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ABSTRACT

The nucleosome is the fundamental unit of eukaryotic genome packaging in the chromatin. In this complex,
the DNA wraps around eight histone proteins to form a super-helical double helix. The resulting bending,
stronger than anything observed in free DNA, raises the question of how such a distortion is stabilized by the
proteic and solvent environments. In this work, the DNA-histone interface in solution was exhaustively
analyzed from nucleosome structures generated by molecular dynamics. An original Voronoi tessellation
technique, measuring the topology of interacting elements without any empirical or subjective adjustment,
was used to characterize the interface in terms of contact area and occurrence. Our results revealed an
interface more robust than previously known, combining extensive, long-lived non-electrostatic and
electrostatic interactions between DNA and both structured and unstructured histone regions. Cation
accumulation makes the proximity of juxtaposed DNA gyres in the super-helix possible by shielding the
strong electrostatic repulsion of the charged phosphate groups. Overall, this study provides new insights on

the nucleosome cohesion, explaining how DNA distortions can be maintained in a nucleoprotein complex.
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INTRODUCTION

The nucleosome is the fundamental building block of packaged DNA in eukaryotic cells. It consists of an
octameric histone core, including two copies of histones H3, H4, H2A and H2B, around which 145-147
base-pairs (bp) of DNA are wrapped making 1.65 turns of a left-handed superhelix (1-3). The term “gyre” is
commonly used to denote a super-helix turn around the histone core, to distinguish it from turns of the DNA
double-helix around its own axis. As molecular length, a gyre represents approximately 7 double helix turns.
Each histone comprises a folded domain (structured core) composed of 3 a-helices connected by short loops
and an unstructured, flexible N-terminal domain called tail (4,5). Moreover, H2A has a C-terminal tail. The
two copies of each histone type are arranged symmetrically with respect to the dyad axis, which passes

through the center of nucleosomal DNA.

In vivo, plethora of interplaying factors (6) such as chaperones (reviewed in (7,8)), remodeling
complexes (reviewed in (9,10) ), histone variants (reviewed in (11,12)), epigenetic modifications (reviewed
in (13,14)) and intrinsic, sequence dependent DNA properties (6,15-27) orchestrate the nucleosome
positioning. Indeed, eukaryotic DNA transactions are intimately associated to the spatial and temporal
distribution of nucleosomes within a specific genome, which regulates the DNA accessibility. Thus,
assembly and disassembly of nucleosomes continuously occur in the nucleus.

In an attempt to better understand the physical and structural events underlying the disassembly
mechanism, earlier studies examined the nucleosome behavior in response to an increased ionic strength,
which concluded that the H2A-H2B dimers were released before the H3-H4 tetramer (28,29). This global
dissociation scheme, which may reproduce what occurs in the nucleus (30-32), was confirmed by in vitro
experiments using short nucleosome arrays reconstituted with various positioning DNA sequences, the
Widom’s 601 sequence (31-36) and sequences from sea urchin 5S ribosomal gene (sequence 5S) (32,37-40)
or GUB (41). Time-lapse atomic force microscopy imaging (36), time-resolved small angle X-ray scattering
(32,33), single-pair fluorescence resonance energy transfer (31,34,41) or optical tweezers (40,42) results are
compatible with a disassembly first stage facilitated by transient unwrapping of one or both peripheral DNA
regions; also, a DNA region at the vicinity of the dyad is the major barrier in the course of the nucleosome

dissociation, but its length remains debated. Two studies of unzipping 601 and arbitrary DNA sequences in
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single nucleosomes (34,42) described a multi-step process and postulated that, in addition to the DNA center,
two regions resisting the dissociation are symmetrically located around 40-50 bp from the dyad.

Elucidating the subtleties of nucleosome dissociation may be a pointless exercise without a precise
knowledge of the DNA-histone interactions. The global organization of this interface emerged from the first
high resolution X-ray structure of a nucleosome containing a DNA from the human a-satellite (1-3). This
analysis revealed that the DNA-histone interface was subdivided into 14 main sites (seven sites per half

particle) spaced by ~10bp from center to center along the DNA (Figures 1-A and 1-B).

The interface is punctuated by arginines interacting at each DNA contact point, which contact the
minor groove. These arginines are considered to be determinant for stabilizing the nucleosome, especially
when their side chains penetrate the minor groove, making electrostatic and hydrophobic interactions with
sugar atoms (43). Owing to well ordered DNA, histones and solvent components, another human a-satellite
containing structure (1KX5) solved to 1.9 A resolution, led to suggest that the limited collection of direct
hydrogen bonds between DNA phosphate groups and arginines or lysines was supplemented by water
molecules making interactions simultaneously with histone and DNA (44). In the same structure, specific
ion-binding sites in histones and DNA were also identified, but they mainly contribute to nucleosome-
nucleosome interactions and not to the internal interface. A network of interactions, known as “sugar clamp”,
emerged from a structure of a 601 containing nucleosome (45). This network surrounds two TTAAA
elements, symmetrically located at +1.5 turn of the DNA center and combines electrostatic and hydrophobic
contacts between DNA phosphate groups and sugars on one hand and H3-arginine, H3-leucine and H4-
proline on the other hand. Described as unique in the nucleosome (45), the sugar clamp was suspected to
promote the positioning power of these TTAAA elements (46). Apart from the minor groove inserted
arginines and the sugar clamp, it is commonly accepted that electrostatic interactions, comprising those
mediated by water molecules, are the major elements responsible for maintaining the DNA wrapped around
the histones (43,47—49). However, a previous exhaustive, careful analysis of protein-DNA X-ray structures
highlighted the central importance of non-electrostatic contacts for complex formation and stability (50). In
the analyses of the DNA-histone interface, such interactions, only sparsely described, clearly deserve to be

better investigated and quantified.
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Also, despite their essential contribution, X-ray structure analyses cannot answer all questions. The
well known biases due to crystal growth conditions or lattice contacts, which are the major driving force for
the formation of nucleosome crystals (24,45,51), are in fact not the only issue. First, 1KX5 (44), is the only
crystal to determine the structure of the H3 and H2B N-tails that pass between the two DNA double helices
juxtaposed one above the other in the nucleosome as well as of the H4 and H2A tails that enter or exit on the
upper or lower sides of the nucleosome (Figure 1-C). But even in this case, the tails were globally too poorly
ordered to provide a precise map of their contacts with the DNA (44). Yet, modeling studies mentioned a
substantial contribution of certain tail parts to the interface (52,53) although another study (54) suggested
that the interactions with histone tails cannot explain the barriers described from experimental disassembly
results. Second, the DNA super-helical wrapping brings phosphate groups of juxtaposed DNA gyres very
close to each other. Because of electrostatic repulsion, such a proximity would not be possible without
efficient shielding. H3 and H2B tails undoubtedly reduce this repulsion in surrounding DNA regions. Still,
what happens in regions where the juxtaposed DNA gyres are not separated by histone tails has not been

elucidated.

Thus, our understanding of how the DNA is maintained by the histones remains incomplete. We
therefore decided to study the nucleosome from all-atom molecular dynamics simulations with explicit water
molecules and ions, focusing more on the DNA-histone interface in solution than on the nucleosome
dynamics. To get a reference of a strong interface, we studied a nucleosome formed with the artificial
sequence 601, known to generate a very stable complex (55,56). In addition, our nucleosome models
contains a large part of the histone tails. For the interface analysis, we used a tessellation method, called
VLDM (Voronoi Laguerre Delauney for Macromolecules) initially developed for proteins (57-59) and
adapted here to nucleic acids. Based on a representation of molecules by a collection of polyhedra filling
space without overlaps or gaps, VLDM has the advantage of providing interface information by taking all the
constituents into account —comprising the solvent— without resorting to any empirical or adjusted parameter.
Here, VLDM gave an exhaustive inventory of the interacting elements and quantitative account of the

interactions in terms of contact area and time occurrence.

The DNA-histone contacts were characterized in this way at each DNA binding region. The respective
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contributions of the histone structured cores and tails to the interface were ascertained. A special attention
was paid on the balance between electrostatic and hydrophobic contacts. Water molecules were analyzed in
the interface context to identify their role in possibly supplementing the direct contacts between amino acids
and nucleotides. The repulsions between superimposed, close DNA gyres were examined in relation to the
presence of cations. In sum, the exhaustive description of the elements involved in the DNA-histone
interface in solution provides new elements to better understand how the DNA is stabilized around the

nucleosome.



oNOYTULT D WN =

MATERIALS AND METHODS

Nucleosome starting models

We built five models, 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 (60). The first model, SYSO0, corresponds to
the 3MVD structure without any change. The four other models, SYS1, SYS1-bis, SYS2 and SYS2-bis,
differ by the length and conformations of the histone N- and C-terminal domains (called tails), hereafter

described.

In addition to a structured, folded domain, each histone comprises a disordered N-terminal domain
(4,5), the histone tail; H2A also contains a disordered C-terminal domain. Only short fragments of 5 to 8
amino acids corresponding to minimal N-tail roots were resolved in 3MVD. Full-length tails were observed
in only one nucleosome X-ray structure, 1KX5 (44), which is formed of a DNA sequence issued from the
human a-satellite. In our models, the tails from 1KX5 were added to 3MVD after the 3MVD and 1KX5
histone folded parts, identical in both structures, were superimposed. Nevertheless, the 1KX5 N-tails were
partially truncated to prevent their collapse and wrapping around the DNA as observed in modeling studies
of 1KXS5 involving full-length tails (53,61,62). Indeed, such a folding disagrees with experimental results
(5,63) and with the idea that the tails may be easily accessible to proteins impacting nucleosome positioning
(reviews: (6,64)) or extended when they interact with neighboring particles (review: (65)). Thus, the N-tail
amino acids more than 3.5 A distant from DNA in 1KX5 were removed so that the kept regions coincide

with the inaccessible parts as delimited by trypsin and clostripain digestions (63,66).

In addition, the tail conformations of the two copies of each histone in 1KX5 are different. For
instance the RMSD (Root Mean Square Deviation) between the N-tail backbone heavy atoms of the two H3
copies is 12.2 A. We took advantage of this heterogeneity to generate different models all including a
symmetrically replicated tail conformation: SYS1 and SYS1-bis were built with truncated tails from 1KX5

chains A, B, C and D while SYS1 and SYS1-bis contained truncated tails from 1KX5 chains E, F, G and H.

Finally, the H2A C-tail from 1KX5 was integrated in two models, SYS1-bis and SYS2-bis. The
composition of tails in our models is given in Table 1; more details in particular about the tail sequences are

7
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presented in Table S1.

In our models, the pKa of histidines were calculated using an empirical equation expressing pKa as a
function of electrostatic potential, hydrogen bonds and accessible surface area (67). The pKa of six histidines
(H3-H39, H4-H75, H2A-H32, H2A-H82, H2B-H46 and H2B-H79) got values between 7.7 and 9.6. These
histidines were therefore protonated. The role of this protonation was demonstrated through an additional
simulation carried out with unprotonated histidines, in which irreversible breaking of DNA pairing was
observed in several places. Such loss of base pairing, not retrieved either in nucleosome X-ray structures or
during the other simulations, points out the importance of histidine protonation for maintaining the double

helix integrity in nucleosome.

Molecular Dynamics Simulation Set-up

Molecular dynamics simulations were carried out with the CHARMM36 force field (68) with the CMAP
correction (69) using the CHARMM (70) and NAMD 2.11 programs (71). This force field was chosen for its

ability to match with experimental NMR data collected on free B-DNAs (72).

Each structure was immersed in a cubic box (side length of ~130 A) filled with TIP3P water molecules
(Jorgensen et al., 1983) preserving at least 10 A of separation between the solute and the edges of the box.
Electric neutrality was achieved by the addition of Na" (73) and CI (74) reaching a final concentration of 150
mM as commonly used in in vitro nucleosome experimental studies. The location of ions was optimized

using a Monte Carlo approach. The whole systems contain from ~220,000 to 270,000 atoms.

The water molecule and ion positions were first minimized by steepest descent and adapted basis
Newton-Raphson (75) methods, keeping the solute fixed, in the CHARMM program. Then, in NAMD, an
equilibration simulation progressively raised the temperature from 0 to 300K, by steps of 10K every 0.1ps.
During this heating process, harmonic restraints were applied to the atomic position RMSD of the protein
backbones and DNA, using force constants of 1000 and 5000 kcal/mol/A’, respectively. These restraints

were then relaxed stepwise during a total of 1 ns equilibration using the NPT ensemble.
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The production phase was also carried out in the NPT ensemble, at a temperature of 300K and a
pressure of 1bar. Five simulations were performed starting from the models in Table 1 using the Langevin
scheme (76,77). Periodic boundary conditions were used to avoid artifacts at the box boundaries. Infinite
range Coulomb interactions were treated with the Particle Mesh Ewald approach (78). For the van der Waals
interactions, a switching function was applied at 10 A and the cutoff was set to 12 A. SHAKE was applied to
constrain the bond lengths involving hydrogen atoms. The integration time steps were 2 fs and coordinates
were saved every 1000 steps (2 ps). The duration of the simulations are 200ns for SYS0, SYS1 and SYS2

and 300ns for SYS1-bis and SYS2-bis.

Interface analysis

The interface between DNA and histones was analyzed by VLDM (Voronoi Laguerre Delaunay for

Macromolecules), a software originally developed for proteins (57-59) and extended here to nucleic acids.

VLDM relies on a tessellation method, that is, a partition of space into a collection of polyhedra filling
space without overlaps or gaps. The program builds the Delaunay tessellation and its Laguerre dual 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. For consistency with the simulations, the van der Waals radius values are those of

CHARMM36. In the present analysis, only the heavy atoms of the solute and solvent were considered.

In this approach, a contact occurs whenever two atoms share a common face in the tessellation. The
interface between two molecules or molecular groups is a polygonal surface, quantified by its area. The
interface can be analyzed according to the nature of contacts. Hydrophobic contacts correspond to carbon
atoms exclusively (C-C). Electrostatic contacts involve N and O atoms (N-N, N-O or 0-0), excluding
repulsive interactions between two donors or two acceptors; hydrogen bonds and salt bridges belong to this

category. A third type reports a proximity of N-C or O-C atoms.

VLDM analyses of simulated nucleosomes were carried out on snapshots extracted every 250ps from
the trajectories, discarding the first 50ns. 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.
Examination of the distances characterizing the hydrophobic or electrostatic contacts showed maximal

9
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distribution peaks at 4A (from 3.5 to 6A) for C-C contacts and 2.5A (from 2.5 to 5 A) for N-O, N-N and O-O

contacts.

Additional trajectory analyses

Root Mean Square Deviations (RMSDs) were computed with cpptraj (79) between the snapshots and the
initial configuration derived from the X-ray structures before the heating and equilibration stages RMSDs

were calculated on protein backbone heavy atoms or on all DNA heavy atoms.

Protein secondary structures were analyzed with DSSP (80). The DNA base-pairing was examined
with HBPLUS (81) using distance and angle cutoffs of 3.9 A and 130° respectively. The electrostatic
potential was calculated using APBS (82) in PyMOL (83), with the ion charges of CHARMM36 and ionic
strength of 150mM. The cation occupancy was calculated with VolMap tools in VMD, using a grid of 1A.

VMD (84) and PyMOL (83) were used for visualization.

10
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RESULTS

Overview of the simulations

Five nucleosome systems were built, 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 (60). These initial systems

differ by the length and conformations of the histone N- and C-terminal domains (tails) (Tables 1 and S1).

The first model, SYSO0, corresponds to the 3MVD structure without any change. Histone N- and C-tail
regions from the nucleosome X-ray structure 1KXS5 (44) where added to SYSO in the four other models,
SYS1, SYS1-bis, SYS2 and SYS2-bis according to the procedure described in the Materials and Methods
section. The five systems were simulated with the CHARMM36 force field (68) for a total duration of 1.2ps.
Classical analyses were first performed mainly to ensure that the simulated nucleosomes were not subject to

artefactual distortions but also to gain a first estimation of the consistency of the various simulations.

In all simulations, the stability of the radius of gyration (Rg) of the whole nucleosomes and DNA
double helix (Figure S1) indicated that no histone-histone or DNA-histone disassembly occurred in the
trajectories. The system with minimal tails, SYSO0, expectedly showed slightly lower Rg values
(Rg=36.2+0.3 A, Figure S1) than the other systems containing longer tails (Rg=37.2+0.2 A on average,
Figure S1). The large Rg values, around 45 A (see examples in Figure S1) obtained for the DNA in all

simulations reflect its location at the periphery of the histone structured cores.

The overall stability of the histones was then assessed through the root mean square deviations
(RMSD) calculated between the initial configuration and the simulated snapshots (see Materials and
Methods). The octameric histone structured cores, first considered, remain globally close to their X-ray
counterparts (RMSDs ~ 2 A, Figure S2) in all the systems, with well-preserved a-helices and loops (example

of H3 in Figure S3).

Unlike the structured cores, the tails included in SYS1, SYS1-bis, SYS2 and SYS2-bis deviate from
those in the starting structure, which were extracted from 1KXS5 tails (Figure S4). This is expected since the

tail conformations in 1KX5 are largely shaped by the crystal contacts between neighboring nucleosomes

(44). The highest RMSD values (> 10A) are reached by H3 and H2B N-tails which are longer than any other
11
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tail (Tables 1 and S1). Although each initial model was built in such a way that the conformations of both
copies of each histone type were strictly identical (see Materials and Methods), this pairwise symmetry is
lost during the last part of the equilibration stage. The asymmetry is reflected by the RMSDs which are rarely
identical for both copies of a given model (Figure S4). Also, the RMSDs of tails of the same species differ

across different systems (Figure S4).

A finer understanding of the tail behavior emerges from additional analyses, discarding the first 50ns
to limit the effect due to the earliest tail rearrangements. Focusing first on H3, H2A and H2B N-tails, we
found that the atomic fluctuations, large and maximal at the extremities (atomic fluctuations up to 10 A),
decrease until reaching a plateau in the regions located before the structured cores and close to the DNA
(atomic fluctuations below 5 A) (Figure S5), alluding flexible extremities and stiff tail roots. However, low
atomic fluctuations do not say anything about possible conformation variations across simulations.
Systematic cross-RMSDs were thus calculated to better define which tail parts explore similar
conformational landscapes. A satisfactory compromise was found for the amino acids 37-44 of H3, 12 or 11-
16 of H2A or 26-34 of H2B since the mean cross-RMSDs between their structures are 2.6 £1.1, 3.1 £1.4, 2.9
£1.1 A, respectively. By comparison, the same analyses applied to the remaining N-tail parts led to mean
cross-RMSDs of 14.6 6.0 A for H3, 7.9 £3.9 A for H2A and 12.3 £6.6 A for H2B. By visual inspection, we
found that these high values correspond to a large variety of conformations. Besides, in the latter regions, we
observed the formation of a short a-helix involving amino acids 23-28 of H2B in SYS1 and SYSI1-bis, as

previously detected in an isolated H2A-H2B heterodimer by NMR (85).

Globally, the behavior of simulated H3, H2A and H2B tails is in full agreement with a NMR study of
nucleosome in solution, which demonstrated that the tail structural disorder disappears beyond amino acid 37
of H3, 11 of H2A and 25 of H2B (5) (Table 2). Therefore, although the full range of tail polymorphism can
only be partially sampled in the accessible simulation times, the molecular dynamics simulations adequately
reproduce the contrast between flexible extremities and stiff roots in H3, H2A and H2B N-tails. The term

“tail root” refers to the amino acids defined as such in Table 2.

Unlike the N-tails of H3, H2A and H2B, the eight amino acids composing the simulated H4 N-tails are
12
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all stiff (atomic fluctuations below 4 A; Figure S5). The RMSD analyses indicate that these tails adopt two
main conformations, one in SYSI and SYSI-bis (mean cross-RMSDs of 3.0 +1.1 A) and another, more
variable, in SYS2 and SYS2-bis (mean cross-RMSDs of 6.5 +3.3 A). The DNA-histone interface analysis
will provide more details on how the H4 tails are stabilized in two distinct conformations owing to
differently located interactions with DNA. Concerning the H2A C-tail, most of its amino acids are especially
flexible (Figure S5) and the whole tail is highly dynamic (mean cross-RMSDs of 13.2 £7.2 A); both features

were observed by NMR (5). Indeed, we will see that this tail does not engage sizeable contacts with DNA.

The last nucleosome component to be scrutinized is DNA. The RMSDs involving all the DNA heavy
atoms stabilize around 2.6 £0.5 A on average, considering together the five simulations (Figure S2). This
coherency across the systems indicates that the DNA overall structure is affected by neither the large tail
truncations in SYSO nor the presence of H2A C-terminal tails in SYS1-bis and SYS2-bis. Apart from 2 or 3
terminal base pairs, mainly unpaired, the base pair hydrogen bonds are well-conserved in all simulations
(90% of simulation time, examples in Figure S6). By comparison, base pairing is maintained 99% of
simulation time in the internal part of free DNA dodecamers related to the 601 sequence (72). This slight
difference between free and bound DNAs may reflect the stress induced by the DNA wrapping around the

histone core.

In sum, these preliminary analyses showed that all the simulated nucleosomes preserve the DNA-
histone assembly without generating anomalous distortions. In addition, the behavior of histone structured
cores and DNA is well preserved across the different simulations. Concerning the tails, an important point is
that the proximity to the DNA clearly limits the structural variability of H3, H2A and H2B N-tail roots,
which is consistent, at least for H3 and H2B, with their position sandwiched in a narrow passage between the
two superimposed DNA gyres (Figure 1). In the next sections, devoted to interface analyses, the first S0ns
were systematically discarded to guarantee a correct equilibration of the solvent (86) but also to discard early

tail rearrangements from consideration.

13
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DNA -histone interface

In this section, we present the direct contacts between DNA and either the histone structured cores or tails.
Contact maps from VLDM provide an identification of the nucleotides (Figure 2-A) and amino acids
(example in Figure 2-B) participating in the interface as well as the evolution of the contacts over the

trajectory time.

The interface was thus monitored in terms of both contact area (CA) and time occurrence. The
nucleotide positions are specified in terms of Super Helix Location (SHL), that is, the number of helical turns
separating a given base pair from the central base pair, SHLO. SHL is negative or positive for the 5’ (Figure

1-B) or 3° DNA half sequence, respectively.

a) DNA - histone structured core contacts

The contact area (CA) associated to DNA — histone structured core is 2332+111 A? on average. Calculated
by histone type, CA,, values range from 391+37 for H3 to 168+28 A” for H2B, in the following decreasing

order: CA,(H3) > CA,(H2A) > CA,,(H4) > CA,,(H2B) (Figure 3).

The correlation coefficients of CA,, calculated at the amino acid level for equivalent copies across
different systems (for instance: chain A in SYSn and SYSm) are equal to or higher than 0.9, confirming the
consistency of the simulations, visible in Figure 3. Moreover, the interfaces associated to pairs of copies in
the same system (for instance: chain A versus chain E in SYSn) also compare well (correlation coefficients >

0.9; see also Figure 3).

Concerning DNA, the contacts are clustered into separate blocks pertaining to nucleotides of both
DNA strands (Figure 2-A). Successive blocks are separated by 8 to 12 base pairs (bp). The shift between the
blocks in strands I and II indicates that the contacts occur across the minor grooves. The simulated interface
reproduces the pattern known from nucleosome X-ray structures (2,44). The comparison of the five datasets
of CA,, extracted from simulations and calculated at the nucleotide level led to very high values (> 0.95) of

correlation coefficients, attesting that, as for the histone structured cores, both location and area of contacts

14
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are robust across the simulations. In particular, as evidenced by the similar CA,, values, shortening the tails
(SYSO vs the four other systems) does not affect the DNA-histone structured core interface. As a practical
consequence of such a coherence, the five molecular dynamics simulations were analyzed collectively,

considering in addition both DNA strands together instead of each strand separately.

The CA,, of the 14 DNA contact regions are symmetric with respect to the center, as shown in Figure

4-A.

These contacts were analyzed to examine the contribution of the different CA components. Roughly
half of CA,, values can be classified as electrostatic and hydrophobic contacts (Figure 4-B), the remaining
contacts correspond to simple DNA/histone proximity. As expected, the phosphate groups, defined here by
05°, 03°, P, O1P and O2P atoms, are involved in 95% of the electrostatic contacts. The hydrophobic
contacts implicate sugar carbon atoms and various amino acids but the largest CA,, occur with the aliphatic
chains of arginines that contact the minor grooves (both copies of H4-R45, H3-R49, H3-R63, H3-R83, H2A-
R77 and H2A-R42; examples of H3-R63 and H2A-R42 in Figure 4-C; see also Figure S7). The complete
information about the amino acids that participate to electrostatic or hydrophobic contacts at each SHL is
furnished in Figure S7, which further illustrates the pairwise similarity of the interface spots with respect to
the DNA center. Importantly, a large amount of contacts are present for a large part of the simulation time
regardless the CA,, values (examples in Figure 4-C; Figure S7). More precisely, 75% of contacts are
observed in more than 90% of the snapshots. Such high occurrence rates in time reflect the remarkable

stability of the interface between the DNA and histone structured cores (see also Figure 2).

A striking point of this analysis concerns the balance observed between electrostatic and hydrophobic
CA,,. Most SHLs are associated to extensive hydrophobic CA,,, which are even predominant at SHLs + 5.5,
2.5, 1.5 and 0.5 (Figure 4-B; detailed examples in Figure 4-C). So the mix of hydrophobic and electrostatic
interactions previously described around SHLs + 1.5 (45) is a feature reproduced along the whole DNA,
SHLs + 4.5 being the only locations where electrostatic CA,, prevail (Figure 4-B). At a global level, the area
of hydrophobic (563+39 A?) and electrostatic (578+36 A?) contacts are equivalent. However, the most
extensive hydrophobic components are associated to the (H3-H4), structured core (Figures 4-A and S8). This

may enlighten the early step of in vitro nucleosome reconstitution that occurs at high ionic strength. At 1.5

15



oNOYTULT D WN =

M, (H3-H4), robustly binds the DNA exactly as in the complete nucleosome (17) although the electrostatic
contacts and consequently the DNA-histone interactions are expected to be weakened. Our results suggest
that the substantial hydrophobic component of the (H3/H4), interface complements the weakened

electrostatic action so that this histone tetramer is at once appropriately anchored to the DNA.

b) DNA - histone tail interface

Here, we analyze SYS1, SYS2, SYS1-bis and SYS2-bis that contain elongated tails with respect to SYSO
(Table 1). The total CA,, associated to the tails reaches 1887+425 A%, a substantial quantity compared to the
CA involving the structured cores (2332+111 A%). However, a large part of the DNA-tail interface is due to

the N-tail roots of H3, H2A and H2B, as explained now.

The extremities of H3, H2A and H2B N-tails (defined in Table 2), the H4 N-tail and the H2A C-tail
are involved in the interface with the DNA (Figures S9 and S10) but their conformational flexibility
described in the Overview section causes significant CA,, variations across the simulations and copies
(Figure S9). In addition, their interaction with DNA generally corresponds to rather weak, unstable contacts
(Figures S9 and S10). The H2A C-tail is an extreme case since its contribution to the interface is especially
weak in terms of both area and time occurrence (Figure S10). In the H4 N-tail, a single arginine, located at
the beginning of the simulated sequence (R17), interacts with DNA (Figure S10), binding the minor groove
edge at either SHLs + 2.5 in SYS1 and SYS1-bis or SHLs = 1.5 in SYS2 and SYS2-bis. Finally, the first two
or three N-tail amino acids of H3, H2A and H2B also contact DNA at best 60% of the time (Figure S10).
Overall, these results are in full accordance with previous simulations specifically dedicated to the tail
behavior (52,53). They are also strongly supported by a NMR study demonstrating the enhanced flexibility
of these tail regions (5), which is incompatible with any durable, stabilizing interaction with DNA. We thus
decided not to further describe the interactions involving these tail extremities, also because complete

sampling would require longer simulation times.

From now on, our analysis focuses on the roots of H3, H2B and H2A N-tails (defined in Table 2). The
roots represent 65% of the total CA,, between DNA and tails and, as seen before, they are characterized by

low atomic fluctuations and restricted conformational variabilities. Except for H2B chain H N-tail root in
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SYS1, whose arginine R30 escaped from the DNA minor groove causing perturbations in this interface
region, pairs of CA,, across either simulations or copies are comparable (Figure 5, correlation coefficients
calculated at the amino acid level from 0.76 to 0.85). SYS1, SYS2, SYS1-bis and SYS2-bis simulations were

consequently analyzed together.

Eight SHL spots are contacted by H3, H2B and H2A N-tail roots (Figure 6-A). Each H2B and H3 tail
root contains 8 amino acids and binds to two juxtaposed double helices (Figures 6-A and -B) while the H2A
tail root is shorter (4 amino acids) and interacts with only one double helix on the upper or lower side of the
nucleosome (Figures 6-A and B). Accordingly, the H2A N-tail root contributes much less to the interface
than the H3 and H2B ones (Figure 5). Nevertheless it maintains contacts with DNA during the whole
simulation time (Figure S10), unlike the flexible H4 N-tail and the H2A C-tail (Figure S10). Each of the
eight DNA binding spots combines electrostatic and hydrophobic contacts (Figures 6-C, 6-D and S11), most
of them being very stable during the trajectories (Figures 6-D and S11). Overall, in the DNA-tail root
interface considered here, the hydrophobic CA,, is almost twice as large as the electrostatic CA,, : 390 £ 45
A% and 213 + 39 A% respectively. This particular interface shows a more marked hydrophobic character than

the DNA-structured core interface in which electrostatic and hydrophobic CA,, are equivalent.

To conclude on this section, our analyses reveal the importance of hydrophobic contact areas that
substantially complement the electrostatic interactions in the DNA-histone interface. Thus, the combination
of very stable, direct electrostatic and hydrophobic contacts is the norm for each DNA point anchoring the
histone structured core or H3, H2A and H2B N-tail roots. A noticeable contribution to the cohesion of the
DNA super-helical wrapping is provided by the double contact made by each H3 and H2B N-tail root

connecting two juxtaposed DNA gyres.

Interfacial water molecules

The water molecules were then scrutinized in the context of the DNA-histone interface. This investigation
was motivated to a large extent by a previous analysis of hydrogen bonds in the nucleosome crystallographic

structure 1KX35, that contained a 147bp DNA derived from the o human satellite (44). In this structure, the
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only one that allowed the unambiguous identification of a very large number of water molecules, 121 water
molecules were found to bind simultaneously to DNA and histone structured cores. These water molecules
either sustain direct DNA-histone hydrogen bonds or connect groups that are too distant or improperly
oriented to authorize direct interactions. The authors of the crystallographic study concluded that direct and
water mediated hydrogen bonds equally contribute to the nucleosome stability. The molecular dynamics runs
gave us a good opportunity to probe, at least in silico, the existence of long-lived water mediated hydrogen

bonds in solution.

Equivalent analyses were carried out on the simulated structures, using the same histone parts and
criteria (Dponor-acceptor < 3.5 A; Donor-Hydrogen-Acceptor angle > 90°) as Davey and coll. (44), keeping in
mind that our models differ from 1KXS5 by the DNA length and sequence. In our simulations, we found a
total of 51 amino acids involved in direct hydrogen bonds with DNA compared to 37 in 1KX5 (Table S2).
However, this difference is largely canceled by the fact that the water mediated connections between twelve
amino acids and DNA in 1KXS5 turn into direct hydrogen bonds in the simulated structures (Table S2). This
observation illustrates that, compared to the solid state, DNA and histones in solution have the potential to
undergo subtle, local rearrangements promoting direct electrostatic interactions. Overall, most amino acids

involved in hydrogen bonds are retrieved in both experiment and simulation (Table S2).

Actually, according to VLDM, very few water molecules are trapped in the simulated interface. At
SHLs + 4.5, a water molecule links a phosphate group to S33 and 136 of H2B (Figure 7-A) in 74% of

snapshots.

Another water molecule interacts with the O2 atom of thymine or cytosine in the minor groove floor at
SHL -0.5 and R45 in H4 (Figure 7-B) in 40% of snapshots. Both DNA-water-136 and DNA-water-R45

interactions reinforce direct contacts (Figure S7).

Thus, an overwhelming majority of water molecules circulate all around the DNA and histones,
without being confined at precise interface locations as observed in 1KX5. This mobility does not mean that
water molecules do not intervene in the interface. By filling gaps between DNA and histone surfaces,
reducing the repulsions between electronegative atoms or making transient hydrogen bonds, water molecules

play an essential role in the nucleosome as well as in any DNA-protein complex (87). Nevertheless, the
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simulations provide a strong indication that stable, long-lived water molecules bridging DNA and histones

are the exception rather than the rule in liquid solution.

Cations at DNA-histone and DNA-DNA interfaces

In a way similar to water molecules, ions could behave as interface mediators. Visual inspection revealed
that some Na" spent a large part of the simulation time at the DNA-histone interface, contrary to CI” that are,
as expected, always far from the DNA. The existence of long-lived cation binding sites is also attested by
Na' with low atomic fluctuations. By systematically calculating the distances between Na™ and DNA (D,
pna) or histones (Dya+nistone) fOr €ach ion in each snapshot, as well as distance distributions, we found that
seven Na' reside close to both DNA and histones (Dygzi.ona < 4 and Dyasopisone < 5.5 A, see examples of
distance distributions in Figure S12) between 10 and 100% of the simulation time, but their location and time
occurrence often vary across the simulations (Table S3). This disparity is not a reminiscence of the
simulation starting points, since none of the observed interfacing ions is already in place at the beginning of
the production phase; it may rather reflect an insufficient sampling or local structural differences modulating
the electrostatic attractiveness for Na'. X-ray structures of nucleosome cannot help here, because they
commonly contain divalent cations instead of Na' that, in any case, cannot be easily identified even in high
resolution structures. Further specific investigations would be consequently required to determine which
parameters influence the presence of ions at the interface. At the current stage, one can yet state that Na" are
able to stay as much as 250 ns at a precise interface location (Table S3). Such situations are observed in

particular at SHLs = 4.5, = 2.5 and -0.5, where one Na' can be enclosed in the DNA minor groove, close to

an inserted arginine/ threonine couple (examples in Figures 7-C and -D).

Na'" cations are also implicated in the stabilization of the DNA superhelical path that, strictly speaking,
does not relate to the interface. Indeed, the wrapping of the DNA around the histones brings phosphate
groups belonging to juxtaposed DNA gyres close to each other. The minimal distance that separates pairs of
phosphate atoms (Dy.p) is especially short when two minor grooves face each other, dropping to 7 or 8 A for

certain pairs of superposed SHLs. Thus, the severe electrostatic repulsion induced by the proximity of
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negatively charged phosphate groups requires efficient shielding. Shielding is ensured by direct phosphate
groups - amino acid interactions in the regions where H3 or H2B tail roots pass between the DNA gyres. To
better understand what happens when close phosphate groups are not separated by histone tails, we carried
out calculations of electrostatic potential and Na~ density, expressed in terms of occupancy (see Materials

and Methods).

Globally, there is a good correspondence between electronegative patches (Figures 8-A and B) and
Na' occupancies (Figures 8-C and D). Cation (here Na") accumulation in the electronegative parts of minor
grooves exposed to the solvent (Figures 8-C and D) were previously described for free DNAs (88-90) and
are thus not surprising. More relevant for our purpose, Na' are also observed in interstices between DNA
gyres devoid of histone tails, in particular in the gap extending between the two H2B tail contact points
(Figure 8-C). This region is centered on an extremely narrow interstice between the juxtaposed minor
grooves at SHLs -4 and +4 (Dpp = 7.3 £1.0 A), around the dyad axis, which generates a marked
electronegative potential (Figure 8-A). Indeed, a substantial Na™ occurrence is observed all along the gap,

spreading from the first to the second H2B tail copy (Figure 8-C).

Na" are not as prevalent in the gyre interstices delimited by the crossing points of H3 and H2B tails
(Figure 8-D). In this region, the juxtaposed minor grooves are more distant (Dp_p of 11£1.6 and 14.6 1.1 A
at SHLs -2/+6 and +2/-6, respectively) than for the facing SHLs -4 and +4 and, accordingly, produce a less
strong electronegative potential (Figure 8-B). However, even in this case, Na" overflow from the minor

groove and cover the closest phosphate groups at the top of the facing minor grooves (Figure 8-D).

The first part of the results presented above shows that Na' can penetrate the interface, at minor
grooves where arginines and threonines are inserted. The second part reveals that a cloud of Na" intercalates
in the narrow gaps between DNA gyres, weakening the repulsive electrostatic forces between close
phosphate groups and complementing the shielding action of H3 and H2B tails. So, cations play an important

role in stabilizing and preserving the DNA super-helix path.
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DNA - histone contacts and DNA sequence

The last point relates to a possible sequence effect on the interface, which could play a role in the differential
ability of the 5° and 3’ halves of the 601 sequence to be maintained around the histone cores (17,42,46). The
601 sequence is not palindromic; most local contact patterns at SHL positions symmetric with respect to the
DNA center (SHL-n in the DNA 5’ half and SHL+n in the 3’ half, n=0.5, 1.5, 2.5...) are composed of
different sequences (given in Table S4), except for SHLs + 1.5 where the TTAAA motif is found on both
sides in a way satisfying symmetry. Now each SHL-n/SHL+n pair faces identical regions of histone copies
and contacts the same amino acids. This particular feature offers the opportunity to finely probe to what
extent the DNA sequence modulates the interface by comparing the SHL-n/histone and SHL+n/histone

contacts.

The similarity within pairs of CAs measured from the point of view of either the histone copies
(Figures 3 and 5) or the SHL-n/SHL+n pairs (Figures 4, 6, S7 and S11) is especially striking in the case of
the histone structured cores (Figures 3, 4 and S7). The very symmetric contact profiles clearly argue against
any sequence effect on the interface. The symmetry is confirmed by the excellent correlation existing
between contacts measured in the 3’ and 5° DNA halves, in terms of both electrostatic and hydrophobic CA
with the protein core (Figure 9-A). Although slightly weaker, the correlation for the contacts with the tail

roots is also convincing, taking into account the standard deviations (Figure 9-B).

Thus, our simulations involving sequence 601 nucleosome do not support the idea that the DNA

sequence significantly affects the contacts with the histones.
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DISCUSSION and CONCLUSION

A nucleosome containing the high affinity 601 sequence was simulated by molecular dynamics in explicit
solvent to study the DNA-histone interface in solution. The interface was analyzed by VLDM, a Voronoi

based method, in terms of contact area and time occurrence.

The quantitative measurements of the interface at each contacted SHL clarify global features of
DNA-histone interactions. That similar large and very stable contacts are observed for eight binding sites,
from SHL -3.5 to SHL 3.5, indicates that all of these central SHLs are equally crucial for anchoring the H3
and H4 structured cores. At each of these SHL interfaces, one arginine, intimately interacting with the minor
groove, represents nearly 20% of the contacts, and 7 to 9 other amino acids make the complement, the
ensemble engaging long-lived contacts with the DNA. The situation is completely different near the DNA
entry/exit, especially at SHLs £6.5 where the contact areas with the histone structured domains are four

times smaller than those at the central SHLs, and the contact occurrences are relatively low.

Concerning the tails, without surprise, the extremities of H3, H2A and H2B N-tails, as well as the
whole H2A C-tail, are flexible and mobile as previously observed (5,52); they have a minimal contribution
to the DNA-histone interface. In contrast, the conformational variability of the roots of H3, H2B and H2A N-
tails is considerably lower owing to intimate, long-lived interactions with the DNA. Indeed, these proximal

histone regions contribute to 35% of the total DNA-histone contact area.

Considering together the structured domain and root tail contributions gives a global view of the
contact distribution along both central and peripheral DNA regions. As expected, the central DNA region
engages the more extensive and stable contacts, cumulating interactions with H3-H4 structured cores and H3
tail roots. However another noticeable region emerges around SHLs +4.5, where large contacts with the H2A
and H2B root tails substantially reinforce the interface involving the structured cores of the same histones.
This observation remarkably parallels optical tweezer (40,42) and FRET (34) experiments in which a strong
resistance to the nucleosome disassembly was observed at 40-50 bp from the dyad, conjecturally related to a
local strengthening of the DNA-histone interactions. Finally, the defective interactions are limited to the
DNA extremities, in agreement with unwrapping or breathing studies (reviewed in (15). It is also interesting

to note that post-translational modifications that affect amino acids contacting the DNA at SHLs 6.5 (such
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as T45, R52, R53 or K56 of H3) enhance the DNA unwrapping (91,92), very likely by further weakening

this particular interface region.

Returning to the analysis of interactions, most interfaces at the SHLs contacting the histone structured
cores and eventually tail roots combine both types of interactions, electrostatic and hydrophobic (Figures 4
and 6). In several cases, in particular in the DNA-histone tail root interface, the hydrophobic interactions
cover larger areas than the electrostatic contacts. Overall, the CAgiectrostatic/ CATotat ad CApryarophobic/ CATotal
ratios are 0.23 and 0.27, respectively. These values stress the central importance of hydrophobic contacts in
the nucleosome, which are too often relegated to a secondary role. Actually, the DNA-histone interface
resembles those of other typical DNA-protein complexes, which the interfaces comprise two-thirds of non-

electrostatic contacts on average (50).

With very few exceptions, simulated water molecules fill space between DNA and histones in a fluid
manner, without forming durable bridges between DNA and histones. The water mediated hydrogen bonds
observed in 1KX5 (44) either disappear or, more often, turn into direct hydrogen bonds owing to local
adjustments of DNA and amino acids. In the context of a potential structuring role of water inferred from X-
ray structures of DNA-protein complexes (44,50,93,94), our simulations show that water molecules in
interstices formed at the DNA-histone interface do not get durably trapped at any specific position. The
various types of interaction, for example electrostatic shielding, polarization or hydrogen bonds, affect
individual solvent molecules, including ions, mostly in a transitory way. The net effect is visible at the

statistics level, through decreased fluctuation and diffusion near the DNA or protein surface.

Ions in solution play a decisive role in neutralizing electrostatic repulsions between solute charges. A
typical case is the juxtaposed gyres of DNA wrapped around the nucleosome core: in particular in regions
where two minor grooves face each other, some phosphate groups are very close to each other. The
positively charged residues in H3 and H2B tail roots crossing the DNA belt between the gyres are
undoubtedly essential for the super-helix formation and stability. Outside these contact points, the narrowest
interstices between DNA gyres are the scene of Na™ accumulation. At these locations, cations appear here as
fundamental elements in the nucleosome cohesion, explaining why the DNA super-helical path exists

notwithstanding phosphate groups in close proximity.
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As a final point, the comparison of interfaces involving pairs of histone copies of the same kind bound
to different DNA fragments did not supply evidence of any DNA sequence effect. At this stage, we cannot
exclude that the DNA-histone interface could be affected by DNA sequences clearly unfavorable to
nucleosome formation. However, our result echoes the findings of a recent experimental study that enabled
to detect the DNA distortions during the sequential steps of the histone binding (17). During the
reconstitution process, the DNA sequence clearly influences the early events of nucleosome formation. So,
the (H3/H4), tetramer binds more efficiently the 5’ than the 3’ side of the central part of the 601 sequence.
Introducing mutations in the 5’ side of the 601 sequence also decreases the nucleosome reconstitution

efficiency. However, no difference persists once the complexes stabilized.

As provided by our simulations in explicit solvent and VLDM, the detailed DNA-histone interface in
solution can serve as a reference, very comparable to the other nucleoprotein complexes (50). From a
practical point of view, our results can be used as biophysical background to interpret experiments on
nucleosome assembly or disassembly, as well as to anticipate the structural consequences of epigenetic
modifications or histone mutations. The intricate and cohesive interface depicted here shed light on how the
DNA super-helical wrapping and induced distortions are maintained around the histones in the nucleosome.

On the other hand, the nature of this interface raises the issue of completely dissociating DNA from
histones, a process that implies breaking extensive and robust contacts and may thus be a hard, energy
consuming task. This concern is supported, in particular, by the rarity of spontaneous partial unwrapping of
DNA peripheral regions (41), still supposed to be the initial step of nucleosome unfolding. It was proposed
that, in cell, remodeling factors are required to favor the occurrence of such breathing and to achieve the
nucleosome disassembly (36). The strong DNA-histone interface described here could further explain why
the action of remodeling factors is essential in the dynamical positioning of nucleosomes along eukaryotic

genomes.
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Figures

Figure 1: Overviews of the nucleosome.

Panel A is an upper view of the structure of the nucleosomal DNA 5’half (in gray, with phosphate groups in
red) bound to the histone structured cores of H3 (in orange), H4 (in green), H2A (in yellow) and H2B (in
purple). The isolated helix in red belongs to the second H3 copy that contacts the DNA extremity. B: The
SHL numbering of DNA regions interacting with the histone structured cores is shown on the same DNA
structure as in A; SHL specifies the number of double-helix turns between a given region and the DNA
center (SHLO). The structures in A and B were derived from the model used in the SYS1 simulation
presented here, removing the histone tails for clarity. C: Schematic view of the nucleosome displaying the
location of one copy of each histone N-tail, either on the upper or lower face of nucleosome (H4 and H2A)

or passing through the interstice between the two superimposed DNA gyres (H3 and H2B).
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Figure 2: Contact area maps of the DNA-histone interface.
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Two examples of maps of DNA-histone contact areas (CA) plotted as a function of time for the five

simulations exploited here. The green color shades code the area value according to the scale given on the

right. A: CA associated to each nucleotide along the two complementary strands (strands I and II) of

sequence 601 expressed in terms of Super Helix Location (SHL). B: CA associated to amino acids of the H4

structured core interacting with the DNA, considering the histone copies separately (chains B and F).
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Figure 3: Interface between the histone structured cores and DNA across simulations.
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The contact areas (CA,,) of the histone structured cores with DNA were extracted from each simulation and

averaged over time, considering the histone copies (chains A E, B F...) separately. The data associated to the

different simulations are colored according to the code given on the bottom right. The thin vertical error bars

correspond to standard deviations.
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Figure 4: Interface between DNA and the histone structured cores.
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The average contact areas (CA,,) of DNA regions, labeled by SHL, with the histone structured cores were
calculated considering either all types of contacts (A) or specific hydrophobic (blue) or electrostatic (red)
components (B). The yellow flyers indicate the regions where (H3-H4),, the H2A-H2B dimers or H3
interact. Panel C details the hydrophobic (blue) and electrostatic (red) contributions of amino acids involved
in the interface at SHLs + 2.5 and 1.5; the contact occurrences (N%) are represented by shaded gray area.
The data were averaged over the five simulations, SYS0, SYS1, SYS2, SYS1-bis and SYS2-bis. The vertical

thin error bars associated to CA,, are standard deviations.
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Figure 5: Interfaces involving the H3, H2A and H2B tail roots and DNA across simulations.
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The contact areas (CA,,) of the histone tail roots of H3, H2A and H2B (defined in Table 2) with DNA were
extracted from each simulation and averaged over time, considering the histone copies (chains A E, C G and
D H) separately. The data associated to the different simulations are colored according to the color code

given on the top right. The vertical thin error bars correspond to standard deviations.
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Figure 6: Interface between DNA and the tail roots of H3, H2A and H2B.
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A: average total contact areas (CA,,) calculated at each SHL region involved in the DNA interface with the
N-tail roots of H3, H2A and H2B; the plain and dashed connectors specify the type of tail copies that
contact the DNA. B: schematic representation of the nucleosome illustrating the location of one copy of each
of the three N-tail species. C: hydrophobic (blue) or electrostatic (red) components of the CA,, the total of
which is represented in panel A. D: details of the hydrophobic (blue) and electrostatic (red) contribution of
the major amino acids involved in the interface at SHLs + 0.5 and 6.5; the total contact occurrences (N%) are
represented in gray. The vertical thin bars, in panels A, C and D, are standard deviations associated to CA,,.

The data were extracted and averaged from the four simulations, SYS1, SYS2, SYS1-bis and SYS2-bis.
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Figure 7: Water molecules and Na" cations trapped in the DNA-histone structured core interface.

The top panels show examples of water molecules mediating DNA - histone interactions; A: a phosphate
group located above the major groove at SHL -4.5 interacts with S33 and 136 of H2B via a water molecule;
B: another water molecule joins the minor groove floor at SHL -0.5 and R45 of H4. These structures were
extracted from SYS2. The bottom panels show Na" cations inserted in the DNA minor groove in the vicinity

of R83 of H3 and T80 of H4 at SHL -2.5 (C) or R45 of H4 and T 118 at SHL -0.5 (D).
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Figure 8: Electrostatic potentials and Na" occupancy.
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These nucleosome back side views are centered on the regions where the minor grooves at either SHLs -4
and +4 (A and C) or SHLs -2 and +6 (B and D) are juxtaposed. The histone tails passing between the DNA
gyres are specified in flyers. A and B: the electrostatic potentials are represented on the nucleosome solvent
accessible surface according to the color scale given underneath, ranging from -3.0 to +3.0 kT/e. C and D:
the Na™ occupancy is represented by an yellow isosurface corresponding to occupancy = 3% of the

simulation time. DNA is in gray, the histones in purple.

32



oNOYTULT D WN =

Figure 9: Comparison between the contacts involving the 5’ and 3’ halves of the 601 sequence and the

histones.
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The hydrophobic (blue) and electrostatic (red) components of contact areas (CA,,) between the histones'
amino acids and the nucleotides of the 5’ DNA half are compared to their equivalent involving the 3> DNA
half. The contacts represented are between DNA and either the histone structured cores (A; correlation
coefficients of 0.98 for both hydrophobic and electrostatic CAs) or the tail roots (B; correlation coefficients
are 0.91 for both hydrophobic and electrostatic CAs). The vertical and horizontal error bars are the standard

deviations calculated across the simulations. The diagonal black line represents y = x.
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Tables

Table 1: Histone tails composition of the models.

SYSO SYS1 and SYS1-bis SYS2 and SYS2-bis
H3 N tail 37 — 44 24 — 44 from chain A 24 — 44 from chain E
H4 N tail 20— 24 17 — 24 from chain B 17 — 24 from chain F
H2A N tail 12— 16 9 — 16 from chain C 9 — 16 from chain G
H2B N tail 28 — 34 19 — 34 from chain D 19 — 34 from chain H
SYSO0 SYSI and SYS2 SYS1-bis and SYS2-bis
H2A C tail No C-tail No C-tail 119 — 128 from chain C

The composition of the N- terminal tails is given for the four histone types in the five models studied here:
SYSO is the 3MVD structure, and SYS1, SYS1-bis, SYS2 and SYS2-bis each contain added amino acids
taken from the specified chains of 1KXS5. The H2A C-tail from 1KXS5 was integrated in SYS1-bis and SYS2-

bis. The tail sequences are detailed in Table S1.

Table 2: Flexible extremities and stiff roots of histone tails.

24|25| 26 |27(28|29| 30 31 32|33 |34|35|36|37*|38 39|40 41 (42|43 |44
A|A|R |K|S|4|P |A|T|G|G|V|K|K* P HR|Y|R|P|G

H3

*
H2A 9 110111*/12|13 (14| 15 |16

N-tails

K|T|R* A\IK/IA|K|T

19120 21 |22|23|24|25%|26 2728|2930 31| 32 (33 34

H2B

O|K|K |D|IGIK|K* R RIK|T|IRIK|E |SY

In SYS1, SYS2, SYS1-bis and SYS2-bis simulations, the N-tails of H3, H2A and H2B showed flexible
extremities sampling various conformations (amino acids in italic) and stiff roots covering a much more
limited conformation landscape (amino acids in bold). The stars indicate the limit between those two regions

according to a NMR study (5).
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Supporting Information

Figure S1: Radius of gyration of simulated NCPs and DNA in NCPs.
Figure S2 : RMSDs of the histone structured core and the DNA.

Figure S3 : H3 structured core secondary structures.

Figure S4 : Distribution of the RMSD values of the histone tails.
Figure S5: Atomic fluctuations of histone tails.

Figure S6: Watson-Crick base pairing in simulated DNA.

Figure S7: Interface between the DNA and the histone structured cores.

Figure S8: Hydrophobic and electrostatic contact areas between the DNA and either the structured cores of
the (H3-H4), tetramer or the H2A-H2B dimers.

Figure S9: Comparison of the simulated interfaces involving the extremities of H3, H2A and H2B tails, H4
tail or H2A C-tail and the DNA.

Figure S10: Interface between the histone tails and the DNA.

Figure S11: Interface between the DNA and the histone tail roots.
Figure S12: Density plots of Na" - DNA and Na' - histones distances
Table S1: Sequences of histone tails.

Tables S2-1 and S2-2: Hydrogen bonds between DNA and histone structured cores in 1KX5 and molecular
dynamics simulations.

Table S3: Time occurrence of Na' cations at the DNA histone interface.

Table S4 : DNA sequences at contacted SHLs.
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