
dynamics including atomic fluctuations, motions of backbone, variability of inter base pair parameters and
couplings involving helical descriptors. The similarities or differences between DNAncp and free DNA are
systematically surveyed. Thanks to the exhaustive dataset collected on the DNA-histone interface, we also
examine the relation between the DNAncp dynamics and the contacts with the histones. Then, the role of the

different dinucleotide intrinsic properties on the propensity of a DNA sequence to assemble into a nucleosome is



considered in the light of the above properties of DNAncp. Taken together, those observations provide a clearer

picture of nucleosomal DNA when considering its biological functions.



MATERIALS AND METHODS

The details of our Molecular Dynamics (MD) setup were presented in two previous papers, one on the nucleosome
(Elbahnsi et al. 2018) and the other on the free DNA dodecamers (Ben Imeddourene et al. 2015). We therefore

only summarize here the main aspects of the protocols.
Nucleosome models

The nucleosome conssits of two copies of four histones (H3: chains A and E; H4: chains B and F; H2A: chains C
and G; H2B: chains D and H) and a double strand DNA. We built four nucleosome models containing the same
DNA sequence and the same histone folded domains but differing by the conformations of the histone N- and C-
terminal domains — called N- and C-tails (Figure S1-A). The built systems, named here SYS1, SYS1-bis, SYS2
and SYS2-bis, were all based on the folded domains of Xenopus laevis histones, and the 601 sequence of 146
base-pairs (bp) from the nucleosome X-ray structure 3MVD (Makde et al., 2010); the tails were grafted on the
folded domains, after transfer from the X-ray structure 1KX5 (Davey et al., 2002), the only source of resolved
tails. We exploited the fact that the two copies of each type of histone tail in 1KX5 adopted different conformations
to generate various starting points by symmetrizing the N-tail structures (Figure S1-A and Table S1). These tails
were partially truncated (Table S1) so that the kept regions coincided with the inaccessible parts, as delimited by
trypsin and clostripain digestions (Morales and Richard-Foy, 2000; Park et al., 2004). The residues 119-128 of
the H2A C-tail from 1KX5 were integrated in SYS1-bis and SYS2-bis. According to pK, calculations (Krieger
et al., 2006), six histidines (H3-H39, H4-H75, H2A-H32, H2A-H82, H2B-H46 and H2B-H79) have pKa values

between 7.7 and 9.6 and were therefore protonated.
DNA sequences

The 601 sequence of 146 bp (Table S2) was initially selected for its very high-affinity for association with the
histone octamer (Thastrom et al., 2004). In the nucleosome structures, the DNA center corresponds to the pseudo
two-fold axis of symmetry, the dyad. According to conventions suggested for the description of the first X-ray
structure of NCP (Luger et al., 1997), the rotational orientation of the DNA is defined relative to the DNA center
(Super Helix Location zero, or SHLO). Noticing that one DNA turn corresponds to ~10 bp, the 3’ half DNA is
numbered from SHL -7 to SHL 0, and the 5’ half from SHL O to SHL +7.

The sequences of the four free (unbound) dodecamers studied by NMR are reported in Table S2; they
overlap by three bases to splice the four oligomers, excluding the terminal base pairs, subject to end effects. For
instance, the first (Oligo 1) and the second (Oligo 2) oligomer end and begin with the same motif, GCT. Taking
into account the overlaps and excluding the extremities, a total of 39 non-redundant base pairs are covered by the
four free dodecamers, corresponding to the segment from SHL -3.8 to SHL -0.2 of DNAncp (Figure S1-B). In the

present study, these dodecamers will be called “601-dodecamers”.
Molecular Dynamics Simulations Set-up

Molecular dynamics simulations were carried out with the CHARMM (Brooks et al., 2009) and NAMD 2.11
programs (Phillips et al., 2005), using the CHARMM36 force field (Hart et al., 2012) with the CMAP correction



(Mackerell, 2004). This force field was chosen for modeling the nucleosome because it gave reasonable agreement
between the simulated free 601-dodecamers and their experimental counterpart measured from NMR (Ben
Imeddourene et al., 2015), while being also reliable for proteins.

The macromolecule solute, nucleosome or dodecamer, was immersed in a box filled with TIP3P water
molecules (Jorgensen et al., 1983) and at least 10 A of separation between the solute and the edges of the box.
Electric neutrality was achieved by adding either Na* (Park et al., 2004) and CI" (Beglov and Roux, 1994) ions,
or only Na* ions (minimal salt condition), for the simulations of nucleosome and 601-dodecamers, respectively.
After equilibration steps detailed in (Ben Imeddourene et al., 2015; Elbahnsi et al., 2018), the production phases
were carried out in the NPT ensemble at a temperature of 300K and a pressure of 1bar, using periodic boundary
conditions, Particle Mesh Ewald treatment (Darden et al., 1993) and SHAKE (van Gunsteren and Berendsen,
1977). For the van der Waals interactions, a switching function was applied at 10 A and the cutoff was set to 12 A.
The integration time step was 2 fs and coordinates were saved every 1000 steps (2 ps). The duration of the
simulations were 200 ns for SYS1 and SYS2, 300 ns for SYS1-bis and SYS2-bis and 1 s for each 601-
dodecamer. For every simulation, the first 50ns were discarded from analyses to account for early tail relaxation

and equilibration of the solvent.
DNA-Histone interface

The interface between DNA and histones was previously analyzed by VLDM (Voronoi Laguerre Delaunay for
Macromolecules), a software originally developed for proteins (Esque et al., 2013; Park et al., 2004, 2004) and
recently extended to nucleic acids (Elbahnsi et al., 2018; Retureau et al., 2019). VLDM relies on a partition of
space into a collection of polyhedra filling space without overlaps or gaps. The Delaunay tessellation and its
Laguerre dual were built from a set of atomic data, each atom being characterized by its position in space and a
weight depending on its van der Waals radius, set to the default values of CHARMM36 for consistency with the
simulations. To avoid open or distorted polyhedra in the Laguerre tessellation, an 8 A thick water layer around
the solute was taken together with the solute as input to VLDM. VLDM analyses of simulated nucleosomes were
performed on snapshots extracted every 250ps from the trajectories, discarding the first 50ns; only the heavy
atoms of the solute and solvent were considered. In this approach, the interface between two molecular groups is

a polygonal surface, quantified by its area.
Additional trajectory analyzes

Root Mean Square Deviations (RMSDs) and Root Mean Square Fluctuations (RMSFs) were computed on solute
heavy atoms with GROMACS (Van Der Spoel et al., 2005). The DNA base-pairing was examined with HBPLUS
(McDonald and Thornton, 1994) using two criteria, a donor-acceptor distance lower than 3.9 A and a Donor-
Hydrogen-Acceptor (DHA) angle of more than 120°; identical results were obtained with DHA > 90°. Helicoidal
parameters of DNA were analyzed using Curves+ (Lavery et al. 2009) and 3DNA (Lu et Olson 2008). Because
of end melting singularities, the first and last five base pairs of DNAncp were excluded from the analyses; thus,

the statistics were limited to 136 base pairs and 135 dinucleotides (NpN).



RESULTS AND DISCUSSION
Overview of the studied trajectories

Four nucleosome systems (SYS1, SYS1-bis, SYS2 and SYS2-bis) were considered, which differed initially by
the conformations of the histone unstructured domains, called tails (see Figure S1, Table S1 and Materials and
Methods). As explained in Introduction, the four simulations were recently used to provide a detailed but focused
description of the DNA-histone interface in solution (Elbahnsi et al. 2018). In this previous work, the integrity
and stability of the nucleosome was checked following standard practice in the analysis of molecular dynamics
(MD) simulations. Briefly, the folding of histones was clearly preserved; the tail conformations had no effect on
the behavior of the other nucleosome components; there was no sign of DNAncp—histone disassembly in the
trajectories. Root mean square deviations (RMSD) calculations attested from the overall stability of the NCP
components. For the four nucleosome systems, both histone structured domains and DNAncp remain globally
close to their X-ray counterparts, with RMSDs of ~ 2 Aand ~2.5A, respectively (Figure S2-A). The settle down
of DNAncp snapshots at around 1.5 £ 0.5 A of the average structures of each simulation (Figure S2-B) confirms
that its overall shape was not severely affected during the trajectories. The remarkable consistency across the four
MDs was in fact also reflected in the previous analyses, so that the four simulations were considered as a whole
(Elbahnsi et al. 2018). These four trajectories are again combined and interpreted as one in the present work, while
the Supplementary Data provide the analyses obtained separately for individual trajectories, for key points.

The present work also re-examines simulations previously carried out on four free “601-dodecamers”
(Ben Imeddourene et al. 2015) which, after removal of their extremities, cover one quarter of the 601 sequence,
from SHL -3.8 to SHL -0.2 (Figure 1 and Table S2). This extends free DNA analyses by direct comparison with
DNANcp.

Nucleotide and base pair fluctuations in DNAncp

Root Mean Square Fluctuations (RMSFs) are commonly monitored to estimate the deviation of the position of
any structural element with respect to its time-averaged position. RMSFs were first computed on each nucleotide
along DNANcp over all the simulations considered together, taking advantage of the consistency across the four
trajectories (Figure S3). These RMSF values follow an oscillating profile along the DNAncp strands but the
variations have limited amplitudes, reaching at most ~0.5 A in the innermost region, from SHLs -5 to 5 (Figure
2-A).

To examine the histone contact effect on the DNA fluctuations, we considered the direct DNA-histone
interactions previously quantified by VLDM in terms of contact areas (Elbahnsi et al. 2018) (see also Material
and Methods). The contacts involving the histone structured domains are clustered into blocks along each DNA
strand I and J, which have comparable areas (Figure 2-A). Because the same amino acids contact both strands 1
and J across the minor groove, those blocks group themselves pairwise to form periodic patterns; the group centers
are spaced by ~10 nucleotides and symmetrically located at SHLs = 0.5, 1.5, 2.5, 3.5, 4.5, 5.5 and 6.5 (Figure 2-

B, left). We also took into account additional interactions around SHLs + 0.5, 2.5, 4.5 and 6.5 involving the histone
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tail roots, in particular those of H3 and H2B that pass between the two DNA superhelical turns juxtaposed one
above the other (Figure 2-B, right).

Strand by strand, the variations of RMSFs and histone contact areas (Figure 2-A) are anti-phased,
supporting the intuition that motions are reduced at the DNA-histone contacts. However, this pattern becomes
much less marked when one considers base pairs instead of single nucleotides (Figure 2-C). This occurs because
most base pairs are contacted on one nucleotide, the other remaining non-contacted as illustrated in Figure 2-B;
therefore, only rare, isolated DN Ancp spots escape from interaction with histones (Figure 2-C).

The absence of high values of base pair RMSFs suggests that the base pairing remains stable in DNAncp,
although the severe bending could induce stress at this level. The examination of the Watson-Crick scheme shows
that it is maintained during 92 and 93% of the MD trajectory for A:T and G:C base pairs, respectively (Figure
S4), as previously obtained for free DNAs (Ben Imeddourene et al., 2015; Lindahl et al., 2017). The complete
loss of hydrogen bonds affects less than 0.1% of DNAncp base pairs. Thus, in the overwhelming majority of cases,
the disrupted base pairs contain at least one intact hydrogen bond and correspond to semi-open states characterized
by an opening of less than 40° (see Figure S4 and the associated comments). These results agree with earlier NMR
experiments focusing on imino protons and showing that only ~5% of base pairings were slightly altered in NCP
(Feigon and Kearns, 1979; McMurray et al., 1985).

In addition to the RMSD calculations, RMSF and base pairing analyses further guarantee the preservation
of a global double-helical organization in DNAncp. As the DNA is usually described at the level of complementary
dinucleotide (NpN*NpN, N standing for any base), we now focus on the motions of the phosphodiester junctions

and the successive base pairs, described by inter base pair parameters.

Similarities and differences of BI and BII backbone conformers in DNAxce and free DNA

Interconversions between two states of phosphate groups, BI and BII, correspond to correlated crankshaft motions
of € and { backbone angles (Figure 3-A) and are represented by the pseudo angle (e-(). The BI <« BII equilibrium
exists in both free 601-dodecamers and DNAncp as shown by the bimodal distributions of (e-{) values (Figure 3-
A). The peaks of the BI and BII populations are separated by a minimum located at (e-C) = 30° (Figure 3-A), in
excellent accordance with analyses of X-ray structures of free DNA (Djuranovic et Hartmann 2003). Hence, this
minimum value was used to define BI (e-() < 30°) and BII (e-{) > 30°) states.

The global percentage of BII conformers in DNAncp calculated for all the phosphate linkages, consistent
across the simulations (Figure S5), is 22.6 % on average. Steps with BII populations exceeding 50% are yet
relatively frequent (51 steps out of 270; Figure 3-B) and BlI-very rich regions are not equally distributed along I
and J strands but follow a periodic profile (Figures 3-C and 3-D). Such alternation of BI and BII states is probably
not specific to the 601 sequence since it is observable in the human a—satellite DNA of 1KX5 (Svozil et al. 2008;
Heddi, Oguey, et al. 2010; Yang et Yan 2011), the only X-ray model of NCP whose 1.9 A resolution is sufficient
to capture DNA details of this sort.

The global BII percentage is only slightly higher in DNAncp than in free DNA (23% vs 18%) (Figure 3-

A), in agreement with several earlier *'P NMR studies of DNAxcp that underlined the resemblance between the
9



global behavior of bound and free DNA backbones (Cotter and Lilley, 1977; Kallenbach et al., 1978; Klevan et
al., 1979; Shindo et al., 1980). However, at a more detailed level, there are two differences between BII
conformers in free and bound DNA. First, BII-very rich steps are exceptional in free DNA according to both
experimental (Heddi, Oguey, et al. 2010; X. Xu et al. 2014; Tian et al. 2009) and computational data (Ben
Imeddourene et al. 2015; Drsata et al. 2013), comprising those of the 601-dodecamers (Figures 3-B and S6).
Second, the marked periodicity of BII is clearly less discernable along the 39 bp sequence formed by the
juxtaposed 601-dodecamers (Figure S6), at least at first sight and on this segment of limited length. Besides, from
a methodological point of view, it shows that the CHARMM36 force-field is sufficiently well-tuned for DNA to
respond differently to changing environments, not a trivial achievement.

The next step of the backbone analysis is to consider the populations of the combinations explored by the
facing phosphate groups, pi and pj, that are integral elements of complementary dinucleotides. Four combinations
are potentially accessible, one composed of only BI conformers (BI*BI), and three BIl-containing combinations,
BI-BII, BII*BI and BII*BII, here called BII*Bn, n = I or II. The conformational pi*pj populations along DNAncp
(Figure 4-A) logically resonate with the alternation of BI- and Bll-rich steps along both strands I and J (Figure 3-
C). Thus, tracts predominantly in BI*BI alternate with segments mainly exploring BII*Bn combinations (Figure
4-A). The periodic alternation emerges especially clearly in the BII*BII population profile where high values of
BII*BII% punctuate the bound 601 sequence by arising every 10th bp, at SHLs + 5.5, 4.5, 3.5 etc... (Figure 4-A).
As for BII percentages, the comparison of free and bound 601-dodecamers shows different distributions of BII*Bn
percentages, more spread in DNAncp than in free DNA (Figure 4-B).

A last point concerns the presence of BII hot spots in DN Ancp, which raises the question of a potential
effect of the histones on the BI «» BII equilibrium, through direct interactions of amino acids with the phosphate
groups. We first observed that Bll-rich regions are mainly located between two contact blocks involving the
strands I and J across the minor groove (Figures 5-A and S7). Accordingly, there is no identifiable local
correspondence between the BII percentages and the contact areas between the phosphate groups and amino acids
(Figure 5-B). Focusing on electrostatic contacts involving one or more charged atoms of the phosphate group,
05°, 03°, O1P and O2P, leads to the same conclusion (Figure 5-C). Given that BII conformers are not promoted
or stabilized by direct contacts to the histones, other factors must be considered to understand why the BII
populations are so marked and prevalent within the NCP. The following (section Structural couplings at the
dinucleotide level) provides answers which invoke structural couplings associated to the DNA wrapping,

backbone states and helical parameters. But we first examine inter base pair parameters.

Characteristics of inter base pair parameters in DNAncp and comparison with free DNA

At the level of complementary dinucleotide NpNeNpN, the structure is usually described by six inter base pair
parameters, shift, slide, rise, tilt, roll and twist. Marked sinusoidal profiles characterize the roll and slide values
along DNANcp (Figure 6-A), which resemble those initially reported from 1KX5 and 1KX3 X-ray structures
(Richmond and Davey, 2003). The other parameters, shift, rise, tilt and twist, show more diffuse profiles (Figure

S8), in line with their poor reproducibility observed across NCP X-ray structures (Chua et al. 2012; Marathe et
10



Bansal 2011; Bishop 2008). Conversely to the unusual, extreme values observed at several positions in
crystallographic models (Richmond and Davey, 2003), the distributions of the inter base pair parameters of
simulated bound and free 601 sequences are very similar (Figure S9-A) and only the roll and slide differ by a
slight excess of negative and positive values in DNAncp, respectively (Figure S9-A). Thus, the inter base pair
parameters do not indicate severe local distortions in simulated DN Ancp, supporting a DNA bending resulting
from soft parameter alternations but not from kinks. As an additional remark, significant couplings exist between
pairs of DNAncp parameters, such as slide/roll (Figure6-B), slide/twist and twist/roll (Figure S9-B). They are
reinforced in DN Ancp compared to free 601-dodecamers (Figure S9-B) consonant with analyses of large datasets
of X-ray structures of DNA free or bound to proteins (W. K. Olson et al. 1998; Djuranovic et Hartmann 2003).
This feature remains intriguing.

According to the standard deviations associated to the average values (Figure 6-A and S7), each DNAncp
inter base pair parameter presents a substantial variability that is not uniform along the sequence. The comparison
with the 601-dodecamers shows that the standard deviations of bound steps are not dramatically smaller than
those of their free counterparts (Figure S10), for example for slide and roll (Figures 6-C and 6-D). Moreover, the
standard deviations of bound and free parameters display similar profiles along the sequence (Figures S10-A and
6-D), a relationship further ascertained by the corresponding correlation coefficients (Table 1). Such similarities
between the bound and free variabilities of most inter base pair parameters suggests that the internal DNAncp
dynamics is only weakly influenced by the histones. To evaluate the effect of interactions with the histones,
correlation coefficients were calculated between the standard deviations of each type of inter base pair parameters
and the relevant contact areas (i.e. the interface between each complementary dinucleotide and histones). The
somewhat modest correlation coefficients (Table 1) show that the plasticity of the considered helical parameters
is not primarily in response to the size of the local interfaces, as supported by the RMSF calculations (Figure 2-
C). So, the dynamical freedom of the successive base pairs in NCP appears to reflect the intrinsic variabilities of

DNA more than the interactions with the histones.

Correlation coefficients
Bound vs free SD Bound SD vs CA
Shift 0.68 -0.35
Rise 0.12 -0.22
Tilt 0.57 -0.20
Slide 0.57 -0.33
Roll 0.40 -0.20
Twist 0.33 -0.18

Table 1: Comparisons involving standard deviations of inter base pair parameters of bound 601-dodecamers.
The standard deviations of the six inter base pair parameters along the bound 601-dodecamers were compared
to either their free counterparts or to the complementary dinucleotide/histone contact areas (CA). This table

reports the associated correlation coefficients.
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The above observations underline that the specific signature of DNAncp helical parameters is expressed
by well-defined periodic profiles of roll and slide average values along the sequence; however, this typical
alternation is not associated with extreme, outstanding parameter values. The variabilities (standard deviations)
of most inter base pair parameters along DNAncp parallel those of their free homologs. The next step is to examine
whether the free B-DNA couplings involving inter base pair parameters and backbone conformations remain

pertinent in NCP.

Structural couplings at the dinucleotide level

An interdependence of structural descriptors is suggested by the visual inspection of variations of BIl*Bn
combinations (Figure 4-A), roll and slide (Figure 6-A) along DNAncp. A more comprehensive picture of the
couplings within DNAncp is provided by principal component analysis (PCA), which was applied to the six inter
base pair parameters and the BII*Bn populations examined in previous sections.

The first two PC dimensions are highly meaningful, accounting for 71 % of the total variance. The first
dimension arises from a strong dependence between piepj combinations, slide, roll, twist and, to a lesser extent,
rise (Figures 7-A and 7-B). Indeed, the three different pi*pj combinations are intimately coupled with the values
of slide, roll and twist (Figure 7-C). The second PC dimension shows the interdependence between tilt and shift
(Figures 7-A and 7-B), the shift being known to alleviate clashes from tilt (W. K. Olson et al. 1998).

The concerted changes of phosphodiester junctions, slide, roll and twist can also be illustrated by dividing
the complementary dinucleotides into four categories according to the roll value, the key parameter of bending
(Table 2). Considering in addition the DNA-histone contact areas enables us to broaden the idea developed from
the notion of regions very rich in BI or BII: the extreme roll regions occur predominantly outside the most

extensive contacts with the histones (Table 2).

Roll (°) categories | Roll (°) | BII*Bn% | Slide (A) | Twist (°) | CA (A?).
Roll < -5 83+33| 90+10 | 1.7+£04 | 41.1£33 | 23+28
S5<Roll<0 |-23+15] 67425 |1.0+£05| 37.9+3.0 | 41+30
0<Roll<5 24+14 | 26424 [03+04 | 344+33 | 42430
5<Roll 95+35 | 21420 |[0.1+04 | 33.0+32 | 26+31

Table 2. Structural parameters as a function of roll category.

The complementary dinucleotides in DNAncp were classified in 4 roll categories (first column). The parameter
values presented in the five other columns are averages over the MD snapshots. BII*Bn correspond to an
aggregate of the three Bll-containing combinations, BI*BII, BlI*BI and BlI*BIl. CA designates the contact areas

measured between the complementary dinucleotides and the histones.

In sum, a notable finding is that most aspects of DNA internal mechanics emerging from NMR (Heddji,
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Oguey, et al. 2010; Imeddourene et al. 2016) as well as modeling (Ben Imeddourene et al., 2015; Drsata et al.,
2013) studies of free DNA are preserved and expressed in DNAncp. We also understand that piepj combinations
contribute to the DNAncp path around the histones because they are inherently coupled to specific adjustments
of slide and roll, two helical parameters previously considered as the major factors accompanying DNA wrapping
(Tolstorukov et al. 2007; Wilma K. Olson et Zhurkin 2011). From these results, one expects that some DNA
sequences facilitate more than others wrapping in the NCP by intrinsically favoring the main structural features
of DNANcr. This idea is now developed by exploiting the well-established sequence dependence of the phosphate
group behavior in free DNA.

Sequence effect on backbone motions in free DNA and DNAncp

We recall that, in free DNA, NMR-inferred populations of phosphate group conformers primarily depend on the
dinucleotide sequence, each dinucleotide type being associated to a specific BII propensity (Heddi, Oguey, et al.
2010; X. Xu et al. 2014). According to this experimental quantification, the BI state remains globally the major
conformer and the free dinucleotides can be classified in categories with respect to BII. BII competent steps
explore BII more (CpA*TpG, GpG*CpC and CpGeCpG, with at least 40% of BII conformers in both facing
phosphate groups) or less (GpCeGpC, GpA*TpC and TpA*TpA, with 15 — 25% of BII conformers in both facing
phosphate groups) frequently; BII refractory (equivalent to BI prone) steps, ApT*ApT, ApCeGpT, ApA*TpT and
ApGeCpT, are mostly in BI, with at most 9% of BII conformers on one strand. This classification is satisfactorily
reproduced by the CHARMM?36 DNA force-field despite residual biases yielding too high BII propensity of TpA
and, conversely, too low BII propensity of GpC (Ben Imeddourene et al. 2015). Because of the tight relationship
between backbone states and helical parameters, BII competent and predominantly BI phosphate groups
correspond to intrinsically flexible and stiff steps, respectively.

It has been postulated that DNA sequences of enhanced affinity for the histone octamer are characterized
by a ~10 bp alternation of intrinsically BII competent and BII refractory segments (Heddi, Oguey, et al. 2010; X.
Xu et al. 2014; Wilma K. Olson et Zhurkin 2011). This alternation is not perfect in the 601 sequence, as illustrated
on the 39 bp fragment from simulated dodecamers (Figure S6). However, the Fourier analysis of the BII
propensities along the whole 601 sequence revealed a clear signal corresponding to a 10 bp periodicity (Heddi et
al., 2010b). Furthermore, experimental data established that modifying the alternation in 601 sequence disfavors
nucleosome assembly (Hatakeyama et al. 2016). The present simulations show without ambiguity that the DNA
wrapping implicates successive segments with low and high BI populations along the sequence. The next analysis
thus focuses on the composition of DNAncp BI and Bll-rich regions in terms of intrinsically BII refractory or
competent steps. For that, we will consider that BI- and BlI-rich regions correspond to BI*Bn percentages below
or above the average in NCP, namely 37%.

Examining the actual BI and BII distributions along DNAncp first highlights that DN Ancp BI-rich regions
contain almost equally intrinsically BI- and Bll-prone steps (Figure 8-A). The presence of intrinsically BII
competent steps in DNAncp BI regions is in fact not surprising since such dinucleotides spontaneously explore

both BII and BI conformations, with BII percentages below 50% in free DNA (Heddi, Oguey, et al. 2010; X. Xu
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et al. 2014; Ben Imeddourene et al. 2015). In contrast, DN Ancp BlI-rich regions include a very limited number of
intrinsically BI dinucleotides (Figure 8-B). Indeed, forcing BI prone steps to adopt BII rich regions in DNANcp
would imply internal stress and an energetic penalty. In line with the above, the distribution of DNAncp BII*Bn
percentage has a clear maximum around 10% for intrinsically BI prone steps, ApT*ApT, ApCeGpT, ApA*TpT
and ApGeCpT, but an otherwise more uniform profile for intrinsically BII competent steps (Figure 8-C).

Thus, these analyses strongly support that the intrinsic properties of the dinucleotides along the 601
sequence are exploited in NCP formation, as postulated before (Heddi, Oguey, et al. 2010; Hatakeyama et al.
2016; X. Xu et al. 2014). They also suggest that the location of BII refractory dinucleotides along the nucleosomal

sequences may be critical.
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CONCLUSIONS

The widespread depictions of NCPs have popularized the view of a packed DNA appearing quite different from
its free state, because of its super-helical path wrapped around the histone structured domains. Such tight bending
around the histones could suggest a regime for DNAncp with dramatically altered properties compared to those of
free DNA, including highly restricted dynamics. The DNA-histone interface seems a priori to corroborate this
view, considering the dense interaction network that maintains the cohesion of the complex (Elbahnsi et al. 2018).
However, the intuition of an inhibited/suppressed DNAncp dynamics is not based on data or objective analyses,
so we decided to examine the DNA behavior within NCP using MD simulations.

Unexpected analogies between free and bound DNA structural features were uncovered. The base pairing
in DNANcp is as stable as in free DNA; the inter base pair parameters cover similar ranges in free and bound DNA,
without recognizable outstanding hinge points. This latter point is retrieved in a very recent study using another
force field and various DNA sequences (Sun et al., 2019), indicating that this observation is generalizable. Thus,
expressions such as “extreme DNA alterations” or “distorted double helix” appear exaggerated when qualifying
DNAncp. Free DNA and DNAcp share other characteristics, including the variability of inter base pair parameters
and the interdependence between backbone conformational states, slide, roll, and twist. DN Ancp therefore remains
substantially malleable along its sequence.

Experimentally, phosphate neutralization increases DNA flexibility (Okonogi et al., 2002). The
phosphate groups contacted in NCP could thus contribute to DNAncp flexibility. However, our analyses reveal
that the DNAncp behavior echoes intrinsic variabilities of DNA more than the interactions with the histones. The
absence of significant restriction caused by the histones to the DNA local dynamics is advantageous regarding
entropy. In addition, the somewhat broad conformational space accessible to DNAncp is likely to play a role to
accommodate protein binding by the DNA while on the nucleosome.

Of course, some features are particular to DNAncp, such as BII percentages reaching unusual extreme
values. Indeed, the super-helical path and the afferent curvature require the alternation of two types of regions
along DNAncp, one with Bll-rich conformers/negative rolls/positive slide and the other with Bl-rich
conformers/positive or null rolls/negative slide. So, the periodic oscillation of high and low BII percentages along
the sequence participates to the DNA path imposed by the 3D organization of the NCP, in addition to the well-
known variations of roll and slide values.

The 10 bp periodicity of the BI versus BII distribution — and of the helical parameters roll and slide - is
not surprising from a physical point of view. Indeed, when any helix adopts a regular curvature, the pitch dictates
the periodicity of the afferent strain, independent of the curvature radius as long as it remains large compared to
the pitch. In the case of the NCP, the DNAncp has a regular curvature all along the super-helical turns. On the
other hand, the DNAncp helical pitch is close to 10 bp, as in free DNA. The combination of curvature and helicity
results in a periodically modulated strain along the double helix, of period equal to the helical pitch. For example,
each groove is alternatively compressed and expanded along the DNAncp helical path, depending on whether it

locally faces the interior or the exterior of the NCP. Similarly, this periodic strain enhances or reduces the BI/BII
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occurrences compared to the intrinsic propensity.

In fact, the influence may go in the other direction, supporting the idea that the intrinsic sequence-
dependent structural properties of DNA contribute to modulate the affinity for the histone core. This is in particular
supported by the 601 sequence and its derivatives. Previous studies found that many stretches of the examined
DNAs showed a ~10 base-pair periodic alternation of intrinsically stiff, Bl-rich, and flexible, BIl-rich, regions
(Heddi et al., 2010b). The extent of the sequences where such alternation was observed correlated with the affinity
for histones (Xu et al., 2014). Recently, we also experimentally revealed that modifying this alternation by
mutating some bases of the 601 sequence negatively affected the NCP assembly (Hatakeyama et al., 2016). The
simulation analyses presented in the present work complement those previous studies by showing explicitly i) the
alternation of BI and BII-rich regions in DNAncp and ii) that DN Ancp BII-rich regions mainly contain intrinsically
BII-competent steps whereas DN Ance BI-rich regions are equally composed of BII-refractory and BII-competent
steps, both types of dinucleotides spontaneously exploring BI conformers. Thus, one understands much better the
remarkable efficiency of the 601 sequence to assemble into nucleosome. The favorable conformational pre-
organization of this sequence is clearly an important factor that reduces the DNA free energy penalty upon
binding, even if the correspondence between the behavior of free and bound regions is not perfect. Higher binding
affinity is achieved by preventing i) an excess of stiff dinucleotides at positions requiring deformation, or ii) an
entropy loss from an excess of flexible dinucleotides at positions not requiring flexibility. This understanding
opens up the exciting opportunity to design new DNA sequences, more or less adapted to binding the histones,
by tuning their internal mechanics properties. This may ultimately help to control the DNA compaction.

More broadly, it is tempting to begin to consider the implications of our findings to the situation in vivo.
The 601 sequence is a very particular case and its high positioning character may not be representative of the
common need to continuously assemble and disassemble nucleosomes in the cell. We therefore anticipate that
sequences with similar properties of high pre-organization may be rare in genomes, although biology may use a
broad spectrum of situations. Thus, additional studies of NCP containing various DNAncp are clearly desirable,
and one cannot immediately extrapolate the present results to the chromatin organization in general. However,
the notions developed and tested here offer specific ideas to take into account the intrinsic mechanical properties
of DNA sequences when investigating their propensity to assemble into nucleosomes. In addition, the present
results pave the way to more specific and semi-quantitative insights as to how the mechanical and dynamical
properties of DNA sequences can modulate the actions of the numerous trans factors that regulate chromatin

remodeler binding.
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Figure captions

Figure 1: DNAncp and the four free DNA dodecamers with their copies in the 5’ half of DNAncp.
The DNA molecular model on the left represents the 601 sequence (in gray) in the nucleosome, with the 5’ half
in the foreground; the histones were hidden for clarity; the colored regions correspond to the location of the four

free dodecamers, also studied in their free state (right).

Figure 2: Relationship between RMSFs in DNAxcp and DNA-histone contacts.

A: Comparison of Root Mean Square Fluctuation (RMSF, grey area) and DNA-histone contact area (CA.y, red
lines) profiles along the strands I (y axes oriented upwards) and J (y axes downwards) of DNAncp; the data were
calculated for each nucleotide along DNAncp; in the case of CA, the values were time averaged. B: Schematic
representations of the DNA segments interacting either with the histone structured domains (beige clouds) across
the minor groove (mg) (left), or with histone tail roots (right). Contacted and non-contacted nucleotides are colored
in red and blue, respectively; the centers of the interacting regions are specified in terms of Super Helix Locations
(SHLs). C: RMSF of the base pairs along DNAncp; the grey and blue bars correspond to base pairs with contact

areas larger or smaller than 5 A2, respectively.

Figure 3: BI and BII conformations in DNAncp.

A: Typical structural representations of each of the two phosphate group conformations, BI (pink) and BII (green)
conformations and distribution of (e-{) values in DN Ancp (black) and free 601-dodecamers (blue). B: Distribution
of BII percentages in DNAncp (black) and free 601-dodecamers (blue). In A and B panels, each distribution is
calculated by dividing the range of the considered parameter into 20 slices; N is the count of occurrences in each
slice. C: BII percentages (BII %) of each phosphate group, along the strands I (y axis oriented upwards) and J (y
axis downwards) of DNAncp; the standard deviations are on average + 5.5 %. D: Molecular top view of the 5’
half of DNAncp, without the histones; nucleotides are colored according their BII percentages, from Bl-rich (BI1%

< 10; pink) to Bll-rich (BI1% > 60, green).

Figure 4: Conformational combinations of facing phosphate groups in DNAnce.

A: Percentages of the two combinations of facing phosphate groups pi*pj containing one (BI*BII or BII*BI) or
two (BII*BII) BII conformers along DNAncp. The standard deviations are 6 % for BI*BII or BII*BI and 3 % for
BII*BI1%. B: Distribution of BII*Bn (n = I or II) percentages in bound (black) and free (blue) 601-dodecamers;
each distribution is calculated by dividing the range of the considered percentage into 20 slices. N is the count of

occurrences in each slice.

Figure 5: BII conformers in DNAncp versus DNA-histone contacts.
A: Detailed view of BII percentages at the dinucleotide steps (grey bars) and nucleotide/histone contact areas (red

area, values time averaged, CA,,) along strands I (y axes oriented upwards) and J (y axes downwards), from SHL
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0 to SHL 3; for each grey bar, its standard deviation is indicated as a thin black line. B and C: The contact areas
between the histones and either the dinucleotide steps NpN (B, CAu,) or only the O3’, O1P, O2P and OS5’ atoms
(C, ECA.y) were plotted against the BII percentage (BII %) of each DNAncp phosphodiester junction.

Figure 6: Variability of inter base pair parameters in DNAncp.

A: Profiles of average values of roll and slide along DNAncp; the grey areas represent the standard deviations. B:
Relationship between roll and slide values; vertical and horizontal bars are standard deviations. C and D:
Comparisons of the standard deviations of the slide and roll values in free (SDje.) and bound (SDpouna) 601-
dodecamers: correlation plots, with the y=x diagonal indicated by a dashed line (C) and profiles of standard

deviations along the 601-dodecamer sequence, histone free (blue) or histone bound (black) (D).

Figure 7: Structural couplings in DNAncp complementary dinucleotides.

A and B: Results of PCA carried out on a data set containing the average values of the six inter base pair
parameters and of the frequency of the Bll-containing combinations, BI*BII, BII*BI and BII*BII (BI*Bn%).
A: Correlation circle plot in the plane of the first two principal components, Dim 1 on the horizontal x axis and
Dim 2 on the vertical y axis. Each variable is represented by a vector; the contribution of a given variable to the
total variance is related to the vector length; a cluster of parallel vectors indicates correlated (vectors with similar
directions) or anti-correlated (vectors of opposite directions) variables. B: Details about the first five PC
dimensions. The circles are associated to the variables indicated on the left; both circle size and color shade (scale
on the right) code the contribution of the considered variable to the total variance. The percentage of total variance
explained by each PC is given above the columns. C: Boxplots representing the roll, slide and twist distributions

associated to the observed combinations of facing phosphates, BIsBI, BI*BII or BII*BI, and BII*BII in DNAncp.

Figure 8: Sequence dependence of BII*Bn population in DNAncp.

The plots of both top panels were based on a double selection: i) DNAncp BII*Bn percentages (BII*Bn %) either
(A) lower than, or (B) equal to or higher than 37%, the overall average of BII*Bn percentage; ii) complementary
dinucleotides intrinsically either BII refractory (ApT*ApT, ApCeGpT, ApA*TpT and ApG*CpT) (pink bars) or
BII competent steps (green bars). Panel C: Distribution of BIl*Bn % in DNAncp for the complementary
dinucleotides either intrinsically BI refractory (pink line) or BII competent (green line). Each distribution was
calculated by dividing the BII*Bn percentage into 20 equal slices. N is the count of occurrences in each slice. The
grey vertical line represents the overall average of BII*Bn % in the MD of DNANcp. BII*Bn corresponds to BIBII,
BII-BI and BII*BII.
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