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The packaging of genomic information and the regulation of gene expression

are both fundamentally important to eukaryotic life. Meters of human DNA must

fit inside the micron-diameter nucleus while still rapidly becoming available for tem-

plated processes such as transcription, replication, and repair. Therefore, the DNA-

protein complex known as chromatin must dynamically transition between more

compact, closed states and more accessible, open ones. To fully understand chro-

matin structure and dynamics, it is necessary to employ a multifaceted approach,

integrating different general philosophies and scientific techniques that include ex-

periment and computation. Since the DNA in chromatin is organized into arrays of

nucleosomes, we take a bottom-up approach in this dissertation, striving first to un-

derstand the structure and dynamics of an individual nucleosome and subdomains

thereof. Atomistic computational methods have provided useful tools to study DNA

and protein dynamics at the nanosecond, and recently microsecond, timescale. In



this dissertation, we present recent developments in the understanding of the nucleo-

some though atomistic molecular dynamics (MD) simulations. By applying different

all-atom MD computational techniques, we demonstrate that replacing the canon-

ical H3 histone with the centromere-specific variant CENP-A translates to greater

structural flexibility in the nucleosome, that replacing H3 with CENP-A increases

the plasticity of an individual histone dimer, and that the effects of acetylation on

the H4 histone tail are cumulative and specific to lysine 16 mono-acetylation.
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Glossary of Terms

1. Root-mean-square deviation (RMSD) is a measure of difference between
two structures after alignment: √√√√ 1

N

N∑
i=1

δ2
i , (1)

where δ is the distance between N pairs of equivalent atoms (Cα atoms, for
example).

2. Root-mean-square fluctuation (RMSF) is a measure of the deviation,
over time, between a particle (i) and some reference position:√√√√√ 1

T

T∑
j=1

(xi(tj)− 〈xi〉)2, (2)

where T is the total time (i.e. total number of simulation snapshots considered)
and 〈xi〉 is the time-averaged position of that particle, serving as a reference
point.

3. Center-of-mass (COM) is the geometric average location of a distribution
of mass in space. For a system of particles Pi, i = 1, 2, ..., n, with masses mi,
summing to M , located in space with coordinates ri,

COM =
1

M

n∑
i=1

miri. (3)

4. Principal Component Analysis (PCA) is a statistical method that trans-
forms a set of observations (e.g. Cα positions) of possibly correlated variables
into a set of orthogonal, uncorrelated variables known as principal components.
The first principal component accounts for the greatest possible variance, the
second principal component accounts for the second-most, and so-forth.

5. Chromatin is the DNA-protein macromolecular complex within eukaryotic
nuclei, a dynamic array of nucleosomes forming the first level of organization.

6. Nucleosomes are the fundamental structural units of chromatin. The nucle-
osome core particle includes ∼1.7 super-helical turns of DNA surrounding a
protein octamer core, containing two copies of the four core histones (H2A,
H2B, H3 and H4).

7. Pseudo-dyad (or dyad axis) of the nucleosome core particle is a plane of
rotational symmetry, dividing the nucleosomal DNA and histone octamer in
two (each containing one copy of H3, H4, H2A, and H2B proteins). This plane
is perpendicular to the superhelical axis of DNA, and pseudo-dyad can also
refer to the central base pair of nucleosomal DNA.

x



8. Acidic patch is a cluster of eight acidic residues (H2A E56, E61, E64, D90,
E91, E92 and H2B E102, E110) that forms a pocket at the surface of the
nucleosome.

9. Histones are positively charged globular proteins found in the nuclei of eu-
karyotic cells, which order and package DNA into nucleosomes, the fundamen-
tal structural units of chromatin.

10. CENP-A CENtromere Protein-A is a histone variant of H3 found at the
centromere, defining the location to which microtubules bind during mitosis.

11. Lysine acetylation is a common chemical modification, whereby an acetyl
group is transferred to the epsilon-amino group, neutralizing the lysine residue’s
positive charge. Histone acetylation is known to play an important role in reg-
ulating gene expression.
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Chapter 1: Introduction

The packaging of genomic information and the regulation of gene expression

are both fundamentally important to eukaryotic life. Meters of human DNA must

fit inside the micron-diameter nucleus while still rapidly becoming available for tem-

plated processes such as transcription, replication, and repair. Therefore, the DNA-

protein complex known as chromatin must dynamically transition between more

compact, closed states and more accessible, open ones. To fully understand chro-

matin structure and dynamics, it is necessary to employ a multifaceted approach,

integrating different general philosophies and scientific techniques that include ex-

periment and computation. Since the DNA in chromatin is organized into arrays of

nucleosomes, we take a bottom-up approach in this dissertation, striving first to un-

derstand the structure and dynamics of an individual nucleosome and subdomains

thereof. Atomistic computational methods have provided useful tools to study DNA

and protein dynamics at the nanosecond, and recently microsecond, timescale. In

this dissertation, we present recent developments in the understanding of the nucleo-

some though atomistic molecular dynamics (MD) simulations. By applying different

computational all-atom MD techniques, we investigate the effects of histone vari-

ance and post-translational modification on the overall thermodynamics and specific

1



mechanistic details of nucleosome dynamics. In the remainder of this section, we

will discuss the motivation behind our work and provide a review of previous and

current all-atom MD computational studies of the nucleosome, including the results

of this thesis.

1.1 Nucleosome Structure

The nucleosome is the fundamental packaging unit of DNA within the nucleus

and, therefore, serves as the key determinant of DNA accessibility. The nucleo-

some structure was originally proposed in the 1970s [2,3], then determined to high-

resolution by X-ray diffraction near the turn of the century (PDB ID: 1AOI [1]),

and further refined to the near atomic resolution (1.9 Å) model used today (PDB

ID: 1KX5 [4]). Experimental techniques continue to develop in order to investigate

chromatin folding and individual nucleosomes, including single-molecule techniques

such as atomic force microscopy (AFM).

The structure of the canonical nucleosome is approximately 1.7 left-handed

super-helical turns of double-stranded DNA wrapped around a protein octamer core

(Figure 1.1.A,B,C). The protein octamer contains two copies of each of the four core

histones – H2A, H2B, H3, H4 – divided into four dimers. Together, the dimers form

a positively charged helical ramp, around which the negatively charged DNA wraps.

More specifically, the octameric histone core consists of four heterodimers, two of

H2A/H2B and two of H3/H4. The two H3/H4 dimers form a tetramer, primarily

interacting through a four-helix bundle, two helices from H3 and two from H3’,

2
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Figure 1.1: Symmetries and structural motifs of the nucleosome
core particle. The nucleosome core particle (PDB ID: 1KX5 [1]), with-
out tails shown, aligning the DNA superhelical axis (A) into the page,
(B) vertically, and (C) horizontally. The pseudo-dyad is a plane de-
fined by the black, dashed line, and going into the page from viewpoints
(B) and (C). The nucleosome is rotational symmetric about the pseudo-
dyad. The purple shaded box highlights the base pair located at the
dyad, the central base pair in the DNA sequence. Most evident from
viewpoint (B), the histone octamer core forms a ramp matching the
pitch of the superhelically-wound DNA. (D) Two H3/H4 dimers asso-
ciate into a tetramer, interacting through an H3-H3’ four-helix bundle,
denoted by a red shaded box. (E) The (H3/H4)2 tetramer is flanked
on both sides by H2A/H2B dimers, binding through H4-H2B four-helix
bundle interactions, shown as a green shaded box. This means that each
H3/H4 dimer is more stably associated within the core, bracketed on
each side by a four-helix bundle, than the H2A/H2B dimers, which each
only form a four-helix bundle on one side. (F) An individual H3/H4
dimer, enlarged to identify structural features. Each core histone has
three central helices (α1, α2, α3) connected by two loops, giving the
protein a broad U-shape. H3 and H4 proteins slot together to form a
pair, creating a stable handshake motif.
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close to the central base pair of DNA at the pseudo-dyad (Figure 1.1.D). Similar

four-helix bundles, between H2B and H4, define the interactions between the H3/H4

tetramer and the two H2A/H2B dimers [1] (Figure 1.1.A,E). Following the standard

nomenclature convention, we use a prime superscript, or absence thereof (e.g. H3’

vs H3), to distinguish between the two identical heterotypic halves, rotationally

symmetric about the pseudo-dyad (Figure 1.1.B), each containing one copy of his-

tones H3, H4, H2A and H2B. Among the most evolutionarily conserved proteins in

eukaryotes, the core domain of each histone follows the same structural motif: three

long α-helices connected by two loops (Figure 1.1.F). Assembly of the nucleosome

occurs in discrete steps in vitro depending on the ion concentration [5], suggesting

the possibility of intermediate dimer, tetramer, or hexamer structures in vivo.

Even without considering intermediate subsets of the entire assembly, the nu-

cleosome is a structural ensemble because of the variability in DNA sequence and

chemical modifications to the DNA and histones. DNA methylation and histone

post-translational modifications influence the structure and dynamics of chromatin,

playing an important role in the regulation of gene expression in vivo. Furthermore,

every core histone except H4 has its own repertoire of variants, containing differ-

ent amino acid sequences, which can replace the conventional and most-common

canonical histones.

The family of published X-ray nucleosome structures recently expanded to in-

clude nucleosomes containing CENP-A (CENtormere Protein-A) [6]. CENP-A is

an essential H3 histone variant specific to eukaryotic centromeres, which dictate the

single location per chromosome to which microtubules bind during mitosis. How

4



CENP-A containing nucleosomes contribute structurally to chromosome function is

a fundamental question to chromosome biology. The CENP-A nucleosome occupies

a range of structures in vivo [6–23], and experimental studies continue to debate

how the CENP-A nucleosome differs from the canonical H3 nucleosome, with re-

spect to rigidity [15,24], height [25], and distortability. CENP-A is the most-distant

known relative of the canonical H3, sharing only ∼60% amino acid sequence simi-

larity, yet the structural alignment of CENP-A and H3 proteins demonstrates that

they are nearly identical, aside from the 2-residue longer loop 1 region of CENP-A

(Figure 1.2.A). Overall, the global description of the centromeric octameric nucleo-

some matches that of the canonical nucleosome [6], with CENP-A (and CENP-A’)

replacing the canonical histone H3 (and H3’).

The standard high-resolution nucleosome X-ray crystal structures containing

the canonical H3 (PDB ID 1KX5 [4]) and the centromere-specific H3 variant CENP-

A (PDB ID 3AN2 [6]), both include palindromic α-satellite DNA – highly repetitive,

non-transcribed sequences rich in A-T base pairs and associated with centromeric

regions – wrapped around histone octamers. However, 147 base pairs are visible

in the crystal structure of the canonical H3 nucleosome, whereas only the central

121 base pairs are visible in the centromeric nucleosome containing CENP-A when

starting from a similar 147 base pair sequence [6]. Aside from the difference in DNA

length, the octameric CENP-A and H3 nucleosome crystal structures are superim-

posable [6], and they serve as the starting points for our computational modeling of

the entire nucleosome.

The dynamics of nucleosomal DNA depend heavily on interactions with the
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histone core. Critically situated arginine side chains play a general (i.e. non-specific

to DNA sequence) stabilizing role in the nucleosome, similar to the spokes of a

wheel. There are 14 regularly spaced major points of contact between protein and

DNA, occurring once every 10.5 bp, first observed in the original high-resolution

crystal structure of the nucleosome [1].

For a complete picture of the nucleosome, we must accompany the structural

description with its dynamic characteristics. Through computational biophysical

methods, we aim to guide and complement experiments by making predictions about

the nucleosome and to provide physical insight by modeling details not easily ac-

cessible to experimental techniques, including regions of intrinsic disorder. Here

we present the contributions of different molecular dynamics studies to our overall

understanding of the dynamic characteristics of the nucleosome and subdomains

thereof.

1.2 The Nucleosome Core Particle

The nucleosome core particle includes the histone octamer core and surround-

ing super-helical DNA. Each histone contains a more structured, globular core as

well as intrinsically disordered tails, which extend beyond the surrounding DNA. We

will separately consider the contributions of atomistic computational studies to our

overall understanding of (1) the nucleosome core particle, and (2) histone terminal

tails.

Canonical nucleosomal DNA is approximately one persistence length under
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physiological conditions (50 nm), yet it wraps around the octameric histone core

in ∼1.7 left-handed superhelical turns, thus adopting a highly bent conformation.

Previous all-atom MD studies investigated the local and global dynamics of nucle-

osomal DNA by examining the helical parameters, including α-parameter analy-

sis [26], and by characterizing overall DNA modes of motion [27]. The super-helical

DNA exhibits greater structural flexibility than the histone octamer core, while still

remaining surprisingly stable [27]. Variations in local DNA dynamics, and of the

α-parameter specifically, are periodic with peaks correlated to the sites of strong

DNA-histone contacts [26]. Through principal component analysis, all-atom MD

simulations on the 20 nanosecond timescale identified breathing-type fluctuations

of the entry and exit super-helical DNA as a global mode of motion [27]. Indeed,

several MD simulations noted increased flexibility at the entry and exit DNA [27–29].

A recent atomistic study on the 100 nanosecond timescale demonstrated that

entry and exit DNA regions are more flexible in the CENP-A nucleosome than in

its canonical H3 counterpart due to the substitution of two specific arginines in H3

with lysines in CENP-A [29]. On the microsecond timescale, we observed asym-

metric unwinding of the entry and exit DNA of the CENP-A and canonical H3

nucleosomes. Furthermore, CENP-A nucleosomal DNA displays asymmetric insta-

bility near the pseudo-dyad relative to the corresponding H3 nucleosomal DNA.

DNA traces a continuous path in vivo with linker DNA sections bridging the gaps

between nucleosomes in an array. Therefore, nucleosomal endpoint DNA flexibil-

ity could be important for higher-order chromatin structure. In addition to the

surrounding DNA, interactions within the histone core, and between histones and
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Figure 1.2: The CENP-A nucleosome occupies a more rugged
free energy landscape than its canonical H3 counterpart. (A)
Structural alignment of histone proteins CENP-A and H3 reveals re-
markable similarity, except for the longer loop 1 region of CENP-A.
Projections of free energy from all-atom MD simulations along the first
two principal components of (B) the CENP-A nucleosome, and (C) the
canonical H3 nucleosome. The CENP-A nucleosome explores greater
configurational space and more distinct conformational basins than the
H3 nucleosome.
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DNA, contribute to the overall nucleosomal dynamics.

All-atom MD simulations observed structural deviations of the histone core

domains to be relatively small in comparison to nucleosomal DNA. However, atom-

istic studies revealed that the core domain of H2A displays greater mobility than

the core domains of other histones [27, 30], specifically identifying α2 and α3 of

H2A [30]. In the absence of histone tails, a specific residue in H2A α3 (Arg88)

interacts with a specific residue of H3 α2 (Glu105), increasing the overall structural

fluctuations of H2A [30]. Using principal component analysis and free energy land-

scape theory on the microsecond timescale, we found that the histone core of the

CENP-A nucleosome is more flexible than that of the H3 nucleosome, underpinned

by greater plasticity at the CENP-A:CENP-A’ interface than at H3:H3’. Overall,

the CENP-A nucleosome adopts a more rugged free energy landscape than the H3

nucleosome (Figure 1.2.B,C). Our results indicate that the CENP-A induces greater

flexibility in the octameric nucleosome, suggesting that the CENP-A nucleosome is

less rigid and more distortable than the canonical H3 nucleosome. This may lead

to the adoption of alternate conformations under biological force.

The surrounding solvent and electrostatics of the histone core are important

for interactions within and between nucleosomes. A previous 200 nanosecond long

MD simulation revealed that explicit waters and ions permeate the space between

histones within the nucleosome core, creating a channel coinciding with the axis

of super-helical DNA [28]. The electrostatic surface of the histone core is mainly

positive (Figure 1.3.A), offsetting the negative DNA, except for a highly negatively

charged region near the center of the protein core surface exposed to solvent, known
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Figure 1.3: Location and specific residues of the acidic patch. (A)
The electrostatic surface potential of the canonical histone core (PDB
ID: 1KX5), rendered in Pymol. The acidic patch is a region of highly
negative charge density exposed to the surrounding solvent. (B) Specific,
negatively-charged residues of histones H2A (E56, E61, E64, D90, E91,
E92) and H2B (E102, E110) define the acidic patch, shown as sticks.
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as the H2A/H2B acidic patch (Figure 1.3.B). Materese et al. [28] provided a theo-

retical model explaining how nucleosomal DNA is more neutralized than DNA free

in solution and observed a high condensation of positive ions near the acidic patch,

previously identified by experiment to bind a highly positively charged region of the

H4 tail [1]. We continue to investigate the important regulatory role that histone

tails play in chromatin dynamics, and the underlying physical principles governing

their function require further explanation.

1.3 Histone Tails

In addition to their globular cores, each histone extends beyond the surround-

ing DNA with N- and C-terminal tails, protruding outwards from the nucleosomal

surface (Figure 1.4). Histone tails are intrinsically disordered regions (IDRs) that

play a key regulatory role in chromatin higher-order structure and dynamics directly

by interacting within and between nucleosomes and indirectly by serving as recog-

nition sites for chromatin remodelers. These tails also feature multiple possible sites

for post-translational modification (PTM), providing another layer of regulation.

Lysine acetylation is one of the most common PTMs, whereby an acetyl group is

transferred to the epsilon-amino group, neutralizing the residue’s positive charge.

Atomistic simulations have studied histone tails within the context of an entire nu-

cleosome and isolated in solution. These studies propose that histone tails play

an active and essential regulatory role through structural flexibility, conformational

heterogeneity, and PTM diversity.
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Figure 1.4: Histone tails extend beyond nucleosomal DNA. Hi-
stone N- and C-terminal tails highlighted in different colors, displayed
within the context of the nucleosome core particle (PDB ID: 1KX5 [4])
viewed by aligning the DNA superhelical axis (A) into the page and
(B) vertically. Every core histone features an N-terminal tail, and H2A
also includes a C-terminal tail. Furthermore, the histone tails vary in
length, location with respect to the DNA sequence, and whether they
extend around or through the gyres of the surrounding DNA. Histones
and DNA are represented by tubes, whose width corresponds to the B-
factor determined by experiment. B-factor is directly proportional to
mean-squared displacement of each atom, or groups of atoms in residues
and base pairs in this case, and therefore represents a coarse measure of
local mobility. The B-factors from the crystal structure illustrate that
the surrounding DNA is, on average, more mobile than the histone core;
that the DNA local mobility depends both on the location in the se-
quence and proximity to the protein core; and lastly, that the histone
terminal tails are much more mobile and structurally flexible than the
core domains.
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Histone tails were originally thought to act simply as unstructured electro-

static mediators, and PTMs were thought to function solely through modulating

these interactions. More recent studies challenge this assertion, demonstrating the

essential role of histone tails in higher-order chromatin structure through in vitro

experiment, and revealing the propensity of histone tails to form secondary struc-

ture in computational studies. Early in vitro experiments determined that histone

tails are essential for the formation of the 30-nm fiber [31–33], and another land-

mark in vitro study concluded that the mono-acetylation of the H4 histone tail at

lysine 16 alone was sufficient to inhibit the formation of higher-order chromatin

structures [34]. A region of high positive charge in the H4 tail including lysine 16

must bind to the H2A acidic patch of another nucleosome to ensure the proper

nucleosome stacking in condensed states [1, 35–37]. The mono-acetylation of lysine

16 clearly disrupts the electrostatic aspect of these interactions by reducing the H4

tail’s positive charge [38]. However, the effects of histone tails and lysine acetylation

extend beyond electrostatics, and recent studies demonstrate that histone tails con-

tain elements of structural order, and, furthermore, that acetylation could induce

structural transitions.

Several recent all-atom MD studies investigate the propensity of histone tails

to form secondary structure. One study generated conformational ensembles of

each of the four histone tails isolated in explicit solvent by performing all-atom

replica exchange molecular dynamics (REMD). This revealed transient β-hairpin

formation in the H4 tail and α-helical elements in H3 and H2B tails while the H2A

tail remained fully disordered [39]. This study classified the H4, H3, and H2B tails
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as molten globular, between ordered and disordered states [39]. Within the context

of the entire nucleosome, H3 and H2B tails also displayed the propensity to form α-

helices on the 100 nanosecond timescale [30]. This study also outlined an allosteric

mechanism whereby specific arginines in H2A mediate nucleosome stability upon

H3 tail truncation [30].

Because experimental studies have specifically identified the H4 tail as im-

portant, atomistic studies have focused on this tail and on the structural effects of

acetylation. In 20 nanosecond long MD simulations, Lins and Rothlisberger demon-

strated that the H4 tail helical content increases upon tetra-acetylation, forming

helices near the C-terminus [40]. Using replica exchange MD to enhance the ensem-

ble sampled, totaling 3 microseconds for each system, Potoyan and Papoian found

that the un-acetylated H4 tail contains a transient β-hairpin [39] and, furthermore,

that the mono-acetylation of lysine 16 induces a partial ordering of the H4 tail, lead-

ing to the formation of elements of helical secondary structure and increasing the

binding affinity to DNA [41]. Korolev et al. used all-atom MD to model fragments

of the H4 tail in the presence of DNA, demonstrating that a highly charged region,

residues 16-23, adopts a stretched conformation when unacetylated [42], similar to

the results of Potoyan and Papoian.

Our work continued this thread by exploring how different levels of acetylation

modulate the conformational preferences of the H4 tail isolated in explicit solvent

through REMD [43], totaling 6 microseconds of simulation time for each system. We

demonstrated that progressive acetylation largely has a cumulative effect, decreasing

conformational heterogeneity and increasing helical propensity, and that lysine 16
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mono-acetylation has a specific effect, rigidifying the tail near lysine 16 and leading

to a specific helix and extended conformations [43]. Furthermore, we found that

increased acetylation results in spatially clustered acetyl-lysines, which could serve

as recognition patches for chromatin regulating proteins [43], such as bromodomains.

1.4 Overview

This dissertation investigates the effects of histone variance and post-translational

modification on the structure and dynamics of the entire nucleosome and subdo-

mains thereof using different molecular dynamics techniques. We order the results

chapters from more general to more specific, focusing first on the entire nucleosome,

then on an individual dimer, and finally, on a specific histone tail. In Chapter 2,

we use all-atom MD to examine the effects of replacing the canonical H3 histone

with the centromere-specific variant CENP-A on the structure and dynamics of the

octameric nucleosome through principal component analysis and free energy land-

scape theory. In Chapter 3, we employ all-atom MD simulations to determine the

effects of replacing H3 with CENP-A in the structure and dynamics of an individual

heterodimer with H4, and to examine the role of HJURP in stabilizing the CENP-

A/H4 dimer. In Chapter 4, we use replica-exchange molecular dynamics (REMD)

to investigate how increasing the level of acetylation modifies the conformational

preferences of the H4 histone tail, distinguishing between the cumulative effects of

progressive acetylation and the specific effects of lysine 16 mono-acetylation.
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Chapter 2: Shearing of the CENP-A dimerization interface mediates

plasticity in the octameric centromeric nucleosome

2.1 Introduction

Histone variants are key players in the epigenetic process, encoding identity

to specialized regions of the genome. CENP-A/CENH3 is a centromere specific his-

tone H3 variant present in all eukaryotes, whose role is to dictate the single location

per chromosome to which microtubules bind every mitosis. CENP-A is thought to

specify not just the location, but also structural identity to centromeres. CENP-

A nucleosomes are currently shown to occupy a range of structures in vivo [6–23].

Furthermore, even in vitro, crystallographic and biophysical analyses conflict, with

data suggesting that CENP-A octamers are more rigid than H3 octamers [15, 24];

that CENP-A octameric nucleosomes are more compact [25]; that CENP-A nu-

cleosomes are more unstable than H3 nucleosomes [44]; that Drosophila CENP-A

can be assembled into hemisomes [20]; that yeast CENP-A nucleosomes possess a

more elongated “open” conformation [16]; and finally, that human CENP-A and

H3 octameric nucleosomes are essentially indistinguishable [6, 45, 46]. These diver-

gent experimental observations made us curious whether subtle contributions from
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internal regions of CENP-A might translate to changes in the overall dynamics of

the CENP-A nucleosome. To explore this possibility, we modeled CENP-A and H3

nucleosomes, as well as their respective DNA-free protein octamers, using all-atom

molecular dynamics (MD) in explicit solvent.

To our surprise, despite the fact that H3 and CENP-A octameric nucleosomal

crystal structures are superimposable, within 2 Å [6], and appear almost identical

by AFM [46], computational modeling reveals distinct differences in their dynamics.

CENP-A nucleosomes and octamers demonstrate greater local and global structural

fluctuations than their canonical H3 counterparts. The CENP-A nucleosome reveals

intrinsic local flexibility at the loop 1 region of CENP-A and increased plasticity

of the CENP-A:CENP-A’ dimerization interface relative to H3:H3’. Furthermore,

the CENP-A nucleosomal DNA near the pseudo-dyad is more unstable than the

corresponding H3 nucleosomal DNA. Finally, our simulations demonstrate that the

CENP-A nucleosome explores more conformational space than the H3 nucleosome.

Taken together, our data support the possibility that pliability is an intrinsic fea-

ture of CENP-A nucleosomes, which may have implications for their structure and

function in vivo.

2.2 Methods

2.2.1 Simulation protocol

We performed all-atom molecular dynamics (MD) using the gromacs 4.5.7 MD

software [47], the amber99SB∗-ILDN [48, 49] force field for proteins, the parmbsc0
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[50] force field for DNA, the ions94 [51] force field for ions, and the TIP3P water

model. Starting from crystal structures for the canonical H3 nucleosome (PDB ID:

1KX5 [4]) and the CENP-A nucleosome (PDB ID: 3AN2 [6]), we built models for

four systems: (1) the canonical H3 nucleosome; (2) the CENP-A nucleosome; (3)

the canonical H3 histone protein octamer; and (4) the CENP-A histone protein

octamer.

The following modifications were made to the experimentally determined crys-

tal structures for a fair comparison. Canonical histone lengths were redefined to

match the tailless histones found in the CENP-A crystal structure (3AN2). The

missing section for CENP-A’ chain E, Thr 79 to Asp 83, was generated with MOD-

ELLER, using the corresponding region in CENP-A chain A as a homologous struc-

ture. Lastly, non-standard Mse residues found in the crystal structures were replaced

with Met (a single atom substitution, Se to S).

We used the pdb2gmx tool in gromacs to set the Lys and Arg residues to +1e,

the Asp and Glu residues to -1e, the Gln residues to neutral, and to protonate the

His residues solely at NE2. Each system was solvated in a rectangular water box, en-

suring a minimum buffer length of 15 Å between the system and the edges of the box.

We introduced Na+ and Cl− ions to neutralize the charge and represent the phys-

iological 0.150 M NaCl environment. The systems were minimized using steepest

descent, until reaching a maximum force less than 100 kJ/mol. Periodic boundary

conditions were employed throughout all the simulations, and long-range electrostat-

ics were treated with the Particle Mesh Ewald method [52]. Non-bonded Coulomb

and Lennard-Jones interactions were truncated at 10 Å, and all bonds involving
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hydrogen were constrained using the LINCS [53] algorithm. After minimization,

the systems were heated to 300 K by 500 ps of protein and DNA restrained NVT

MD simulation followed by 500 ps of NVT MD simulation with weak harmonic re-

straints on protein and DNA atoms (K = 2.5×10−1 kJ/(mol nm2)). Weak restraints

were used throughout the simulations after the initial protein and DNA restrained

NVT simulation in order to prevent large-scale translation and rotation because of

the non-cubic water boxes. After reaching thermal equilibrium, the systems were

equilibrated at 300 K and 1.0 bar for 1.5 ns in the NPT ensemble.

To characterize the structure and dynamics of the canonical and CENP-A nu-

cleosomes and octamer cores, we performed production all-atom MD simulations

in the NPT ensemble at 1.0 bar and 300 K with a 2 fs time-step, saving coordi-

nates, velocities, and energies every 2 ps for further analysis. We updated the list

of non-bonded neighbors every 10 steps. Using the V-rescaled, modified Berendsen

thermostat [54] with a 1.0 ps time-constant and the Parrinello-Rahman barostat [55]

with a relaxation time of 2.0 ps, we performed one microsecond of MD simulations,

only considering the final 400 ns for analysis, with weak position restraints on heavy

atoms (K = 2.5×10−1 kJ/(mol nm2)) for each system. These restraints do not

interfere with common internal motions, both local and collective, but could re-

press unusually large-scale displacements or major structural disruptions. Hence,

we ran an additional 400 ns of MD simulations with significantly reduced position

restraints (K = 5.0×10−5 kJ/(mol nm2)), which do not interfere with internal col-

lective dynamics at any length scale. Performing the same analysis for the two

above-mentioned restraint values, CENP-A and canonical H3 structures were found
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to undergo the same characteristic local and global dynamics except for the H2A’

acidic patch. Therefore, we separately addressed the sensitivity of H2A acidic patch

mobility to the surrounding local interactions.

It is important to consider the choices made in designing our models, and

future directions moving forward with all-atom MD simulations. Here, we do not

include the tail domains in our models because they are not resolved in the octameric

CENP-A nucleosome (PDB ID: 3AN2 [6]), and we want to make the comparison

between the CENP-A and canonical H3 structures as fair as possible. The intrin-

sically disordered tail regions will have important effects, however, these effects

will depend heavily on the initially determined conformations. From a simulation

standpoint, each tail adopts an ensemble of conformations, and 1 µs of constant T

all-atom MD simulations in explicit solvent would not provide sufficient sampling

to reach equilibrium. The most recent canonical H3 nucleosome crystal structure

(PDB ID: 1KX5 [4]) used special chemical additives to stabilize the tail regions

enough for x-ray diffraction. Different computational techniques, such as replica

exchange molecular dynamics, are often used to investigate histone tail regions in

order to enhance sampling, overcoming the many barriers in the rugged free energy

landscapes such tails occupy [39,41–43]. Examining the specific role of histone tails

within an individual nucleosome is an important future direction, upon the publica-

tion of an experimentally resolved octameric CENP-A nucleosome crystal structure

that includes histone tail domains.

The possible effects of DNA length and sequence on nucleosome dynamics are

important to consider as well. For the results shown in the main text, we only

20



consider the central 121 base pairs of DNA for the CENP-A nucleosome, since only

these base pairs, from a 147 base-pair long sequence, were visible in the CENP-

A nucleosome crystal structure (PDB ID: 3AN2 [6]). The arrangement of these

additional base pairs of CENP-A nucleosomal DNA is not known for sure, i.e. it

is not clear that they follow the same superhelical path observed experimentally

for the canonical H3 nucleosome. Indeed, Tachiwana et al. [6] hypothesize that the

terminal regions of DNA could be more flexible than the corresponding regions in

the canonical H3 nucleosome due to structural differences between CENP-A and

H3.

We performed another simulation transplanting the experimentally resolved

147 base pairs of canonical H3 nucleosomal DNA (from PDB ID: 1KX5 [4]) onto

the CENP-A nucleosome. In the Supplementary Information, we compare CENP-

A nucleosome dynamics with both the 121 bp from 3AN2 [6] (“CENP-A121”) and

with the 147 bp from 1KX5 [4] (“CENP-A147”) to the canonical H3 nucleosome [4]

(“H3147”), considering the CENP-A dimerization interface (Supplementary Figure

A.11.A), the distances between histone dimers (Supplementary Figure A.11.B), and

nucleosomal DNA flexibility (Supplementary Figure A.11.C). These data show a po-

tential increase in the stability of interactions between CENP-A/H4 and H2A/H2B

in the first heterotypic half and in the stability of CENP-A nucleosomal DNA near

the pseudo-dyad when 13 bp are added to entry and exit regions of DNA (Supple-

mentary Figure A.11.B,C). However, the interactions of the internal CENP-A/H4

homotypic core remained similar (Supplementary Figure A.11.A,B).
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2.2.2 Analysis of the trajectories

We first determined the root-mean-square fluctuations (RMSF) of every Cα

atom for all of the studied systems. Cα RMSF serves as a measure of the local

structural fluctuations, as compared to the geometric average structure, identifying

specific residues, and protein regions, that exhibit greater flexibility. We compared

the distances between the centers-of-mass (COM) of the H3 (and CENP-A) α1

helix and H4 α2 helix to provide insight into the structural fluctuations within one

protein dimer. Furthermore, we examined the global structure and dynamics of the

canonical and CENP-A systems by comparing the distances between dimers within

histone tetramers. Four dimers provided coarse-grained definitions for the protein

component of the canonical, H3 systems (H3/H4, H2A/H2B, H3’/H4’, H2A’/H2B’)

and of the CENP-A systems (CENP-A/H4, H2A/H2B, CENP-A’/H4’, H2A’/H2B’).

We analyzed inter-residue contact preferences at the interfaces of H3:H3’ and CENP-

A:CENP-A’. A contact was determined to exist when the distance between two non-

hydrogen atoms from different residues was less than 3.6 Å. Contacts were calculated

as fractions of time of their respective entire trajectories. This contact definition

will include hydrogen bonds, electrostatic interactions, and hydrophobic interactions

between residues, without distinguishing the specific type of contact. In general,

the length scales defining electrostatic and hydrophobic interactions are longer than

those defining hydrogen bonds. For example, distances between oppositely charged

heavy-atoms from different residues under 4.0 Å is a common salt-bridge definition

[56]. We investigated DNA structural fluctuations by calculating basepair RMSF
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for the CENP-A and H3 nucleosomal DNA, and the associated standard deviations

were determined by the contributions of each third of the trajectory to the structural

variation in each basepair.

Principal component analysis (PCA) was performed to extract the dominant

modes of motion of the nucleosomal and octameric structures from the MD simula-

tion trajectories [57]. Overall translational and rotational motion in the trajectories

were eliminated by a translation to the average geometric center and by alignment

to the energy-minimized structure. Using the Cartesian coordinates of all the Cα

atoms (N = the number of Cα atoms), we generate a 3N × 3N covariance matrix.

The diagonalization of this matrix provides a set of eigenvectors that give a vectorial

description of each component of motion. Every eigenvector has a corresponding

eigenvalue that represents the contribution of that component of motion to the to-

tal variance of the data set. For visualization, we projected the top two principal

components, times the square roots of their corresponding eigenvalues (since the

eigenvalues are variances in Å2) multiplied by an array of unitless scalars between

-5 and +5 (to facilitate easier observation), onto the corresponding representative

structure, saving modified structures and compiling them into a movie. The rep-

resentative structure for each system was defined by the simulation snapshot with

the lowest RMSD with respect to the geometric average of the entire analyzed tra-

jectory. Lastly, we projected the CENP-A and H3 trajectories onto the first two

principal components, calculated by Cα PCA, to reveal the conformational space

explored by each system studied.
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2.3 Results

Here, we explore the effects of an important histone variant, CENP-A, on the

dynamics of the nucleosome. Using all-atom molecular dynamics (MD) simulations

in explicit solvent on a microsecond timescale, requiring over 400,000 cpu hours in

total, we investigated the structural fluctuations and dominant modes of motion of

the CENP-A nucleosome in comparison to the canonical H3 nucleosome, based on

the crystal structures for the octameric nucleosomes containing CENP-A (PDB ID

3AN2 [6]) and H3 (PDB ID 1KX5 [4]). Four systems were studied in total: (1) the

canonical H3 nucleosome; (2) the octameric CENP-A nucleosome; (3) the canoni-

cal H3 octamer; and (4) the CENP-A octamer. Two copies of each histone exist

within the octameric nucleosome protein cores. Following the standard nomencla-

ture, we use a prime superscript, or absence thereof (e.g. CENP-A’ vs CENP-A),

to distinguish between the two identical heterotypic halves, rotationally symmetric

about the pseudo-dyad (Fig. 2.1.A), each containing one copy of histones H3 (or

CENP-A), H4, H2A and H2B.

Our analysis reveals dynamics that deviate significantly from the nearly iden-

tical crystal structures of the CENP-A and H3 nucleosomes (Fig. 2.1.A), which are

due, in part, to the significant dissimilarities in the amino acid sequences of the

CENP-A and H3 proteins (Supplementary Figure A.1). Sequence and structural

alignment highlights the longer loop 1 region in CENP-A compared to H3 (Sup-

plementary Figure A.1 and Fig. 2.1.B). We observed that it took several hundred

nanoseconds for all systems to reach equilibrium. Thus, in a technical advance, we
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ran our simulations for a full microsecond each, in order to harvest the stable final

400 ns of each trajectory for subsequent analyses (Supplementary Figure A.2).

2.3.1 The CENP-A octamer and nucleosome display greater local

fluctuations than their corresponding H3 systems

We identified local structural variations within each system by computing root-

mean-squared fluctuations (RMSF) of C-alphas within each system compared to

their respective trajectory averages. To determine a threshold for significant differ-

ences between the local fluctuations of different systems, we calculated the RMSF

of each third of the trajectories separately and obtained the standard deviation for

each fluctuation. The maximum standard deviation in RMSF is ∼0.3 Å, meaning

any difference greater than 0.6 Å is very significant. The CENP-A loop 1 region, a

region spanning the H2A’ acidic patch, and H4 αN helix of the CENP-A octamer

and nucleosome exhibit greater structural variability than the corresponding regions

for the H3 octamer and nucleosome, respectively (Fig. 2.1.C,D).

The CENP-A loop 1 region (residues 78-84) is two residues longer than the

same region of H3 and predicted to display relatively greater structural variation

[6]. This region is important because of its exposure to solvent and, structurally,

because it provides the connection between two major helices in H3 and CENP-A,

α1 and α2. The loop 1 region is the only significance difference in local flexibility,

at the individual residue level, between H3 and CENP-A proteins (Fig. 2.1.C,D).

The maximum differences in C-alpha RMSF between the loop 1 regions of CENP-
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Figure 2.1: The CENP-A octamer and nucleosome structures
display greater local flexibility than their canonical H3 coun-
terparts. (A) The CENP-A and H3 nucleosomes are nearly identical
by crystal structure alignment. Colors label CENP-A and CENP-A’
(green), CENP-A loop 1 (purple), and a region spanning the H2A acidic
patch (red). The dashed line represents the pseudo-dyad. (B) Structural
alignment of CENP-A and H3 proteins highlights the longer CENP-A
loop 1 as a major difference. (C) Cα root mean square fluctuations
(RMSF) of the first heterotypic half of the CENP-A and H3 structures
displays greater local flexibility in the CENP-A systems at several spe-
cific regions. (D) Cα RMSF of the second heterotypic half demonstrates
specific asymmetries in local flexibility. Dashed lines separate protein
segments. Differences in Cα RMSF greater than 0.6 Å are considered
very significant. Structure figures rendered in Pymol.
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A and H3 is +1.5 Å (comparing CENP-A Gly 81 and H3 Asp 81) and +2.3 Å

(comparing CENP-A’ Gly 81 and H3’ Asp 81). Although they contain the same

amino acid sequences, a region spanning the H2A’ acidic patch (residues 87-100) and

the H4 αN helix (residues 26-29) display greater structural variation in the CENP-A

octamer and nucleosome than in the H3 octamer and nucleosome (Fig. 2.1.C,D).

For the nucleosomal systems, we observed increased structural fluctuations only for

the region spanning the H2A’ acidic patch (a maximum difference of +0.93 Å at

Lys 95) and for H4 αN helix (a maximum difference of +2.5 Å at Ile 26), and not

in their reciprocals. The observed asymmetries may occur because of the different

starting points for H4 (Asn 25) and H4’ (Asp 24), and different ending points for

H2A (Gln 112) and H2A’ (Val 114). The additional negatively charged residue of

H4’ could discourage interactions with negatively charged DNA.

Finally, the CENP-A targeting domain (CATD, residues 75-114) has been

predicted to rigidify the CENP-A/H4 interface because of experimentally measured

relative increase in hydrophobicity in comparison to the H3/H4 interface [15]. How-

ever, consistent with prediction from the crystallographic evidence [6], the only

major difference in local flexibility within the CATD we observed is located at the

loop 1 region. Overall, CENP-A systems appear to have greater flexibility on the

local level compared to the H3 systems in three specific regions: CENP-A loop 1, a

region spanning the H2A’ acidic patch, and the H4 αN helix.
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2.3.2 The CENP-A octamer and nucleosome exhibit greater global

fluctuations than their H3 counterparts

Beyond individual residues, structural fluctuations occur at multiple spatial

scales for octamers and nucleosomes. Within CENP-A/H4 and H3/H4 dimers, our

analysis demonstrate that individual CENP-A/H4 dimer pairs are on average more

compact, but not more rigid, than H3/H4 in the context of either the protein oc-

tamer, or the entire nucleosome (Supplementary Figure A.3). These data are par-

tially consistent with the prediction from experimental evidence [15, 24, 58]. To

further investigate potential rigidity in the CENP-A nucleosome on a global scale,

we determined the distances between the centers-of-mass (COM) of dimers in the

homotetramer (Fig. 2.2.A), and between dimers in the two heterotetramers (Fig.

2.2.B,C, Supplementary Table A.1, and Supplementary Figure A.4). We find that

the distance between CENP-A/H4 dimers is greater than between H3/H4 dimers in

both the octamer structures (34.5 ± 0.29 Å in the CENP-A octamer; and 33.9 ±

0.21 Å in the H3 octamer) and nucleosome structures (34.7 ± 0.22 Å in the CENP-

A nucleosome; and 34.3 ± 0.18 Å in the H3 nucleosome). This difference is more

evident in the absence of DNA. The average distance between H3 (CENP-A)/H4

and H2A/H2B dimers is virtually identical, with a greater standard deviation, for

the CENP-A octamer (33.6 ± 0.39 Å) than for the H3 octamer (33.7 ± 0.25 Å). The

same average distance is greater for the CENP-A nucleosome (33.7 ± 0.34 Å) than

for the H3 nucleosome (33.4 ± 0.27 Å). The distance between dimers for the second

heterotetramer, between H3’ (CENP-A’)/H4’ and H2A’/H2B’, is slightly greater for
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Figure 2.2: The CENP-A nucleosome exhibits greater global
flexibility than the canonical H3 nucleosome. (A) The distance
between the centers-of-mass (COMs) of the two dimers within the ho-
motetramer are greater, on average, in the CENP-A nucleosome than in
the H3 nucleosome. The distances between the COMs of the two dimers
within the first (B) and second (C) heterotetramers are greater, on av-
erage, in the CENP-A nucleosome than in the H3 nucleosome. Specific
average distances and standard deviations are included in Supplemen-
tary Table A.1.

the CENP-A octamer (33.0 ± 0.35 Å in the CENP-A octamer; and 32.8 ± 0.27 Å in

the H3 octamer) and significantly greater for the CENP-A nucleosome (32.8 ± 0.30

Å in the CENP-A nucleosome; and 32.4 ± 0.21 Å in the H3 nucleosome) compared

to their canonical counterparts. In total, these data indicate that the CENP-A oc-

tamer and nucleosome display greater fluctuations on a global level than the H3

octamer and nucleosome. The greater distances observed between histone dimers

within the CENP-A nucleosome, compared to the canonical H3 nucleosome, are con-

sistent with recently published work [59], which, using fluorescent probes to measure

the distance between specifically defined regions of H2B histones, reports that his-

tones in the centromeric nucleosomes are more loosely packed than in the canonical

H3 nucleosome (between H2B and H2B’).
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2.3.3 Greater global fluctuations are underpinned by weaker contacts

at the CENP-A:CENP-A’ dimerization interface

One plausible reason for the global fluctuations seen above might be increased

flexibility in the CENP-A dimerization interface relative to the corresponding inter-

face of H3. To test this hypothesis, we performed contact map analysis to compare

the specific contacts that form the H3:H3’ and CENP-A:CENP-A’ interfaces (Fig.

2.3.A,B). Quantitatively, 4 contacts out of the 15 formed by H3:H3’ are lost in

the CENP-A:CENP-A’ interface (Fig. 2.3.B), and 6 are weakened. For instance,

His113/115 is a key residue in the crystal structures of both octameric nucleosomes,

binding to Asp123/125 [1]. In our simulations, this contact is still prominent, how-

ever, His113/115 is promiscuous, making multiple contacts at the dimerization in-

terface. These contacts in the CENP-A:CENP-A’ interface are, on average, weaker

than the corresponding set in H3:H3’ (Fig. 2.3.A), and several contacts are lost al-

together. Another clear difference is the contacts formed by H3 His 113 and H3’ Arg

116, and by the reciprocal set of interactions. The corresponding contacts are not

present between CENP-A and CENP-A’. This difference is due, in part, to shorter,

less well defined, helices composing the four helix bundle of the CENP-A:CENP-A’

interface compared to H3:H3’ (Fig. 2.3.C) and a longer minimum distance between

CENP-A Arg 118 and CENP-A’ His 115 (5.3 Å) than between H3 Arg 116 and

H3’ His 113 (3.7 Å). Furthermore, two hydrophobic interactions present between

H3 and H3’ (Ile 130 to Ala’ 137, and its reciprocal) are lost between CENP-A and

CENP-A’. We observed a similar contrast between the H3:H3’ and CENP-A:CENP-
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A’ dimerization interfaces in the octameric structures (Supplementary Figure A.5).

Generally, our analysis demonstrates that the CENP-A:CENP-A’ dimerization inter-

face is weaker than that of H3:H3’, suggesting that the CENP-A:CENP-A’ interface

could exhibit greater plasticity.

2.3.4 Greater plasticity at the CENP-A:CENP-A’ dimerization in-

terface is a dominant mode of motion

We tested the possibility of increased plasticity in the CENP-A dimerization

interface by performing principal component analysis (PCA), which determines the

dominant modes of motion in each system. Projections of the top principal compo-

nents from Cα PCA onto representative structures in 2D plots (Fig. 2.4 and Supple-

mentary Figure A.6) and 3D movies (Supplementary Movies 1 and 2) illustrate the

magnitude and direction of dominant motions for the H3 and CENP-A structures.

These principal components clearly contrast the natures of the motion associated

with the H3:H3’ and the CENP-A:CENP-A’ dimerization interfaces. Interestingly,

in the top two principal components for the H3 nucleosome, H3 and H3’ move to-

gether as a single unit in a concerted manner, maintaining the integrity of their

interface (Fig. 2.4.A and Supplementary Movie 1). In contrast, in the first principal

component of the CENP-A nucleosome, CENP-A and CENP-A’ visibly move sepa-

rately from each other in a shearing motion (Fig. 2.4.B and Supplementary Movie

2). Furthermore, in their respective top principal components, the CENP-A nucleo-

some exhibits greater breathing motion (a global opening and closing of the central
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Figure 2.3: The CENP-A dimerization interface forms fewer and
weaker contacts than the corresponding H3 interface. (A) Con-
tact map analysis illustrates the promiscuous interactions of His113/115
(circled) and contacts present in the dimerization interface of the H3
nucleosome but not in the corresponding interface of the CENP-A nu-
cleosome (dotted lines). (B) Histograms demonstrate that the number
of contacts formed at the CENP-A dimerization interface is fewer, on
average, than at the corresponding H3 interface. (C) Crystal structure
dimerization interfaces for the CENP-A (dark orange) and H3 (light or-
ange) nucleosomes highlight that the four helices composing the CENP-
A:CENP-A’ interface are less well-defined than the four helices compos-
ing H3:H3’. Residues Arg 116 and His’ 113 of H3:H3’, as well as Arg
118 and His’ 115 of CENP-A:CENP-A’, are shown as sticks. The dashed
line represents the pseudo-dyad. Structure figures rendered in Pymol.
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Figure 2.4: Increased plasticity of the CENP-A dimerization in-
terface is a dominant mode of motion. (A) 2D projection of the
top principal component of the H3 nucleosome onto the representative
structure, viewed from the side of the DNA pseudo-dyad, highlights mo-
bility in the H2A’ acidic patch restrained by H3’ and a lack of movement
in H3’ loop 1. The inset displays the single-unit motion of the H3 dimer-
ization interface. (B) 2D projection of the top principal component onto
the representative structure for the CENP-A nucleosome highlights mo-
bility in the H2A’ acidic patch unrestrained by CENP-A’ and enhanced
fluctuations in CENP-A’ loop 1. The inset displays the shearing and
pinching motion of the CENP-A dimerization interface. Structure fig-
ures rendered in VMD.
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void) than the H3 nucleosome (Supplementary Movies 1 and 2), and the four helices

defining the CENP-A:CENP-A’ interface display anti-correlated pinching motions

(Supplementary Movie 2). We observed a similar contrast between the dimerization

interfaces of the H3 and CENP-A octamers. In their respective first two principal

components in the octamer structures, H3 and H3’ move together at their inter-

face (Supplementary Figure A.6.A) and CENP-A and CENP-A’ move away and

towards each other at their interface (Supplementary Figure A.6.B). Overall, the

PCA analysis indicates that a weakened interface drives greater plasticity at the

CENP-A:CENP-A’ dimerization interface within the CENP-A nucleosome.

2.3.5 H2A patch mobility is sensitive to surrounding local interac-

tions

The acidic patch is a unique structural motif of the nucleosome surface, car-

rying the greatest net charge of the solvent-exposed region of the histone octamer

surface [1, 60]. Formally defined by eight residues (H2A E56, E61, E64, D90, E91,

E92 and H2B E102, E110), the acidic patch forms a complex interface, with a high

negative charge density and distinct groove shape. Furthermore, the acidic patch is

topologically poised to interact with multiple types of chromatin factors, including

the H4 N-terminal tail of an adjacent nucleosome [1], Sir3 [61], LANA [62], and the

CENP-A specific CENP-C [63], essential in forming the inner kinetochore. From our

investigation of local flexibility, we identified an important region of H2A (residues

87-100) spanning the H2A C-terminal extension part of the acidic patch (H2A D90,
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E91, and E92). This region contains a short α-helix bracketed between H2A α3

and the long H2A C-terminal tail. Importantly, the region spanning the H2A acidic

patch undergoes similar structural fluctuations in the first heterotypic half of the

CENP-A and H3 nucleosomes (Fig. 2.1.C) and greater structural variation in the

CENP-A nucleosome than in the H3 nucleosome in the second heterotypic half (Fig.

2.1.D). We first examined the results from principal component analysis to investi-

gate this asymmetric behavior.

The PCA analysis revealed differences in the modes of motion of the CENP-

A and H3 systems in addition to those found at the dimerization interfaces. We

observed structural fluctuation in the H2A’ acidic patch of the H3 and CENP-A

nucleosomes in the top principal components, but the natures of these fluctuations

are very different (Fig. 2.4). For the H3 nucleosome, the H2A’ acidic patch moves

together with the H3’ C-terminus, a salt bridge between H3’ Arg 134 and H2A’

Glu 91 playing a contributing factor (Fig. 2.4.A and Supplementary Movie 1). In

contrast, in the first principal component of the CENP-A nucleosome, the H2A’

acidic patch moves up and down the DNA supercoil axis, and into and out of the

central void, independently of the CENP-A’ C-termini (Fig. 2.4.B and Supplemen-

tary Movie 2), which lacks the positively charged Arginine seen in H3 (i.e. Arg 134).

Therefore, PCA analysis provides insight into the mobility of the region spanning

the H2A’ acidic patch in the CENP-A nucleosome. The top principal components of

octameric structures indicate a similar increase in the overall mobility of the region

spanning the H2A’ acidic patch for the CENP-A system compared to H3 in the

absence of DNA (Supplementary Figure A.6). Because of the asymmetry between
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structural fluctuations of the regions spanning the H2A and H2A’ acidic patches

(Fig. 2.1.C vs 2.1.D), we decided to investigate further by extending our MD sim-

ulation by 400 ns with reduced position restraints (reduced from K = 2.5×10−1

kJ/(mol nm2) to K = 5.0×10−5 kJ/(mol nm2)). We concluded that the H2A acidic

patch occupies a rugged conformational landscape, and the overall mobility depends

on transient, local interactions. We focused on the H2A’ acidic patch, where a sig-

nificant and variable difference exists between the CENP-A and H3 nucleosomes

(Supplementary Figure A.7). We identified specific, local electrostatic interactions

that contribute to H2A’ acidic patch mobility in the H3 nucleosome (between H3’

R134 and H2A’ E91, Fig. 2.5.A) and in the CENP-A nucleosome (between H2A’

R99 and E91, Fig. 2.5.B). The stochastic formation and disruption of these inter-

actions, among others, can alternatively restrain and relax the H2A’ acidic patch,

demonstrating that its mobility is highly sensitive to the dynamic rearrangement of

local interactions.

2.3.6 CENP-A nucleosomal DNA near the pseudo-dyad is relatively

unstable compared to the corresponding H3 nucleosomal DNA

We were curious whether the local and global fluctuations in the CENP-A

nucleosome noted above (Fig. 2.1-2.4) had an impact on the DNA wound about

the CENP-A nucleosome. Past experiments have shown that CENP-A protects

∼120bp of DNA relative to H3, which almost exclusively protects 147bp of DNA.

The difference in binding has been attributed to missing Arginines in the αN he-
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Figure 2.5: H2A’ acidic patch mobility depends on local, elec-
trostatic interactions. Representative simulation snapshots highlight
electrostatic interactions contributing to the mobility of a region span-
ning the H2A’ acidic patch in (A) the H3 nucleosome, between H3’
Arg134 and H2A’ Glu91, and in (B) the CENP-A nucleosome, between
H2A’ Arg99 and Glu91. Colored sticks represent positive residues (in
blue) and negative residues (in red). Dashed lines measure the distances
between the center of positive charge on the arginines, CZ, and the center
of negative charge on the glutamic acid, CD. The surrounding superheli-
cal DNA and the H2A/H2B dimers are removed to facilitate observation.
Structure figures rendered in VMD.
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lices of CENP-A [44]. Recent computational short-timescale simulations have sug-

gested the exit/entry helices of DNA have weaker interactions with the CENP-A

protein core [29]. Exit and entry DNA “site exposure” is an important biologi-

cal feature [64], and in the context of the CENP-A nucleosomes, could potentially

destabilize H2A/H2B binding, resulting in losing this dimer pair from the octamer,

thus destabilizing the nucleosome.

In our long-timescale simulations, we noted that the entry/exit fluctuations

of DNA are similar around the H3 and CENP-A nucleosome, with roughly equal

propensity for local and asymmetric unwinding. The H3 nucleosome displays asym-

metric site exposure, freeing up ∼15bp of the exit nucleosomal DNA consistent with

recent biochemical experiments suggesting asymmetric behavior in the unwinding of

H3 nucleosomal DNA in vivo [65] and in vitro [66]. ∼15bp of the entrance nucleoso-

mal DNA becomes completely exposed in the CENP-A nucleosome, the detachment

occurring at the opposite side to the H3 nucleosome. It should be noted that this

type of entry/exit detachment event could be stochastic in nature, because in vivo,

DNA traces a continuous path via the linker DNA to adjacent nucleosomes in the

array, and the presence or absence of proteins such as H1 (for the H3 nucleosome),

CENP-C and CENP-B (for the CENP-A nucleosome), will likely alter the stability

and crossing-over of exit and entry DNA. Thus, asymmetric unpeeling of the palin-

dromic (i.e. symmetric) α-satellite based DNA sequences resolved in the crystal

structures could be a probabilistic event, in part, governed by structural motifs that

may exist within the centomeric DNA sequences in vivo [65, 66]. Furthermore, the

asymmetric unpeeling observed in our simulations could be an example of sponta-
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neous symmetry breaking that is stochastically induced by structural fluctuations,

either locally or at a large scale.

Significantly, in our long timescale simulations above (Fig. 2.6), we observed

that CENP-A nucleosomal DNA exhibits greater structural fluctuations near the

pseudo-dyad, from SHL +1 to +3, which extrude away from the octameric core sur-

face. Throughout these 20 bp of DNA, the CENP-A DNA basepair fluctuations were

on average ∼1.0 Å greater than the corresponding base pairs in the H3 nucleosome

(Fig. 2.6.A inset). We performed event coincidence analysis (Fig. 2.6.B,C,D and

Supplementary Figure A.8) to unveil factors contributing to the release of ∼20bp

pseudo-dyad proximal DNA. We tracked several key residues in CENP-A and H4,

finding an increase in the distance between CENP-A H59 (a substitution for E59

in H3) and the entry helix of nucleosomal DNA at bp -60 (Supplementary Fig-

ure A.8.A) upon detachment. This stochastic event coincides with CENP-A’ H59

swinging inwards to DNA SHL +1 or +2. This swing disrupts the local interac-

tions between CENP-A’ and DNA, including CENP-A’ K64 and bp +19, causing

the ripple of DNA moving away from the protein core. H59 (a positive residue) in

CENP-A replaces E59 (a negative residue) of H3. H59 is located near the N-terminus

of CENP-A, and is important for the stability of CENP-A nucleosomal entry DNA,

forming electrostatic interactions with the negatively charged DNA (Fig. 2.6.B).

Once this section of DNA detaches from the CENP-A protein octamer, CENP-A

H59 is available to form alternating interactions between two pseudo-dyad proximal

turns of DNA (Fig. 2.6.C and Supplementary Figure A.9). These interactions alone

can increase the base pair structural fluctuations because they are not found in the
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native CENP-A crystal structure. H59 and K64 compete for the same interaction

with DNA, both positive residues naturally repel each other, and both favor similar

electrostatic interactions with the highly negatively charged DNA. The replacement

of H3 E59 with CENP-A H59 is definitely an important factor in CENP-A nucle-

osomal DNA flexibility near the pseudo-dyad, however, it is not the only factor.

This ripple is amplified by an intrinsically weak interaction of this section of DNA

because of a missing R83 present in H3, but not in CENP-A. Finally, a substitution

of L82 (present in H3) by a F84 in CENP-A, creates a hydrophobic hotspot with

CENP-A R80 and H4 K79 (Supplementary Figure A.8.B,C), weakening K79’s affin-

ity to DNA. Common contacts between two arginine residues, counterintuitive from

an electrostatic perspective, have been investigated both from the vast number of

experimentally determined crystal structures within the Protein Data Bank [67], and

by molecular dynamics simulation [68, 69]. Arginine and lysine residues both have

long side chains, which feature a positively charged head group and a hydrophobic

tail. Examining Fig. 2.6.D in close detail, we observe that F84 (a hydrophobic

residue) interacts with the long tail regions of R80 and K79, both of which are hy-

drophobic. The accumulation of CENP-A DNA endpoint detachment, CENP-A H59

replacing H3 E59, and the formation of a hydrophobic hotspot within the CENP-

A nucleosome conspire to release ∼20bp of DNA from the pseudo-dyad proximal

region of CENP-A nucleosome.
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Figure 2.6: CENP-A nucleosomal DNA is relatively unstable
near the pseudo-dyad compared to the corresponding H3 nu-
cleosomal DNA. (A) Root mean square fluctuations (RMSF) per base-
pair for the CENP-A and H3 nucleosomes demonstrates asymmetric en-
try/exit unwinding for both systems and further highlights significantly
increased fluctuations for CENP-A basepairs +10 to +30 (inset). Two
lines are shown for each system since the DNA is double-stranded, and
the shaded areas represent the RMSF ± one standard deviation. (B)
His 59, unique to CENP-A, has electrostatic interactions with the entry
terminal of DNA before it detaches. (C) Coinciding with the detachment
of entry DNA, His59 turns towards DNA SHL +1 or +2, disrupting the
local stability of DNA. (D) N85 in CENP-A, substituted for R83 in H3,
has a weaker binding affinity to DNA, and two other substitutions, F84
and R80, develop a hydrophobic hotspot with K79 of H4, further con-
tributing to DNA instability near the pseudo-dyad. Basepairs 10-30 are
highlighted in red, key residues are shown as sticks, and CENP-A inter-
actions not found in the H3 nucleosome are represented by dashed lines.
Structure figures rendered in VMD.

41



2.3.7 The CENP-A nucleosome features a more rugged free energy

landscape than the canonical H3 nucleosome

We compared the conformational space explored by the nucleosome systems

by projecting the trajectories onto their corresponding top two principal compo-

nents, thereby mapping two-dimensional free energy landscapes (Fig. 2.7) [70, 71].

The landscape topography of the canonical H3 nucleosome contains broad and well-

connected basins, whereas the number of basins, and the barriers between basins,

is greater for the CENP-A nucleosome. When examining representative structures

of the free energy basins for the H3 nucleosome, we observe different conformations

for the H2A’ acidic patch, concordant with differences in the H3’ C-terminus (Fig.

2.7.A). In contrast, there are multiple conformations for the CENP-A:CENP-A’

dimerization interface in the distinct basins for the CENP-A nucleosome, featur-

ing different arrangements of the four helices defining this interface (Fig. 2.7.B).

Representative structures for the CENP-A nucleosome also display different con-

formations for CENP-A loop 1 and the H2A’ acidic patch. Specifically, the H2A’

acidic patch is more disordered in CENP-A representatives 1 and 2, and more or-

dered in representatives 3 and 4 (Fig. 2.7.B). Globally, the CENP-A nucleosome

free energy landscape covers more conformational space (i.e. greater overall area)

than the H3 nucleosome free energy landscape. From our two-dimensional free en-

ergy landscapes of the CENP-A and H3 nucleosomes, we calculated the average

free energy barriers between distinct conformational basins. For the CENP-A nu-

cleosome, we determined the free energy barriers between adjacent, and accessible,
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conformational basins to be ∼2 to 4 kBT , and for the single free energy barrier for

the H3 nucleosome to be ∼2 kBT . This calculation illustrates that the CENP-A

nucleosome occupies a more rugged free energy landscape, and that both CENP-A

and H3 nucleosomes can overcome free energy barriers to convert between different

conformational basins. Overall, the CENP-A nucleosome has more distinct con-

formational basins than the H3 nucleosome, and the structural differences between

free energy basins correspond to the contrasts in local and global fluctuations we

observed through other modes of analysis.

2.4 Discussion

Here, we present the first microsecond timescale all-atom computational in-

vestigation of the conformational dynamics of canonical H3 and CENP-A variant

octamers and nucleosomes in explicit solvent. This significantly extended timescale

relative to previous explicit solvent all-atom studies of nucleosomes containing H3

[26,28,30] and CENP-A [29] allowed our analyses to reveal the internal protein dy-

namics of the H3 and CENP-A nucleosomes at stable equilibrium (Supplementary

Figure A.2). For H3, we observe consistency with previously published experimental

results on the stability of the DNA near the pseudo-dyad (Fig. 2.6) [1,4,72,73], and

asymmetric unwinding of the entry and exit DNA (Fig. 2.6) [66], and with previous

computational studies identifying structural mobility in H2A (Fig. 2.4) [30] and

flexibility at the entrance and exit DNA (Fig. 2.6) [28]. For CENPA, we also ob-

serve consistency with previously published results and predictions of flexible DNA
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H2A/H2B, CENP-A(H3)/H4, 
CENP-A’(H3’)/H4’, H2A’/H2B’
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2

H3 Nucleosome
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34

= CENP-A loop 1 = dimerization interface

Figure 2.7: The characteristic free energy landscape is more
rugged for the CENP-A nucleosome than for the H3 nucle-
osome. A) Free energy projection of the H3 nucleosome onto its first
two principal components reveals two distinct conformational basins. B)
Free energy projection of the CENP-A nucleosome reveals four distinct
conformational basins. White boxes highlight distinct free energy basins.
Insets highlight key differences between representative structures for the
numbered basins, consistent with the rest of our analysis. Structure
figures rendered in VMD.
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edges (Fig. 2.6) [6, 11, 16, 29, 44, 46, 74–79], greater structural variation in CENP-A

loop 1 relative to the same region of H3 (Fig. 2.1), predicted experimentally [6] and

observed computationally [29], as well as increased CENP-A/H4 dimer compactness

relative to H3/H4 (Supplementary Figure A.3) [58]. However, using long timescale

simulations coupled to principal component analyses and free energy landscape the-

ory, our data suggest that the CENP-A nucleosome is structurally flexible on the

local and global scale.

Most importantly, the overall increase of global flexibility in the CENP-A

nucleosome (Fig. 2.2) is underpinned by a reduced number of contacts in the CENP-

A:CENP-A’ dimerization interface (Fig. 2.3). This results in the CENP-A:CENP-A’

four helix bundle undergoing a distinctive and unique shearing motion coupled to a

pinching motion (Fig. 2.4 and Supplementary Movie 2). This motion translates to a

flexing of the entire CENP-A nucleosomal and octameric particles, such that CENP-

A containing complexes explore significantly more rugged energy landscapes (Fig.

2.7 and Supplementary Figure A.10). A major consequence of this rugged landscape

is additional free energy minima are available to the CENP-A nucleosome, which

can spontaneously visit these basins with near equal probability. Plasticity in the

CENP-A dimerization interface is driven by the dynamic rearrangement of mostly

weak contacts between the α2 and α3 helices of the CENP-A proteins (Fig. 2.3).

In addition to the CENP-A dimerization interface, several other specific regions

contribute to the greater overall flexibility of the CENP-A nucleosome compared to

the H3 nucleosome.

First, we note that the mobility of the region spanning the acidic patch of the
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H2A depends on the surrounding local interactions in the CENP-A and H3 nucleo-

somes (Fig. 2.1 and 2.5). The stochastic formation and disruption of electrostatic

interactions at the interface of the H2A acidic patch and other histones, and within

the H2A acidic patch, can alternatively restrain and relax this region (Fig. 2.5).

Variable mobility of H2A in the CENP-A could effect its ability to interact freely

with non-histone proteins, such as the kinetochore protein CENP-C, which has ex-

perimentally been shown to bind to the acidic patch of H2A in the context of a

hybrid CENP-A fusion nucleosome [80]. In addition, the highly flexible CENP-A

loop 1 (Fig. 2.1 and 2.4.B) could play an important regulatory role in the forma-

tion of higher order CENP-A chromatin [81]. Furthermore, CENP-A nucleosomal

DNA displays asymmetric instability near the pseudo-dyad, relative to H3 nucleo-

somal DNA (Fig. 2.6 and Supplementary Figure A.9). One predicted outcome of

such instability near the pseudo-dyad is increased access to the protein octameric

core. These data could provide a potential explanation for experimentally observed

acetylation seen within the CENP-A nucleosomal core at H4 K79 in vivo [19].

Lastly, these in silico findings have important implications for the behavior of

CENP-A nucleosomes in vitro and in vivo [11, 12, 14, 16, 24]. Specifically, our data

shows the loss of DNA contacts near the pseudo-dyad (Fig. 2.6.D), a weaker CENP-

A dimer interface (Fig. 2.3), coupled to shearing of the four-helix bundle (Fig. 2.4).

Even in the DNA-free CENP-A octameric core, we observe global shearing motions

between the two CENP-A/H4/H2A/H2B heterotetramers (Supplementary Figure

A.4.A).

So far, there is no direct experimental evidence testing whether or how oc-
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tameric nucleosomes can unpeel at the pseudo-dyad to generate two hemisomes

[14, 82]. However, based on these results, it is plausible that CENP-A hemisomal

intermediates might reflect increased distance and weaker contacts between two

heterotypic halves of the octameric CENP-A nucleosome, coupled to looser DNA

contacts at pseudo dyad proximal region, both of which could be exaggerated by spe-

cific biological conditions in vivo. Our simulations of DNA-free octameric CENP-A

particles do not appear to show striking disruptions of H2A/H2B in the octameric

core, as would be predicted from a hexameric structure [12]. However, we note that

H2A/H2B have slightly increased distance from CENP-A/H4 in the CENP-A nu-

cleosome (Fig. 2.2). Thus, as has recently been noted for H3 nucleosomes [65, 83],

it is possible that stochastic asymmetric entry/exit DNA site exposure, coupled to

chromatin remodelers such as RSF [84], could effect the eviction of one or both

H2A/H2Bs in the CENP-A nucleosome.

It has already been demonstrated that in vitro, and in vivo, internal cova-

lent modifications of H3 can alter canonical nucleosomal conformation and stabil-

ity [85–88], which may utilize alternative modes of internal motion relative to the

motions described for CENP-A in this study. The data presented above support

the possibility that in vivo CENP-A nucleosomes subjected to pulling, pushing or

twisting mechanical forces may geometrically adapt to extrinsically imposed de-

formations by exploiting internal pliability. Such conformational changes in the

CENP-A nucleosome are likely to be promoted or prohibited by specific inner kine-

tochore proteins like CENP-C, or specific modifications, which may predominantly

favor one conformational basin of CENP-A over another at specific points of the
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cell cycle, or in response to one or more binding partners [63]. Consequently, in-

terrogating the effects of biological forces, covalent modifications, point and domain

mutations, and the binding of kinetochore and non-kinetochore proteins on the sta-

bility of CENP-A nucleosomes are critical and exciting future avenues of research

awaiting investigation. It is feasible that internal flexibility within the CENP-A oc-

tameric nucleosome may permit exploration of multiple conformations, contributing

to CENP-A’s structural and epigenetic signature in vivo.

2.5 Summary and Biological Implications

In summary, when the centromere-specific histone variant CENP-A replaces

H3, the nucleosome is more distortable on both local and global scales. This means

that a nucleosome containing CENP-A could conform better to mechanical forces

experienced during mitosis than nucleosomes containing the canonical H3 histone.

Furthermore, the CENP-A nucleosome could be more likely to adopt different con-

formations under specific biological conditions in vivo than the canonical H3 nu-

cleosome. Overall, we find that CENP-A encodes greater distortability to the nu-

cleosome, which may allow for enhanced flexing of the histone core during mitotic

tension.
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Chapter 3: CENP-A/H4 is more plastic than H3/H4

3.1 Introduction

The DNA of chromatin must organize into an array of nucleosomes, and histone

dimers assemble together in order to form the protein component of nucleosomes.

Variants of the most common, canonical histones encode identity to specialized

regions of the genome, and play an important role in the epigenetic process. CENP-

A/CENH3, a centromere specific histone H3 variant present in all eukaryotes, dic-

tates the single location of the centromere per chromosome, to which microtubules

bind during mitosis. CENP-A is also thought to confer structural identity to the

centromere. The CENP-A/H4 dimer is an essential subdomain of CENP-A nucle-

osomes, which are currently shown to occupy a range of structures in vivo [6–23].

Subtle differences between CENP-A and H3 could lead to changes in dimer dynam-

ics, even though the CENP-A/H4 and H3/H4 dimers are structurally superimpos-

able (Figure 3.1.A). By interacting directly with highly positively charged histone

monomers and dimers and by providing electrostatic shielding, histone binding pro-

teins play an essential role in nucleosome assembly. It was recently discovered that

the chaperone HJURP (Holliday junction recognition protein) is required for the

deposition of CENP-A at centromeres [89, 90], an analog to the CENH3-specific
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chaperone Scm3 in budding yeast [10,12,13,91–93]. To investigate dimer dynamics

and the role of CENP-A specific HJURP, we modeled CENP-A/H4 and H3/H4,

in the absence and presence of the chaperone HJURP, using all-atom molecular

dynamics (MD) in explicit solvent.

The CENP-A/H4 dimer demonstrates greater structural plasticity, spread

throughout more local regions, than the canonical H3/H4. In the absence of chaper-

one HJURP, the C-terminal helices of CENP-A and H4 become partially unwound.

Upon the introduction of HJURP, these regions maintain their helical structure due

to the formation of an electrostatic network between the C-termini of CENP-A and

H4 and the α domain of HJURP. Finally, H4 adopts configurations closer to the

native state than CENP-A or H3, except for in the artificial complex of H3/H4 in

conjunction with HJURP. The underlying physical principles determining the con-

formational ensembles of histone dimers in isolation are not necessarily the same

as those governing the conformational preferences within the histone octamer core,

or in complexes with chaperone proteins. However, understanding the different dy-

namics of CENP-A/H4 and H3/H4 dimers provides a structural characterization

baseline that can inform future research of centromeric and canonical nucleosomal

structures.
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3.2 Methods

3.2.1 Simulation protocol

We performed all-atom molecular dynamics (MD) in explicit solvent using the

gromacs 4.5.7 MD software [47], the amber99SB∗-ILDN [48, 49] force field for pro-

teins, the ions08 [94] force field for ions, and the TIP3P water model. Starting from

the crystal structures for canonical H3 nucleosome (PDB ID: 1AOI [1]) and the

CENP-A/H4 heterodimer with chaperone HJURP (PDB ID: 3R45 [95]), we built

models for four systems: (1) the H3/H4 heterodimer; (2) the CENP-A/H4 het-

erodimer; (3) the H3/H4 heterodimer with the CENP-A specific chaperone HJURP

(as a control); and (4) the CENP-A/H4 heterodimer in a complex with the chaper-

one HJURP.

Using the pdb2gmx tool in gromacs, we set the Lys and Arg residues to +1e,

the Asp and Glu residues to -1e, the Gln residues to neutral, and protonated the

His residues solely at NE2. Each system was solvated in a cubic water box, ensuring

a minimum buffer length of 15 Å between the system and the edges of the box. We

introduced Na+ and Cl− ions to neutralize the charge and represent the physiologi-

cal 0.150 M NaCl environment. The systems were minimized using steepest descent,

until reaching a maximum force less than 100 kJ/mol. Periodic boundary condi-

tions were employed throughout all the simulations, and long-range electrostatics

were treated with the Particle Mesh Ewald method [52]. Non-bonded Coulomb and

Lennard-Jones interactions were truncated at 10 Å, and all bonds involving hy-
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drogen were constrained using the LINCS [53] algorithm. After minimization, the

systems were heated to 300 K by 500 ps of protein-restrained NVT MD simulation

followed by 500 ps of NVT MD simulation without restraints. After reaching ther-

mal equilibrium, the systems were equilibrated at 300 K and 1.0 bar for 1.5 ns in

the NPT ensemble.

To characterize the structure and dynamics of the canonical and CENP-A

heterodimers, we performed unrestrained production all-atom MD simulations in

the NPT ensemble at 1.0 bar and 300 K with a 2 fs time-step, saving coordinates,

velocities, and energies every 2 ps for further analysis. We updated the list of

non-bonded neighbors every 10 steps. One microsecond of MD simulations was

performed for each system using the V-rescaled, modified Berendsen thermostat

[54] with a 1.0 ps time-constant and the Parrinello-Rahman barostat [55] with a

relaxation time of 2.0 ps. We only considered the final 400 ns of the trajectories for

analysis to account for further temperature and pressure equilibration.

3.2.2 Analysis of the trajectories

We first determined the root-mean-square deviations (RMSD) of all the Cα

atoms of the CENP-A/H4 and H3/H4 dimers with respect to their correspond-

ing crystal structures. Then, we identified specific residues, and protein regions,

that exhibit greater local flexibility by calculating the root-mean-square fluctua-

tions (RMSF) of Cα atoms with respect to the corresponding geometric average

structures for all of the studied systems. To visualization local flexibility, we calcu-
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lated the B-factor from the RMSF, (B = (8π2/3)*(RMSF)2), and displayed dimer

structures as tubes whose widths correspond to these values. Furthermore, we de-

termined the distances between the C-termini of CENP-A (or H3) and H4 in dimeric

structures, and investigated the effects of a specific salt-bridge (between H3 E133

and H4 R95) on this distance for H3/H4. We considered a salt bridge to form be-

tween an arginine and a glutamic acid when the center of positive charge of the

arginine, CZ, and one of the negatively charged oxygen atoms of the a glutamic

acid, OE1 or OE2, were within 4.0 Å. We also analyzed contacts at the interface of

CENP-A and H4, in the absence and presence of HJURP. A contact was determined

to exist when the distance between two non-hydrogen atoms from different residues

was less than 3.6 Å. Contacts were calculated as fractions of time of their respective

entire trajectories.

To analyze our data from a more global perspective, we calculated a specific

measure of structural similarity, Q, of all the snapshots in our computational trajec-

tories to the experimentally determined crystal structures. Q is a normalized order

parameter, with higher values indicating greater similarity between two structures.

Q =
2

(N − 2)(N − 3)

∑
i>j+2

exp

−
(
rij − rnij

)2

2σ2
ij

 , (3.1)

where N is the total number of Cα atoms, rij is the instantaneous distance

between the Cα atoms of residues i and j, rnij is the same distance in the native

state obtained from experiment, and σij is a resolution parameter where σij =

(1 + |i − j|)0.15. We applied this definition to histone monomers CENP-A (or H3)
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and H4 separately.

3.3 Results and Discussion

Here, we explore the effects of an important histone variant on the structure

and dynamics of a histone dimer. Using all-atom molecular dynamics (MD) simu-

lations in explicit solvent on the microsecond timescale, requiring over 300,000 cpu

hours in total, we investigated the structural flexibility and dominant local interac-

tions of the CENP-A/H4 dimer in comparison the canonical H3/H4, based on the

crystal structures for the CENP-A/H4 heterodimer with chaperone HJURP (PDB

ID: 3R45 [95]) and canonical H3 nucleosome (PDB ID: 1AOI [1]). We studied four

systems in total: (1) the H3/H4 heterodimer; (2) the CENP-A/H4 heterodimer; (3)

the H3/H4 heterodimer with the CENP-A specific chaperone HJURP (as a control);

and (4) the CENP-A/H4 heterodimer in a complex with the chaperone HJURP. Our

analysis reveals dynamics that deviate significantly from the nearly identical crystal

structures of the CENP-A/H4 and H3/H4 dimers (Figure 3.1.A), which are due, in

part, to the significant dissimilarities in the amino acid sequences of the CENP-A

and H3 proteins (Supplementary Figure B.1). Sequence and structural alignment

highlights the longer loop 1 region and α3 in CENP-A compared to the correspond-

ing regions of H3 (Figure 3.1.A and Supplementary Figure B.1). We observed that

it took several hundred nanoseconds for all systems to reach equilibrium. We ran

our simulations for a full microsecond each and harvested the stable final 600 ns of

each trajectory for subsequent analyses (Supplementary Figure B.2).
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3.3.1 CENP-A/H4 exhibits greater structural plasticity than H3/H4

We compared the overall structural flexibility of the CENP-A/H4 and canon-

ical H3/H4 dimers by calculating the root-mean-square deviations (RMSD) of Cα

atoms with respect to their corresponding experimentally resolved crystal structures.

The CENP-A/H4 dimer displays greater RMSD, on average, than H3/H4 (Figure

3.1.B). However, both CENP-A/H4 and H3/H4 explore native state dynamics on

the microsecond time scale, adopting conformations within 3.0 Å of their respective

crystal structures. Unlike CENP-A/H4, the H3/H4 RMSD probability distribution

features two prominent peaks, suggesting the rearrangement of specific interactions

in the H3/H4 dimer. Greater plasticity in the CENP-A/H4 dimer, compared to

H3/H4, could translate to greater plasticity within and between nucleosomes con-

taining CENP-A than in their canonical H3 counterparts. Furthermore, CENP-A

and H3 interact with different proteins in the nucleosome and when binding to

chaperones. Therefore, it is important to investigate the local flexibility of specific

residues of the CENP-A and H3 dimers.

3.3.2 More regions in CENP-A/H4 display local mobility than in

H3/H4

We next examined the local structural mobility of the CENP-A and H3 dimers

by determining the root-mean-square fluctuations (RMSF) of Cα atoms, with re-

spect to their time-average positions. For visualization, we calculated the B-factor,

55



H3/H4 
CENP-A/H4

B)
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H4

CENP-A loop 1

H3/CENP-A

!3!3

Figure 3.1: The CENP-A/H4 dimer exhibits greater structural
plasticity than H3/H4. (A) Structural alignment of CENP-A/H4
and H3/H4 highlights the longer loop 1 and α3 of CENP-A than the
corresponding regions of H3 as major differences. Colors label H3 (dark
blue), CENP-A (light blue), CENP-A loop 1 (purple), and H4 (green).
The dashed oval identifies the C-terminal regions of CENP-A and H3.
(B) Cα root mean square deviations (RMSD) with respect to the crystal
structures of CENP-A/H4 and H3/H4.
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CENP-A/H4 dimer

H3/H4 dimerB)
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H3/H4 
CENP-A/H4

H3/H4 with salt bridge  
H3/H4 without salt bridge

Figure 3.2: More regions in CENP-A/H4 display local mobility
than in H3/H4. (A) CENP-A/H4 and (B) H3/H4 dimers represented
by tubes, whose width corresponds to the B-factor, directly proportional
to mean squared deviations, calculated in gromacs from computational
trajectory. The CENP-A/H4 dimer exhibits significant local mobility
in multiple different regions, while most of the H3/H4 local mobility is
confined to the H3 C-terminus. (C) Probability distributions for the
distances between the C-termini of CENP-A (or H3) and H4. (D) A
specific salt bridge (H3 E133 to H4 R95) plays an important role in
determining the distance between the C-termini of H3 and H4.
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directly proportional to the mean squared fluctuation of each atom, and displayed

dimer structures as tubes whose widths correspond to these values (Figure 3.2.A,B).

CENP-A loop 1, a region near the C-terminus of CENP-A (residues 130-136), and

the C-terminus of H4 exhibit increased local mobility in the CENP-A dimer (Figure

3.2.A). The H3 dimer is less locally mobile than the CENP-A dimer, except for the

final several residues at the C-terminus of H3 (Figure 3.2.B). CENP-A α3 is several

residues longer than the corresponding helix of H3 (Figure 3.1.A, dashed oval), and

the α3 regions of CENP-A and H4 become partially unraveled in the absence of

HJURP. However, the C-termini of CENP-A and H4 can interact with each other

in spite of partial unwinding. We measured the distances between the C-termini

of individual proteins of the CENP-A and H3 dimers to investigate further. The

distance between the C-termini of CENP-A and H4 remains relatively consistent,

however, the probability distribution of the distance between C-termini features two

distinct peaks (Figure 3.2.C). We identified a specific salt-bridge (between H3 E133

and H4 R95) as important to the local mobility of H3/H4. When this salt-bridge

is present, H3/H4 the H3 and H4 C-termini more likely to be farther apart, facing

away from each other (Figure 3.2.D). On the other hand, the distance between the

C-termini of CENP-A and H4 remains relatively short. Differences in the dynam-

ics of the C-termini of CENP-A and H3 are partially due to electrostatics. The

C-terminal tail of CENP-A (residues -LEEGLG) has an overall net charge of -2e,

while the corresponding, shorter tail of H3 (residues -ERA) is neutral. HJURP is

specific to CENP-A, in part, because the C-terminal tail of CENP-A is more acidic

than the corresponding tail of H3. Overall, electrostatics are clearly important to
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the direct interactions between HJURP and the CENP-A dimer.

3.3.3 HJURP plays a stabilizing role in CENP-A/H4

HJURP interacts directly with the CENP-A dimer, localizing CENP-A to

the centromere and enabling CENP-A to become deposited into the centromeric

nucleosome. To investigate the effects of HJURP on CENP-A dimer structure and

dynamics, we mapped specific contacts between the C-termini of CENP-A and H4

(Figure 3.3.A,B). In the absence of HJURP, the α3 regions of CENP-A and H4

become partially unraveled and a contact forms between the oppositely charged H4

R95 and CENP-A E137 ∼ 40% of the time (Figure 3.3.A). Upon the introduction of

HJURP, an electrostatic network develops between the C-termini of CENP-A and H4

and the α domain of HJURP, wherein the α3 regions of CENP-A and H4 retain their

helical structure, and the contact between H4 R95 and CENP-A E137 increases in

likelihood to∼ 70% (Figure 3.3.B). Our results indicate that several charged residues

– including HJURP R23, R26, CENP-A E136, E137, and H4 R95 – form contacts

at the interface between the C-termini of CENP-A and H4 and the α domain of

HJURP (Supplementary Figure B.3). In the absence of HJURP, the C-terminal

end of CENP-A α3 partially unravels, preventing contacts between CENP-A R130

and H4 T96. Upon the introduction of HJURP, CENP-A α3 remains ordered, and

contacts form between CENP-A R130 and H4 T96. Differences in specific contacts

are important for characterizing the dynamics of CENP-A and H3 dimers, however,

we must also compare CENP-A and H3 from a more global perspective. Sequence
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Figure 3.3: HJURP stabilizes the CENP-A/H4 through electro-
static interactions. Contact maps between the C-termini of CENP-A
and H4, and representative simulation snapshots, in (A) the CENP-
A/H4 dimer, and in (B) the CENP-A/H4 dimer in conjunction with
HJURP, a CENP-A specific chaperone protein.
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QH3 (CENP-A) 
QH4

B)A)

C) D)

Figure 3.4: H4 adopts conformations closer to the native state
than CENP-A or H3. Qmonomer probability distributions for H3 or
CENP-A and H4 for (A) the H3/H4 dimer, (B) CENP-A/H4, (C) H3/H4
in a complex with HJURP and (D) CENP-A/H4 in a complex with
HJURP. Q is a normalized measure of structural similarity to the native
state, greater values indicating stronger similarity. Native states were
obtained from the experimentally resolved crystal structures. For each
system the average monomer Q value for H4 is greater than the average
for CENP-A or H3, except for H3/H4 in conjunction with HJURP.

analysis demonstrates that CENP-A and H3 are related proteins. Therefore, H4

could play a fundamentally different role than CENP-A or H3 in the context of an

individual nucleosome and in the formation of higher-order chromatin structure.
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3.3.4 H4 adopts more native-like conformations than CENP-A or H3

We compared H4 to CENP-A and H3 globally by calculating the Q values, a

measure of structural similarity, of the histone monomers with respect to their corre-

sponding experimentally determined structures. Q is a normalized order parameter,

with higher values indicating greater similarity between two structures (see Meth-

ods). For all the systems studied, except for H3/H4 in conjunction with HJURP,

the average monomer Q value for H4 (QH4) is greater than the average for CENP-A,

or H3 (QCENP−A(H3)) (Figure 3.4). The H4 proteins explore configurations closer to

the native state than either CENP-A or H3 except for in the complex of H3/H4 in

conjunction with HJURP (Figure 3.4.C), which is not observed in vivo. This is con-

sistent with our biological understanding, because variants exist for all of the core

histones except H4. Moving vertically down the figure, we can assess the effects of

HJURP binding on structural similarity with respect to the native state. Upon the

introduction of HJURP, H4 adopts less native conformations, and CENP-A or H3

adopts more native conformations (Figure 3.4). The H3 family, including canonical

H3 and the centromere-specific CENP-A, could provide structural variability while

H4 provides greater consistency.

3.4 Conclusion

Our analysis of all-atom MD simulations of CENP-A and H3 dimers revealed

that CENP-A/H4 is more structurally plastic than H3/H4 on a global level, where

more regions in CENP-A/H4 display enhanced local mobility than in H3/H4. We
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demonstrated that HJURP plays a stabilizing role in CENP-A/H4 by forming an

electrostatic network of interactions with the C-termini helices of CENP-A and

H4, which become partially unwound in the absence of HJURP. We also found

H4 adopts more native-like conformations than CENP-A or H3 in all the systems

studied, except for H3/H4 in conjunction with HJURP.

We illustrated that the replacement of canonical H3 with CENP-A translates

to increased plasticity in histone dimer dynamics, and that HJURP plays a stabiliz-

ing role for CENP-A/H4 but not for H3/H4. These effects of CENP-A are due, in

part, to its longer C-terminal tail, which maintains helical structural integrity when

in a complex with HJURP. The increased acidity of CENP-A C-terminus is also

important for electrostatic interactions between CENP-A and H4, compared to be-

tween H3 and H4. Furthermore, the higher negative charge of this region compared

to H3 could contribute to HJURP’s specificity to CENP-A [63].

We also considered the differences between the H4 protein and the H3 family

from a more global view. H4 could adopt conformations closer to the native state

than CENP-A or H3 because H4 plays a different fundamental role in chromatin or-

ganization. H4 and CENP-A or H3 associate with H2B and another copy of CENP-A

or H3 through four-helix bundles, respectively, within the octameric protein core of

a nucleosome. Therefore, the primary interactions of CENP-A or H3 beyond the

dimer level are closer to self-association, while H4 must interact with another family

of proteins. This pattern could hold for the interactions between nucleosomes as

well. CENP-A and H3 could mainly form interactions within one nucleosome while

H4 must form interactions between nucleosomes. Indeed, the highly basic H4 N-
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terminal tail directly interacts with the acidic patch of an adjacent nucleosome [1].

Overall, the different characteristic dynamics of the CENP-A and H3 dimers could

translate to different dynamics of individual nucleosomes and nucleosomal arrays

where CENP-A replaces canonical H3 in vitro and in vivo.

3.5 Summary and Biological Implications

In summary, histone dimers containing the centromere-specific variant CENP-

A are more structurally flexible than canonical H3 dimers on both global and local

levels. Furthermore, the chaperone HJURP plays an essential role in stabilizing

CENP-A/H4 through electrostatic interactions. In general, H4 adopts conforma-

tions closer to the native state than CENP-A or H3, meaning that the H4 histone

could play a critical role in the interactions between all variations of nucleosomes

and in the formation of higher order chromatin structure. Overall, we find that

CENP-A confers greater flexibility to an individual histone dimer, and that HJURP

is necessary for structurally stabilizing the CENP-A dimer.
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Chapter 4: The acetylation landscape of the H4 histone tail: disen-

tangling the interplay between the specific and cumula-

tive effects.

Results presented in this chapter have been published by Winogradoff, Echev-

erria, Potoyan and Papoian [43].

4.1 Introduction

Many proteins do not form well defined three dimensional structures in cells

of higher organisms, yet they are biologically active and involved in a variety of

biological processes [96–104]. These intrinsically disordered proteins (IDPs) and in-

trinsically disordered regions (IDRs) are characterized via heterogeneous ensembles

of chain conformations, where the potentially complex conformational landscapes

are regulated by tuning both the non-specific interactions and the overall chain

entropy, as well as specific inter-residue interactions [39, 100]. Disordered proteins

play a key role in signaling and transcription regulation by interacting with each

other or with more structured proteins. To accomplish their activities, some IDPs

or IDRs undergo disorder-to-order transitions or bind to their biological partners
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by conformational selection [105–111], though some are known to function without

ever becoming structured [112–114]. Furthermore, IDPs and IDRs are richly reg-

ulated by a combinatorial variety of post-translational modifications (PTMs) that

can significantly change their conformational and binding preferences [115,116]. The

structural flexibility and conformational heterogeneity of IDPs and IDRs are consid-

ered advantageous, and even essential to the biological complexity found in higher

organisms, where the potential for highly intricate biological regulation emerges

from the sophisticated and flexible interaction networks formed by the inclusion of

these proteins [104].

Histone tails, the terminal segments of histone proteins, are key IDRs that

regulate the structure and dynamics of the genomic DNA-protein fibers, called chro-

matin, where the latter are central to many template directed processes, including

DNA replication, repair and transcription [117–119]. Histone tails are highly flexi-

ble, highly positively charged, low in hydrophobicity and feature multiple sites for

potential PTMs, such as acetylation, methylation and phosphorylation [120]. It was

initially thought that histone tails acted mainly as unstructured electrostatic me-

diators, and that PTMs simply function as modulators of these interactions. This

implies, for example, that lysine acetylation, by neutralizing the positive charge of

the lysine amino, reduced the electrostatic interactions between the histones and

the DNA phosphates, making the DNA more accessible for active processes such as

transcription. However, the realization that PTMs are highly diverse, acting indi-

vidually or in various combinations, led to the hypothesis that the PTMs could form

the histone-code where highly specific PTM combinations specify different chromatin
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states [118,121,122].

The combinatorial effect of different PTMs of histone tails can be interpreted

by the distinct, yet overlapping, direct and effector mediated mechanisms. In the

direct mechanism, histone tails interact with the neighboring nucleosome, such that

these interactions regulate inter-nucleosomal structure (e.g. histone-tail bridging).

For example, histone tails are known to participate in intra- and inter-nucleosome

interactions with both protein and DNA in condensed chromatin structures [35,

123]. In contrast, the effector mediated mechanism postulates that PTMs serve as

recognition sites for macromolecular complexes involved in chromatin remodeling

activities [120, 124, 125], which, in turn, can alter the chromatin architecture. A

salient example of these effectors are bromodomains, a large family of proteins which

recognize acetyl-lysine motifs, found in chromatin remodeling complexes [120,126].

The H4 histone tail (Figure 4.1) has been identified to be of great impor-

tance for chromatin structure formation and stability. For example, early in vitro

experiments of nucleosomal arrays determined that histone tails are necessary for

the stability of higher order chromatin structure [31–33], and, furthermore, that the

acetylation of histone tails plays a key role in regulating chromatin structure by,

for example, disrupting the formation of the 30-nm fiber [127–129]. In a landmark

in vitro study, the homogenous mono-acetylation of the H4 histone tail at lysine

16 alone was enough to inhibit the formation of higher order chromatin structures

and impede the interactions between chromatin and non-histone proteins [34]. In

vitro analysis of the cation-induced nucleosome-nucleosome association determined

that the nucleosome stacking is mainly governed by electrostatics interactions that
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are modulated by ion-ion correlations and histone-tail bridging [38]. The latter is

mediated by a region of high charge density of the H4 tail, which includes lysine

16 (Figure 4.1), that interacts with the acidic patch on the H2A-H2B dimer of an

adjacent nucleosome [1, 35–37]. Consequently, acetylation of lysine 16 directly al-

ters these interactions, disrupting the nucleosome-nucleosome stacking [38]. Besides

the charge reduction associated with acetylation, recent studies have found that the

mono-acetylation of lysine 16 induces the partial ordering of the H4 tail, increases

the affinity to DNA [41], and is associated with the formation of transient elements

of secondary structure [39–42,130].

The unique role of lysine 16 acetylation has been further confirmed by sys-

tematic genetic studies which show that single lysine H4 mutations do not result in

defects in chromatin assembly or DNA replication, with the exception of the single

mutation of lysine 16. Similarly, the mutation of all four H4 tail lysines is lethal,

but not triple mutations. These studies suggest that the different H4 tail lysines are

partially redundant and that acetylation of the histone H4 tails may be mediated

through two distinct mechanisms: a cumulative and non-specific effect for lysines 5,

8 and 12 and a specific mechanism for lysine 16 [131,132].

Our understanding of the effects of different levels of H4 acetylation has been

obtained, mainly, from functional [34, 133], biochemical [134], and genetic analy-

sis [131,132], especially for the proteins that recognize these modifications [120], as

well as from the conformational effects in chromatin. The histone-code hypothe-

sis suggests that PTMs, such as lysine acetylations, may yield rich combinatorial

outputs. However, it is unclear how different levels of acetylation change the con-
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formational preferences of the H4 tail and if these effects are combinatorial or cu-

mulative, in particular from a structural viewpoint. Further understanding of how

acetylation changes the conformational landscape of the H4 tails would allow us to

understand, for example, the role of conformational selection or induced fit mecha-

nisms in H4 tail recognition. That is, binding-competent conformations, which are

well-visited already in the unbound state are selected (conformational selection) or

binding partner induces the required binding conformations (induced fit). For ex-

ample, recent experimental and computational studies illustrate that histone tails

display transient elements of secondary structure [39, 41, 135, 136], suggesting that

histone tails could participate in specific interactions that tune chromatin structure.

In this context, PTMs would add another important layer of control by regulating

the histone tail conformations.

Here, we explore the effects of different levels of acetylation on the confor-

mational preferences of an isolated H4 histone tail, and how these preferences are

modulated by different levels of acetylation. Using all-atom replica exchange molec-

ular dynamics (REMD) simulations in explicit solvent, we determined how various

combinatorial acetylation patterns affect the peptide’s conformational landscapes.

We found that progressive acetylation reduces the conformational heterogeneity of

the sampled states, altering both short and long-range interactions. Increased acety-

lation results in greater helical propensities and hydrogen bond occupancies without

significantly changing the overall radii of gyration. These cumulative effects of acety-

lation highlight how the charge reduction and increased hydrophobicity associated

with adding the acetyl groups enhance cohesive interactions within the peptide. Our
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results also show that the sole acetylation of lysine 16 has structural effects that are

unique to this case, including a significant reduction in the number of states sampled

and the formation of a specific 310 helix corresponding generally to more elongated

structures and specifically to a unique positioning of the lysine 16 residue. At the

microscopic level, the specific effects of the sole acetylation of lysine 16 include

effectively rigidifying the peptide, setting an entropic constraint on the accessible

conformations and leading to the formation of elongated structures. Results pre-

sented here provide, therefore, a structural characterization baseline to understand

the effects of the histone cores and/or nucleosomal DNA on the conformations of the

H4 tail. These interactions might have important implications under physiological

conditions.

4.2 Methods

4.2.1 Molecular dynamics simulations.

We performed all-atom molecular dynamics (MD) using the Amber12 MD

software [137], the amber99SB* [48] force field for proteins, the ions94 [51] force

field for ions, and the TIP3P water model. Starting from the wild type (H4-WT) or

unacetylated H4 N-terminal histone tail model from an earlier work [39], we used the

xleap tool in AmberTools12 to prepare WT, mono-, di-, tri-, and tetra-acetylated H4

N-terminal histone tails. We modeled two mono-acetylated tails with acetyations at

lysine 16 (H4-K16ac) and lysine 5 (H4-K5ac); for di-acetylated, we acetylated lysines

8 and 16 (H4-K8acK16ac) and lysines 5 and 8 (H4-K5acK8ac); for tri-acetylated,
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Sites for lysine acetylationA)

H4-K16ac

+8e

+7e

B) Acetylated lysines Name Charge
H4-WT

+6e
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=  acetylated lysine, =  unacetylated lysine

H4-K8acK16ac

H4-K8acK12acK16ac

H4-K5acK8acK12acK16ac

+7eH4-K5ac

5 10 15 20 25

SGRGK GGKGL GKGGA KRHRK VLR DN Q

+6eH4-K5acK8ac

Figure 4.1: The H4 N-terminal histone tail sequence and acety-
lation sites. (A) The H4 histone tail sequence, including residue num-
bers, possible sites for acetylation, and residue types: glysines (green),
positive residues (red), and negative residues (blue). A region of high
positive charge density, residues 16-23 (also known as the basic patch), is
highlighted in yellow. (B) Studied models with different levels of acety-
lation. Solid blue boxes highlight the specific sites of lysine acetylation.
The given name and net charge for each of the studied models is provided
as well.
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we acetylated lysines 8, 12, and 16 (H4-K8acK12acK16ac); for tetra-acetylated, we

acetylated lysines 5, 8, 12, and 16 (H4-K5acK8acK12acK16ac), every possible site.

We did not consider lysine 20 given that it is mostly found methylated [138]. We

determined the specific sites for lysine acetylation by their physiological abundance

[139]. For further details about convergence tests, see Supplementary Figure C.1.

To characterize the conformational ensemble of the H4 tail at different levels

of acetylation, we performed replica exchange molecular dynamic (REMD) simu-

lations [140]. Exchanges between replicas at different temperatures enhances the

conformational sampling relative to standard MD simulation, creating an ensemble

that includes both high and low energy configurations. First, each system was copied

to generate a total of ∼ 60 replicas. The temperatures used in REMD simulations,

ranging from 300 K to 450 K, were determined by T-REMD [141], an REMD tem-

perature online server, with a target exchange probability of 30%. Then, each replica

was heated to the desired temperature over 500 ps in the NVT ensemble. REMD

production runs were performed in the NVT ensemble, attempting exchanges every

5 ps with a 2 fs time-step, saving coordinates and energies every picosecond for

further analysis. 100 ns of REMD simulations were performed for each system us-

ing the Langevin thermostat with a 2-ps time constant, totaling 6 µs of simulation

each. The exchange probability observed for each system was ∼ 50%. For analysis

we only considered only the final 90 ns of trajectories set to 300 K. This allowed us

to account for further thermal equilibration.
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4.2.2 Analysis of the trajectories.

We determined the radius of gyration (Rg) along each trajectory for all the

studied systems. The obtained values were first compared to the prediction for a

globular protein of the same length (Rg,globular = 2.2N0.38), a relation based on a

power law best fit of Rg as a function of sequence length for a subset of proteins

in the PDB [142]. Similarly, the Rg values were compared to the prediction for

a thermally denatured random coil of the same length (Rg,denatured = 2.02N0.60),

a relation proposed by Flory’s theory and confirmed by power fitting Rg values

determined by computation and experiment [143].

The secondary structure present for each simulation snapshot was determined

with the Amber 12 secstruct tool, which uses the DSSP program [144] to identify

hydrogen bond motifs through backbone amide (N-H) and carbonyl (C=O) atom

positions. By definition, a 310 helix spans at least three consecutive residues requir-

ing two hydrogen bonds between residues (i, i+3), and an α-helix spans at least

four consecutive residues requiring two hydrogen bonds between residues (i, i+4).

For each residue, we determined the percentage of simulation snapshots where the

residue is part of a 310 or α-helix, which we will refer to as the helix propensity per

residue. Also, we identified all of the protein’s hydrogen bonds. A geometric defi-

nition of a hydrogen bond was used: two heavy atoms are considered to be bonded

if (1) their donor-acceptor distance is less than 3.5 Å, and (2) the acceptor-donor-

hydrogen angle is less than 30◦. Furthermore, we analyzed inter-residue contact

preferences. We identified contacts between residues, excluding (i, i ± 1) residue
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pairs, for all levels of acetylation. A contact was determined to exist when the dis-

tance between two non-hydrogen atoms from different residues was less than 3.6 Å.

Contacts were first calculated as percentages of their respective entire trajectories.

Then, we divided the H4 tail into five segments: residues 1-5, residues 6-10, residues

11-15, residues 16-23 (the aforementioned basic patch) and residues 24-26. Then,

contact pairs between, and within, segments were considered together as sums. We

present contacts between and within segments for all acetylated tails as ratios rel-

ative to the corresponding inter-segmental contact sums for the unacetylated WT

H4 tail. Lastly, we used Ramachandran plots of key residues to graphically display

specific backbone dihedral angle preferences.

4.2.3 Clustering Analysis.

We performed clustering analysis to characterize the conformational ensemble

sampled during the REMD simulations. For this purpose we defined the dissimilarity

metric as the pairwise RMSD, after proper alignment, between the backbone atoms

of simulation snapshots selected every 1 ps (N ∼ 88,000 structures per trajectory).

Following a bottom-up approach [145], clustering was performed as follows: we

computed the RMSD between structures i and j, if the RMSD was smaller that a

given cutoff (RMSDcutoff), the structure j was added to cluster i and the center of

cluster i was defined as the average between structures i and j.

Following, we computed the RMSD between the average structures of clusters

i and j+1, and merged the clusters if the RMSD <RMSDcutoff . Conversely, if RMSD
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>RMSDcutoff , j + 1 is defined as its own cluster. We repeated this procedure until

we compared the structure i = N to all clusters. In cases where a structure could

be assigned to two or more distinct clusters, we assigned it to the cluster to which

its RMSD with respect to the cluster’s center was the smallest. The RMSDcutoff was

set to 2.8 Å.

After the first round of clustering, we re-defined the center of each cluster by

identifying the reference structure. To determine the reference structure, we com-

puted the average position of the backbone atoms over all the simulation snapshots

in the cluster, and then identified the structure with the lowest RMSD with respect

to the average backbone. A second round of clustering followed considering the

obtained reference structures. We found that after two rounds of clustering we ob-

tained a converged set of clusters. Among the advantages of this clustering approach

is that the RMSDcutoff is the only free parameter and that it is not necessary to de-

fine the desired number of clusters beforehand. The distance between the clusters

was defined as the RMSD between the representative structures (i.e. structures at

the center of the cluster).

To visualize the results obtained from the clustering analysis, we computed

the principal components of the dissimilarity matrix R = Rij, where Rij is the

pairwise RMSD between the reference structures of clusters i and j. By computing

the first two principal components, we obtained a set of points in two-dimensional

space such that the distances between the points are approximately equal to their

dissimilarities (Figure 4.2). The size of each cluster is proportional to the number

of structures in each cluster.
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To assess the heterogeneity of conformational ensemble sampled by the WT

and acetylated H4 histone tails, we determined the cumulative percentage of struc-

tures represented in the clusters, after ordering clusters by size. Additionally, we

determined the distances of all clusters to the center-of-mass. The center-of-mass

was determined as COM =
∑M

i=1 SiXi/M , where Si is the size of cluster i, Xi is

the position of clusters i, defined by the principal components, and M is the num-

ber of clusters. We analyzed the representative structures of the most populated

clusters to determine the stabilizing interactions and the molecular determinants of

prominent structural features.

4.3 Results and Discussion

4.3.1 Acetylation of the H4 tail reduces the conformational hetero-

geneity of the sampled ensemble.

To elucidate the effects of acetylation on the conformational preferences of

the H4 histone tail, we performed conformational clustering analysis on each of the

studied models. This analysis allowed us to represent the peptides’ conformational

space by a set of discrete microstates, one corresponding to each cluster, where the

most prominent structures are identified as those belonging to the largest clusters.

Figure 4.2 illustrates that the acetylation of the H4 tails has a significant effect on

the number of sampled microstates and their dissimilarity. For example, the WT H4

explores a sparse set of conformations, which are shown as small clusters (i.e. with

only few simulation snapshots per cluster) that are far apart structurally from each
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H4-WT H4-K16ac H4-K5ac

H4-K8acK12acK16ac H4-K5acK8acK12acK16ac

3.6% 3.2% 3.0% 15.2% 10.0% 7.8% 8.6% 6.3% 4.1%

5.1% 4.2% 4.0% 5.1% 4.7% 4.0%

H4-K8acK16ac

6.7% 5.2% 2.4%

H4-K5acK8ac

4.3% 2.9% 2.9%

Figure 4.2: Conformational clustering analysis of each of the H4
models. In each panel we present the results of the clustering analysis.
Each cluster is represented by a point, with its size proportional to the
number of trajectory frames in it. The distances between points are ap-
proximately equal to their dissimilarities. The three most representative
structures (i.e. largest clusters) are shown in each panel along with the
percentage of the sampled ensemble that that cluster represents. Struc-
tures are shown colored in rainbow mode from blue (N-terminal) to red
(C-terminal), and with elements of secondary structure shown in cartoon
representation. Lysines are shown in sticks representation.

other, indicating high dissimilarity. In contrast, the sole acetylation of K16 has a

dramatic effect on the conformational preferences of the peptide, significantly reduc-

ing the number of clusters. For H4-K16ac we identified three prominent structures

which represent 15%, 10% and 8% of all the sampled structures.

To explore how acetylation affects the heterogeneity of the conformational

ensemble, we determined the cumulative number of clusters necessary to account

for a fraction of the sampled structures (Figure 4.3.A). For example, the largest

cluster identified for the WT represents 3.5% of all the sampled structures. Anal-
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ogously, for the acetylated H4-K16ac, H4-K5ac, H4-K8acK16ac, H4-K5acK8ac, H4-

K8acK12acK16ac and H4-K5acK8acK12acK16ac models, the largest clusters represent

15%, 8.6%, 6.7%, 4.3%, 5% and 5% of all the sampled structures, respectively. In

general, the mono-acetylation of K16 has the largest effect in changing the con-

formational preferences of H4, as evidenced by the presence of large clusters. The

effects of di-, tri- and tetra-acetylations appear to, in part, to counteract this effect.

However, for all levels of acetylation, we observe that some conformations are fa-

vored. We will discuss below how these conformational preferences may play a role

in the context of binding and recognition of histone tails.

We further characterized the heterogeneity of the conformational ensemble by

measuring the average distance from all clusters to the center of mass (see Methods

section). Using this metric, we determined that the WT exhibits the most heteroge-

neous ensemble while H4-K16ac has the least heterogeneous ensemble. For all other

models, we observed the general trend of decreasing structural heterogeneity with

increasing the extent of acetylation (Figure 4.3.B). These results again indicate that

the mono-acetylation of K16 stands out from the overall trend, crucially altering

the conformational landscape of the H4 histone tail. An alternative approach to

quantify the conformational heterogeneity is to determine the distribution of the

pairwise RMSD or Q between all sampled structure, as discussed in the Supporting

Information (Supplementary Figure C.2) [41, 146]. Below, we further elaborate on

the way the various levels of acetylation structurally affect the the conformational

preferences of the tails.
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Figure 4.3: Heterogeneity of the conformational space of WT and
acetylated H4 tails. (A) Analysis of the number of clusters necessary
to account for the sampled conformations, after ordering clusters by size.
(B) Average distance of all clusters to the center-of-mass.

4.3.2 Acetylation of K16, but not other lysines, leads to more ex-

tended conformations.

We used the radius of gyration (Rg) as a coarse metric to assess the type of

conformations sampled by the different models. For all levels of acetylation, the

average radii of gyration of the H4 histone tail are between the predicted values

for globular (7.6 Å) and thermally denatured random coil (14.3 Å) proteins of the

same length, indicating that the H4 tail adopts molten globule type conformations

(Figure 4.4.A). Furthermore, the average Rg values for all the systems studied (Sup-

plementary Table C.1) are closer to the predicted value for globular proteins than

to the prediction for a thermally denatured random coil, suggesting that the H4

tail could include elements of secondary structure. However, the H4-K16ac tail ex-
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hibits a slightly greater average Rg, and its Rg probability distribution features two

distinct peaks, as opposed to one. We observe that, to a lesser extent, the H4-

K8acK16ac model also has a bimodal Rg distribution. These results indicate that,

even though the H4 tails are highly charged peptides, the global dimensions are not

strictly dictated by the repulsive electrostatic interactions [147].

4.3.3 Acetylation of H4 tails induces increased helical propensities.

To better understand the preferences of the H4 tail to form secondary struc-

ture, we investigated the helical propensities, per residue, at different levels of acety-

lation. Our results demonstrate that the WT H4 histone tail has a small amount of

α and 310 helical propensity spanning the entire sequence, and, furthermore, that the

helical propensity spanning the whole sequence increases with acetylation, leveling

off beyond di-acetylation (Figure 4.5 and Supplementary Table C.1). The profile of

helical propensity for the H4 tail mono-acetylated at lysine 16 (H4-K16ac), however,

is unique; upon K16 mono-acetylation, the H4 histone tail undergoes a significant

structural rearrangement whereby the helical propensity becomes highly localized,

featuring a specific 310 helix from residues 7-9, which is formed ∼30% of the time.

The formation of this helix is intermittent throughout the simulation (Supplemen-

tary Figure C.3). This individual helix is the single most prominent element of

secondary structure among all levels of acetylation (Figure 4.5). In contrast to the

mono-acetylation of K16, the H4 tail mono-acetylated at lysine 5 (H4-K5ac) induces

a slight increase in the 310 and α helical propensities relative to the WT tail that
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Figure 4.4: Probability distributions of radius of gyration Rg.
(A) Rg at different levels of acetylation. The vertical red lines represent
the predicted Rg values for globular (7.6 Å) and thermally denatured
random coil (14.3 Å) peptides of the same length (N = 26 residues). (B)
Rg of the H4 tail mono-acetylated at K16 divided into two groups: (1)
simulation frames with a 310 helix from residues 7-9, and (2) simulation
frames without this specific helix. (C) Characteristic structure obtained
from the most populated cluster of the H4-K16ac showing the stabilizing
interactions between R17 and Q26 with the backbone. The acetylated
K16 is shown in yellow. (D) Sample structure from the second most
populated cluster exhibiting the H4-K16ac characteristic 310 helix. This
structure is stabilized mainly by backbone-backbone hydrogen bonds.
The acetylated K16 is shown in yellow.
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Figure 4.5: Helical propensity per residue. (A) α-helical propensity
per residue as a fraction of time, across all levels of acetylation. (B) 310

helical propensity per residue.

continues to span the entire sequence, the average helical propensity per residue in-

creasing from ∼5% for the H4-WT tail to ∼7% for the H4-K5ac tail (Supplementary

Table C.1). The significant difference between the structural effects of K16 mono-

acetylation and K5 mono-acetylation could be explained, in part, by the location of

these specific residues in the sequence of the H4 histone tail; K16 is found within a

region of high charge density close to the C-terminus of the tail, and, in contrast,

K5 is located in a region of relatively low charge density close to the N-terminus

(Figure 4.1). Di-, tri-, and tetra-acetylated H4 tails exhibit a greater increase in

the 310 and α helical propensities than K5, spanning the entire sequence, further in-

creasing the average helical propensities per residue to ∼10% (Supplementary Table

C.1, Supplementary Figure C.4). Furthermore, the two patterns of di-acetylation
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have similar effects on the helical propensity of the H4 tail (Figure 4.5, Supple-

mentary Table C.1, Supplementary Figure C.4). For all levels of acetylation, the

helical propensity is primarily 310 helix, and the majority of helices formed are short,

either three or four residues long. The overarching trend of helical propensity in-

creasing with acetylation (Supplementary Figure C.4) is consistent with a previous

circular dichroism (CD) experiment, which reported the α helical content of the H4

tail increases monotonically with progressive acetylation [136], and several recent

computational MD studies performed with explicit solvent [39–42], but not with a

computational study with implicit solvent [130]. However, quantitative comparison

with experiments is currently not feasible, given that helicities were experimentally

measured in the context of the nucleosomal core particles. Histone cores and nu-

cleosomal DNA can alter the structural preferences of the H4 histone tail, and may

contribute to the higher helicities observed by Wang et al. [136] (Supplementary

Figure C.4).

The unique effect of the sole acetylation of K16 on helical propensity is con-

sistent with our clustering analysis, where an H4-K16ac structure with a 310 helix

from residues 7-9 is representative of the second most populated cluster (Figure 4.2

and 4.4.C). The presence of the 310 helix from residues 7-9 also explains why the

H4-K16ac model exhibits a higher Rg. For example, by dividing the H4-K16ac sam-

pled structures into two groups, one with the 310 helix from residues 7-9 and the

other without this helix, we discovered that structures characterized by the presence

of this specific helix correspond to the more extended conformations (Figure 4.4.C)

and contribute to the second peak in the probability distribution (Figure 4.4.B).
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By performing a similar division of the H4-K8acK16ac sampled structures based on

helical structure, we found specific 310 helices contribute to slightly more extended

conformations as well (Supplementary Figure C.6).

4.3.4 Acetylation of H4 tails increases the long-range contact occu-

pancies.

The general features of conformational ensembles depend, in part, on the for-

mation of secondary structure and other stabilizing interactions, such as hydrogen

bonds, hydrophobic contacts and salt-bridges. As already described, acetylation

is associated with an increase in helix propensities (Figure 4.5). To explore the

role of non-local hydrogen bonds, we characterized the hydrogen bond occupancies

of the peptide side chains. We found that acetylated lysines have a higher prob-

ability of participating in hydrogen bonds (Figure 4.6.A). These hydrogen bonds

include mainly lysine-backbone contacts (Figure 4.6.B). Furthermore, by analyzing

the hydrogen occupancies of other residues in the peptide we determined that the

increased hydrogen-bond occupancies is specific to acetylated-lysines, and that hy-

drogen bonds occupancies of other side-chain do not increase with acetylation level

(Supplementary Figure C.7). We also determined that salt bridges play a prime

role in stabilizing the H4 tail conformations for all models, except H4-K16ac (Sup-

plementary Figure C.8).

To further understand the role of acetylation in the conformational ensemble

we analyzed the inter-residue contact preferences. By dividing the peptide in five
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Figure 4.6: Hydrogen-bond occupancies of lysines. (A) Hydrogen
bond occupancies measured as the percentage of time that every lysine
is forming a hydrogen bond. Yellow crosses indicate acetylated lysines.
(B) Average hydrogen bond occupancies at different levels of acetylation.
Hydrogen bonds have been divided between lysine-backbone (blue) and
lysine-side-chain (green).
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segments, one of which is the basic patch, we computed the relative segment contact

occupancies with respect to the WT. Figure 4.7 shows that the sole acetylation of

K16 disrupts the contacts (i.e. lower occupancies) between the basic patch and the

first half of the peptide, which is in agreement with the results showing that the

H4-K16ac model samples more elongated conformations. For all other studied levels

of acetylation, we observe an increase of contact occupancies of the basic patch

with other segments of the peptide. Consequently, in general, acetylation has a

cumulative effect of making the peptide more cohesive, favoring the formation of

contacts between different parts of the peptide, as shown by the hydrogen bonds

(Figure 4.6) and the contact maps (Figure 4.7) analyses.

At a molecular level, the unique effects of K16 acetylation can be traced to the

local conformational preferences. Our previous work demonstrated that, in the WT

H4 tail, K16 and other residues in the region of high charge density are conforma-

tionally constrained, sampling only a fraction of the sterically allowed conformations

described by the Ramachandran plot [39]. Figures 4.8 and S9 reveal that the acety-

lation of K16 further reduces the backbone’s conformational flexibility, especially

for K16 and R17. These changes in the Ramachandran plots reflect the fact that

residues K16 and R17 adopt mostly a trans conformation, while in all other models,

these residues sample an equilibrium between the cis and trans conformations. The

corresponding entropy reduction can be explained, in part, by the steric constraints

of adding an acetyl group to the basic patch. However, this effect is reversed by

further acetylating the H4 tail, where additional acetylated lysines promote intra-

chain contact formation, overcoming the steric constraints in the segment flanking

86



the K16ac residue. Consequently, the formation or breaking of the contacts between

the basic patch and the rest of the peptide sensitively depend on the interplay

between the electrostatic and steric interactions and the entropic effects.

Finally, to rationalize the unique features of the H4-K16ac we propose that

the sole acetylation of K16 results in a cooperative transition, where, the acetyla-

tion of K16 fixes the stereochemistry of residues in the basic patch and favors the

trans conformation of residues K16 and R17 (Figure 4.8), resulting, subsequently,

in the formation of the stable 310 helix in the chain segment from residues 7 to 9.

Furthermore, this 310 helix structurally divides the tail into two domains, where the

interactions between the residues before the secondary structural element and the

residues after are highly disrupted (Figure 4.7 and 4.4.C). This molecular level expla-

nation highlights both local and global effects of K16 acetylation, whose uniqueness

stems from K16’s location in the region of high positive charge density and sterically

constrained side-chains.

4.3.5 Proposed model for the recognition of acetylated H4 tails.

We determined that even though the average radii of gyration of H4 tails

remain mostly constant, progressive lysine acetylation significantly changes the con-

formational preferences and long-range contacts of H4 tails [148], thus modifying the

sampled ensemble. To understand how these changes might affect the recognition of

H4 tails by other nucleosomes or proteins involved in chromatin structure regulation,

we analyzed how the lysine residues are positioned at different levels of acetylation.
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By measuring the average distance between the NZ atoms of all lysines, we found

that increasing the level of acetylation correlates with a smaller average distance be-

tween lysine side-chains (Figure 4.9), which can be explained, in part, by the overall

charge reduction upon acetylation. By favoring conformations that bring acetylated

lysines close to each other, H4 tails can create spatial clusters that act as recognition

patches or docking sites for acetylation-dependent histone tail-binding proteins, via

conformational selection, induced fit or a mixed mechanism [134, 149, 150]. This is

in agreement with structural studies showing that, for proper binding, acetylation

sites have to be closely spaced, such that a single acetyl-lysine binding protein can

recognize more that one acetylation mark [134,149].

As already discussed, the acetylation of K16 has effects that are unique in

many of the considered metrics, exhibiting, for example, the lowest conformational

heterogeneity and favoring structures with a specific 310 helix spanning residues 7-9.

This helix effectively promotes elongated structures with higher Rg, that position the

acetylated K16 residue opposite to the N-terminal of the peptide, hence, exposing

the lysine 16 residue, making it available for a specific recognition by various bind-

ing partners, leading, in turn, to unique biological consequences for this particular

modification, in agreement with various experimental observations.

4.4 Conclusion

Our analysis of all-atom REMD simulations of the H4 N-terminal histone

tail highlighted the effects of different levels of acetylation on the conformational
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preferences. We demonstrated that, with the exception of the mono-acetylation

of K16, progressive acetylation has a cumulative effect on both global and specific

features of the conformational ensemble of the H4 tail. For example, our clustering

analysis revealed that conformational heterogeneity decreases with acetylation. We

also find that progressive acetylation results in higher helical propensities, both 310

and α-helices.

Acetylation influences specific interactions between amino acids by increas-

ing the hydrogen bond occupancy of acetylated lysines. The described structural

changes occur mostly without significantly changing the average radius of gyration,

suggesting that acetylation results in local perturbations that modify the struc-

tural preferences and heterogeneity of the H4 tail conformational ensemble. Over-
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all, our investigation suggests that the electrostatic charge reduction and increased

hydrophobicity upon acetylation are responsible for the cumulative effects of this

post-translational modification on the H4 histone tail. Furthermore, by using a vari-

ety of metrics to characterize the disordered state of the H4 tail we demonstrate that

local changes, such a formation of secondary structure, do not necessarily change

some of the global or average properties of the polypeptide (i.e. radius of gyration,

lysine hydrogen bonding and inter-lysine distances).

While we identified many of the effects of acetylation to be cumulative in na-

ture, our analysis illustrates that the effect of K16 mono-acetylation is unique. K16

is found within a region of high positive charge density of the H4 tail, which plays

an important role in binding and recognition interactions [38]. We illustrate how

the mono-acetylation of K16 has unique global effects in the corresponding confor-

mational ensemble, which is the least heterogeneous and exhibits a larger radius of

gyration. We determined that the acetylation of lysine 16 effectively introduces a

soft entropic penalty, rigidifying the chain in the vicinity of lysine 16. These local

effects on one segment of the H4 tail induce the formation of highly localized, spe-

cific helix in the H4-K16ac system, leading to more elongated chain conformations.

Furthermore, these elongated conformations may play a key role in exposing the

acetylated K16 residue for participating in direct and effector mediated interactions

with various chromatin regulatory proteins and DNA, which have a special role in

chromatin structure [34] and transcription regulations [131].

We propose that spatial clustering of the acetyl-lysines will create recognition

patches that could facilitate the recruitment of effector proteins via conformational
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selection, induced fit or a mixed mechanism. This result is consistent with structural

studies that show that the binding of H4 tails to bromodomains, or other acetylation-

dependent histone tail-binding proteins, often require patterns of acetylation marks

which, in turn, are highly sensitive to modifications flanking the acetylation site

[134, 149]. These studies also show that these proteins bind more strongly to H4

tails with higher levels of acetylation [149]. Overall, our study suggests that the

acetylation code for an isolated H4 histone tail has largely cumulative effects in the

conformational preferences of the peptide. However, highly specific effects were seen

for one of the acetylation patterns. Future research should address how the presence

of histone cores and/or nucleosomal DNA further modifies these conformational

preferences.

4.5 Summary and Biological Implications

In summary, progressive acetylation has a cumulative effect on the structural

preferences of the H4 histone tail by reducing the overall charge and increasing

the hydrophobicity of the peptide. However, the mono-acetylation of K16 uniquely

makes the tail more rigid and leads to more extended conformations, which could

play an important role in higher order chromatin structure and transcription regula-

tion. Furthermore, increasing the level of acetylation of the H4 tail leads to spatially

clustered acetyl-lysines, which could serve as recognition patches or docking sites for

acetylation-dependent histone tail-binding proteins. Overall, acetylation has largely

cumulative effects on the conformational preferences of the H4 histone tail, however,
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the effects of the mono-acetylation of K16 are highly specific.
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Figure A.1: Amino acid sequences of the H3 and CENP-A sys-
tems. Amino acid sequence alignment for the H3 and CENP-A systems.
Boxes highlight important regions.

Table A.1: Distances between dimer centers-of-mass (Å)

System (H3/H4) to (H3/H4) to (H3’/H4’) to

(H3’/H4’) (H2A/H2B) (H2A’/H2B’)

H3 nucleosome 34.3 ± 0.18 33.4 ± 0.27 32.4 ± 0.21

CENP-A nucleosome 34.7 ± 0.22 33.7 ± 0.34 32.8 ± 0.30

H3 octamer 33.9 ± 0.21 33.7 ± 0.25 32.8 ± 0.27

CENP-A octamer 34.5 ± 0.29 33.6 ± 0.39 33.0 ± 0.35
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H3 nucleosome
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Figure A.2: H3 and CENP-A systems reach stable equilibrium
after 600 ns. Protein backbone RMSD to the energy-minimized struc-
tures as a function of time for the H3 and CENP-A systems. The solid
black lines represent running averages. The vertical dashed lines indi-
cate the amount of time removed to ensure a stable equilibrium for each
system.
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Figure A.3: CENP-A/H4 is more compact, on average, than
H3/H4 in the context of the nucleosome and octamer struc-
tures. (A) Crystal structure distances between H3 α1 and H4 α2 (9.9
Å), and between CENP-A α1 and H4 α2 (10.1 Å). (B) Probability den-
sity functions for the distances between these two specific helices for the
H3 and CENP-A systems. Structure figures drawn in Pymol.

98



H3 octamer 
CENP-A octamer

H3’/H4’

H3/H4 H3/H4 H2A/H2B

H3’/H4’H2A’/H2B’

A) B) C)

Figure A.4: The CENP-A octamer exhibits greater global flex-
ibility than the H3 octamer Probability density functions for the
distances within tetramers for the H3 and CENP-A octamers.
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Figure A.5: The CENP-A octamer dimerization interface is
formed by fewer, and weaker, contacts than the corresponding
interface in the H3 octamer. (A) Contact maps for the dimeriza-
tion interfaces of the H3 and CENP-A octamers. (B) Histograms of the
number of H3–H3’ and CENP-A–CENP-A’ contacts. (C) The dimeriza-
tion interfaces for H3–H3’ (light orange) and CENP-A–CENP-A’ (dark
orange). The dashed line represents the pseudo-dyad. Structure figures
drawn in Pymol.
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Figure A.6: Greater distortion at the CENP-A dimerization in-
terface, relative to the H3 octamer, is a major mode of motion
of the CENP-A octamer. (A) Two-dimensional plots displaying the
top principal component for the H3 octamer viewed from the side of the
DNA supercoil axis. (B) Plots for the top principal component of the
CENP-A octamer. The insets display the motion of the H3–H3’ and
CENP-A–CENP-A’ dimerization interfaces. Structure figures drawn in
VMD.
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Figure A.7: Asymmetric variability in H2A acidic patch mobility.
Cα RMSF of proteins H2A and H2A’ in all four systems considered.
Gray boxes define the regions spanning the H2A acidic patch (residues
87-100) in both of the heterotypic halves of the protein cores. Labels
along the top identify the heterotypic half, and labels along the left-
hand side indicate the strength of harmonic position restraints applied
to heavy atoms. Black ovals highlight differences in H2A’ acidic patch
mobility, discussed further in the main text.
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CENP-A’ (to entrance DNA)

Figure A.8: Key residue substitutions in CENP-A contribute
to DNA instability near the pseudo-dyad. As a function of time,
we traced the distances between (A) CENP-A’ His 59 and bp -60, (B)
CENP-A’ F84 and H4’ K79, and between (C) CENP-A’ F84 and CENP-
A’ R80. We specifically measured (A) NE2 of His 59 to P atom of
DA-60; (B) CE1 of F84 to CB atom of K79; and (C) CE1 of F84 to
CB atom of R80. CENP-A’ His 59 interacts with entry DNA until
detachment occurs, and interactions between CENP-A’ R80, F84 and
H4’ K79 develop a hydrophobic pocket, weakening the CENP-A protein
core affinity for DNA.
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CENP-A’ to DNA bp +19

A) DNA detachment
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DNA bp +10-30

Figure A.9: The asymmetric role of CENP-A H59 in DNA flex-
ibility. (A) Time traces of the distances between CENP-A H59 and
DNA bp -19, and between CENP-A’ H’59 and DNA bp +19. This il-
lustrates that CENP-A’ H’59 and CENP-A H59 play different roles in
pseudo-dyad proximal DNA structural flexibility. (B) Residues from the
CENP-A nucleosome, shown as sticks, that contribute to the relative
instability of CENP-A nucleosomal DNA from basepairs +10 to +30.
Structure figure drawn in VMD.
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Figure A.10: The characteristic free energy landscape is more
rugged for the CENP-A octamer than for the H3 octamer. Free
energy projection of the H3 and CENP-A octamers onto their respective
first two principal components.
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Table 1: Distances between dimers (Å)
Dimer measurement CENP � A121 CENP � A147

CENP-A/H4 to CENP-A’/H4’ 34.7 ± 0.22 34.7 ± 0.24
CENP-A/H4 to H2A/H2B 33.7 ± 0.34 32.8 ± 0.25
CENP-A’/H4’ to H2A’/H2B’ 32.8 ± 0.30 32.8 ± 0.27

B)

DNA bp RMSF

A) Dimerization interface contacts

H3147 
CENP-A121 

CENP-A147

superscript = number of bp

Table 1: Distances between dimers within H3 and CENP-A tetramers (Å)
System H3/H4 to H3’/H4’ H3/H4 to H2A/H2B H3’/H4’ to H2A’/H2B’
H3147 34.3 ± 0.18 33.4 ± 0.27 32.4 ± 0.21
CENP-A121 34.7 ± 0.22 33.7 ± 0.34 32.8 ± 0.30
CENP-A147 34.7 ± 0.24 32.8 ± 0.25 32.8 ± 0.27

Figure A.11: The effects of DNA length and sequence on CENP-
A nucleosome dynamics. A comparison between the CENP-A nucle-
osome with the 121 bp from 3AN2, denoted CENP-A121, the CENP-A
nucleosome with the 147 bp from 1KX5, denoted CENP-A147, and the
canonical H3 nucleosome from 1KX5, denoted H3147. (A) Histograms of
the number of CENP-A:CENP-A’ dimerization interface contacts. (B)
Distances between histone dimers, the red box highlighting the most sig-
nificance difference. (C) Root mean squared fluctuations (RMSF) per
base pair. The shaded areas represent ± one standard deviation. Two
lines for each system correspond to the two strands of DNA. With the
longer sequence from the crystal structure for the canonical H3 nucleo-
some (PDB ID 1KX5), the CENP-A nucleosomal DNA base pairs +10
to +30 remain more stably associated with the histone core.
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CENP-A: HLLIRKLPFSRLAREICVKFTRGVDFNWQAQALLALQEAAEAFLVHLFEDAYLLTLHAGRVTLFPKDVQLARRIRGLEEGLG 
    H3: ELLIRKLPFQRLVREIAQDFK--TDLRFQSSAVMALQEASEAYLVALFEDTNLCAIHAKRVTIMPKDIQLARRIRGERA
        59   64   69   74   79     84   89   94   99   104  109  114  119  124  129  134

        23   28   33   38   43   48   53   58   63   68   73   78   83   88   93
    H4: RDNIQGITKPAIRRLARRGGVKRISGLIYEETRGVLKVFLENVIRDAVTYTEHAKRKTVTAMDVVYALKRQGRT

        14   19   24   29   34   39   44   49   54   59   64   69   74
 HJURP: EDDQLLQKLRASRRRFQRRMQRLIEKYNQPFEDTPVVQMATLTYETPQGLRIWGGRLIKER

CENP-A 
loop 1

H4 C-terminus

CENP-A and H3 
C-terminal tails

Figure B.1: Amino acid sequences of the H3 and CENP-A within
dimers. Amino acid sequence alignment for the H3 and CENP-A
dimers. Red letters indicate sequence differences, and boxes highlight
important regions.
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H3/H4 
CENP-A/H4

A)

C

CENP-A/H4 
CENP-A/H4 + HJ

H3/H4 
H3/H4 + HJ

B)

C)

Figure B.2: H3 and CENP-A dimers reach stable equilibrium
after 400 ns. Protein backbone RMSD to the experimentally resolved
crystal structures as a function of time for the H3 and CENP-A dimers.
The solid black lines represent running averages. The vertical dashed
lines indicate the amount of time removed to ensure a stable equilibrium
for each system.
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Figure B.3: HJURP forms electrostatic interactions with the
CENP-A C-terminus. Contact maps of (A) the H3/H4 structure in a
complex with HJURP, and (B) CENP-A/H4 in a complex with HJURP
reveal that the α domain of HJURP weakly interacts with the C-termini
of H3 and H4, and forms strong electrostatic contacts with the C-termini
of CENP-A and H4.
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Appendix C: Chapter 4 Supplementary Information

Pairwise RMSD and Q analysis: To characterize the heterogeneity of the un-

folded ensemble we considered the pairwise RMSD and Q between all structures in

simulated trajectories. By this approach we built a histogram of the RMSD or Q

for all the pairs of conformations sampled. The mean and standard deviation of

those distributions provide a fingerprint of the conformational ensemble heterogene-

ity. For details on how to calculate the pairwise Q to characterize the heterogeneity

of the conformational ensemble see. [41,146] Results are shown in figure S2.

Salt bridges analysis: We identified salt bridges between the one negatively

charged aspartic acid residue and the positively charged arginines. An arginine

and the aspartic acid were considered to form a salt bridge if the distance between

the arginine center of positive charge, CZ, and one of the negatively charged oxygen

atoms of aspartic acid, OD1 or OD2, was less than 4.0 Å. Results are shown in

figure S9.
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A)

denaturedglobular

denaturedglobular denaturedglobular denaturedglobular

denaturedglobular denaturedglobular

B)

denaturedglobular

Figure C.1: Convergence of the replica exchange simulations. (A)
Radius of gyration probability distributions obtained considering the full
REMD at 300K trajectories (100%) and data sets with a fraction of the
trajectories (75% and 50%). In all cases we considered the first X% of the
trajectories. (B) End-to-end distance probability distributions obtained
considering the full REMD at 300K trajectories (100%) and data sets
with a fraction of the trajectories (75% and 50%). We observe that for
data sets where the trajectories longer than 75% of the trajectories, the
differences in the sampled conformations are negligible.
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Table C.1: Average Rg and helical propensity for all levels of acetylation.

System Ac level 〈Rg〉 (Å) Helical (310 + α)%

H4-WT 0 9.7 ± 1.3 5.2 ± 0.4

H4-K16ac 1 10.0 ± 0.8 5.0 ± 0.4

H4-K5ac 1 9.4 ± 0.8 7.7 ± 1.5

H4-K8acK16ac 2 9.5 ± 0.8 11.4 ± 2.2

H4-K5acK8ac 2 9.4 ± 0.8 9.2 ± 0.4

H4-K8acK12acK16ac 3 9.4 ± 0.8 9.7 ± 0.6

H4-K5acK8acK12acK16ac 4 9.3 ± 0.8 10.5 ± 0.7
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Figure C.2: Heterogeneity of the conformational ensemble (A)
Mean pairwise RMSD among all sampled structures normalized by the
standard deviation. (B) Mean pairwise Q among all sampled structures
normalized by the standard deviation. Linear fits where done for all
cases, except the H4-K16ac model. Using both metric we determined that
the H4-K16ac system exhibits the least conformational heterogeneity.
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A)

B)

Figure C.3: H4-K16ac helical content by simulation time 310 (blue)
and α (red) helical content of the H4-K16ac tail by residue, as a function
of simulation time for temperature trajectories at (A) 300 K, and (B)
450 K.

H4-K16ac

H4-K5ac

H4-K8acK16ac

H4-K5acK8ac

Figure C.4: Percentage of helical residues. Helical content of the
histone H4 tail as a function of the number of acetylated lysines.
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H4-K16ac

H4-K5ac

H4-K8acK16ac

H4-K5acK8ac

Figure C.5: Ion Association. Average number of condensed anions
(Cl−) around the positively charged H4 tail as a function of acetylation.
A chloride ion is considered to be associated with the H4 tail if it is within
the Bjerrum length (7.5 Å) of the head group nitrogen of an arginine or
lysine.
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R17

Q26

A) B)

Figure C.6: The H4-K8acK16ac model. (A) The Rg of the H4-
K8acK16ac di-acetylated model where the simulations frames were di-
vided into two groups: (1) simulation frames with a 310 helix formed from
residues 5 to 7 or 6 to 8, and (2) simulation frames without these spe-
cific helices. (B) Characteristic structure obtained from the third most
populated cluster exhibiting an elongated conformation. The acetylated
K16 is shown in yellow.
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Figure C.7: Hydrogen bonds occupancies.
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Occupancy

Figure C.8: Stabilizing interactions and salt bridge occupancies.
(A) Salt bridge occupancies between the arginines (R17 or R19) and the
aspartic acid (D24) at different levels of acetylation, measured as the per-
centage of time that the salt bridges are formed. (B) Sample structures
are different levels of acetylations where salt-bridges stabilize the struc-
tures. Residues R17, R19 and D24 are shown in orange. Acetylations
are shown in yellow.

117



H
4-

K
16

ac
H

4-
K

5 ac
H

4-
K

8 ac
K

16
ac

H
4-

K
8 ac

K
12

ac
K

16
ac

H
4-

K
5 ac

K
8 ac

K
12

ac
K

16
ac

K5 K8 K12 K16 R17 R19 K20

W
T

Model

Residue

H
4-

K
5 ac

K
8 ac

0 90-90
φ

0 90-90
φ

0 90-90
φ

0 90-90
φ

0 90-90
φ

0 90-90
φ

0-90
φ

90

0
90

-9
0

ψ

0
90

-9
0

ψ

0
90

-9
0

ψ

0
90

-9
0

ψ

0
90

-9
0

ψ

0
90

-9
0

ψ

0
90

-9
0

ψ

Figure C.9: Ramachandran plots for selected residues.
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tion increases the alpha-helical content of the histone tails of the nucleosome.
J. Biol. Chem., 275(45):35013–20, November 2000.

[137] DA Case, TA Darden, TE Cheatham III, CL Simmerling, J Wang, RE Duke,
R Luo, RC Walker, W Zhang, and KM et al. Merz. Amber 12. University of
California, San Francisco, 1(2):3, 2012.

[138] KE Van Holde. Chromatin. NY: Springer-Verlag, 1988.

[139] Doug Phanstiel, Justin Brumbaugh, W Travis Berggren, Kevin Conard,
Xuezhu Feng, Mark E Levenstein, Graeme C McAlister, James a Thomson,
and Joshua J Coon. Mass spectrometry identifies and quantifies 74 unique hi-
stone H4 isoforms in differentiating human embryonic stem cells. Proc. Natl.
Acad. Sci. U. S. A., 105(11):4093–4098, 2008.

[140] Yuji Sugita and Yuko Okamoto. Replica-exchange molecular dynamics method
for protein folding. Chemical Physics Letters, 314(1):141–151, 1999.

[141] Alexandra Patriksson and David van der Spoel. A temperature predictor for
parallel tempering simulations. Phys. Chem. Chem. Phys., 10(15):2073–7,
April 2008.

[142] Jeffrey Skolnick, Andrzej Kolinski, and Angel R Ortiz. MONSSTER: a method
for folding globular proteins with a small number of distance restraints. J. Mol.
Biol., 265(2):217–241, 1997.

[143] Feng Ding, Ramesh K. Jha, and Nikolay V. Dokholyan. Scaling behavior and
structure of denatured proteins. Structure, 13(7):1047–1054, July 2005.

131



[144] Wolfgang Kabsch and Christian Sander. Dictionary of protein secondary
structure: pattern recognition of hydrogen-bonded and geometrical features.
Biopolymers, 22(12):2577–2637, 1983.

[145] Jianyin Shao, Stephen W Tanner, Nephi Thompson, and Thomas E
Cheatham. Clustering Molecular Dynamics Trajectories: 1. Characterizing the
Performance of Different Clustering Algorithms. Journal of Chemical Theory
and Computation, 3(6):2312–2334, November 2007.

[146] Ignacia Echeverria and Garegin A Papoian. Structural Heterogeneity and Dy-
namics of the Unfolded Ensemble. Israel Journal of Chemistry, 54(8-9):1293–
1301, August 2014.

[147] Albert H Mao, Scott L Crick, Andreas Vitalis, Caitlin L Chicoine, and Ro-
hit V Pappu. Net charge per residue modulates conformational ensembles
of intrinsically disordered proteins. Proceedings of the National Academy of
Sciences, 107(18):8183–8188, 2010.

[148] Bowu Luan, Nicholas Lyle, Rohit V Pappu, and Daniel P Raleigh. Denatured
state ensembles with the same radii of gyration can form significantly different
long-range contacts. Biochemistry, 53(1):39–47, January 2014.

[149] Panagis Filippakopoulos, Sarah Picaud, Maria Mangos, Tracy Keates, Jean-
Philippe Lambert, Dalia Barsyte-Lovejoy, Ildiko Felletar, Rudolf Volkmer, Su-
sanne Müller, Tony Pawson, Anne-Claude Gingras, Cheryl H Arrowsmith, and
Stefan Knapp. Histone Recognition and Large-Scale Structural Analysis of the
Human Bromodomain Family. Cell, 149(1):214–231, March 2012.

[150] Pavel I Zhuravlev and Garegin A Papoian. Protein functional landscapes, dy-
namics, allostery: a tortuous path towards a universal theoretical framework.
Quarterly reviews of biophysics, 43(03):295–332, 2010.

132


	List of Figures
	List of Abbreviations
	Glossary of Terms
	Introduction
	Nucleosome Structure
	The Nucleosome Core Particle
	Histone Tails
	Overview

	Shearing of the CENP-A dimerization interface mediates plasticity in the octameric centromeric nucleosome
	Introduction
	Methods
	Simulation protocol
	Analysis of the trajectories

	Results
	The CENP-A octamer and nucleosome display greater local fluctuations than their corresponding H3 systems
	The CENP-A octamer and nucleosome exhibit greater global fluctuations than their H3 counterparts
	Greater global fluctuations are underpinned by weaker contacts at the CENP-A:CENP-A' dimerization interface
	Greater plasticity at the CENP-A:CENP-A' dimerization interface is a dominant mode of motion
	H2A patch mobility is sensitive to surrounding local interactions
	CENP-A nucleosomal DNA near the pseudo-dyad is relatively unstable compared to the corresponding H3 nucleosomal DNA
	The CENP-A nucleosome features a more rugged free energy landscape than the canonical H3 nucleosome

	Discussion
	Summary and Biological Implications

	CENP-A/H4 is more plastic than H3/H4
	Introduction
	Methods
	Simulation protocol
	Analysis of the trajectories

	Results and Discussion
	CENP-A/H4 exhibits greater structural plasticity than H3/H4
	More regions in CENP-A/H4 display local mobility than in H3/H4
	HJURP plays a stabilizing role in CENP-A/H4
	H4 adopts more native-like conformations than CENP-A or H3

	Conclusion
	Summary and Biological Implications

	The acetylation landscape of the H4 histone tail: disentangling the interplay between the specific and cumulative effects.
	Introduction
	Methods
	Molecular dynamics simulations.
	Analysis of the trajectories.
	Clustering Analysis.

	Results and Discussion
	Acetylation of the H4 tail reduces the conformational heterogeneity of the sampled ensemble.
	Acetylation of K16, but not other lysines, leads to more extended conformations.
	Acetylation of H4 tails induces increased helical propensities.
	Acetylation of H4 tails increases the long-range contact occupancies.
	Proposed model for the recognition of acetylated H4 tails.

	Conclusion
	Summary and Biological Implications

	Chapter 2 Supplementary Information
	Chapter 3 Supplementary Information
	Chapter 4 Supplementary Information
	Bibliography

