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Abstract

Meters of DNA wrap around histone proteins to form nucleosomes and fit inside the micron-
diameter nucleus. For the genetic information encoded in the DNA to become available for
transcription, replication and repair, the DNA-histone assembly must be disrupted. Experiment has
indicated that the outer stretches of nucleosomal DNA “breathe” by spontaneously detaching from
and reattaching to the histone core. Here, we report direct observation of spontaneous DNA
breathing in atomistic molecular dynamics simulations, detailing a microscopic mechanism of the
DNA breathing process. According to our simulations, the outer stretches of nucleosomal DNA
detach in discrete steps involving five or ten base pairs, with the detachment process being
orchestrated by the motion of several conserved histone residues. The inner stretches of
nucleosomal DNA are found to be more stably associated with the histone core by more abundant
nonspecific DNA-protein contacts, providing a microscopic interpretation of nucleosome
unraveling experiments. The CG content of nucleosomal DNA is found to anticorrelate with the
extent of unwrapping, supporting the possibility that AT-rich segments may signal the start of
transcription by forming less stable nucleosomes.
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1. Introduction

Eukaryotic DNA wraps around histone proteins to form arrays of nucleosomes, ultimately
organizing into chromosomes. For DNA to become available for template-directed processes
— transcription in particular — nucleosomes must be disrupted or displaced [1]. The
mechanical stability of a nucleosome is determined by the strength of histone-DNA contacts
and the mechanical properties of the nucleosomal DNA [2, 3]. Specifically, /n vitro
experiments [4-7], bioinformatics analysis [8], and structural studies [9] have identified CG
content [5, 8] the placement of TA dinucleotides [5, 7], and the presence of CA=TG steps
[9] as important determinants of nucleosome stability. Experimental studies have also shown
that the outer stretches of DNA can spontaneously unwrap and rewrap from the histone core
in a process known as “DNA breathing” [6, 7, 10-17]. Recent /n vitro single-molecule
studies revealed that nucleosomes unwrap asymmetrically under force, and that the preferred
direction of unwrapping depends on the DNA sequence [7].

It is also important to consider what is not yet fully known concerning nucleosome
occupancy and stability. Experimental and bioinformatics studies indicate that DNA
sequences with greater CG content form more stable nucleosomes. However, nucleosomes
have been shown to be depleted in so-called “CpG islands,” regions of elevated CG content
and reduced methylation [18-20]. Furthermore, several specific DNA sequence motifs have
also been proposed to be important, including *TA’ dinucleotides [4, 7, 21], poly-A tracts
[22], and “TATA’ box regions [23]. The very mechanism of DNA unwrapping from a histone
core is also under debate. Several different modes of nucleosome motion have been observed
or proposed, including “DNA breathing” described above, the splitting of histone dimers of
H2A and H2B from the histone core, which could accompany DNA unwrapping [14, 24,
25], the propagation of a loop [26] or twist defect [27], and the “gaping” between super-
helical turns of DNA without unwrapping [28]. It is also possible that nucleosome
repositioning /n vivo may involve several different mechanisms.

Computational studies play an important role in examining nucleosome structure and
dynamics, providing insight into microscopic details not readily accessible to experiment.
Previous coarse-grained (CG) [29-34] and all-atom [35-44] molecular dynamics (MD)
simulations have investigated the dynamics of nucleosomes and chromatin. CG studies have
primarily been used to examine DNA positioning and superhelical sliding [45, 46], or the
free energy associated with nucleosomal unwrapping [30-32], without commenting on how
spontaneous detachment occurs at the molecular level. Previous all-atom MD simulations
have characterized nucleosomal DNA’s primary modes of motion [35], discovered that the
nu- cleosome behaves like a sponge absorbing water and ions [36], unwrapped nucleosomal
DNA by force [38, 47], uncovered transient elements of structure in histone tails [37, 41, 43,
48-50], and found that histone variation may lead to enhanced flexibility [39, 40, 42, 51].
The spontaneous detachment of about one turn of DNA from a histone core has been
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observed in all-atom simulations [39, 40, 43], but those reports did not to attempt to describe
the underlying mechanism. Multi-scale MD studies have combined all-atom and CG
simulations [41, 52, 53] to form hypotheses on the potential role of histone tails in short-
length (/.. under 10 bp) nucleosomal DNA detachment [53] and in the mediation of
nucleosome- nucleosome interactions [41]. Studies that use theory, or a combination of
theory and simulation, have taken a more mathematical approach to investigating the
possible effects of DNA sequence on nucleosome stability [54] and DNA flexibility [55].
Large-scale, all-atom simulations were also used to investigate how nucleic acids bend
around nanoparticles designed to mimic histones [56]. Overall, a mechanistic account of
spontaneous nucleosomal DNA detachment in atomistic detail has remained largely elusive.

Here, we report the molecular mechanism of spontaneous unraveling of nucleosome core
particles observed in all-atom MD simulations. Our study examined nucleosomal DNA
breathing at multiple ionic conditions, and for several DNA sequences. We identified a step-
wise mechanism, involving a set of specific histone residues, that leads to the detachment of
outer turns of nucleosomal DNA by observing many spontaneous detachment events in all-
atom detail. Through another set of simulations, where DNA detachment was induced
through partial rupture of the specific contacts, we confirmed the proposed mechanism and
further probed the effects of DNA sequence. A mechanistic account of nucleosome
unwrapping, and the effects of DNA sequence therein, is key to understanding fundamental
biological processes, including transcription, replication, and repair.

2. Results and Discussion

Spontaneous and reversible nucleosomal unwrapping

Fig. 1a illustrates a typical simulation system considered in this work: an all-atom model of
a nucleosome (PDB ID: 3LZ0 [57]) submerged in an electrolyte solution. Several simulation
systems were constructed featuring a 601L nucleosome, differing by the electrolyte
conditions: 0.15 M NaCl, 1.0 M MgCl,, and 3.0 M NaCl. The protein core of each model
contained residues 16-118 for both copies of H2A, 29-121 for both copies of H2B, 39-134
for both copies of H3, and 25-102 for both copies of H4. The disordered N- and C-terminal
tails of the core histones were not included in the nucleosome models. Based on the results
of several experimental studies [58, 59], we anticipate that the removal of histone tails has
accelerated the rate of spontaneous DNA unwrapping. See Materials and Methods for
further details on the simulation protocol.

For each nucleosome system considered, three independent replica simulations were
performed separately, including minimization and structural relaxation, followed by
approximately 0.35 us of free equilibration at room temperature and standard pressure
conditions. Initial velocities for replica simulations were generated using unique random
seeds. The pairwise RMSD values at the beginning of free equilibration simulations ranged
from 2.3 to 3.5 A across all replica simulations, see Supplementary Fig. S1. In one of three
replica simulations carried out for each 1.0 M MgCl, and 3.0 M NaCl electrolyte condition,
the nucleosomal DNA was observed to detach spontaneously within the first 0.35 ys. These
two simulations were extended to 2 ususing DESRES Anton2 special purpose
supercomputer [60]. Although no spontaneous DNA detachment was observed within the
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first 0.35 us of the three 0.15 M NaCl simulations, one replica simulation was extended to 2
us for comparison with the 1.0 M MgCl, and 3.0 M NaCl systems.

In general agreement with salt-dissociation experiments [21, 61, 62], the structural stability
of a nucleosome was found to depend on the electrolyte conditions used in an MD
simulation. At physiological electrolyte concentration (0.150 M NaCl), the Widom 601L
DNA remained stably bound to the histone core over the entire 2 ussimulation, Fig. 1b and
Supplementary Movie 1. Such high integrity of the nucleosome structure is consistent with
the experimentally-characterized timescale of 250 ms for the outer stretch of nucleosomal
DNA to unwrap from a histone core at physiological conditions [63]. In a simulation carried
out at high ionic strength electrolyte (1.0 M MgCl,), the outer turns of the 601L
nucleosomal DNA unwrapped spontaneously from the histone core in a stepwise fashion,
Fig. 1b; 601L DNA also became detached in another condition of high ionic strength (3.0 M
NaCl). Fig. 1c and Supplementary Movie 2 illustrate the simulated DNA unbinding process
in 1 M MgCl,, and Supplementary Movie 3 depicts a similar process in 3 M NaCl.
Conditions of high ionic strength apparently reduce the electrostatic attraction between the
negatively- charged DNA and the positively-charged histone core, thereby increasing the
likelihood of DNA unwrapping. 3D density maps of Mg?* and Na*, Supplementary Fig. S2a
& b, indicate that both ion species can enter both minor and major grooves of the
nucleosomal DNA, and that Na* ions cover the DNA’s surface more evenly than Mg2",
matching the results of a previous study [64]. Note that, because the simulation time scale
does not exceed single digit microseconds, we do not expect to observe complete unraveling
of nucleosomal DNA, as observed in experiment performed at a much longer time scale [21,
62], Our simulations, thus, probe recovery of the system to equilibrium following the quench
of ionic conditions, revealing the details of the nucleosome unraveling process.

To estimate the rate of unwrapping conditioned by the DNA elasticity alone, we simulated
the Widom 601L DNA in the absence of the histone core starting from the conformation the
DNA adopts in an intact nucleosome. The DNA was observed to unravel completely from its
starting conformation within 300 ns of the simulation, see Supplementary Movie 4.

The simulated spontaneous unraveling of the nucleosomal particle was found to be
reversible. In 3.0 M NaCl, about 13 bp of 601L DNA became detached around 0.03 us, and
then reattached to the histone core by 0.9 us, see Fig. 1b and Supplementary Movie 4. In the
simulation carried out at 1.0 M MgCI2, the first 25 bp of the nucleosomal DNA underwent
two major detachment transitions, at 0.02 and 0.20 us, but bound back to the histone core in
two separate steps, at 0.60 and 0.70 us, Fig. 1b & c. Furthermore, the DNA appears to bind
back to the histone core in a conformation that is statistically indistinguishable from its
initial state. To illustrate this point, we show in Fig. 1d the conformations of the terminal 25
bp of the nucleosomal DNA at the beginning of the simulation (0 xs) and after undergoing a
reversible unbinding transition (0.7 us). The overlay of the two conformations visually
appear indistinguishable for the entry (first 25 bp) and exit (last 25 bp) termini of the
nucleosomal DNA, although only the entry fragment underwent reversible unraveling while
the exit fragment remained bound to the histone core. The distributions of the DNA
fragments’ RMSD values with respect to their starting positions (both with primary peaks
between 5.0 and 5.5 A), Fig. 1e, illustrate the dynamic nature of these segments and the
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statistical similarity of their conformations upon reversible unbinding. The difference in the
RMSD distributions arises from greater fluctuations of the initial 10 bp of the first 25 bp,
compared to the final 10 bp of last 25 bp, Supplementary Fig. S3. Such spontaneous,
reversible unwrapping of DNA was previously observed in experiment [6, 65] and was
described as “DNA breathing.”

The effects of DNA sequence on nucleosome breathing

To examine the effects of the nucleotide sequence on DNA breathing, we repeated the
simulations of the nucleosomal system at 1 M MgCl, for the three additional variants of the
nucleosomal DNA sequence: poly-AT (/.e. ATAT...; 0% CG), 5S mRNA gene (43% CG)
[66], and poly-GC (7.e. GCGC...; 100% CG), which are known to form nucleosomes /n vitro
[66—68]. The nucleotide bases of the 601 DNA resolved in the X-ray structure were changed
according to the target sequence (listed in Supplementary Table S1) while keeping the same
conformation of the DNA backbone. Materials and Methods and Table S2 provide a detailed
description of the structure building and simulation protocols. As done for 601L, three
replica simulations were performed for the additional sequences in 1M MgClI, for 0.35 us.
One replica of poly-AT, and one of 5S gene, underwent spontaneous detachment in that time
period, and were extended to 2 us. No replicas of poly-GC exhibited detachment within 0.35
us, and one was extended to 2 us for the sake of comparison.

Among the four systems (601L, poly-AT, 5S and poly-CG), the poly-AT system was found
to be the most dynamic, Fig. 2a. Within the first ~0.8 us of the simulation, about 45 bp
detached from the histone core in four unbinding events occurring at both DNA termini,
followed by the subsequent rebinding of about 20 bp; Supplementary Movie 5 illustrates this
MD trajectory. The outcome of the 5S nucleosome simulation was similar to that of 601L:
25 bp ultimately became unwrapped within 2 us, Fig. 2a and Supplementary Movie 6, which
can be attributed to the similarity in CG content of their DNA sequences. On the other hand,
none of the poly-GC bp unwrapped from the histone core, Fig. 2a and Supplementary Movie
7, despite considerable structural fluctuations. Thus, the extent of simulated DNA
unraveling, Fig. 2b, appears to be correlated with the CG content: the poly-AT (0% CG)
nucleosome unravels the most, the 5S (43% CG) and 601L (57% CG) nucleosomes display
intermediate unraveling, whereas the poly-GC (100% CG) one does not unravel. Unlike the
other DNA sequences considered, 5S is asymmetric: the 5 side contains ~38% CG, and the
3’ side contains ~50% CG. As shown in Supplementary Fig. S4a, 5S DNA spontaneously
unwraps from the 5’ side, the side smaller in CG content. This result is consistent with our
overall finding that DNA sequences lower in CG content are less stably attached to a histone
core. We also note that more 5S DNA unbinding events would need to be observed to
definitively conclude that spontaneous unwrapping primarily occurs from one side.

The results of our MD simulations suggest that a DNA molecule with greater CG content
may form a more stable nucleosome, in agreement with the aforementioned bioinformatics
analysis [4, 5, 8]. Our results are also consistent with a recent computational study that
found nucleosomes to slide more slowly along poly-GC DNA, and more rapidly along poly-
AT [69]. A set of independent simulations of 45 bp DNA fragments in 0.15 M NaCl and 1.0
M MgCl, showed a statistically insignificant dependence of the dynamic persistence length
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[55] on the electrolyte conditions (see Supplementary Note 1 and Fig. S5), consistent with
experimental studies that found only a small change in DNA’s persistence length when
increasing from moderate to high salt concentrations [70, 71]. The possible implications of
our results are also in agreement with a single-molecule experimental study that found a
difference in the CG content of the left and right halves of nucleosomal DNA to determine,
in part, the preferred direction of asymmetric unwrapping under tension [7]. To add more
statistical weight to these results of spontaneous unbinding, we revisit the effects of DNA
sequence below in computational assays where detachment is induced.

The stepwise mechanism of nucleosomal DNA unraveling

Close inspection of the MD trajectories reveals that a DNA-histone unbinding event is a
two-step process, controlled by the conformation of several histone residues. These residues
— H3 His39, H3 Arg40, H3 Arg49, H2A Arg30, H2A Arg77 — are all conserved for at
least 84% of species that contained a functional equivalent of human histone proteins H3.1
and H2A.1 [72]. Fig. 3a & b depict a typical DNA-histone unbinding event, illustrating the
distinct steps of the process. Initially, DNA binding to the histone core is stabilized by a
charged side chain that is inserted into the minor groove of DNA and simultaneously forms
salt bridges with two phosphate groups from different DNA strands, Fig. 3b 7 The
detachment begins after one of the salt bridges breaks, leaving the charged side chain
interacting only with one of the DNA strands, Fig. 3b /7. After the second DNA-histone salt
bridge breaks, one turn of DNA becomes detached from the histone core, Fig. 3b //i. For the
example highlighted, the entire process leads to the detachment of about 10 bp, with the
intermediate state (from ~0.18 to 0.20 us) corresponding to the release of 5 bp.
Supplementary Fig. S6 and Table S2 characterize the process of DNA unbinding for each
major spontaneous detachment observed, showing that an intermediate partially-bound state
occurred in each detachment event although the number of bp released during the
intermediate step varied.

In seven out of eleven unbinding events, 4 or 5 bps were released at the intermediate step
whereas no bp were released in the other four unbinding events, Supplementary Table S2.
This observation is consistent with the results of a recent experimental study that found
DNA to unwrap from the histone core predominantly in 10-bp steps that sometimes included
an intermediate 5-bp step [73]. The proposed mechanism provides an explanation of why 5
or 10-bp unwrapping steps could occur. Our simulations revealed that the detachment of one
turn of a DNA helix requires the sequential breaking of two salt bridges formed with the
same histone residue. Because the nucleosomal DNA is in an over-twisted state, the
phosphates that form these two interactions with the same histone residue are spaced about 5
bp apart on the opposite strands of the DNA duplex. Depending on which of the two salt
bridges breaks first, the unwrapping can occur in two 5-bp steps or one 10-bp step. The
rebinding of hucleosomal DNA to the histone core may follow a slightly different
mechanism where a histone side chain slides along the DNA backbone before reinserting
into the minor groove, see Supplementary Movie 2. As previously suggested by Kulic and
Schiessel [74], we have encountered five instances of a 1-bp shift in the interaction between
DNA phosphates and key histone residues out of 16 observed unwrapping or rewrapping
events, Supplementary Fig. S7. Therefore, in our simulations, we have observed a
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combination of spontaneous nucleosome unwrapping and rewrapping, and the formation of
twist defects that arise from a 1-bp shift in DNA-histone interaction.

To test the proposed mechanism of nucleosome breathing and its dependence on DNA
sequence, we performed three independent replica simulations each of poly-AT, 5S gene,
601L, and poly-GC nucleosomes in 1.0 M MgCl, where unwrapping was induced by
partially rupturing essential DNA-histone contacts. The side chains of ten key histone
residues were moved, and held, away from the three outermost locations of histone-DNA
minor groove contacts at either termini of nucleosomal DNA, six such locations in total. Fig.
4a illustrates the extent of the initial forced side chain motion for one of the ten residues
forming the DNA-histone contacts; Supplementary Methods 1, Fig. S8 and Table S3
describe the details of the simulation protocol.

The partial rupture of the essential DNA-histone contacts was found to produce rapid
unbinding of the DNA terminal fragments, Fig. 4b and Supplementary Movie 8.
Unwrapping occurred for all DNA sequences considered within 0.2 us, one-tenth of the
timescale explored for spontaneous unraveling. The average number of bps detached at the
end of these simulations is shown graphically in Fig. 4c. Poly-AT, containing 0% CG, had an
average of 28.7 + 4.1 endpoint bp detached after about 0.21 us, the least CG and most bps
detached on average. Over the same time period, an average of 26.0 + 3.3 bp of 5S gene
(43% CG) and 24.7 £ 9.9 bp of 601L (57% CG) became detached. Poly-GC, which is 100%
CG, had an average of 16.7 + 1.7 bp detached, the fewest of all sequences considered. The
results of accelerated unwrapping when holding histone residues away from DNA
demonstrate that greater CG content leads to a more stable nucleosome, expanding upon
what was observed from simulations of spontaneous unraveling, Fig. 2. Furthermore,
keeping the specific histone side chains held away prevented the nucleosomes from
rewrapping. Across all systems in which histone-DNA contacts were ruptured, the DNA
unraveling did not progress beyond 27 bp from either endpoint.

Central nucleosomal DNA more stably interacts with the histone core

Our results suggest that the outermost three turns of nucleosomal DNA unwrap more easily
from the histone core than the inner DNA, implying that the latter is more strongly bound.
Depicted in Fig. 5a, a nucleosome featuring only the central 85 bp of Widom 601 DNA
(58% CG) was simulated to examine the stability of inner nucleosomal DNA in the absence
of outer DNA. Over the first 0.75 us of simulation, one brief DNA detachment was observed
from the entry side, and one brief detachment from the exit side, shown in Fig. 5a and
Supplementary Movie 9. For the rest of the time, the DNA remained stably bound to the
histone core, with several short-lived partial detachments, indicating that inner DNA
unwraps at a slower rate than outer DNA. Contact analysis of our MD trajectories
demonstrates that the inner region of the nucleosomal DNA forms more contacts on average
with the histone core than the outer region, Fig. 5b & c. Interestingly, the DNA sequence
does not affect the average number of contacts for each region, Fig. 5¢, indicating that the
difference in the unbinding kinetics of the outer regions is caused by DNA mechanics, not
DNA-protein contacts. Further analysis indicates that detachment of the outer stretches of
DNA from the histone core does not influence the number of contacts that the inner stretches
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of DNA make with the histone core, Fig. S5. We note also that the number of DNA-histone
contacts does indeed change over time throughout the 2 us production MD simulations, see
Supplementary Fig. S9a. In agreement with our observations, larger forces were required to
unwrap inner stretches of nucleosomal DNA in single molecule-experiments [7, 73].

Interestingly, the DNA in 601L and 5S systems were found to detach spontaneously almost
exclusively from one side in 1 M MgCls similar to the behavior of the 601L system in 3 M
NaCl, Fig. S4a. On the other hand, poly-AT in 1 M MgCl, is seen to detach from both ends
simultaneously, Fig. S4a. After rupturing key histone-DNA contacts, or when considering a
nucleosome system with only the central 85bp of DNA, detachment occurs fairly evenly
from both sides, Fig. S4b & c. Thus, our simulations neither confirm nor rule out the
possibility that detachment of nucleosomal DNA from opposite sides may be coordinated.

Conclusions

In this study, MD simulations were used to characterize nucleosome unwrapping in
atomistic detail, uncovering the effects of ionic conditions (Fig. 1), DNA sequence (Fig. 2
and 4), and DNA position with respect to the pseudo-dyad (Fig. 5). By closely examining
many major DNA-histone spontaneous unbinding events (Fig. 3a & b and Supplementary
Fig. S6), we recognized a clear two-step mechanism of detachment: (1) periodically-placed
DNA transitions from being fully-bound to a specific positively-charged residue of the
histone core to being only partially-bound, and then (2) about one turn of DNA unbinds
completely. This mechanism was then confirmed by inducing a partially-bound state for
nucleosomal DNA at six major sites where the minor groove faces toward the histone core
(one shown in Fig. 4a), and then observing accelerated DNA unwrapping (Fig. 4b & c).
Together, spontaneous and induced nucleosome unwrapping of nucleosomes featuring four
DNA sequences strongly suggest that greater CG content corresponds to more stable
nucleosomes. A recent MD study of poly-lysine peptide binding to DNA suggests that
histone tails could bind to CG-rich DNA more tightly than to AT-rich DNA, which would
make the sequence dependence of nucleosome unraveling reported in this study even more
pronounced [75].

Our results suggest that different mechanisms may govern the unwrapping of outer and inner
nucleosomal DNA. Outer stretches of DNA, far from the pseudo-dyad, may rapidly unwrap
and rewrap from the histone core spontaneously, while chaperones may be required to
extend unwrapping to more central DNA. The sensitivity of unwrapping to nucleosomal
DNA CG content observed here may be enhanced when forces or torques are applied to the
DNA endpoints. The mutation or chemical modification of specific highly-conserved histone
residues identified in this study to form important interactions with DNA could increase the
rate of unwrapping or signal the initiation of transcription. Our study’s observation of
transient nucleosome unwrapping and rewrapping is consistent with models of nucleosome
energetics based on genome-wide maps, which indicate that nucleosomes often exist in
partially wrapped states in a biological setting [76, 77]; and the results of this investigation
could be used in the future to contribute an additional term to such a model. Along with
bioinformatics [8, 78] and experimental [79-81] studies, our findings support the possibility
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of a mechanism whereby the initiation of transcription in yeast or plants is signaled by AT-
rich segments of DNA that form less stable nucleosomes.

3. Materials and Methods

3.1. General simulation protocols

All-atom MD simulations were performed using the amber99SB-1LDN-PHI force field for
proteins [82], the amber99-bsc0 variant for DNA [83], Young et a/. [84] parameters for
NaCl, the TIP3P water model [85], custom parameterization of Mg?* ions [64] and the
CUFIX corrections for non-bonded interactions between charged groups [86]. Periodic
boundary conditions were employed in all simulations, and long-range electrostatics were
calculated using the Particle Mesh Ewald method [87] over a 1.6 A spaced grid. Non-bonded
Coulomb and Lennard-Jones interactions were truncated at 12 A, and the non-bonded list
was updated every 10 steps with the Verlet cutoff-scheme [88]. Covalent bonds to hydrogen
in water, and in non-water molecules, were constrained using SETTLE [89] and LINCS [90]
algorithms, respectively. All minimization, structural relaxation, and initial unrestrained
equilibration simulations of at least 50 ns were performed using the gromacs 5.0.4 MD
package [91], in the constant number of particles N, pressure Pand temperature 7 ensemble
at 1.0 bar and 300 K maintained using the V-rescaled, modified Berendsen thermostat [92]
with a 0.1 ps time-constant and the Parrinello-Rahman barostat [93] with a relaxation time
of 2.0 ps. The 2-us production runs were performed in the NPT ensemble on the D. E. Shaw
Research Anton2 supercomputer [60]. The simulations on Anton2 employed a set of
parameters equivalent to those listed above, except for using the Nosé-Hoover thermostat
[94, 95], the Martyna-Tobias-Klein barostat [96], and the fc-space Gaussian split Ewald
method [97] to calculate the electrostatic interactions.

3.2. All-atom models of nucleosome systems

A crystal structure of the canonical H3 nucleosome containing the Widom 601 [4] nucle-
osomal DNA (PDB ID: 3LZ0 [57]) served as the basis for all our structural models. The
structure contained a protein core made up of eight histone proteins—two copies of histones
H2A, H2B, H3, H4, and a 145 base pair (bp) DNA fragment super-helically wrapped around
the protein core. The protein model contained residues 16-118 for both copies of H2A; 29—
121 for both copies of H2B; 39-134 for both copies of H3; and 25-102 for both copies of
H4. The disordered N- and C-terminal tails of the core histones were not included in the
model. The structural starting point for our models, PDB ID 3LZ0 [57], contains 145 bp of
DNA, with a single bp at its center. Using a structure with an even number of bp would
introduce a minor shift in the DNA’s position. Overall, such a replacement would not lead to
major changes, since 1 bp shifts were observed during spontaneous unwrapping and
rewrapping, Supplementary Fig. S7.

Starting from the X-ray structure of the Widom 601 DNA nucleosome (PDB ID: 3LZ0 [57]),
the pdbZgmx tool of gromacs was used to generate the computational model of the system.
The protonation states of titratable residues were chosen to set the charge of Lys and Arg to
+1e (where eis the charge of a proton), Asp and Glu to — l¢, and Gin and His to zero, the
protonation state of all His residues was set to NE2. The resulting all-atom model was
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submerged in a cubic volume of water, producing a system of approximately 350,000 atoms,
150 A on each side. The minimum distance between the periodic images of the nucleosomes
was at least 30 A. The all-atom model of the 601L nucleosome in physiological environment
was produced by adding Na* and CI- ions to the system in the amount required to first
neutralize the charge of the protein-DNA complex and then bring the ion concentration of
the surrounding solvent to 0.15 M. The number of ions added to provide the desired
concentrations ¢ were determined using the expression Ny, = 0.018 ¢ Myater, Where Ny,
and Myater are the numbers of ions per species and water molecules, respectively.

Computational models of the 601L nucleosome in high ionic strength environments were
produced by adding (1) Mg2* and Cl ions to neutralize the nucleosome charge and bring the
ion concentration to 1 M MgCl,, and, separately, (2) Na* and CI- ions were introduced to
neutralize the charge and reach an ionic concentration of 3 M NaCl. For simulations in
magnesium, we chose to use the hydrated model of Mg2* ions, where each Mg2* ion forms a
permanent cluster with six surrounding water molecules—magnesium hexahydrate [64].
This model was parametrized to reproduce the osmatic pressure of model compounds and
was validated through simulations of DNA array systems [98]. The integrity of each Mg2*-
hexahydrate complex was maintained by applying harmonic potentials between the
magnesium and water oxygen atoms; the spring constant of the potential &= 500,000 kJ mol
~1 nm=2 and the equilibrium distance was 1.94 A.

Upon assembly, the systems were minimized using the steepest descent method [99], until
the maximum force on any atom was less than 166 pN. Absolute position restraints (Apos =
1000 kJ mol~! nm=2) were applied during the minimization to all non-hydrogen atoms of the
protein and DNA to maintain their crystallographic coordinates. The minimized systems
were equilibrated in several steps, see Supplementary Table S4, and Fig. S1. Briefly, a
network of pairwise harmonic restraints was applied within and between the DNA backbone
and histone core, and gradually reduced to 0 over the course of 3.5 ns. The final
configuration obtained at the end of the multi-step structural relaxation process was used for
a ~2 psproduction simulation, which was performed in the absence of any restraints, in the
NPT ensemble at 1.0 bar and 300 K. The coordinates, velocities, and energies were saved
every 2 ps for further analysis.

The same steps were repeated to generate the all-atom models of nucleosomes containing
DNA of other, non-601L, nucleotide sequences. First, the nucleotide sequence of target
DNA was compared to the 601 sequence of the DNA resolved in the X-ray structure. The
base moieties of bps that did not match were modified to conform to the target sequence
using the psfgentool of VMD [100]; the coordinates of the DNA backbone were not altered.
The resulting conformations of newly generated bases were verified by computing the
dihedral angle between the two atoms of the sugar backbone and the two of each base
forming the glycosidic bond. The system featuring only the central 85 bp segment of Widom
601 DNA was built by removing 30 bps from each DNA terminus. The resulting structures
were solvated; ions were added to bring the concentration of MgCl, to 1 M. The EN of
restraints and Watson-Crick base-paring restraints were generated for each system
individually; the structural relaxation simulations followed exactly same protocols as for the
601L system. Supplementary Table S1 lists the nucleotide sequences of DNA used to build
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all nucleosome systems considered in this work. The system containing only the 601L DNA
was built by removing the histone proteins from the X-ray structure and adding 1 M MgCl,
electrolyte. The production simulations of all systems were run for ~2 us, except for the
system featuring only the Widom 601L DNA (and no histone proteins), run for 0.3 us, and
simulations which forced the rupture of specific histone-DNA contacts (see Supplementary
Methods 1, Table S3 and Fig. S8), which were run for 0.2 us

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Outer stretches of DNA spontaneously & reversibly detach in all-atom MD
simulations

. Each turn of DNA detaches after the sequential breaking of two salt bridges

. Several highly-conserved histone residues orchestrate the process of DNA
detachment
. Less CG content was found to correlate with a greater nucleosome unraveling
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Figure 1:
All-atom MD simulation of DNA breathing, (a) Simulation setup: a nucleosome particle

composed of a histone core (white) and a 145-base pair (bp) fragment of DNA (green) is
surrounded by electrolyte solution (semi-transparent blue), (b) The number of endpoint bp
detached from the histone core as a function of time in the simulations of the Widom 601L
nucleosome performed in 0.15 M NaCl (top), 1.0 M MgCl, (middle), and 3.0 M NaCl
(bottom). The number of endpoint bp detached was determined by finding all DNA-histone
contacts, defining a contact as a pair of non-hydrogen atoms of the protein and DNA located
within 4.5 A of each other, and identifying the contact-forming DNA bps closest to the entry
and exit termini, the terminal contact bps. The total number of bp detached was calculated as
the total number of bps in the nucleosomal DNA (i.e. 145) minus the number of bps located
between the terminal contact bps. (c) Snapshots illustrating spontaneous unbinding and
rebinding of nucleosomal DNA from and to the histone core observed in 1 M MgCl,
solution. Starting from a fully-bound state (0 us), two DNA-histone contacts from the entry
side break (0.02 us, 0.20 us) and later reform (0.60 us, 0.70 us). H2A Arg77 and H3 His39
are highlighted in red. (d) Reversibility of DNA detachment. Top and bottom panels
illustrate the microscopic configurations of the two terminal fragments of DNA (first and
last 25 bp, respectively) at the beginning (white) and after 0.8 us (red and blue) of the MD
simulation performed in 1.0 M MgCl,. The DNA fragment featured in the top panel unbinds
from and rebinds to the histone core within the first 0.7 us of the simulation, (e) Normalized
distributions of the DNA fragments’ RMSD values for the [0.70, 0.85] us segment of the 1.0
M MgCl, trajectory. The RMSD values were computed with respect to the starting
conformations using coordinates of all non-hydrogen DNA atoms, after alignment of the
histone core backbone atoms.
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Figure 2:
The effect of CG content on spontaneous unwrapping of a nucleosome. (a) The number of

endpoint bp detached from the histone core as a function of simulation time for nucleosomes
containing DNA of poly-AT (0% CG), 5S RNA gene (43% CG), Widom 601L (57% CG),
and poly-CG (100% CG) nucleotide sequences. The 601L sequence trace is the same as in

poly-AT (0% CG)

0.0 05 70 15 2.0
5S RNA gene (43% CG)  Widom 601L (57% CG)

ol iy b 1 e r—

0.0 0.5 1.0 1.5 2.0
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A A AL Y A o
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Time (us)
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Fig. 1b. All nucleosome variants were simulated in 1.0 M MgCl; electrolyte, (b)
Representative conformations of the nucleosome systems corresponding to the states
characterized by the maximum detachment of the nucleosomal DNA.
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Figure 3:
Stepwise unraveling of nucleosomal DNA. (a) The number of endpoint bp detached (top)

and the distance from the guanidinium group of H2A Arg77 to the nearest phosphorus atom
of the I (red) and J (orange) strands of nucleosomal DNA (bottom) versus simulation time.
These data derive from an MD simulation of the 601L nucleosome in 1 M MgCl,. (b)
Snapshots illustrating the steps of DNA-histone unbinding. Nucleosomal DNA (green)
transitions from being tightly bound to the histone core (white) by a charged residue (red) to
only being partially bound to the core (/ — /i); then DNA detaches completely from the core
(#f — 7ii). A similar pattern of unbinding was observed for all detachment events, see
Supplementary Table S2 and Fig. S6.
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Figure 4:
Test of the nucleosome dissociation mechanism. Specific DNA-histone core contacts were

simultaneously broken by forcibly moving the side chains of the contact residues away from
the DNA in a 10 ns MD simulation, (a) One of the ten DNA-histone contact forming
residues before (blue) and after (red) the contact rupture; the DNA and histone core are
shown as purple and white molecular surfaces, respectively, (b) The number of endpoint bp
detached during simulations that followed the forc/. ijed contact rupture; the histone side
chains were kept away from the DNA. Colored labels indicate the nucleosomal DNA
sequences. Three independent replicas were run for each system. Simulations were
performed in 1.0 M MgCl, electrolyte. (c) The average number of endpoint bps detached
from the histone core after 0.2 us of holding key histone residues away from the DNA. Error
bars represent standard deviations. DNA sequences are ordered from left to right by
increasing CG content.
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Figure 5:
Histone-DNA contacts enhance stability of the central region of nucleosomal DNA. (a) The

number of endpoint bp detached as a function of time in an MD simulation of a nucleosome
containing only the central 85 bp fragment of the Widom 601 DNA. The simulation was
performed in 1 M MgCly; initial structure shown on the left, (b) The inner and outer regions
of DNA in a fully-assembled nucleosome. (c) Trajectory-average number of contacts that a
histone core forms with the inner or the outer regions of the DNA per bp. A contact is
defined as having a non-hydrogen protein atom within 4.5 A of a non-hydrogen DNA atom.
The bp detached from the histone core were not included in the calculation. Error bars
represent standard deviations. The DNA sequence and electrolyte condition identified by

label.
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