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and blue arrows, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.3 Bonded Interactions in the 1CPN Model. a) DNA is represented by a twistable
worm like chain as defined in Equation 6.14. The f̂ and û vectors of each DNA
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ABSTRACT

The ability to engineer the self-assembly of nano-scale objects to create highly ordered mate-

rials is of considerable scientific and practical interest. This new class of materials represents

a powerful approach for engineering a next generation of devices, whose mechanical, optical,

and electrical properties can be precisely tuned at the molecular scale. Though significant

strides towards this goal have been achieved in recent years, the complexity achieved in

engineered systems is still far surpassed by that achieved by nature. Precise self-assembly

is achieved by nature through proteins and nucleic acids that fold into intricate, three-

dimensional, and importantly, functional structures. A promising avenue towards improved

engineered systems is to draw on discoveries from biophysics in order to inspire new ap-

proaches and paradigms for self-assembly and materials design. In this work, we explore

the interplay between biophysics and engineering by exploring the self-assembly of DNA.

Our discussion begins at the smallest length-scales of DNA, first by understanding the hy-

bridization of DNA, and then at how hybridization can be used in materials to direct the

self-assembly of gold nanoparticles. We report the first evidence of a tunable mechanical re-

sponse in these assemblies, thereby suggesting the possibility of mechanical meta-materials

constructed using DNA. Our discussion then proceeds to larger length scales, where we ex-

amine the biophysical processes that control the compaction of DNA into chromatin. Using

a detailed molecular model, we explore the free energies and dynamics of smallest build-

ing block of chromatin, a protein-DNA complex called the nucleosome. Our results are in

quantitative agreement with existing experimental measurements, and help to explain the

molecular factors that dictate the first stages of DNA compaction into chromatin. Lastly,

we present a multi-scale approach that can couple information across different length scales

of chromatin in order to examine the folding of large regions DNA. By drawing on both the

biophysics and engineering literature, the findings presented here suggest new approaches

for materials design, and offer new paradigms for synthetic systems that seek to mimic the

complexity achieved by nature.
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CHAPTER 1

INTRODUCTION

The ability to engineer the self-assembly of nano-scale objects to create highly ordered ma-

terials is of considerable scientific and practical interest. By controlling the precise locations

of molecular-scale building blocks, materials constructed via self-assembly promises to open

up a new era of materials and devices, whose mechanical, optical, and electrical properties

can be precisely controlled. Though an initial focus of this field has been to achieve ma-

terials with static properties, an ultimate goal is to design materials that are dynamic and

responsive. Engineered materials with dynamic properties that can be modified by subtle

optical, mechanical, or electrical cues could dramatically reshape the world in which we live,

with applications ranging from medicine, to agriculture, to energy.

In many regards, the aim of these dynamic materials is to emulate the complexity that

has been achieved by biology. Life itself is built upon molecular processes that interact collec-

tively to dictate incredibly complex behavior, ranging from the function of entire organisms,

down to the folding and function of a single protein. At the smallest length scales, these

biological systems are truly molecular materials, whose function is achieved through mecha-

nisms that far surpass those that that can currently be engineering in the lab. A promising

avenue towards improved engineered systems is to draw on discoveries from biophysics in

order to inspire new approaches and paradigms for self-assembly and materials design.

In this dissertation, we explore the interplay between biophysics and engineering by

exploring the self-assembly of DNA. Though typically associated with genetics, the physics

of the DNA molecule represents a rich and exciting example of biological assembly, and

as we will demonstrate, has many applications to improved materials design. While much

attention has been given to the so-called “protein folding” problem, a similar “DNA folding”

problem exists, which aims to understand the complex processes that dictate the folding

and compaction of DNA into chromatin. Chromatin is a complex, hierarchical material that

spans many length scales, ranging the nano-meter dimensions of the DNA molecule itself,
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to the micron dimensions of the eukaryotic nucleus. Nature has developed many processes

that control the assembly of DNA, and these processes that are essential for achieving the

precise, robust, and dynamic compaction of DNA characteristic of higher-order life. In this

dissertation, we will use these many length scales within chromatin as an outline for our

discussion, first beginning at the smallest length scales of DNA, and then progressing to

larger and larger length scales of DNA assembly.

In Chapter 1, we examine the hybridization of two single strands of DNA into the well-

known DNA double-helix, and examine how the underlying DNA sequence can impact these

processes. We then demonstrate that this hybridization process can be used to understand

a promising platform for materials design that uses DNA to dictate the self-assembly of

gold nanoparticles. Though much previous research on these DNA-nanoparticle systems has

focused on their phase behavior and assembly, little has been done to precisely characterize

the pairwise interaction between particles. We present a detailed calculation of the associ-

ation between DNA-nanoparticle conjugates using 3SPN.2, a coarse-grained model of DNA

that accounts for molecular structure and base-pairing. We compare our results to those

obtained experimentally using µm sized particles and analyze the free energy surfaces that

characterize interparticle hybridization. Next, we study how free energies are influenced by

three-body effects and their impact on particle association and melting. Lastly, we explore

the observation by Park et al. [Nature 451, 553 (2008)] that DNA-nanoparticle crystalliza-

tion can be inhibited by the deletion of a single nucleotide. Using our model, we suggest

that the role of this nucleotide is to disrupt frustration. This chapter is reproduced from

Ref. [94]

In Chapter 2, we extend this work in order to examine how DNA-conjugated nanoparticles

can be used to design engineered materials with predetermined, and tunable properties

(reproduced from Ref. [91]). By using DNA to encode nanoscale interactions, macroscale

crystals can be formed with mechanical properties that can, at least in principle, be tuned.

We present in silico evidence that the mechanical response of these assemblies can indeed
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be controlled, and that subtle modifications of the linking DNA sequences can change the

Young’s modulus from 97 kPa to 2.1 MPa. We rely on a detailed molecular model to quantify

the energetics of DNA-nanoparticle assembly and demonstrate that the mechanical response

is governed by entropic, rather than enthalpic contributions and that the response of the

entire network can be estimated from the elastic properties of an individual nanoparticle. The

results here provide a first step towards the mechanical characterization of DNA-nanoparticle

assemblies, and suggest the possibility of mechanical metamaterials constructed using DNA.

Our discussion then proceeds to larger length scales, where we examine the biophysical

processes that control the compaction of DNA into chromatin. In Chapter 3, we turn our

attention to the nucleosome, a DNA-protein complex that is central to chromatin structure

and function (reproduced from Ref. [92]). Nucleosomes form the basic unit of compaction

within eukaryotic genomes and their locations represent an important, yet poorly under-

stood, mechanism of genetic regulation. Quantifying the strength of interactions within the

nucleosome is a central problem in biophysics and is critical to understanding how nucleo-

some positions influence gene expression. By comparing to single-molecule experiments, we

demonstrate that a coarse-grained molecular model of the nucleosome can reproduce key

aspects of nucleosome unwrapping. Using detailed simulations of DNA and histone proteins,

we calculate the tension-dependent free energy surface corresponding to the unwrapping pro-

cess. The model reproduces quantitatively the forces required to unwrap the nucleosome, and

reveals the role played by electrostatic interactions during this process. We then demonstrate

that histone modifications and DNA sequence can have significant effects on the energies of

nucleosome formation. Most notably, we show that histone tails contribute asymmetrically

to the stability of the outer and inner turn of nucleosomal DNA and that depending on

which histone tails are modified, the tension-dependent response is modulated differently.

In Chapter 4, we then examine the dynamics of the nucleosome, and the factors that

dictate their position along the genome (reproduced from Ref. [93]). Previous work has

shown that the locations of nucleosomes across the genome are not random, but instead
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depend on both the underlying DNA sequence and the dynamic action of other proteins

within the nucleus. These processes are central to cellular function, and the molecular details

of the interplay between DNA sequence and nucleosome dynamics remain poorly understood.

In this work we investigate this interplay in detail by relying on a molecular model, which

permits development of a comprehensive picture of the underlying free energy surfaces and

the corresponding dynamics of nucleosome repositioning. The mechanism of nucleosome

repositioning is shown to be strongly linked to DNA sequence, and directly related to the

binding energy of a given DNA sequence to the histone core. It is also demonstrated that

chromatin remodelers can override DNA-sequence preferences by exerting torque, and the

histone H4 tail is then identified as a key component by which DNA-sequence, histone

modifications and chromatin remodelers could in fact be coupled. This chapter is reproduced

from Ref. [93].

In Chapter 5, we progress to yet even larger length scales, and examine the collective

processes that control the interaction of many nucleosomes together, and the resulting folding

of DNA into chromatin. The compaction of eukaryotic DNA in to chromatin represents an

essential, yet poorly understood mechanism for controlling gene expression. Errors during

compaction are associated with numerous diseases, and therefore elucidating the molecular

factors that control compaction is a central goal of genetics. A significant challenge in

studying chromatin compaction is the many length scales involved, typically ranging from

angstroms to microns. We present a multi-scale approach that couples a detailed molecular

model of the nucleosome to a coarse-grained mesoscale model of chromatin. We show that

this approach can reproduce the dynamics and thermodynamics of available experimental

measurements, and is computationally efficient enough to examine the self-assembly of large

regions of chromatin. Notably, we show that subtle features of the chromatin fiber, such as

the underlying DNA sequence, can have a significant impact on the stability and accessibility

of different chromatin structures. The work presented here represents important steps toward

understanding the molecular processes that dictate the dynamics and structure of chromatin.
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Finally in Chapter 6 we present an overview of our findings. In sum, the main conclusion

of this dissertation is that the biological processes that dictate the compaction of DNA are

wonderfully complex, yet comprehensible using existing techniques. There is therefore a

large opportunity to draw from both the biophysics and engineering literature, in order to

gain inspiration for new approaches for materials design, and achieve new paradigms for

synthetic systems that seek to mimic the complexity achieved by nature.
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CHAPTER 2

A MOLECULAR VIEW OF DNA-CONJUGATED

NANOPARTICLE ASSOCIATION ENERGIES

2.1 Abstract

Nanoparticles functionalized with short sequences of DNA represent a promising platform

for customizable self assembly. Though much recent research has focused on the phase be-

havior and assembly of these structures, little has been done to precisely characterize the

pairwise interaction between particles. Here we present a detailed calculation of the associ-

ation between DNA-nanoparticle conjugates using 3SPN.2, a coarse-grained model of DNA

that accounts for molecular structure and base-pairing. We compare our results to those

obtained experimentally using µm sized particles and analyze the free energy surfaces that

characterize interparticle hybridization. Next, we study how free energies are influenced by

three-body effects and their impact on particle association and melting. Lastly, we explore

the observation by Park et al. [Nature 451, 553 (2008)] that DNA-nanoparticle crystalliza-

tion can be inhibited by the deletion of a single nucleotide. Using our model, we suggest

that the role of this nucleotide is to disrupt frustration.

2.2 Introduction

The ability to precisely control the self assembly of µm or nm particles represents one of

the grand challenges for colloidal and nano-science. Colloids and nanoparticles provide a

promising platform for highly customizable materials whose mechanical, optical and mag-

netic properties could be precisely tuned[161]. One powerful approach to achieve colloidal

and nanoparticle assembly relies on short sequences of DNA to control the inter-particle

interactions[116, 2]. By covalently binding strands of DNA to the surface of a gold nanopar-

ticle, the sequence specific base-pairing of DNA is utilized to mediate particle-particle inter-
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actions. By modifying the composition and length of the conjugated DNA sequences, both

the length and energy scales of the interactions can be specified. Further, because interac-

tions are governed by DNA (and not nanoparticle properties), this approach is amenable to

tertiary interactions that are difficult to achieve using other approaches.

The flexibility of this design has led to important successes. Starting with the initial

observations that DNA-nanoparticles could assemble into crystals with long-range order

[135, 129], recent studies have demonstrated the formation of a wide variety of super-lattices

with intricate symmetries[107]. Most recently, Auyeung et al. have demonstrated that with

sufficiently slow cooling, DNA-nanoparticles will assemble with well defined facets and a uni-

form crystal habit[10] Combined with the ever increasing toolkit of particle functionalities[70,

202, 204], this discovery represents an opportunity to use DNA-nanoparticle conjugates to

gain insights into crystallization processes occurring at the atomic scale.

In spite of this recent progress, several challenges remain. The development of protocols

to assemble structures exhibiting long range order took nearly a decade of work, with most

early systems forming disordered aggregates[134]. Several studies have now demonstrated

that subtle variations in DNA sequence can disrupt ordered assembly. For example, Nyky-

panchuk et al. studied five different DNA sequences that differed only in their unreactive

“linker” regions[129]. Ordered assembly was only achieved for two of these sequences. More

dramatically, Park et al. [135] demonstrated that the inclusion of a single additional base

pair (the so-called “spacer base”) can enhance or impair ordered assembly[135]. In addition

to sequence effects, experiments indicate that ordered assembly only occurs in a narrow tem-

perature range[108]. Further, the ability to form faceted crystals is strongly dependent on

the relative surface energies of the crystals. Auyeung et al. observed that though bcc sys-

tems form well-defined facets, fcc systems do not[10]. These nuanced effects have motivated

on-going computational and theoretical efforts that seek to elucidate the physical origins of

this behavior.

DNA-nanoparticle assembly is an inherently multi-scale process. The macroscopic assem-
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bly of thousands of nanoparticles occurs at the µm scale, but particle-particle interactions

depend on DNA-mediated contacts occurring at lengths of nanometers. Accordingly, recent

work has relied on a multi-stage approach that develops models with various levels of de-

tail depending on the property of interest. Using experimentally obtained pair-potentials of

colloidal sized particles[15], Scarlett et al. used simulation to study the mechanism of bi-

nary superlatice formation[155]. Li et al demonstrated that a scale-accurate coarse-grained

model could reproduce experimental phase diagrams [96] and then proceeded to determine

the kinetics and DNA properties necessary for optimal assembly [97]. This model was then

used to inform the pair-potentials used in a coarsened model that predicted the assembly of

faceted crystals for BCC but amorphous crystals for FCC [10]. Mladek et al. started with

a highly-detailed model of a DNA-nanoparticle to inform an increasingly coarse-grained

“core-blob” model[118, 119]. Using this core-blob model, they calculated the free energy

of various crystal structures and obtained results in excellent agreement with experiment.

The core-blob model was then used to parameterize an even coarser pair-potential model for

DNA-nanoparticle assembly.

Though these approaches have provided significant insights into DNA-nanoparticle sys-

tems, little work has been done to precisely characterize the smallest length scales of the

assembly process; in particular, the pairwise assembly of individual particles. Current ap-

proaches rely on custom-built models to mimic DNA-nanoparticle assembly which have not

been validated in terms of their ability to describe DNA rehybridization[178, 119]. In these

models, many base-pairs are coarse-grained into one bead, thereby preventing study of subtle

sequence effects such as those observed by Park et al. [135]. Further, these models typically

include base pairing energy as a parameter that is hard-coded into the model, and is changed

manually for different temperatures and DNA sequences[119]. Because the base-pairing en-

ergy is an input parameter, the use of these models to precisely characterize the energy scale

of DNA-nanoparticle interactions should be viewed with caution. Experimentally, the pair-

potential for micron sized particles has been determined [15, 150]. These results, however,
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are of limited applicability to nanoscale assembly.

In this work, we present a high-precision characterization of DNA-nanoparticle pairwise

interactions. We adapt a widely used coarse-grained DNA model[59] for study of DNA-

nanoparticle systems to represent DNA with single base resolution. This model is used to

calculate the pair-potential between particles and the details of strand-strand interactions.

We recapitulate experimentally observed melting behavior and calculate the energy barriers

of particle association. We compare our pair-potentials to those calculated experimentally

using µm sized particles and explore the balance of entropy and enthalpy at these different

length scales. Lastly, we use the sequences of Park et al. [135] to examine the impact of the

so-called “spacer-base” on the inter-particle pair-potential.

2.3 Methods

2.3.1 DNA-nanoparticle Model

The model employed here is represented schematically in Fig. 2.1. For DNA, we adapt

3SPN.2[59], the latest model in the 3SPN family[82, 154], for use in conjunction with

nanoparticles. In 3SPN.2, three sites are used to represent each nucleotide. These are

located at the phosphate, the sugar, and the base, respectively. In addition to correctly cap-

turing structural properties (e.g. helix width, major and minor groove widths, etc.) 3SPN.2

correctly captures several aspects of DNA physics relevant to DNA-nanoparticle assembly.

Firstly, 3SPN.2 can naturally describe both single and double stranded DNA and has been

used previously to study the hybridization of short oligomers[60]. The study of strand hy-

bridization in DNA-nanoparticles (where many strands are present) represents a natural

progression of those efforts. The ability to describe both forms of DNA is also important for

modeling the wide range of linkers that are employed experimentally (see Fig. 2.1b). Further,

3SPN.2 was rigorously parameterized to describe experimental melting temperatures (of both

hairpins and duplexes) as a function of both salt and sequence. The ability to accurately
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predict the thermodynamics as a function of sequence is particularly relevant when compar-

ing the energy scales that arise in DNA-nanoparticle systems. For these reasons, we expect

3SPN.2 to predict quantitatively the properties of pairwise DNA-nanoparticle assembly.

To model the nanoparticle we use an icosphere, which we create by first subdividing each

triangular face of an icosahedron into four equilateral triangles. The locations of the new

vertices are then mapped radially onto the surface of a sphere. Subsequent recursions on

the resulting triangles can be used to increase the resolution of the sphere arbitrarily. This

approach, frequently used in computer graphics, leads to an approximately constant density

of points on a sphere. The effective radius of each nanoparticle site is a function of the site

density and is discussed in the Appendix. In our model, each vertex is represented by a

force site and is bonded to each of its nearest neighbors. Thus each site is effectively fixed

at its relative location on the surface of the sphere (i.e. sites cannot diffuse). We include

an additional site at the center of the sphere that is bonded to all surface sites to increase

nanoparticle rigidity (Fig. 2.1c).

In order to approximate the thiol group used experimentally to covalently tether DNA

to the nanoparticle surface, we use a series of force sites that bridge a nanoparticle site and

the sugar site on the DNA (Fig. 2.1b). The functional form of the bonded and nonbonded

interactions of nanoparticle and linkers are identical to those introduced in 3SPN.2; the

parameters for these interactions are given in the Appendix. With the exception of the

bonded interactions with the thiol tether, DNA sites only interacts with these added sites

via excluded volume interactions.

In general, the DNA sequences used in DNA-nanoparticle assembly consist of an inert

“linker” region and a reactive “sticky end” region. The “sticky ends” are different for each

particle type and are chosen to be complementary in order to induce an attractive interaction

between particles. The “linker” region projects the “sticky end” away from the surface of the

nanoparticle and is thought to roughly control particle-particle separation. In this study, the

“sticky ends” are always chosen to be identical to the experiment of interest. The “linker”
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Figure 2.1: DNA-nanoparticle model. a) Representative configuration of 5 nm particle with
the 15 base pair Rogers8-7 sequence. b) Both single and double-stranded DNA sequences
can be represented explicitly with 3SPN.2. The top snapshot is the Rogers8-7 sequence, the
bottom is Park7. DNA sequences are tethered to the nanoparticle via a short covalent linker
(light blue beads). c) Nanoparticles are represented by interaction sites placed evenly along
the surface of the sphere and a single site at the center.

region, however, is scaled to account for differences between experimental and simulated

particle diameters. This will be discussed as necessary throughout this manuscript. The

number of strands per particle was specified to be 19 pmol/cm2 (unless otherwise noted) as

shown experimentally[64]. The DNA strands were distributed uniformly across the particle

surface.

All simulations were performed in the NVT ensemble using a Langevin thermostat. The

Debye-Hückel approximation was used to model the interactions between phosphate sites

which carry a charge of -0.6 (Ref. [59]). All simulations were performed using a 20 fs

timestep and 200 mM ionic strength. At 200mM, the Debye length is ∼ 6−7Å and represents

a small, but not vanishing electrostatic repulsion between the negatively charged phosphates.

200mM was chosen as a intermediate value between the wide range of salt concentrations

used experimentally.

2.3.2 Free Energy Calculation

Free energy surfaces were calculated using metadynamics[89]. Metadynamics is an adaptive

technique where the trajectory of a molecular dynamics simulation is biased by penalizing
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subsequent visits to points in state space. In this way, metadynamics forces a system away

from energetic minima and efficiently samples all of phase space. The cumulative bias can

then be used to estimate the free energy of the system along a given order parameter.

In our simulation of DNA-nanoparticles we bias along two order parameters simultane-

ously. The first, denoted by r, is the separation distance between the center site of each

nanoparticle. The second, denoted by Ubp, is the attractive energy contribution from base-

pairing interactions (i.e. hydrogen bonds between complementary DNA bases). By using

only the attractive energy, we decrease the degeneracy of the Ubp order parameter. This

resulted in faster convergence and more accurate results. The energy Ubp decreases linearly

with increasing base-pair formation and thus, −Ubp (i.e. “minus” Ubp) increases as the num-

ber of base pairs increases. The choice of Ubp is motivated by two considerations. One is

practical: the formation and disruption of base-pairing events proceeds on a slow time scale,

with the energy difference between hybridized and unhybridized states separated by many

kBT . To accelerate the convergence of our pair-potentials, it is necessary for metadynam-

ics to bias along this slow mode of relaxation. The second consideration is scientific. By

calculating the free energy along the base-pairing coordinate, we gain access to information

about individual DNA strand configurations and the free energy differences between them.

This information cannot be obtained experimentally and is important for understanding the

details of particle-particle interactions. The details of the information gained by Ubp will be

explored in Section 6.5.

Throughout this work, one order parameter of the 2-dimensional free energy surface is

routinely “averaged over” in order to obtain a single dimensional free energy surface. To do

this, we first convert the free energy into a probability via P (r, Ubp) = e−A(r,Ubp)/kBT /Q,

where Q is a normalizing factor. We then calculate an average for the order parameter of

interest using

P (r) =
1

−Ubp,min

∫ 0

Ubp,min

P (r, Ubp) dUbp, (2.1)

where Ubp,min is a negative number corresponding to the minimum base pairing energy
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accessed by the system. Finally, the probabilities are converted back to free energies by

A(r) = 1
kBT

log(P (r)). Performing the averages over the probabilities instead of the free

energies reduces the statistical noise.

An analogous procedure is used to calculate A(Ubp) by integrating Eq. 2.1 over dr from

0 to rmax. The distance rmax corresponds to the maximum separation experienced by the

particles. For computational efficiency, rmax is chosen to be slightly larger than the value

where the interaction energy between particles vanishes. An artificial repulsive wall is applied

at rmax to ensure that the system only samples configurations of interest.

The calculation of the free energy as a function of separation, A(r), requires that the

Jacobian corresponding to the transformation from Cartesian coordinates be included[74].

In three dimensions, this corresponds to including a factor of 2kBT log(r) in A(r). Because

A(Ubp) does not correspond to a coordinate change, no correction for this order parameter

is necessary.

Metadynamics simulations were performed with multiple walkers [142]. Convergence

was measured by comparing the evolution of the free energy surface throughout the simu-

lation. To speed convergence, each walker was initialized to a different position in the 2-d

order parameter space. The Gaussian height was 0.1 kJ/mol, the width was 0.25 Å and 20

kJ/mol. Deposition frequency was varied slightly to improve convergence (or to increase

result accuracy). Typically, Gaussians were added every 5000 time steps or every 100 fs.

When summing hills to obtain the entire free energy surface, averages included all deposited

Gaussians. The so-called “inversion condition” was used to avoid boundary effects [27].

An analogous procedure is used to calculate the effect of three-body interactions described

in Section 2.4.2. The only difference is that the order parameter r instead represents the side

of the equilateral triangle containing the three particles (see Fig. 2.5a). As with the two-body

case, Ubp represents the total attractive energy contribution from base-pairing interactions.

In practice, the equilateral triangle is maintained by placing harmonic restraints on the

third particle to ensure that it is equidistant from the original two particles. The equilibrium
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length of these restraints is then adjusted dynamically as the distance between the two initial

particles vary. This maintains the desired equilateral triangle with a variable edge length.

2.3.3 Simulated Melting Curve

Experimentally, the melting curve of a DNA-nanoparticle is calculated by monitoring the

absorbance of an ensemble of DNA-nanoparticles as a function of temperature[39]. Bound

and unbound DNA-nanoparticles have different absorbances, and the system exhibits a sharp

step-wise transition between these two states. The melting temperature is calculated as the

maximum in the derivative of this transition.

Computationally, we use the free energy surfaces described in Section 2.3.2 to calculate

the probability of two particles being in the bound or unbound state. For an ensemble

of DNA molecules, this represents the percentage of molecules in each state and is a close

analogue to the experimentally-observed change in absorbance. We first calculate free energy

surfaces of a nanoparticle system over a range of temperatures. On each free energy surface,

we calculate the saddle point that separates the bound and unbound nanoparticle basins.

Since, the free energy as a function of Ubp is known, the bound basin can be represented by

values of Ubp < Usaddle and the unbound basin by Ubp > Usaddle. This saddle point, Usaddle,

is well defined as the first local maximum in A(−Ubp) that separates these two states and is

shown pictorially by the horizontal dotted line in Fig. 5.3. The probability of hybridization,

Phybridized, can then be calculated as

Phybridized =
1

Q

∫ Usaddle

Ubp,min

∫ rmax

0
e−A(r,Ubp)/kBTdr dUbp. (2.2)

Pdehybridized is calculated in an analogous manner by performing the outer integral in Eq. 2.2

from Usaddle to 0. In both cases, Q is a normalizing factor obtained by performing the outer

integral from Ubp,min to 0.

As in Ref. [59], we correct for fluctuations in concentration that are not captured by a

14



simulation with two molecules[131]. The corrected fraction of hybridized DNA, fhybridized,

is given by

fhybridized = − 1

2Φ
+

√

(

1 +
1

2Φ

)2

− 1, (2.3)

where Φ =
Phybridized
Pdehybridized

. We then define the melting temperature, Tm, as the temperature

where fhybridized = 0.5. To find Tm, we fit the simulation results to a sigmoid function,

where

fhybridized(T ) =
1

1 + eα(T−Tm)
, (2.4)

where α is the width of the function.

The melting temperature of bulk DNA was calculated as described in Ref. [59]. This

approach is analogous to the method described here, except that free energy surfaces are

calculated between two strands of ssDNA. To facilitate comparison of the melting behavior

of DNA-nanoparticles to that of bulk DNA, we scale the concentration of bulk DNA to be

equal to the probe density in the DNA-nanoparticle case. or a detailed description of the

order parameters used and the method of scaling the concentration, interested readers are

referred to Ref. [59].

2.4 Results

The results of Rogers et al. [150] represent one of the only experimental measurements

of the pair-potential between DNA-coated particles[150]. The particles used in that work,

however, measured 1µm in diameter - two orders of magnitude larger than the particles used

in most demonstrations of assembly[135, 129, 111]. Micron-sized particles coated with DNA

differ from nano-sized particles in several regards, including DNA surface density, particle

curvature, and length of DNA sequences. Since the impact of these differences is not well

understood, we first seek to compare the results of Rogers et al. [150] to the pair-potential

obtained here between nano-sized particles.
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Figure 2.2: Free energy surface for Rogers8-7 at 310 K. The free energy is given as a function
of both particle separation, r, and base pairing energy, Ubp. Lower values of base pairing
energy (or increasing values of−Ubp) correlate directly with increasing hybridization between
particles. Representative snapshots I, II, and III (and their position on the free energy
surface) are shown on the right. The inert “linker” regions are colored blue and the reactive
“sticky end” regions are colored red. Hybridized (i.e. reacted) sticky ends are colored green
for clarity. The horizontal dotted line denotes the saddle point used to calculate the melting
temperature.

In our simulation setup, we use sticky ends identical to Rogers et al. [150]. Since our

particles are much smaller than those used experimentally, we truncate our DNA linkers

by excluding the (T50) spacer region. The results presented here are for DNA sequences

consisting of an 8-base pair “linker” and a 7-base pair ”sticky end”. This sequence is denoted

as “Rogers8-7” and is shown in Table 2.1. The effect of the truncation of the (T50) spacer

will be explored in Section 2.4.1. We use 5 nm diameter particles conjugated to nine strands

of DNA, corresponding to a DNA density of 19 nmol/cm2 as calculated experimentally[64].

The radius of gyration, Rg, for this system is 5.6 nm.

To characterize this system, we first calculate a two-dimensional free energy surface for

the Rogers8-7 sequence as a function of particle separation, r, and base-pairing energy, Ubp

(Fig. 5.3). Three configurations are shown for illustrative purposes with the “sticky end”

bases colored in red and the “linker” bases colored in blue. For emphasis, “sticky end” bases

are recolored green if they are successfully forming a base pair. Moving left to right (I to II to

III) along the x -axis (r) corresponds to increasing inter-particle separation. Moving bottom
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Table 2.1: DNA sequences used in this work. “NP” denotes nanoparticle, underlined bases
represent complementary sticky ends, the bold “A” in the Park7 represents the “spacer
base”.

Name Sequence

Rogers8-7
NP-TAATGCCTGTCTACC

NP-TGAGTTGCGGTAGAC

Rogers3-7
NP-CCTGTCTACC

NP-TGCGGTAGAC

Rogers13-7
NP-TTTTTTAATGCCTGTCTACC

NP-TTTTTTGAGTTGCGGTAGAC

Park7

NP-AAAAAAAGACACAA

TTCTGTGTTATTTCCTT

NP-AAAAAAAGACACAA

TTCTGTGTTAAAGGAAA

to top (III to II to I) along the y-axis (−Ubp) corresponds to the formation of additional

base pairs formed between the complementary sticky ends. These two order parameters are

coupled; depending on the value of r, different values of Ubp are energetically accessible. For

example, if r = 170 Å (i.e. Configuration III), it is energetically unfavorable to form many

base pairs (i.e. −Ubp > 200 kJ/mol). On the other hand if r = 75 Å (i.e. Configuration I),

the formation of many base pairs can be achieved with a small change in free energy.

One of the hallmark features of DNA-nanoparticle assembly is its temperature depen-

dence. By changing the temperature by several degrees, the strength of interaction between

particles can be strongly modulated. To examine the dependence on temperature, we calcu-

late free energy surfaces for a range of temperatures using the Rogers8-7 sequence. Though

each calculation results in a 2-D free energy surface similar to that shown in Fig. 5.3, the

result is easier to visualize if averaging is performed as described in Section 2.3.2. The

resulting curves curves A(r) and A(−Ubp) are shown in Figs. 2.3a and b, respectively.

The temperature dependence of the pair-potential, A(r), demonstrates several distinct

trends (Fig. 2.3a). First, there is a significant change in the energy scale of the interaction.
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Figure 2.3: Temperature dependence of Rogers8-7 System. a) Free energy as a function
of particle separation, r. Particle-particle interactions are strongly temperature dependent.
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repulsive contribution to the pair-potential. b) Free energy as a function of base-pairing, Ubp.
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As temperature is changed, the strength of the pairwise interaction shifts from a −25 kBT

attractive minimum (290 K) to a net repulsion (330 K). Temperature also has a strong

effect on the length scale of interaction. As temperature decreases, the energetic minima

(req) shift to lower values of r (e.g. 79 Å at 290 K, 92 Å at 300 K, 99 Å at 310 K). The

qualitative features of the pair-potential also change. At higher temperatures (i.e. ≥ 310 K)

the pair-potential is fairly simple: an attractive minimum and a repulsive wall that could be

fit to a simple analytical potential. At low temperatures (i.e. < 310 K), significant shoulders

emerge in the pair-potential.

Before we compare our simulated pair-potential with that observed by Rogers et al.

[150], it is useful to examine the results obtained by averaging A(r, Ubp) over r to obtain

A(Ubp) (see Fig. 2.3b). In general, the formation of base pairs (i.e. increasing −Ubp) results

in an enthalpic gain and corresponds to an energetic minimum. Formation of base pairs,

however, comes at an entropic cost as strand mobility is severely reduced upon hybridization.

Fig. 2.3b demonstrates the balance between these two terms. At high temperatures (e.g.

> 320 K), entropy dominates and the free energy increases approximately monotonically

with the formation of additional base pairs. This behavior is in contrast with that observed

at intermediate temperatures (e.g. ∼ 310 K), where these terms nearly balance, and the

free energy is approximately constant. At low temperatures (e.g. < 300 K), enthalpy

dominates and free energy decreases with additional hybridization events. Note that even at

low temperatures, however, the free energy only correlates with base pair formation up to a

point. Since the particles exhibit curvature, additional hybridization events require DNA to

stretch, resulting in an enthalpic penalty that eventually overwhelms the gains achieved by

base-pair formation.

These observations are helpful for understanding the features of Fig. 2.3a. At low temper-

atures, additional hybridization events stabilize the interactions between particles resulting

in a deeper energetic minimum. Additional base pairs require the particles to be closer to-

gether (so as to minimize DNA “stretching”) and thus yield minima at lower values of r. As
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temperature increases, entropy plays a larger role, the strength of interaction decreases, and

the locations of the minima move to larger values of r.

2.4.1 Comparison of Nanometer and Micrometer Particles

We can now compare the simulated pair-potential in Fig. 2.3a with those measured exper-

imentally. For sticky ends identical to those used in our simulations, Rogers et al. [150]

observe a strength of attraction of 6 kBT at 303.5 K. The inset in Fig. 2.3a shows that for

the nanoparticle system, a minimum of ∼ 6 kBT is obtained at 310 K, namely 6.5 K higher.

At 300 K, the attraction between nano-sized particles is ∼ 19 kBT . Thus, at a given tem-

perature, the attraction between a nano-sized system is greater than that between the µm

system. To explore these differences, we examine the impact of two system parameters.

One parameter that differs between nano and micron-sized systems is the number of

DNA strands that form inter-particle contacts. As the curvature of the particles decrease

(i.e. particle diameter increases), the number of strands that can associate between particles

increases. To further examine this effect, we change the density of DNA on the 5nm par-

ticle, ρDNA, to ∼ 50% (10 pmol/cm2) and ∼ 200% (36 pmol/cm2). The results are shown

in Fig. 2.4a. As ρDNA increases, the strength of interaction increases as the number of hy-

bridization events increase. Further, the equilibrium separation, req shifts to slightly larger

values of r. Increasing ρDNA results in a denser DNA brush that leads to repulsions that

favor larger particle-particle separations.

Another parameter that differs between these two systems is the length of the DNA linker

regions. Though our simulations use identical sticky ends to those of Rogers et al. [150],

our linker DNA regions are much shorter. Accordingly, we can vary the length of the linker

bases, nlinker bases, and observe the effect on the pair-potential (Fig. 2.4b). These sequences,

denoted Rogers13-7 and Rogers3-7 for nlinker bases = 13 and 3, are shown in Table 2.1.

As expected, increasing nlinker bases increases req. As the radius of gyration of the par-

ticles increases (Rg = 51 , 56 , 62 Å for nlinker bases = 3, 8, 13, respectively) the equilibrium
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separation increases. A less obvious consequence is that increasing nlinker bases leads to a

decrease in the minimum energy of interaction. Though longer linkers increase the “range” of

each strand interaction and enable additional hybridization events, longer linkers also incur

a larger entropic cost, leading to weaker interactions between particles.

Our observation that nanoparticles bind more strongly than colloidal particles can again

be understood as a balance between enthalpic and entropic factors. On the one hand, the

increased curvature of nano-sized particles leads to fewer DNA contacts (and thus weaker

association). On the other, the shorter linkers used in nanoparticle systems minimize the

entropy lost due to hybridization and result in stronger association. For the systems stud-

ied here, the entropic penalty dominates and nano-sized particles associate more strongly.

Note however, that association is strongly temperature dependent — only near the melting

temperature, where enthalpy and entropy are balanced, will such phenomena be apparent.

2.4.2 Three-body interactions

An additional difference between nano and micron-sized systems is the length of the linking

DNA sequences relative to the nanoparticle radius. In micron-sized systems, the DNA linkers

are short relative to the particle size and the radius of gyration of the coated-particle, Rg,

is approximately equal to the radius of the uncoated particle, Rparticle. In this regime, the

range of DNA-mediated interactions between particles is short and many-particle interactions

can be approximated as pair-wise additive. In other words, many-body effects do not play a

significant role.

In nano-sized systems however, this is not the case. In these systems, the length of DNA

linkers is comparable to the size of the particle (i.e. Rg ∼ 2 − 3Rparticle) and many-body

effects can become important. This situation arises because the number of DNA strands

available for hybridization is finite and different particles must compete for binding sites on

complementary particles. This competition prevents interactions from being strictly pair-

wise additive; any study of nano-sized DNA-particle assembly must account for these effects.
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To explore the role of many-body effects on the calculated pair-potential we adopt the ap-

proach of Mladek et al. [119]. First, an equilateral triangle containing three DNA-conjugated

nanoparticles is constructed (Fig. 2.5a). Two of the particles, denoted “A”, contain the same

linking DNA (e.g. Table 2.1, Rogers8-7 top sequence) while the third, denoted “B”, contain

the corresponding complementary sequence (e.g. Table 2.1, Rogers8-7 bottom sequence).

That is, “A” and “B” particles can associate while two “A” particles cannot. In this config-

uration, the additional 3rd particle disrupts the pair-wise interactions and we can examine

three-body effects. The calculation of the free-energy was performed in a manner analogous

to that of the two-body case, except that r now represents the side of the equilateral triangle

(instead of the distance between the two particles). Additional details of this calculation are

provided in Section 2.3.2.

The calculated three-body pair-potential for the Rogers8-7 system, A(r), is shown in

Fig. 2.5b. For comparison, the two-body results from Fig. 2.3 are shown as dotted lines. At

320K and 330K, the three-body interactions are weaker than those observed in the two-body

case. This originates from the increased repulsion that occurs when an additional particle is

present. This repulsion also leads to a sharper melting transition for the three-body system

(this result will be discussed in Section 2.4.3). At 300K and 310K however, the two and

three-body interactions are very similar. Though the second “A” particle presents additional

sticky ends to hybridize with the “B” particle, the energetic minima of the potentials remain

unchanged.

The origins of this behavior can be seen in the free energy as a function of base-pairing

energy, A(Ubp) (Fig. 2.5c). Despite additional sticky ends present in the three-body sys-

tem, the free energy of base-pair formation for −Ubp < 400 is only marginally lower. As

additional strands hybridize, however, the differences between the two systems become in-

creasingly apparent. This is most clear at 300K: though the two- and three-body results

are indistinguishable for −Ubp < 500, the results deviate from each other at large −Ubp. At

high values of −Ubp additional hybridization events in the three-body system incur a lower
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entropic cost than the two-body system. Thus, the third particle only affects the free energy

when many strands are hybridized between particles.

The observation that the pair-potential is essentially unchanged by the addition of a third

particle deserves comment. Firstly, this demonstrates that the pair-potentials calculated

here represent a good approximation to the effective potential present in DNA-nanoparticle

crystals. We expect the pair-potential to be a reasonable approximation of the inter-particle

spacing and (for low coordination numbers) the energy-scales within a crystal. However, we

emphasize that since the interactions between multiple particles are not pair-wise additive,

the pair-potentials presented here should be used in additional coarse-graining with caution.

2.4.3 Simulated Melting and Hybridization Kinetics

The results in Fig. 2.3b include additional information regarding the subtleties of interpar-

ticle interactions. Since details of the free energies of the hybridized and dehybridized states

are known, a melting curve can be obtained (see Section 2.3.3). The simulated melting

curves for the Rogers8-7 system are shown in Fig. 2.6a. The melting curve for the 7 base-

pair “sticky end” in the bulk is shown for comparison. Note that the concentration of DNA

strands in the bulk and DNA-nanoparticle simulation were chosen to be equal. Consistent

with literature[39], the melting transition of the DNA-nanoparticle is much sharper than that

of the bulk DNA. Additionally, the melting transition is sharper in the three-body system

than in the two-body system. This result is consistent with the experimental observation

that ordered assembly of many DNA-conjugated nanoparticles only occurs within a nar-

row temperature range. When many particles are present, the melting transition becomes

increasingly sharp and the range of temperatures amenable to ordered assembly decreases.

Knowledge of A(−Ubp) provides access to kinetic information about DNA-nanoparticle

assembly. A feature in Fig. 2.3b (up to this point left unmentioned) is the presence of multiple

local minima and maxima in the free energy surface. These local minima correspond exactly

to the hybridization of an additional DNA strand, while the local maxima correspond to
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the activated state separating the transition from n to n + 1 bound DNA strands. Since

these local extrema are well defined, we can approximate each hybridization event as an

independent reaction complete with its initial, final and activated energies. Here we define

the energy barrier, Eb, as the difference in the free energy of the initial state, An, and

the transition state, A
†
n (Eb = A

†
n − An). The energy barrier as a function of number of

hybridized strands is shown in Fig. 2.6b,c. For all temperatures studied, Eb is the largest

for the first hybridization event. In other words, the formation of the first hybridization is

rate-limiting. Further, Eb is also a strongly dependent on temperature. Thus, the kinetics

of DNA-nanoparticle assembly (in addition to the thermodynamics as discussed in Fig. 2.3)

are strongly affected by temperature.

The magnitude of Eb differs between the two and the three-body system in two notewor-

thy ways (Fig. 2.6c). First, the 0 → 1 barrier is ∼ 3kBT larger in the three-body system.

The enhanced repulsion that results from the additional particle slows the rate-limiting, ini-

tial hybridization event. Another important difference is the absence of an upward trend in

Eb for the 4 → 5 and 5 → 6 transitions in the three-body configuration. Because there are

additional sticky ends available and DNA stretching is reduced, Eb can decrease monotoni-

cally. These observations highlight the complicated role that many-body effects might play

during assembly. On the one hand, additional particles increase the first barrier to particle

association. On the other hand, the additional particles accelerate association by decreasing

subsequent barriers to hybridization. Additional particles could both enhance and inhibit

the kinetics of assembly.

2.4.4 Comparison to Park et al.[135]

We now use our DNA-nanoparticle model to explore a result obtained by Park et al.[135], who

demonstrated assembly of DNA-nanoparticles into structures with long range order. These

authors showed that a DNA-nanoparticle system that assembles into a ordered crystal and

one that assembles into a disordered aggregate can differ by only a single base. Park et al.
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refer to this as a “spacer base”. In contrast to Rogers et al. [150] (who used ssDNA linkers),

Park et al. [135] used DNA linkers consisting of both ssDNA and dsDNA regions. We model

this explicitly using 3SPN.2 with no modification to the model (see Fig. 2.1b). As before, we

adapt the DNA sequence used in Park et al. [135] for use in our study. For computational

efficiency, we use a nanoparticle 5 nm in diameter (compared to the 10 nm particles used

by Park et al.[135]). Accordingly, we scale the length of our “linker” DNA to maintain a

constant ratio of particle diameter to linker length. In order to maintain a comparable energy

scale, we use a 7-base pair sticky end identical to Park et al.[135]. The exact sequences used

here are shown in Table 2.1. Interactions are simulated with and without the “spacer base”.

The resulting pair-potential is shown in Fig. 2.7a. One consequence of the “spacer base”

is the displacement of the equilibrium separation, req, to slightly larger values of r. This

slight shift is due to the longer strands that result from the “spacer base”. The energy scale,

however, remains unchanged. A more nuanced result is the broadening of the energetic

minimum. This result is most obvious at 290 K. Whereas with the spacer, the width of the

pair-potential within 3 kBT of the minimum is ∼ 70 Å, the absence of the spacer reduces this

width to ∼ 50 Å. This result suggests that frustration could be responsible for disordered

assembly. By widening the width of the minima, the “spacer base” disrupts this frustration

and allows the system to reach a well-ordered, crystalline state.

The origins of this wider minimum can be seen in Fig. 2.7b. At each temperature, the

free energy of the sequence containing the spacer is lower than that without the spacer. This

indicates that the spacer helps stabilize additional base pairing events. By allowing additional

strands to hybridize, the “spacer base” increases the degeneracy of states accessible in the

vicinity of the minimum. The increased degeneracy leads to wider minima, as observed in

Fig. 2.7a.

Validating this “frustration” hypothesis would require a more detailed study and is be-

yond the scope of this work. Nonetheless, a study of this nature would be useful towards

understanding the nuances of DNA-conjugated nanoparticle assembly. This problem will be
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examined in future work.

2.5 Conclusion

A coarse-grained model of DNA, whose hybridization has been studied in the bulk, was used

here to provide an in-depth view of DNA-assisted nanoparticle association. We calculated the

pair-potential between nanoparticles, and showed that the association of DNA-nanoparticles

relies on a delicate balance of enthalpic and entropic contributions to the free energy. We

also showed that this balance is particularly important for understanding the differences

between nano- and colloidal-sized particles in the vicinity of their melting temperatures. Our

calculations also revealed that three-body effects can alter the resulting pair-potential and the

details of particle binding, particularly when the particles are small. Using information about

individual base pairing events, we characterized the melting transition of DNA-nanoparticles,

as well as the kinetics of subsequent strand hybridization events. Because our model can

resolve the DNA backbone and individual bases, we explored the finding of Park et al. [135]

that the inclusion of a single “spacer base” can result in ordered assembly, and proposed

that the main role of this “spacer base” is to reduce frustration. The model presented here is

highly flexible in design and can be applied to a wide variety of DNA-nanoparticle systems

with different sequences, particle sizes or shapes. In particular, we expect it to be useful for

studying of the thermodynamic and mechanical properties of DNA-nanoparticle crystalline

assemblies.

2.6 Appendix

2.6.1 Model Parameters

The parameters used for DNA were identical to those in 3SPN.2 [59]. The interactions

within the nanoparticle and thiol linker consisted of only bonded, bending and excluded

volume interactions (Ubond, Ubend, and Uexe, respectively). The form of these interactions
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were identical to 3SPN.2. That is

Ubond =

bonds
∑

i

kb,2(ri − r0,i)
2 + kb,4(ri − r0,i)

4,

Ubend =
bonds
∑

i

ktheta(θi − θ0,i)
2

(2.5)

and

Uexe =
∑

i<j















ǫr

[

(

σij
rij

)12
− 2

(

σij
rij

)6
]

+ ǫr r < rc

0 r ≥ rc

, (2.6)

where r is the separation between two interaction sites.

The parameters of these interactions are given in Table 2.2. For excluded volume interac-

tions, ǫr = 1 kJ/mol. The radius of the thiol linker is chosen as, σL = 1 Å. The value of σB

was varied depending on the number of sites used to define the particle and that particles

diameter. σB was chosen as the radius of the circle that circumscribes the equilateral trian-

gle formed by 3 neighboring sites. This created a sphere that was effectively impermeable.

Mathematically this is given by

σB =

√
3

3
∆x (2.7)

where ∆x is the distance between two adjacent sites on the surface of the nanoparticle.

Because the particles are spaced evenly on the surface of the sphere, ∆x is independent of

the neighbor chosen.
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Table 2.2: Model Parameters for bonded interactions involving particles (denoted “B”) and
linking thiol group (denoted ”L”).

Bond kb,2 (kJ/mol/Å2) kb,4 (kJ/mol/Å4) r0 (Å)

L-S 0.6 60.0 3.33

L-L 0.6 60.0 3.33

L-B 0.6 60.0 3.33

B-B 80.0 60.0 –

Bend kθ (kJ/mol/rad2) θ0 (◦)

L-S-P 200.0 134.03

L-S-T 200.0 103.28

L-S-A 200.0 103.28

L-S-G 200.0 103.28

L-S-C 200.0 103.28

L-L-S 200.0 178.00

L-L-L 200.0 176.00

B-L-L 200.0 178.00

B-B-L 200.0 105.19

32



CHAPTER 3

MECHANICAL RESPONSE OF DNA–NANOPARTICLE

CRYSTALS TO CONTROLLED DEFORMATION

3.1 Abstract

The self-assembly of DNA-conjugated nanoparticles represents a promising avenue towards

the design of engineered hierarchical materials. By using DNA to encode nanoscale inter-

actions, macroscale crystals can be formed with mechanical properties that can, at least

in principle, be tuned. Here we present in silico evidence that the mechanical response of

these assemblies can indeed be controlled, and that subtle modifications of the linking DNA

sequences can change the Young’s modulus from 97 kPa to 2.1 MPa. We rely on a detailed

molecular model to quantify the energetics of DNA-nanoparticle assembly and demonstrate

that the mechanical response is governed by entropic, rather than enthalpic contributions

and that the response of the entire network can be estimated from the elastic properties

of an individual nanoparticle. The results here provide a first step towards the mechanical

characterization of DNA-nanoparticle assemblies, and suggest the possibility of mechanical

metamaterials constructed using DNA.

3.2 Introduction

Nanoparticles functionalized with short sequences of DNA represent a highly-customizable

platform for multiscale materials design. In such systems, interactions between nanoparticles

are mediated by short strands of DNA, typically with lengths on the order of tens of base

pairs[116, 2]. By varying the length and composition of these linking DNA sequences, the

strength, range and specificity of inter-particle interactions can be precisely tuned. The

ability to customize and specify DNA-mediated interactions promises to facilitate the design

of hierarchical structures whose macroscopic properties could be tuned by manipulating the
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corresponding nano-scale building blocks of which they are composed.

DNA-functionalized nanoparticles have now been shown to assemble into crystals with

long range order [135, 129], and with tunable lattice parameters and crystal symmetries based

on DNA sequence alone[107]. Through advances in nano-scale synthesis, it has also become

possible to assemble nanoparticles of different shapes and properties[70, 205, 130, 104]. The

resulting materials exhibit intriguing properties, such as dynamic reprogramming [206] and

single crystal assembly with well-defined facets[10], and have been predicted to demonstrate

re-entrant melting[4]. Recent work has demonstrated that DNA-programmed assemblies

have useful, tunable plasmonic properties[174, 133, 151, 198]. A largely under-explored as-

pect of DNA-functionalized nanoparticle assemblies, however, is related to the tunability of

their mechanical properties. Though two-dimensional films of DNA-functionalized nanopar-

ticles have been assembled[164] and shown to have extraordinary mechanical properties[24],

little work [128] has been done to characterize or tune the mechanics of DNA-nanoparticle

assemblies, especially in three-dimensions.

Our interest in mechanically tunable DNA-nanoparticle assemblies builds on recent work

examining the mechanical response of nanoparticles conjugated with other short organic

ligands. Extremely strong, two-dimensional nanoparticle sheets have been prepared with

nanoparticles functionalized with simple dodecanethiol ligands[124, 187, 153]. At the other

end of the chain-length spectrum, Williams et al.[191] have shown that polymer-grafted

nanoparticles interacting via hydrogen-bonds assemble into a fcc crystal with a Young’s

modulus of 26 − 82 MPa that is capable of self-healing[191]. Importantly, these authors

demonstrated that the mechanical and optical response can be tuned by varying the length

of polymer-grafts, and that the optical properties can be altered by mechanical deformation.

More generally, the mechanical properties of ligand-conjugated nanoparticle assemblies are of

fundamental interest because they arise from non-linear combinations of their constituents;

indeed, they possess characteristics of both granular (due to the nanoparticles) and viscoelas-

tic (due to the ligands) systems[90].
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Figure 3.1: Stress-strain response of DNA-nanoparticle assembly under uniaxial extension
for Sequence B (see Fig. 3.2). Simulation snapshots show the material after 0%, 100%,
200%, and 300% strain. All DNA sequences of the same type are given the same color (i.e.
red or blue). Error bars denote an standard deviation over three independently initialized
nanoparticle assemblies.

In this work, we present a first step towards the detailed characterization of the mechani-

cal response of DNA-nanoparticle assemblies. To achieve this, we rely on a detailed molecular

model to examine the mechanical properties of DNA-conjugated nanoparticle assemblies in

silico. Our results demonstrate that such properties can indeed be tuned by using different

DNA sequences, DNA loading densities, and temperature, thereby providing a potentially

useful platform for creation of mechanical metamaterials.

3.3 Results and Discussion

3.3.1 Mechanical Response of DNA-conjugated Nanoparticle Assembly

DNA-conjugated nanoparticle lattices were assembled as described in the Methods section,

and their mechanical response was measured under uniaxial extension (Fig. 3.1). The de-

formation was applied quasi-statically, where a nanoparticle assembly was deformed to the
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specified strain and then held fixed until the stress re-equilibrated. The resulting stress-

strain curve exhibits elasticity (i.e. linear response) for all temperatures up to strains of

50%. Following this elastic regime, the material stiffens until its peak stress at ≈ 125−150%

strain.

At strains above the peak stress, the material does not immediately yield, but instead

the stress decreases slowly: even at strains of 300% there is still a small but non-zero stress.

Notably, even at these large strains, the material does not exhibit necking and is characterized

by constant densities throughout the sample (Fig. 3.1 snapshots, Fig. 3.7). Yet despite the

lack of macroscopic defects (i.e. necking), the microscopic structure of the nanoparticle

assembly is significantly perturbed under large strains. For deformations beyond the peak

stress, the long-range crystalline order within the nanoparticle network is disrupted, and the

assemblies become amorphous (Fig. 3.1 snapshots, Fig. 3.8,3.9). This observation suggests

that under sufficiently slow deformation (i.e. quasi-static), the microstructure of the assembly

can rearrange, and thereby prevent the formation of failure-prone morphologies, including

necks or voids. This behavior can be thought of as a form of microscopic self-healing, where

individual nanoparticles reposition themselves within the network to maintain the integrity

of the material.

Temperature also plays an important role in the mechanical response (Fig. 3.1). While

at low temperatures, the material exhibits a response in the kPa range, higher temperatures

result in material softening and, eventually, a negligible mechanical response (e.g. 330K).

The extreme softening of the material occurs for this assembly between 310K and 330K,

corresponding extremely well to the 310K-315K melting temperature of this DNA sequence

calculated previously[94].

In order to confirm that our measurements are representative of a bulk material and do

not suffer from finite-size effects, simulations were also performed for systems consisting of

125 bcc unit cells, corresponding to 120,000 total coarse-grained sites (Fig. 3.1, red triangles).

The results from this larger system are largely indistinguishable from those for the 27 unit cell
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Figure 3.2: Different DNA sequences conjugated to nanoparticle surface. Green highlights
the complementary “sticky end” region, while Blue highghts the non-reactive “linker” re-
gion. Snapshots corresponding to the molecular topology of each DNA linker is shown. “2x
loading” denotes that Seq. D contains twice the number of DNA strands per nanoparti-
cle. Note that Seq. A’s linker consists of two DNA strands and contains a non-reactive
double-stranded region, while the linkers of Seq. B, C, and D only consist of a single DNA
strand.

assembly (N = 26,136), confirming that our simulations are representative of a bulk material.

Accordingly, nanoparticle assemblies consisting of 27 unit cells will be used throughout the

remainder of this work.

3.3.2 Tunable Sequence-Dependent Mechanical Response

A potential feature of DNA-nanoparticle assemblies is that subtle changes in the linking DNA

sequences may be used to generate materials with different properties. To examine the effect

of DNA sequence on the mechanical response, we repeated our analysis above using different

DNA sequences (Fig. 3.2). Because the parameter space corresponding to all possible DNA

sequences is prohibitively large, we focused here on a subset of DNA parameters that have

been varied elsewhere in the DNA-nanoparticle literature[129, 64, 94, 107]. These include

“one strand” vs “two strand” linkers (i.e. Seq. A vs Seq B.), effect of linker length (Seq.

A vs Seq C) and the effect of DNA loading density (Seq. C vs Seq. D) and the effect

of the complementary DNA “sticky ends” (Seq A vs Seq B vs Seq C and D). Consistent

with experimental systems[135, 150, 10], the sequences chosen here contain complementary

“sticky” DNA regions of 6-7 base pairs.

The mechanical response is shown to be dramatically dependent on DNA-sequence (Fig. 3.3).

One sequence-dependent effect is the qualitative difference in mechanical response between
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sequences with short linkers (i.e. C and D) relative to sequences with long linkers (i.e. A and

B). Sequences C and D demonstrate a stiff initial response (E ≈ 700−2100 kPa) but exhibit

little strain-hardening, and lose nearly all stiffness at strains greater than 100%. In contrast,

Sequences A and B exhibit a softer initial response (E ≈ 100 kPa), but a large peak strain

(≈ 500−750 kPa). Additionally, long linkers enable strains of up to 300% without mechanical

rupture. Thus, short linkers give rise to “brittle” mechanical behavior, while longer linkers

result in more pliable materials. Curiously, though Sequence A and Sequence B are formed

from very different linker types (i.e. double-stranded vs single-stranded), they nonetheless

demonstrate a qualitatively similar mechanical response. Though double-stranded linkers

are stiff, the similarities between our results for Seq. A and B suggests that the mechanical

response is predominantly driven by the single-stranded linker of the assemblies constructed

using Sequence A. This results suggests, that it is not the type of DNA linker but rather its

single-stranded length, that dictates mechanical response in DNA-nanoparticle assemblies.

The effect of DNA coverage can be assessed by comparing Sequence C and D. Assemblies

using these linkers use identical DNA sequences, and only differ in the density (i.e. loading)

of DNA strands conjugated to the nanoparticle surface. That is, Seq. D has twice the num-

ber of DNA strands on the nanoparticle surface relative to Seq. C. Our results demonstrate

that DNA loading density results in significant changes of the stress-strain response. For

example, by simply doubling the DNA loading (i.e. nine strands for Seq. C vs 18 strands for

Seq. D), the Young’s modulus changes by a factor of three (≈ 700 kPa to ≈ 2100 kPa) and

the peak-stress more than doubles (≈ 300 kPa to ≈ 740 kPa). Yet, despite these changes,

the qualitative features of the the mechanical responses of Seq. C and D remain largely un-

changed: the stress increases linearly up until a peak-strain at γ ≈ 50% and then decreases

significantly. This result suggests that DNA loading represents an important parameter for

tuning mechanical behavior. Whereas the qualitative features of the mechanical response

can be adjusted by changing the characteristics of the DNA sequences themselves, the mag-

nitude of the response can be adjusted independently by varying the DNA loading on the
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nanoparticle surface. In that sense, DNA coverage represents a system parameter orthogonal

to the DNA sequence itself, which can be tuned to obtain the desired mechanical response.

Additionally, since the number of strands increases approximately with the square of the

nanoparticle radius, the larger 10-20 nm nanoparticles used experimentally[129, 135, 10] will

posess even more particle-particle connections and likely a significanlty stronger mechanical

response.

Interestingly, the different DNA sequences studied here exhibit different temperature-

dependent mechanical properties. The mechanical response of Seq B is nearly unchanged

between 273K and 290K, for example, while those of Sequences C and D over this same

temperature range change dramatically. These different behaviors can be explained in terms

of the melting temperature, Tm , of the DNA “sticky ends” that link complementary particles.

By choosing “sticky ends” with a higher Tm (as with Seq B), the nanoparticles demonstrate

higher thermal stability and are more mechanically robust. Because DNA-nanoparticles are

known to exhibit extremely sharp melting curves[39], our results here suggest the possibility

of extremely sensitive thermo-responsive materials whose mechanical properties could change

by orders of magnitude with temperature changes of only several degrees.

3.3.3 Molecular Origin of Mechanical Response

Having considered the mechanical properties of DNA-nanoparticle assemblies, we now turn

our attention to the molecular processes responsible for specific sequence-dependent mechan-

ical responses. Specifically, we seek to provide a molecular explanation of the stress-strain

curves reported in Figure 3.3. In particular, we will examine whether the mechanical re-

sponse correlates more strongly with (a) the enthalpic penalty arising from the disruption of

base pairs or (b) the entropic penalty arising from the anisotropic ordering of DNA strands

on the nanoparticle surface.

Since nanoparticle-nanoparticle interactions are mediated by complementary DNA-DNA

base pairs, deformation of the network is expected to result in base pair disruption. Disrup-

40



 0.6

 0.8

 1

<
N

bp
>

 / 
<

N
° bp

>

Seq. A
Seq. B
Seq. C
Seq. D

 0.4

 0.6

 0.8

 1

<
Z

>
 / 

Z
bc

c

Seq. A
Seq. B
Seq. C
Seq. D

   0

   1

   2

   3

   4

   5

 0  50  100 150 200 250 300-d
(<

N
bp

>
/<

N
° bp

>
) 

/ d
γ 

× 
10

3  

Strain, γ (%)

   0

   2

   4

   6

   8

 0  50  100 150 200 250 300

-d
(<

Z
>

 / 
Z

bc
c)

 / 
dγ

 ×
 1

03

Strain, γ (%)

(a) (b)

Figure 3.4: Effect of deformation on connectivity of DNA-nanoparticle network. a) Average

number of base-pairs, 〈Nbp〉, and numerical derivative,
d〈Nbp〉
dγ , and b) Average coordination

number, 〈Z〉, and numerical derivative
d〈Z〉
dγ for different DNA-nanoparticle sequences at

273K. Though the disruption of base pairs influences the mechanical behavior, analysis of
network connectivity alone is insufficient to fully explain the mechanical response.

tion of base pairs will incur an enthalpic penalty, and therefore we anticipate that disruption

of base pairs might correlate strongly with the observed stress-strain response. Figure 3.4a

shows the network connectivity (expressed as the number of base pairs in the network)

for each DNA sequence as a function of strain. As expected, strain disrupts the DNA-

nanoparticle network and the number of base pairs is observed to decrease. Notably, the

slope of the base pair-strain curve (i.e. the derivative) differs between different DNA se-

quences. For short DNA linkers (i.e. Sequences C and D), the decrease in base pairs is more

rapid than for DNA-nanoparticles with longer linkers (Sequences A and B). The slope of the

base pair-strain curve is quantified by calculating the numerical derivative shown in the bot-

tom panel of Fig. 3.4a. Sequences C and D demonstrate a sharply peaked derivative at 50%

strain, corresponding to the maximum in their respective stress-stain response (Fig. 3.3).

This correlation suggests that the stress-strain response is influenced by the rate of base pair

disruption and the associated enthalpic penalty. This possibility, however, is only weakly

supported by the results for Sequences A and B. For these two sequences, the derivatives are

approximately independent of strain, and only show a subtle peak at 175%-200% strain, a
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value higher than the peak in the stress-strain response at 125%-175%. Therefore, though

the disruption of base pairs influences the mechanical behavior, our results suggest that it is

not the predominant explanation for the observed sequence-dependent mechanical response.

A notable feature of Fig. 3.4a is that the number of base pairs does not decrease to zero.

Even after the assembly has been mechanically disrupted, 60% to 70% of the original base

pairs are still intact. This observation led us to propose that it is not the absolute number of

base pairs that matter for the mechanical response, but it is instead the connectivity of the

network. To test this hypothesis, we measure the connectivity of the network on the basis

of nanoparticle coordination number. In this context, we define the coordination number,

Z, as the number of nanoparticles that a given nanoparticle is base paired to, normalized by

that expected in a bcc crystal lattice, Zbcc = 8, (Fig. 3.4b). At rest, sequences with ordinary

DNA loading densities (Sequences A,B,C) have coordination numbers that are ≈ 80% of the

ideal value. This result is expected since these particles contain only nine DNA strands per

particle, and therefore the probability of forming DNA “bonds” between all 8 bcc neighbors

is small. However for particles with a higher loading density (Seq. D), the connectivity

of the network is essentially complete, with Z/Zbcc ≈ 1.0 at 0% strain. The near perfect

connectivity of Sequence D helps explain its high mechanical strength: as the connectivity

approaches the ideal value, mechanical properties increase considerably. Note, however,

that our analysis of the coordination number is still insufficient to completely explain the

sequence-dependent stress-strain response. As with the number of base pairs, Nbp shown

in Fig. 3.4a, the coordination number in Fig. 3.4b decreases with strain and the derivative

(lower panel) correlates weekly with the stress-strain curves.

Another possible explanation for the role of sequence on mechanical properties relates the

deformation of individual DNA-conjugated nanoparticles themselves to the overall deforma-

tion of the network. During network deformation, it might be expected that the DNA strands

conjugated to the nanoparticle surface would anisotropically orient themselves along the di-

rection of the applied strain. Such ordering would incur an entropic penalty, and could be
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responsible for the observed sequence-dependent mechanical response. Indeed, such entropic

penalties dominate the mechanical properties of polymer melts, and could be significant in

DNA-nanoparticle assemblies as well.

To examine the role of this entropic ordering, the shape of individual nanoparticles

was quantified by calculating the radius of gyration tensor, Sαβ , for each DNA-conjugated

nanoparticle, and then determining its three eigenvalues, λ1 > λ2 > λ3. The ratio of the two

largest eigenvalues, λ1/λ2 gives the anisotropic shape of each nanoparticle with λ1/λ2 ≈ 1

representing a sphere and λ1/λ2 → ∞ an infinite rod[9]. Since the nanoparticles are very

rigid, values of λ1/λ2 6= 1 represent deformations of the conjugated DNA strands, and not

the nanoparticles themselves (Fig. 3.5a, graphic). We will refer to λ1/λ2 as the “anisotropy”

of the DNA-nanoparticles.

The average anisotropy for different values of strain and temperature is shown in Fig. 3.5a

for Sequence B. At zero strain, the anisotropy is small and the individual DNA-nanoparticles

are nearly spherical, as expected. As strain is increased, the average anisotropy increases

up to a peak at 125% and then decays toward its initial value for strains of up to 300%.

The anisotropy is also temperature dependent; higher temperatures lead to less anisotropy.

The most important feature of this result, however, is the striking similarity between the

anisotropy and the stress (cf. Fig. 3.1). In fact, both curves appear to be qualitatively iden-

tical, with the same maximum, curvature, and temperature dependence. This observation

suggests that the shape anisotropy and the stress might be fundamentally related within the

DNA-nanoparticle network.

To quantify this relationship, the correlation between anisotropy and stress was calculated

for all sequences and temperatures used in this study (Fig. 3.5b). Confirming the previous

observation for Sequence B, a strong correlation (0.8 < r < 0.96) exists between anisotropy

and stress for all DNA sequences considered here. This striking result suggests that strain

within the DNA-nanoparticle network is strongly related to the anisotropic deformation of

the DNA strands on the particle surface, which gives rise to a free energy penalty that
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manifests itself as a restoring stress when the network is deformed.

An important observation from Fig. 3.5b is that each DNA sequence exhibits a differ-

ent relationship between stress and anisotropic deformation; or in other words, each DNA

sequence shows a different slope. The softest assembly examined here, Sequence A, has the

smallest slope (i.e. low stress per anisotropic deformation), whereas increasing assembly

stiffness (i.e. Seq. D) leads to increasingly large slopes (i.e. high stress per anisotropic de-

formation). These results suggest that each DNA sequence possesses an inherent property,

which we refer to as “shape stiffness”, that corresponds to the entropic penalty incurred by

causing the DNA-strands to order anisotropically. Notably, shape stiffness is sequence depen-

dent: for Sequence A, the long DNA-linkers incur a relatively small penalty upon ordering,

leading to small “shape stiffness”. In contrast, the multiple short DNA linkers in Sequences

C and D give rise to a larger penalty upon ordering, causing the “shape stiffness” to be large.

Our results indicate that the “shape stiffness” of a single DNA-nanoparticle represents a key

parameter that dictates the mechanical response of the entire DNA-nanoparticle network.

This observation has important implications for the design of DNA-nanoparticle assem-

blies. First, our results suggest that by simply quantifying the “shape stiffness” for a single

nanoparticle the mechanical response of the network can be estimated. As such, “shape

stiffness” might provide a simple metric for screening the high parameter space of different

DNA-sequences in order to obtain the desired mechanical response. Second, the importance

of entropic, rather than enthalpic contributions to the mechanical response has important

implications for tuning the mechanical response of DNA-nanoparticle assemblies. Though

previous studies have emphasized the energy scale of the complementary “sticky ends” in

dictating DNA-nanoparticle assembly[96, 97], our results indicate that it is instead the prop-

erties of the unreactive linker DNA that dominate the mechanical response. This observation

raises the intriguing prospect of tuning independently the mechanical response and the un-

derlying crystal structure, leading to the possibility of creating DNA-nanoparticle assemblies

with complex and precisely tunable mechanical properties.
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3.4 Conclusions

In this work we have used a detailed molecular model of DNA-conjugated nanoparticles to

examine the mechanical properties of DNA-nanoparticle assemblies. We demonstrate that

this mechanical response is strongly dependent on temperature and suggest the possibility of

thermo-sensitive materials whose mechanical properties could change by orders of magnitude

upon temperature changes of only several degrees. The mechanical response is also shown

to be strongly dependent on DNA sequence and that subtle changes in the linking DNA

can lead to significant changes in the qualitative and quantitative features of the mechanical

response. Then, moving beyond existing experiments, we interrogate our molecular model

in order identify the physics that dictates the observed sequence-dependent mechanical re-

sponse. By analyzing the connectivity of the network, we show that the enthalpic penalty

due to base pair disruption partially explains the observed mechanical response. Most im-

portantly however, we demonstrate that the overall mechanical response of the network is

strongly correlated with the deformation of a single DNA-conjugated nanoparticle. From this

observation we suggest a new sequence-dependent parameter, which we refer to as “shape

stiffness”, that can be used to estimate the mechanical response of a nanoparticle network

from a single nanoparticle. The results presented here are the first detailed characterization

of the mechanical response of DNA-nanoparticle assemblies, and are the first to demonstrate

that the mechanical response can be tuned. Consequently, they represent a valuable step to-

ward understanding the mechanical properties of DNA-nanoparticle assemblies and is useful

for dictating their future directions and applications.

3.5 Methods

The molecular model of DNA-conjugated nanoparticles adopted here was introduced and

validated in previous work [94]. In this model, DNA is represented by 3SPN.2[59], the latest

model in the 3SPN family[82, 154]. As a coarse-grained model, 3SPN.2 represents each

46



nucleotide of DNA with three force sites, one at the center of mass of the sugar, phosphate

and base. 3SPN.2 has been parameterized to reproduce the structural (e.g. helix width,

major and minor groove widths) and mechanical (e.g. persistence length) properties of double

and single-stranded DNA. Additionally, 3SPN.2 can reproduce the melting temperature of

double-stranded DNA and hairpins as a function of sequence and ionic strength[59], and has

been used in detailed studies of the single-stranded to double-stranded DNA transition[60].

The DNA-conjugated nanoparticles considered here are constructed by tethering 3SPN.2 to

a coarse-grained nanoparticle consisting of a bonded network of sites placed on the surface

of a sphere. This model results in nanoparticle sites that are fixed at their relative locations

on the surface of a sphere, and therefore the positions of DNA strands are also fixed and

cannot migrate along the particle surface. This model has been used to examine the precise

energetics of pair-wise DNA-nanoparticle assembly and was shown to reproduce the correct

energy scales and temperature dependence of DNA-nanoparticle association [94]. In this

work, we use 5 nm diameter nanoparticles covered with a DNA density of 19 pmol/cm2

(unless otherwise noted) as shown experimentally[64]. This DNA density corresponds to

nine DNA strands on a 5 nm diameter nanoparticle, distributed approximately uniformly

across the particle surface. When refering to “double DNA loading”, the DNA density was

increased to 38 pmol/cm2, corresponding to 18 strands per 5 nm particle.

Several of the DNA sequences considered here (Fig. 3.2, Seq. A and B) are chosen

to correspond to those used in previous experimental studies [135, 150]. As in previous

work[94], the reactive “sticky end” of the DNA sequence (see Fig. 3.2 green box) is chosen

to be identical to that of the experiments. The unreactive “linker” region, however, is scaled

to account for differences between experimental and simulated particle diameters. The net

effect of this scaling has been examined in detail previously [94].

DNA-nanoparticle latices were formed using a binary mixture of nanoparticles coated

with different DNA sequences. The DNA sequences were chosen so that interactions between

nanoparticles with different DNA sequences are attractive, whereas nanoparticles with the
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same DNA sequence are not. As a result of these attractive and repulsive interactions,

binary nanoparticle mixtures assemble experimentally into body centered cubic (bcc) crystal

lattices. The protocol used for assembling the bcc lattices in this work is described in the

Suppl. Information. When applying uniaxial extension, constant strain was imposed in a

single dimension while constant stress was imposed the non-strained dimensions. To apply

the deformation quasi-statically, the desired strain was applied and the resulting stress was

measured following equilibration to its new steady state.

Simulations were performed in the NVT or NPT ensemble using a Langevin thermostat

and/or a Parrinello-Rahman barostat with damping coefficients of 1ps and 20 ps, respectively,

and a time step of 20 fs. The Debye-Hückel approximation was used to model the interactions

between phosphate sites which carry a charge of -0.6 [59]. Simulations were performed by

implementing the 3SPN.2 nanoparticle model[94] into the LAMMPS simulation package

[140]. The approach described by Thompson et al.[179] was used to calculate the virial

contribution to the pressure from 3SPN.2. The stress tensor was calculated as the sum of

the kinetic and virial components,

σαβ =
1

V

N
∑

k

mkvk,αvk,β +
1

V

N
∑

k

Fk,αrk,β (3.1)

Note that while the kinetic component of the stress was included, its contribution to the

stress was observed to be small.

3.6 Supporting Information

3.6.1 Crystal Formation

Several approaches have been proposed in the literature to generate DNA-conjugated nanopar-

ticle crystals via simulation. One simple, but limited, method is to impose the desired crystal

structure (and lattice constant) on the nanoparticles a priori through choice of the initial
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conditions [128, 132]. This approach is computationally efficient but necessarily relies on ini-

tial assumptions that impose the desired connectivity and crystal structure of the resulting

assembly. Another approach is to initialize the nanoparticle locations randomly, and then

allow the crystals to assembly naturally[96, 97]. This approach has been powerful for eluci-

dating the assembly pathways of DNA-nanoparticle crystals, but relies on simplified models

of DNA in order to access the long time scales associated with assembly. In this work,

we use a hybrid approach where the crystal configuration is biased towards those observed

experimentally, yet without imposing DNA connectivity or crystal dimensions.

The prescription for generating the DNA-nanoparticle latices in this work is given as

follows (Fig. 3.6). In the first step, DNA-nanoparticles are initialized in a dilute bcc lattice,

so that the spacing between nanoparticles is much larger than their range of interaction

(λ = 400Å). The simulation box is then uniformly compressed over a timescale of ∆t1 until

the nanoparticles are sufficiently close to interact. The lattice constant of this compressed

state was chosen as λ = 100Å, corresponding to an inter-particle separation of 71Å and

a volume of V ∗ (Fig. 3.6a, labeled “shrink”). In the second step, a NV ∗T ∗ simulation of

length ∆t2 is performed to allow the formation of base-pairing interactions between particles

(dotted lines, Fig. 3.6). The temperature, T ∗ is chosen to be lower than the melting

temperature of the linking DNA strands to accelerate this step, and is T ∗ = 273K for all

DNA sequences examined. ∆t2 was chosen to be sufficiently long to allow the number of

base-pairs within the simulation, Nbp, to equilibrate. Finally in the third step, the crystals

are re-equilibrated in the NPT ensemble at the temperature and pressure corresponding to

the desired mechanical deformation of interest. In this study, the pressure P = 1atm was

chosen for all simulations; the temperature T is specified alongside each result. The time

constants of each step were chosen to be ∆t1 = 2 ns, ∆t2 = 600 ns, and ∆t3 = 1400 ns.

The box dimensions and normalized number of base-pairs are shown for each of these steps

for four different temperatures (Fig. 3.6). Following this initialization recipe, the resulting

nanoparticle assemblies were subjected to the mechanical deformation of interest.
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Figure 3.7: Density distribution throughout simulation box in strain direction for Sequence
B at 273K. Even at high strains, no necking is observed.

3.6.2 Macroscopic and Microscopic Structure during Deformation

As observed in the main text, “At strains above the peak stress the material does not

immediately yield, but instead the stress decreases slowly: even at strains of 300% there is

still a small but non-zero response. Notably, even at these large strains the material does

not exhibit necking and is characterized by constant densities throughout the sample (see

Fig. 3.1 and Suppl. Information)”. To demonstrate the absence of necking, the normalized

density throughout the simulation box is shown in Fig. 3.7. At small strains γ = 0% and

100%, the crystal structure of the lattice leads to predictable and well defined fluctuations

in the density. Upon large strains γ = 200% and 300% however, this crystal structure is

disrupted leading to a more poorly defined density profile. Nonetheless even in the presence

of this noise, the density profile is nearly uniform, without any significant minima that would

correspond to necking. The nearly uniform density profile indicates that even at strains of

γ = 300%, the material does not exhibit features indicative of possible fracture.

As also noted in the main text, even “despite the lack of macroscopic defects (i.e. neck-
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Figure 3.8: Radial distribution function as a function of strain for Sequence B at 273K. Upon
deformation, the assembly looses its structure and the peaks within the radial distribution
function become less pronounced.

ing), the microscopic structure of the nanoparticle is significantly perturbed under large

strains”. The microscopic structure is quantified using the radial distribution function, g(r),

during deformation. Under no deformation, γ = 0%, the DNA-nanoparticle assembly is

well ordered and exhibits a strong, long-ranged structure throughout the material. Upon

increasing strain, the order within the material decreases and the peaks within the radial

distribution function become less pronounced. At the maximum strain, γ = 300%, the ma-

terial has lost nearly all order and the radial distribution function only exhibits a small peak

at r ≈ 95Å corresponding to two particles associating together.

A similar trend is observed in the structure factor, S(q), as a function of strain (Fig. 3.9).

At low strains (γ < 100%), S(q) demonstrates several distinct peaks corresponding to or-

der throughout the sample. Increasing strain progressively decreases these features until

γ = 200%, where no peaks in S(q) are observed. Under strain, the location of the first peak

in S(q), denoted q∗, demonstrates non-monotoinc behavior: first decreasing and then in-

creasing. This result suggests that under small strains (γ ≤ 50%), the nanoparticle network

expands, whereas at larger strains, the network structure is disrupted and order becomes

shorter-ranged.
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CHAPTER 4

TENSION-DEPENDENT FREE ENERGIES OF

NUCLEOSOME UNWRAPPING

4.1 Abstract

Nucleosomes form the basic unit of compaction within eukaryotic genomes and their locations

represent an important, yet poorly understood, mechanism of genetic regulation. Quantify-

ing the strength of interactions within the nucleosome is a central problem in biophysics and

is critical to understanding how nucleosome positions influence gene expression. By compar-

ing to single-molecule experiments, we demonstrate that a coarse-grained molecular model of

the nucleosome can reproduce key aspects of nucleosome unwrapping. Using detailed simu-

lations of DNA and histone proteins, we calculate the tension-dependent free energy surface

corresponding to the unwrapping process. The model reproduces quantitatively the forces

required to unwrap the nucleosome, and reveals the role played by electrostatic interactions

during this process. We then demonstrate that histone modifications and DNA sequence can

have significant effects on the energies of nucleosome formation. Most notably, we show that

histone tails contribute asymmetrically to the stability of the outer and inner turn of nucle-

osomal DNA and that depending on which histone tails are modified, the tension-dependent

response is modulated differently.

4.2 Introduction

Eukaryotic genomes are packaged into a compact, yet dynamic, structure known as chro-

matin. The basic building block of chromatin is the nucleosome, a disk-like structure con-

sisting of 147 base pairs of DNA wrapped into 1.7 superhelical turns around proteins known

as histones[105, 29]. These histone proteins form what is known as the histone octamer, a

stable protein complex consisting of two copies of histone proteins H2A, H2B, H3 and H4.
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The surface of the histone octamer is highly positive, which interacts favorably with the

negative backbone of DNA. As a result, at sufficiently low ionic conditions, nucleosomes are

stable and spontaneously form.

The locations of nucleosomes along the genome play a central role in eukaryotic regula-

tion. DNA segments incorporated into nucleosomes are inaccessible to other DNA binding

proteins, including transcription factors and polymerases, and thus nucleosomes must be dis-

rupted in order for the cellular machinery to access nucleosomal DNA. As such, the positions

occupied by nucleosomes provide an additional, important mechanism by which eukaryotic

genomes are regulated. Indeed, past work has demonstrated that deregulation of these pro-

cesses is implicated in numerous diseases, including cancer[57, 14, 152]. Quantifying the

strength of interactions within the nucleosome structure and the forces required to disrupt

them is of fundamental importance to understanding the delicate dynamics of chromatin

compaction.

Optical-trapping single-molecule techniques have been particularly effective at probing

multiple interactions that underlie the nucleosome. In these experiments, chromatin fibers

[21, 28, 51, 20] or single nucleosomes [115, 83, 55, 160, 109, 127] are subjected to pico-

newton scale forces, thereby providing the ability to precisely perturb the native nucleosome

structure. By analyzing the deformations that result from these forces, one can infer the

underlying strength of binding energies within the nucleosome. Following the initial work

by Mihardja et al. [115], a consensus is emerging [83, 160, 127] in which a single nucleosome

is disrupted in two stages. In the first, at 3 pN, the outer wrap of DNA is removed from the

histone surface. This first wrap is removed gradually and is considered to be an equilibrium

process, where spontaneous unwrapping and rewrapping events can be observed under a

constant force. The second transition occurs at forces 8-9 pN and occurs rapidly via so-

called “rips”, where the remaining wrap of DNA is suddenly released. More recently, these

transitions have been shown to depend on torque (i.e. DNA supercoiling via twist) [160],

and to occur asymmetrically due to variability in the bound DNA sequence [127].
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Several theoretical and computational studies have sought to help interpret these experi-

mental results. Following the initial work of Kulić and Schiessel[86], most current treatments

represent the nucleosome as an oriented spool, and the unbound DNA as a semiflexible worm-

like chain [172, 120]. While earlier studies were only able to detect a single distinct unwrap-

ping transition [86, 194], consistent with the first experiments [21], more recent work[172, 120]

has been able to reproduce the two transitions observed by Mihardja et al. [115]. By relying

on simple, primarily analytic models, these studies have provided significant insights into

the fundamental physics that govern interactions within the nucleosome. Such approaches,

however, have necessarily had to invoke assumptions and introduce adjustable parameters in

order to describe experiments [172, 120] (e.g. the DNA-histone binding energy). This limits

their ability to predict nucleosomal behavior under different conditions, such as variations

in DNA sequence or ionic environment, without resorting to additional experimental data.

Additionally, these models cannot explicitly account for histone modifications, which are

central to nucleosome positioning and higher-order chromatin structure[68, 88, 11, 207, 20].

A complementary approach, which should in principle enable prediction of nucleoso-

mal interactions under a wide array of situations, could rely on molecular models where

the nucleosome can be assembled or disassembled explicitly. Though these approaches are

particularly promising, their success has been frustrated by the inability to access the ex-

perimentally relevant time scales of stretching, typically rates of 100nm/second. Clearly,

these time scales are inaccessible to atomistic simulations, yet even a highly coarse-grained

spool-like model of the nucleosome only achieved stretching rates several orders of magnitude

too fast[194]. There is therefore a need to develop models and methodologies to facilitate

more direct comparisons between optical-trapping experiments and molecular-level calcula-

tions. If successful, such models could reveal the subtle, yet incredibly important effects of

DNA-sequence and histone modifications on nucleosome stability.

In this work, we build on a recently proposed coarse-grained model of the nucleosome[47,

48, 98] to examine its response to external perturbations. A computational framework is
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Figure 4.1: Model of Nucleosome Unwrapping. a) Coarse-grained topology of Nucleosome.
DNA is represented by 3SPN2.C[47], the histone proteins by AICG[98]. Both the end-to-end
extension, r, and tension, τ , are constrained during a simulation. b) Unwrapping process.
During extension, the wraps of DNA around histone proteins are removed one by one. T1
and T2 denote the transition states separating the first (A ↔ B) and second (B ↔ C)
unwrapping events. Figures were generated using VMD[63].

proposed in which the tension-dependent response of the nucleosome is examined at equilib-

rium, thereby providing access to the free energy of nucleosome unwrapping under tension.

Our results are found to be in agreement with experimental measurements by Mihardja et

al. [115] and Brower-Toland et al.[20], and serve to demonstrate that it is indeed possible

to reproduce the absolute binding free energies of nucleosome formation in terms of purely

molecular-level information, without resorting to additional parameters. Importantly, that

model is then used to predict the impact of DNA sequence and histone modifications on the

relative free energies of binding within the nucleosome.
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Figure 4.2: Tension-dependent free energy surface of nucleosome unwrapping for 601 posi-
tioning sequence. The free energy surface demonstrates minima at extensions of r ≈ 120Å,≈
420,≈ 700Å, depending on tension. As tension increases, the minimum-energy extension
shifts to larger values. Consistent with Mihardja et al. [115], two transitions are observed.

4.3 Results

A schematic representation of our simulation setup is shown in Figure 4.1a. As with optical-

trapping experiments, the “state” of the nucleosome is represented by two parameters: the

tension (or force) exerted on the DNA molecule, τ , and the extension of the DNA ends, r.

To facilitate comparison with experiments [115], the ends of the DNA are not torsionally

constrained. Figure 4.1b shows instantaneous configurations of the nucleosome model for

five different values of extension, r. Consistent with previous observations, the outer wrap of

the nucleosome is first removed (A→ T1 → B), followed by the inner wrap (B → T2 → C).

In order to quantify these transitions, we examine the tension-dependent free energy

of nucleosome unwrapping. By calculating the tension-dependent free energy instead of

a simple force-extension curve, as done previously [194, 75], we can determine the true

equilibrium behavior of the unwrapping process. Additionally, by performing simulations at

equilibrium, we circumvent the issue of time scales that frustrate comparisons of traditional
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equilibrium (i.e. equal probability) when τ∗1 = 3.2 pN. The “Partially” and “Unwrapped”
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non-equilibrium molecular simulations to optical pulling experiments.

A representative two-dimensional tension-extension free energy surface for the 601 posi-

tioning sequence[103] is shown in Figure 4.2. Rather than increasing linearly with tension, the

extension is quantized into three well defined vertical bands, located at ≈ 120Å, 420Å, and

700Å, corresponding to states “A”, “B” and “C” in Figure 4.1. At low tension (τ < 3pN),

a low extension (r < 200Å) is preferred. As tension is increased (τ ≈ 4 − 8pN), the mini-

mum free energy shifts to intermediate values of extension (r ∼ 420Å). At higher tension

(τ > 8pN), the minimum free energy shifts to larger values of extension (r = 700Å). The

free energy penalty of low tension and high extension (e.g. τ = 3, r = 700) or high tension

with low extension (e.g. τ = 12, r = 200) results in large energy barriers > 40 kT .

The tension-dependent transition can also be visualized by plotting one-dimensional
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“slices” of the free energy surface at different values of tension (Figure 4.3a). Visualiz-

ing the data in this way clearly demonstrates that there are three basins of nucleosome

extension: “Fully Wrapped”, “Partially Wrapped” and “Unwrapped”. The basin that is fa-

vored depends on the tension applied to the DNA ends. As tension increases, the free energy

minima shifts first from the “Fully Wrapped” to the “Partially Wrapped” basin, and then to

the “Unwrapped” basin. The boundaries of these basins are defined by the locations of the

transition states (i.e. local maximum in the free energy) that separate neighboring basins.

The transition states separating the A → B transition, T1, and the B → C transition, T2,

are shown in Figure 4.1b.

Once these three basins are defined, we can determine the precise tension at which the

outer and inner DNA turns unwrap from the nucleosome. This is obtained by converting

the tension-dependent free energy into probabilities, and then integrating these probabilities

to determine the total probability of finding the system in each basin (see Methods). The

corresponding results are shown in Figure 4.3b; it can be appreciated that the probability of

finding the system in the “Fully Wrapped” or “Partially Wrapped” basin is equivalent when

τ ≈ 3.2 pN. Thus, when τ ≈ 3.2 pN the outer turn of nucleosomal DNA is in equilibrium (in

a statistical mechanics sense) with its unbound state. We define this tension as τ∗1 . Similarly,

the probability of the nucleosome in the “Partially Wrapped” and “Unwrapped” basins is

the same (i.e. the inner wrap is in equilibrium when τ ≈ 8.9 pN, defined as τ∗2 ). These values

are in quantitative agreement with those measured by Mihardja et al. [115], who observed

that the outer and inner DNA loops were removed at 3 pN and 8-9 pN, respectively.

A complementary approach to estimate τ∗1 and τ∗2 , is to determine the tension at which

the free energy barriers of the forward and reverse reactions are equal [172]. Figure 4.4 shows

the corresponding tension-dependent free energy barriers of the outer (A ↔ T1 ↔ B) and

inner unwrapping (B ↔ T2 ↔ C) events. At low tension, the energy barriers for the forward

reactions, A→ B and B → C, dominate and the forward (i.e. unwrapping) reaction rate is

low. As tension increases, the energy barriers for the forward reactions decrease, while those
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for the reverse increase, thereby causing the unwrapping reaction to proceed at a higher rate.

When the energy barriers of the forward and reverse reactions are equal, the two basins are

at equilibrium (in a transition state theory sense) and τ∗1 and τ∗2 can be determined. These

unwrapping tensions are estimated to be 3.3 pN and 8.5 pN, in excellent agreement with the

probability-based analysis of Figure 4.3b.

The magnitude of the free energy barrier also helps explain the observation by Mihardja

et al. [115] that the outer turn of DNA can be removed reversibly, while the inner turn

cannot. Since the energy barrier separating the “Fully” and “Partially” wrapped states is

only ≈ 5 kT , the system can quickly transition between states when held at τ = τ∗1 . In

contrast, the “Partial Wrap” and “Unwrapped” states are separated by an energy barrier

of ≈ 18 kT , indicating that even at equilibrium the P ↔ U transition occurs slowly. Thus,

removal of the outer wrap may appear to be reversible on the time scales of a typical optical

trapping experiment, while the inner wrap may not. Further, because force-extension curves

are usually obtained via optical trapping by pulling a nucleosome at a fixed velocity, the

experiments may not observe a P → U transition until τ > τ∗2 . This would cause the

experiments to overestimate the value of τ∗2 , and lead to a sudden, irreversible “ripping”

event. We also note that the barrier estimates in this work (∆A
†
1 = 4 kT,∆A

†
2 = 16 kT ) are

in excellent agreement to those predicted by Sudhanshu et al. [172] (∆A
†
1 ≈ 6 kT,∆A

†
2 ≈

15 kT ).

Electrostatics, Sequence Dependence, Histone Modifications

Having validated the proposed model against experimental data [115], we now examine the

influence of ionic environment, DNA sequence, and histone modifications on the stability of

the nucleosome. Such variations can have a significant impact on nucleosome formation, and

the precise molecular origins of their impact is still poorly understood.

We first investigate the origins of the tension-dependent mechanical response by exploring

the role of DNA-DNA electrostatic repulsion on the stability of the nucleosome structure.
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Figure 4.5: a) Schematic representation of proposed model with DNA-DNA repulsion re-
moved. b) Resulting tension-dependent free energy barriers for 601 positioning sequence.
∆τ∗1 and ∆τ∗2 represent change relative to complete model. Error bars represent standard
deviation across three independent simulations.

Past theoretical work [86, 120] has suggested that DNA-DNA repulsion within the nucle-

osome is central to its tension-dependent response. Other studies, however, have observed

that DNA-DNA electrostatic repulsion is unimportant and that the correct response can

be achieved by accounting for the tension-dependent orientation of the free DNA ends[172].

Since our proposed model explicitly includes both contributions, we can directly evaluate

the importance of DNA-DNA repulsion on nucleosome unwrapping. To examine this effect,

we disable DNA-DNA electrostatic repulsion in our model between base-pairs separated by

more than 20 base pairs. Only disabling electrostatics between distant regions of DNA was

necessary to avoid implicitly lowering the persistence length of DNA by neglecting Coulombic

interactions between neighboring base-pairs. All electrostatics responsible for DNA-histone

affinity however, remain intact.

Our results are summarized in Figure 4.5a,b. As anticipated[86], removal of DNA-DNA

repulsive interactions has a greater impact on the outer DNA loop (∆τ∗1 = +1.7pN) than

on the inner DNA loop (∆τ∗2 = +1.1pN). However in the absence of DNA-DNA repulsions,

the qualitative features of the tension-dependent response remain unchanged. These results

indicate that while DNA-DNA repulsions play a role in nucleosome disassembly, they are not

63



-15

-10

-5

 0

 5

 10

 15

 20

 25

-2  0  2  4  6  8

r=0.88
r=0.78

∆∆
A

si
m

. (
kJ

/m
ol

)

∆∆Gexpt. (kJ/mol)

Freeman et al. (2014)
This Work

Figure 4.6: Sequence-dependent binding free energies. Squares denote model proposed by
Freeman et al. [48] (obtained at 300K and 150mM ionic strength). Circles denote model
proposed in this work, obtained at 277K and vanishing ionic strength (for consistency with
Ref. [177]). Despite differing solution conditions and DNA-Protein interactions, both models
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primarily responsible for the two unwrapping steps observed in experiments. Our results are

also consistent with prior experimental measurements, where the role of DNA-DNA repulsion

on the stability of the outer turn was observed to be small [122].

We next examine the impact of DNA sequence on the relative binding free energies of

nucleosome formation. Optical trapping experiments could in principle be used to probe the

sequence-dependent energies within the nucleosome, but recent literature studies have been

limited to the 601 positioning sequence [115, 83, 160] and slight variations [127]. Instead,

competitive reconstitution assays are the dominant experimental technique for character-

ization of sequence-dependent relative binding free energies[177, 159]. To compare model

predictions to these experiments, we use the technique employed by Freeman et al. [48],

where the relative binding free energies of different DNA sequences are assessed computa-

tionally using alchemical transformations and thermodynamic integration (see Methods). A

64



H2A
H2B
H3
H4

y

x
-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

Intact gH3/4 gH2A/B gAll

R
el

. T
en

si
on

,∆
τ
i*

 (
pN

)

τ*1,0 = 3.4pN

τ*2,0 = 8.5pN

∆τ1* (Outer Turn)

∆τ2* (Inner Turn)

Brower-Toland et al. (2005)

a) b)

Figure 4.7: a) Molecular configuration highlighting histone tails removed by in silico trypsin
digest. The exact residues removed are given in the original work by Brower-Toland et
al.[20]. b) Change in equilibrium tension of outer, ∆τ∗1 , and inner DNA turn, ∆τ∗2 , resulting
from removal of H3/4 tails (gH3/4), H2A/B tails (gH2A/B), and all histone tails (gAll).
Tensions are reported relative to ∆τ∗1,0 and ∆τ∗2,0, the values reported previously in Fig. 4.4
for the 601 positioning sequence. Experimental data corresponds to removal of the inner
turn of DNA (i.e. ∆τ∗2 ). Error bars represent standard deviation across three independent
simulations or reported in Ref. [20].

comparison of predicted and experimental free energies, shown in Figure 4.6, indicates that,

as with previous work[48], the model adopted here accurately reproduces the binding free

energies of many different sequences. In general, the key predictor of binding free energy is

the sequence-dependent shape of the DNA molecule (i.e. minor groove widths and intrinsic

curvature). Sequences that bind strongly (low ∆∆A) posses periodic sequence motifs (e.g.

TA base steps) that impart a shape that favorably “fits” underlying histone structure[159].

In contrast, weakly binding sequences (large ∆∆A) do not posses these periodic motifs.

In addition to DNA sequence, the modification of histone tails is widely considered to

be the single most important determinant of chromatin structure [68]. Methylated and

acetylated histones are enriched at promoters of highly expressed genes and are thought to

play a role in the strong positioning of certain nucleosomes [88, 11]. Histone tails are central

to nucleosome-nucleosome interactions and their modification has important implications

on chromatin’s three-dimensional structure[207]. Experiments[20] have also established that

removal of histone tails has a significant impact on the stability of the nucleosome.

To examine the role of histone tails on nucleosome stability at a molecular level, we

return to our earlier analysis and calculate the tension-dependent free energy of nucleosome
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unwrapping. Our results can be compared to the optical trapping experiments of Brower-

Toland et al. [20], where arrays of 17 nucleosomes were disassembled for different histone

tail modifications, including complete removal via trypsin digest or post-translationally via

acetylation. In the model, we perform this trypsin digest in silico to each histone (see

Figure 4.7a), and calculate the resulting tension-dependent response. Figure 4.7b shows the

change in the equilibrium tension of the outer, ∆τ∗1 , and inner, ∆τ∗2 , turn of DNA due to

the removal of different histone tails. The experimental measurements are also included,

and correspond to the impact of histone modifications on the stability of the inner turn of

DNA (i.e. ∆τ∗2 ). Our results are in excellent agreement with experimental measurements

and predict the effect of each histone modification to within ±0.5pN. Yet our results provide

additional insight into to these experiments, whose limited spatial resolution prevented the

observation of the individual release of the outer DNA turn. Most importantly, we observe

that tails of different histones contribute asymmetrically to the stability of each turn of

nucleosomal DNA. The H3/4 tails dominate the stability of the outer DNA turn, ∆τ∗1 =

−1.2pN, but contribute weakly to the stability of the inner turn, ∆τ∗2 = −0.2pN. In contrast,

H2A/B tails have a small effect on the outer turn, ∆τ∗1 = 0.4pN, but a significant effect on

the inner DNA turn, ∆τ∗2 = 2.5pN. Therefore, depending on whether histone modifications

occur on H2A/B or H3/4, the stability of the nucleosome will be modulated differently.

This observation suggests a potent mechanism by which each turn of nucleosomal DNA can

be independently regulated, and could help to explain the importance and role of H3/4

modifications relative to those of H2A/B.

4.4 Conclusion

In this work we have demonstrated that a molecular-model of the nucleosome, composed

of two coarse-grained models of DNA and proteins[48, 47, 98], can be combined parameter-

free to accurately reproduce the tension-dependent response of nucleosome unwrapping. This

model quantitatively reproduces the unwrapping forces observed in experiments[115, 20] and
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the barrier heights predicted by prior theoretical studies [172]. We then demonstrated that

this model can be used to examine, without adjustment, the role of subtle phenomena in

nucleosome formation such as DNA-DNA Coulombic repulsion, DNA-sequence, and histone

tail modifications.

Our proposed approach opens up a new avenue for theoretical examinations of nucleo-

some stability. As a first step, this model can aid the interpretation of recent optical pulling

experiments where the nucleosome is subjected to torque [160], and is suitable for examining

subtle features within the nucleosome such as sequence-dependent asymmetric unwrapping

[127]. Further, analysis of experimental measurements can become increasingly sophisti-

cated, because our model provides a tool for interrogating raw data, including the fluctu-

ations, from FRET and optical pulling experiments. This combination of experiment and

simulation could help to resolve nanometer-scale phenomena such as dynamic DNA-protein

contacts and could effectively increase the spatial resolution of experimental measurements

to the base-pair level. Yet the potential of our approach extends beyond single nucleosome

experiments, and can begin to elucidate many unsolved questions within chromatin bio-

physics. How does the methylation of specific histone tails (and not others) enhance the

positioning of certain nucleosomes? What are the free energies of different folded chromatin

structures, and how do histone modifications effect this energy landscape? What is the role

of DNA sequence on these processes, and do certain DNA sequences dispose chromatin to

different “folds”? The approach presented in this work represents an important step towards

answering these questions.

4.5 Methods

The model adopted in this work relies on a coarse-grained model of DNA [47, 48] and

proteins [98], which are combined to represent the nucleosome. Both models were developed

independently, but they are implemented at the same level of description, thereby facilitating

their concerted use. Specifically, for DNA we use the 3SPN coarse-grained representation,
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where each nucleotide is described by three force sites located at the phosphate, sugar and

base[82, 154, 59, 47]. For the histone proteins, we use the “Atomistic-Interaction based

Coarse-Grained model” (AICG), where the protein is represented by one site per amino acid

located at the center of mass of the sidechain[98].

Interactions between the 3SPN2.C and AICG models included electrostatic and excluded

volume effects. Phosphate sites with 3SPN were assigned a charge of −0.6 as described

previously[59]. Each protein site was given the net charge of that residue at physiological

pH (i.e. +1 for Arg, Hys and Lys; -1 for Asp and Glu, 0 for others). As with prior work[48],

the effective charge of interactions between DNA and protein sites was scaled by a factor

of 1.67 to bring the local charge of the phosphates back to -1. We note that DNA-Protein

interactions in this work differ slightly from those employed by Freeman et al. [48] where,

in addition to electrostatics, a small Lennard-Jones attraction was added between all DNA

and protein sites. The strength of this attraction was very weak (ǫPro−DNA = 0.25kJ/mol)

and was originally included to reduce fluctuations within the nucleosome structure. Here

we demonstrate that this weak interaction is unnecessary; by omitting it, both the relative

and absolute formation free energies of the nucleosome can be reproduced. The combined

model is effectively parameter-free: both the model of DNA and Protein are included as

originally proposed without any additional terms. Electrostatic forces are approximated

by Debye-Hückel theory. Debye-Hückel theory invokes many assumptions about the elec-

trostatic environment, and is not strictly valid for the highly charged association of the

histone proteins and DNA. Nonetheless, Debye-Hückel theory provides a useful first-order

approximation of coulombic forces and is employed here, without resorting to higher-order

techniques. All simulations were performed in the canonical ensemble using a Langevin

thermostat and 150mM ionic strength.

As an initial condition, we combine the 1KX5 crystal structure [29] of the nucleosome

core particle with a proposed configuration of exiting DNA [65, 114] to form a 223 base-pair

structure, with 147 base-pairs bound to the histone proteins and 38 flanking bases on each
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side. When using the 601 positioning sequence[103], the flanking bases were chosen as polyA.

This configuration was only used as the initial configuration, and no information from either

structure was directly encoded into the nucleosome model.

To extract the tension-dependent free energy surface, two constraints were applied to the

nucleosomal model. First, a constant force (i.e. tension) was applied to each end of DNA

in order to mimic the experimental setup of optical-trapping experiments. Then, harmonic

constrains were applied to the end-to-end extension of the DNA molecule, and umbrella

sampling was performed to determine the free-energy as a function of DNA extension. In

umbrella sampling, many independent simulations are performed at specified locations in

phase space and molecular fluctuations are used to estimate the local free energy surface

at that location. These many local estimates are then systematically combined to obtain

the total free energy surface[87, 74]. Because tension is held at a constant value during a

simulation, the resulting free energy “surfaces” are not truly a continuous function of tension.

They are instead a compilation of two-dimensional “curves” that are plotted co-currently to

construct the “surface” presented in Figure 4.2.

The relative free energy of binding for different DNA sequences (∆∆A) was calculated

as described in detail previously [48]. Briefly, a thermodynamic cycle was defined that

represents the relative sequence-dependent free energy of nucleosome formation, ∆∆A, as

the difference between the free energy difference of two DNA sequences in the bulk, ∆Abulk,

and bound to the histone proteins, ∆Abound (i.e. ∆∆A = ∆Abulk −∆Abound); ∆Abulk and

∆Abound are determined by thermodynamic integration. The DNA sequences analyzed are

given explicitly in the original paper.
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CHAPTER 5

DIRECT OBSERVATION OF SEQUENCE-DEPENDENT

NUCLEOSOME SLIDING

5.1 Abstract

Nucleosomes represent the basic building-block of chromatin, and provide an important

mechanism by which cellular processes are controlled. The locations of nucleosomes across

the genome are not random, but instead depend on both the underlying DNA sequence

and the dynamic action of other proteins within the nucleus. These processes are central

to cellular function, and the molecular details of the interplay between DNA sequence and

nucleosome dynamics remain poorly understood. In this work we investigate this interplay

in detail by relying on a molecular model, which permits development of a comprehensive

picture of the underlying free energy surfaces and the corresponding dynamics of nucleosome

repositioning. The mechanism of nucleosome repositioning is shown to be strongly linked to

DNA sequence, and directly related to the binding energy of a given DNA sequence to the

histone core. It is also demonstrated that chromatin remodelers can override DNA-sequence

preferences by exerting torque, and the histone H4 tail is then identified as a key component

by which DNA-sequence, histone modifications and chromatin remodelers could in fact be

coupled.

5.2 Introduction

The basic building block of eukaryotic chromatin is the nucleosome, a DNA-protein complex

containing 147 base pairs of DNA wrapped around a disk-like protein complex known as

the histone octamer [105]. Since nucleosomal DNA is inaccessible to other DNA-binding

proteins, such as transcription factors and polymerases [81, 102, 5], the locations of nucleo-

somes represent an important mechanism by which cellular processes are controlled. Notably,
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nucleosome positions are dynamic, with changes in transcription levels, cellular state, and

environmental factors resulting in different packagings of chromatin [183, 158]. Proper pack-

aging of genomic DNA is critical to cellular function, and a wide range of human diseases have

been associated with defects in chromatin structure [57, 14]. Understanding the molecular

factors that control the locations of nucleosomes, and how they are dynamically modulated,

therefore represents a central goal of molecular biology and biophysics.

It is now appreciated that the DNA sequence itself represents a key factor that governs the

locations of nucleosomes. Different DNA sequences exhibit different affinities for the histone

proteins and, as such, they form nucleosomes with probabilities that can differ by several

orders of magnitude [103, 176]. The dependence of nucleosome locations on DNA sequence

originates from subtle differences in the intrinsic shape and flexibility of a specific DNA

sequence, which lead to favorable electrostatic interactions between the DNA backbone and

residues on the histone surface [171]. In fact, this pronounced dependence on DNA sequence

has led several authors to propose that a genetic code exists [159, 73] where the positions of

50% of nucleosomes in vivo are dictated by DNA-sequence alone. Such a view, however, is

not without controversy [203, 167], and a better understanding of the underlying processes

must be developed.

Given that DNA sequence is largely constant throughout the life of a cell, other mech-

anisms must also be at play to achieve the dynamic nucleosome repositioning necessary for

cellular function. One part of this dynamic regulation is accomplished by chromatin re-

modelers, ATP-dependent proteins within the nucleus that actively reposition nucleosomes

along the genome [125]. Chromatin remodelers can facilitate many different modifications

to chromatin by positioning [193] or removing [43, 189] nucleosomes from promoters or by

evenly spacing nucleosomes across sections of DNA [67, 196, 141]. They are central to ge-

netic compaction because, in their absence, nucleosome diffusion is extremely slow, typically

on the timescale of hours [137, 113, 46]. Chromatin remodelers accelerate the packaging

of DNA by moving nucleosomes away from their sequence-directed binding locations, into
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metastable positions. The mechanism by which these metastable nucleosomes relax back to

their equilibrium locations represents an important process through which DNA sequence

and chromatin dynamics are coupled.

Several studies have sought to elucidate the mechanism by which DNA repositions around

the nucleosome. One group of studies has led researchers to propose a “loop propagation”

model, where DNA loops are introduced into one side of the nucleosome, and then move

along the histone core in an inchworm-like manner [157, 85, 101, 143, 170, 136]. Another

group of studies has led authors to propose a “twist diffusion” model, in which a twist defect

in the natural helicity of nucleosomal DNA is first introduced, and then diffuses around

the nucleosome in a corkscrew-like motion [84, 145, 173, 52]. There is also evidence for a

roll-and-slide mechanism, whereby the nucleosome repositions by a sequence of lateral slide

displacements [181]. Several single-molecule measurements suggest a repositioning mech-

anism that cannot be classified into any of these models [16, 32]. There is considerable

evidence in support of each model, and it is likely that these repositioning mechanisms are

not mutually exclusive but arise depending on other factors, including the DNA sequence

[41]. Because chromatin is inherently dynamic, elucidating the mechanisms by which nu-

cleosomes are rearranged, both in the presence and absence of chromatin remodelers, is of

considerable scientific interest.

Both sequence and dynamics do matter, but the relationship between these factors has

been difficult to elucidate by relying exclusively on experiments. A major obstacle to devel-

oping a comprehensive picture of nucleosome repositioning is the lack of sequence-dependent

studies on the mechanism of chromatin repositioning. Some of the effects of DNA sequence

on nucleosome mobility have been explored [139, 196, 16]. However, the vast majority of

studies on nucleosome repositioning [55, 66, 126, 32, 80, 141, 66, 168] have only considered

the 601 positioning sequence [103], which exhibits a particularly strong affinity for histones.

Such studies have led to valuable insights, but it remains unclear if or to what extent ob-

servations pertaining to the 601 sequence can be generalized to other, naturally-occurring,
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non-synthetic, DNA sequences. Note that the lack of sequence-dependent studies even ex-

tends to high-resolution crystal structures of the nucleosome, which are only available for

several DNA sequences [175]. Several models now assume that a bias exists towards nucle-

osome affinity depending on sequence, but little work [42, 41] has been done to understand

the effects of sequence on the dynamics of nucleosome positions, and how sequence might

impact the underlying mechanisms.

In this work, we investigate the interplay of DNA sequence and nucleosome repositioning

dynamics in detail, by using a detailed molecular model of the nucleosome. By relying on

a variety of advanced simulation techniques, we characterize the effect of DNA sequence

on both the free energies of nucleosome arrangement, as well as the time scales over which

they occur. Our results indicate that different DNA sequences do indeed rely on different

mechanisms to reposition, through pathways reminiscent of both the “loop propagation” and

“twist diffusion” models described above. However, our results demonstrate that the original

formulation of these previously proposed mechanisms is incomplete, and identify several

molecular details of the histone surface that play crucial roles in repositioning. Lastly, we

examine the effect of applied forces on nucleosomal dynamics, and suggest that nucleosome

remodelers can override certain sequence-based positioning preferences by applying torque to

nucleosomal DNA. Taken together, our results serve to provide a more comprehensive picture

of the effect of DNA sequence on nucleosome repositioning dynamics than was previously

available, and will help develop an understanding of the dynamic molecular processes that

occur within chromatin.

5.3 Results

We rely on the coarse-grained 3SPN-AICG model of the nucleosome [49, 92]. By combining

detailed, fully validated models of DNA [49] and proteins [98], the 3SPN-AICG combina-

tion has been demonstrated to accurately reproduce experimental measurements of both the

tension-dependent and sequence-dependent binding free energies of nucleosome formation
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Figure 5.1: a) Molecular configurations of nucleosome repositioning. The chief aim of this
study is to characterize the molecular mechanism by which this repositioning occurs. b)
Order parameters used to characterize DNA translation, ST , and rotation, SR, relative to
the histone proteins.

without introducing adjustable parameters [92]. Importantly, no information from the nu-

cleosome crystal structure [29] or locations of DNA-histone contacts is encoded directly into

our model, with all energies and dynamics arising naturally from the underlying molecular

interactions between the DNA and histone proteins. As such, the 3SPN-AICG model can be

viewed as truly predictive, and is an appropriate choice for a molecular-level investigation of

DNA repositioning.

Two representative 3SPN-AICG molecular configurations of relevance to nucleosome slid-

ing are shown in Figure 5.1a. They contain 223 base pairs of DNA, of which 147 base pairs

are initially incorporated into the nucleosome, with 38 flanking base pairs on each side. Since

we are primarily concerned with the mechanism of small rearrangements of DNA (< 20 base

pairs), 38 flanking bases were used in order to minimize boundary effects that might arise

from the free DNA ends. In order to characterize the degree of nucleosome sliding, an order

parameter is defined, ST , which represents the translational position of the central base pair
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Figure 5.2: Mean-squared displacement of nucleosomal DNA around histone proteins for (a)
601 positioning sequence and (b) TTAGGG repeat. Both DNA sequences exhibit anomalous
diffusion, but the 601 positioning sequence contains two dynamic regimes while the TTAGGG
repeat only contains one. This difference suggests that DNA with different sequences might
translate using different mechanisms. Averaging was performed over 100 independent
molecular trajectories.

relative to the histone dyad (Figure 5.1b and Methods). Here ST is given in units of base

pairs (bp), with ST ≈ 0 bp corresponding to the native binding position of a DNA sequence,

and ST = ±10 corresponding to a translation of the DNA by one helical turn forward (+)

or backward (-) relative to the histone dyad.

To characterize the timescales at play during nucleosome repositioning, we first com-

pute the mean squared displacement (over short to intermediate times), 〈(∆ST )2〉, of DNA

around the histone core for two different DNA sequences (Fig. 5.2). In this analysis, time

is reported in units of τ , the characteristic timescale of DNA unwrapping (see Methods).

The first sequence, denoted “601”, contains the strongly-positioning 601 sequence discovered

by Lowary and Widom [103]. In contrast, the second sequence is a “TTAGGG” repeat, a

sequence found in the telomeres of human chromosomes [123, 121] that positions nucleo-

somes poorly [44, 139]. Both sequences are characterized by anomalous sub-diffusion, with

scaling exponents ranging from 0.4 to 0.69 for all time scales below τ . Sub-diffusion here

was expected; entire nucleosomes are known to reposition slowly on experimental time scales

[137, 113, 46] and would not be expected to exhibit the diffusive regime (〈(∆ST )2〉 ∼ t) on

the time and length scales considered here.

What was not expected however, was the qualitative differences between the dynamics
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Figure 5.3: Free energy surface of DNA repositioning for (a) 601 positioning sequence and (b)
TTAGGG repeat. The 601 sequence demonstrates strong rotational, SR, and translational,
ST , positioning preferences, whereas the TTAGGG repeat does not.

of the two different sequences. Whereas the TTAGGG repeat is characterized by a single

dynamic regime (i.e. ∼ t0.69 for all times), the 601 sequence is observed to demonstrate two

dynamic regimes: a strongly sub-diffusive regime (∼ t0.40) for short time scales < 10−2τ ,

and a weakly sub-diffusive regime (∼ t0.57) at longer times > 10−1τ . These results suggest

that the 601 sequence might reposition via a slow mode at short times, characterized by

little DNA motion, followed by a faster mode at longer times, where DNA repositions more

rapidly. More generally, the fact that motion of the TTAGGG repeat exhibits one time

scale, whereas the 601 sequence exhibits two, leads us to hypothesize that these two DNA

sequences reposition via different mechanisms.

5.3.1 Sequence-dependent Nucleosome Sliding

To explore this possibility, we focus on the free energy surface for DNA repositioning. An

additional order parameter is introduced, SR, which corresponds to the rotational orientation

of DNA relative to the histone proteins. SR measures what side of the DNA double helix

is facing the histone core, with SR = ±π/2 corresponding to the major groove (+) or the

minor groove (-) facing the protein core (see Figure 5.1b and Methods). Combined with ST ,

which quantified the translational position of DNA, these two order parameters provide a

relatively complete description of the position of DNA wrapped around the histone core.

Figure 5.3 shows the free energy surfaces as a function of ST and SR for the 601 sequence
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Figure 5.4: Minimum Free Energy Path corresponding to 20 bp of DNA translation for
(a-b) 601 positioning sequence and (c-d) TTAGGG repeat. (a) The 601 sequence exhibits
a minimum energy path similar to “loop propagation” whereas (b) the TTAGGG repeat
exhibits a path characteristic of “twist diffusion”. (c) The corresponding energy barriers
along this path are large for the 601 positioning sequence, and (d) relatively small for the
TTAGGG repeat.

and the TTAGGG repeat. As with the mean-squared displacement measurements, the two

free energy surfaces are considerably different. The free energy surface of the 601 sequence

reveals a strong tendency for both translational and rotational positioning. More specifically,

the free energy minimum corresponds to translational DNA positions with the 601 sequence

centered on the nucleosome (ST ≈ 0), and with the minor groove facing the histone core

(−π/2 > SR > 0). DNA movement away from this strongly-bound configurations leads to

large free energy penalties. The location of this minimum corresponds very well with the

experimentally established minima for the 601 sequence and serves as further validation that

the 3SPN-AICG can accurately capture DNA sequence effects within the nucleosome. The

free energy surface of the TTAGGG repeat lacks the pronounced translational and rotational

positioning preferences of the 601 sequence, and is characterized by a diffuse and relatively

flat free energy surface.

Given these differences, it is reasonable to anticipate that these two DNA sequences
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would reposition through different mechanisms. In order to infer such mechanisms from

the free energy surfaces, we rely on the “String Method”, as implemented in the SSAGES

package (see Methods), to calculate the minimum energy path corresponding to a 20 base

pair rearrangement from ξ0 to ξ1 (Fig. 5.4). Since this minimum-energy path corresponds

to the most probable transition from ξ0 to ξ1, the resulting string can be used to infer the

most likely mechanism of DNA rearrangement.

For the 601 sequence (Figure 5.4a), we observe that the mechanism of repositioning of

DNA is almost independent of rotational orientation. The minimum energy path is char-

acterized by two distinct modes: one is characterized by increasing ST at constant SR,

and the other is characterized by a changing SR at near-constant ST . Notably, these two

modes alternate semi-periodically, with the first mode always followed by the second (and

vice versa). An analysis of Figure 5.4b indicates that the regions corresponding to this first

mode are associated with large free energy barriers (e.g. ξ = 0.05, 0.4, 0.8), whereas regions

corresponding to the second mode have a flat free energy surface (e.g. ξ = 0.2, 0.6). This

mechanism is consistent with the “loop propagation” model described above, where DNA

translation is achieved independently of DNA rotation.

In contrast, the minimum energy path for the TTAGGG repeat exhibits a strong coupling

between DNA translation, ST , and DNA rotation, SR. In fact, the relationship between ST

and SR observed here corresponds exactly to the 10 base pair pitch of DNA: one complete

rotation of DNA, leads to a translation of 10 base pairs. This translation-rotation coupling is

similar to the “twist diffusion” model, in which DNA repositions via a cork-screw like motion,

where DNA translation is accompanied by DNA rotation in order to maintain minor-groove

contacts with the histone protein. The energy surface corresponding to this mechanism is

rough, with barriers ≈ 2kBT , but largely uniform, with no global translational positioning

preferences across the 20 base pair region considered here (Figure 5.4).

In previous work, Schiessel et al. have estimated that the energy barriers of DNA loop

formation should be ≈ 20kBT [157], whereas other work by Kuĺıc et al. estimate the energy
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barriers of twist defects to be a strong function of DNA sequence and range from several

kBT to 8 − 10kBT [85]. Other work by Tolstorukov et al. has estimated barriers that are

much higher at ≈ 50 − 100kBT [181]. Though the energy barriers reported in our work

are somewhat lower than these previously reported values, our approach differs significantly

from this previous work by making no assumptions about the location of contacts between

the DNA and the histone. Because our model permits non-canonical DNA-histone binding,

its expected that the energy barriers observed in this work are somewhat lower than those

reported elsewhere. Additionally, no other models of nucleosome repositioning have also

been simultaneously applied to estimate the free energies of nucleosome unwrapping and

nucleosome formation as with the model here [92]. We observe that these measurements

are strongly coupled, and that by increasing the energy barriers to sliding, the agreement

with other experimental measurements is lost (Figure 5.10). Though it is tempting to fit

a model to one experimental metric at the expense of others, a comprehensive view of

the nucleosome requires that a wide range of experimental measurements are matched and

explained simultaneously by a single model, as in our approach here.

We should also note that the minimum energy paths observed in Figure 5.4 are not strictly

equivalent to the “loop diffusion” and “twist defect” mechanisms described above. Since the

order parameters, SR and ST were defined to give the global translational and rotational

position of nuclosomal DNA, they the do not resolve the detailed energies of corresponding to

the motions of a single twist or loop defect. Nonetheless, even from this global perspective,

the sequence-dependent mechanisms we observe here contain striking similarities to the local

mechanisms proposed previously.

The minimum free energy paths observed in Figure 5.4 can also be used to explain the

mean-squared displacement measurements discussed previously in Figure 5.2. The single

dynamic regime observed for the TTAGGG repeat (Figure 5.2b) is found to correspond to

the uniform cork screw-like motion of repositioning, which, from the minimum energy path,

appears to be the dominant repositioning mode during DNA motion. The two dynamic
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Figure 5.5: (a) Probability of repositioning through a loop-like mechanism, Ploop, for different
DNA sequences. Stronger binding sequences (low ∆∆G) exhibit looping, whereas weaker
binding sequences exhibit a twisting mechanism. (b) The mean first-passage time, 〈τ∗〉, of
a 10 bp DNA translation for a different DNA sequences. Despite the different repositioning
mechanisms exhibited by these different sequences, 〈τ∗〉 displays a simple, near-linear decay
with ∆∆G.

regimes observed for the 601 sequence (Figure 5.2a), however, correspond to the two modes

of repositioning present in the minimum energy path. We can now interpret the slow repo-

sitioning mode (∼ t0.57), as corresponding to the formation and propagation of DNA loops,

where DNA is translated quickly. The fast repositioning mode (∼ t0.40) then corresponds to

the small events that proceed the formation of the subsequent DNA loop.

Taken together, the dynamic and thermodynamic (i.e. free energy) evidence indicates

that the 601 sequence and the TTAGGG repeat do indeed reposition through different

processes, which are reminiscent of the “loop propagation” or “twist defect” mechanism,

respectively. Note, however, that the 601 sequence and the TTAGGG repeat represent the

two extremes of the DNA sequence affinity for the nucleosome; the free energy difference

between the two corresponding nucleosomes is ≈ 20 kJ/mol [103, 44]. It is therefore unclear

whether this result can be generalized to other sequences, especially naturally occurring

genomic sequences with intermediate affinities for the nucleosome.

To investigate whether a truly sequence-dependent mechanism of repositioning indeed

exists, we generated a small library of sequences across the range of binding free energies

for the histone core. Binding free energies are given by ∆∆G, with smaller values of ∆∆G

corresponding to stronger DNA-histone binding. These sequences range from strongly bound
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sequences based on the 601 positioning sequence [103, 159] (c1/601, c2, c3), to intermedi-

ately bound sequences [162] (TG, TRGC, TG-T), to weakly bound sequences based on other

telomeric repeat sequences (TTAGGG in mamals, TGTGTGGG in S. cerevisiae, TTGGGG

in Tetrahymena) [22, 44]. For each of these sequences, we simulated 100 independent and

unbiased realizations of nucleosome repositioning by first initializing the system at ST ≈ 0,

and then performing molecular dynamics until ST = ±10. The mechanism of reposition-

ing (i.e. looping or twisting), as well as the repositioning time, were examined for each

realization. By performing this analysis over an ensemble of trajectories, we were able to

generate a probabilistic picture of the different repositioning mechanisms and timescales that

are dominant for different DNA sequences.

The mechanism of repositioning for our library of DNA sequences is illustrated in Fig-

ure 5.5a. Consistent with our earlier results, it is strongly dependent on the binding free

energy, ∆∆G of the DNA sequence. Strongly-bound sequences (low ∆∆G) are dominated

by the loop propagation repositioning mechanism, with a looping probability, Ploop ≈ 1. In

contrast, weakly-bound sequences, associated with high values of ∆∆G, are dominated by

DNA twisting. Yet, even though twisting dominates in these sequences, Ploop = 20− 40%,

indicating that DNA looping still occurs. Perhaps the most notable feature of Figure 5.5a is

that the transition between these two repositioning mechanisms is smooth, with intermedi-

ately binding sequences exhibiting both the looping and twisting mechanism. Importantly,

this transition occurs over the range ∆∆G = 10−20 kJ/mol, which corresponds to almost all

naturally occurring DNA sequences. In naturally occurring chromatin, our results therefore

indicate that both twisting and looping mechanisms are present simultaneously.

We are not aware of other evidence suggesting that both mechanisms exist simultaneously

for naturally occurring DNA sequences and if correct, this result has important implications

for the study of chromatin. Experimentally, it suggests that single molecule experiments

that rely on the 601 sequences may indeed be missing important physics that characterizes

naturally occurring DNA sequences. More broadly, however, the simultaneous presence
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of both looping and twisting could represent an important mechanism for the coupling of

DNA sequence and chromatin dynamics, with different combinations influencing the three-

dimensional structure of chromatin in both complementary and competing ways.

The timescale of repositioning as a function of DNA sequence can also be quantified from

this ensemble of trajectories(Figure 5.5b) by the mean first-passage time,〈τ∗〉, corresponding

to a transition from ST ≈ 0 to ST = ±10. That timescale is found to be approximately

linear with respect to ∆∆G, even though the repositioning mechanism changes significantly

over this range; 〈τ∗〉 appears to be largely independent of mechanism, and is instead a simple

function of the binding strength of the DNA to the histone surface.

A comment on the sheer magnitude of information contained within this ensemble of

trajectories is in order. It consists of one hundred independent simulations for 9 different

DNA sequences, each of which encompasses at least 10 base pairs of DNA translation.

These trajectories consist of 350τ (≈ 4.5 ms) of cumulative simulation time, whose spatial,

near-Angstrom level resolution, approaches that of fully atomistic representations. These

trajectories are provided through our website (see Methods), and their analysis might yield

additional insights into the structure and dynamics of the nucleosome with a spatial and

temporal resolution that complements that of single-molecule experiments. In the section

that follows, we further analyze this ensemble of trajectories to highlight additional details

of pertaining to the loop propagation and twist diffusion repositioning events.

5.3.2 DNA loops are distributed unevenly on the histone surface

Most theories suggest that, during loop propagation, DNA loops are first introduced in the

outer wrap of the nucleosome, where the DNA is known to transiently disassociate from the

histone core [95]. Such theories suggest that these DNA loops then propagate deeper into

the nucleosome, through the dyad, and then exit the nucleosome on the other side, thereby

leading to a net DNA translation [157]. In this view, one might expect DNA loops to be,

on average, evenly distributed across the histone surface, particularly since loops located at
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different regions in the nucleosome have comparable energies. However, by analyzing our

ensemble of trajectories, we demonstrate that this conventional view of loop propogation is

incomplete and that DNA loops are distributed unevenly on the histone surface.

To quantify the position of loops in these trajectories, we first define a variable, θ, that

measures the location of loops on the histone surface (Figure 5.6a, Methods). We then

construct a histogram of the loop locations extracted from our trajectories, as shown in

Figure 5.6b. In contrast to the predictions of the loop diffusion model, we observe that loops

are distributed in a highly uneven manner along the histone surface, with different regions

on the histone either enhancing or inhibiting the formation of loops. Loops are rarely found

at the histone dyad (θ = 0), and are strongly favored at θ ≈ ±π/2, a location ±20 bases

from the dyad frequently referred to as SHL±2. These loops are observed to be ≈ 10 bp

in size, and their locations are found to be insensitive to DNA sequence, with each of our

nine DNA sequences exhibiting a similar histogram. This result was unexpected, since these

different DNA sequences were observed to reposition by dramatically different mechanisms

(c.f. Figure 5.5a). This lead us to propose that the location of loops is dictated by a feature

of the histone, and not the DNA sequence.

One explanation for the observed distribution of loops could be the variable strength of

different DNA-histone binding sites to DNA. Single-molecule experiments [55] have shown

that certain regions of nucleosomal DNA are more strongly bound to the histone proteins

than others [55]. For the 601 sequence, these experiments identified three regions of strong

DNA-histone binding, with the strongest binding observed at the histone dyad, and two other

regions at ±40 bp from the dyad. These three regions correspond exactly with regions in

our calculations where looping is absent (Figure 5.6b), implying that regions of strong DNA-

histone binding suppress the formation of DNA loops. Additionally, the lack of sequence-

dependence in our results suggests that the strong binding regions observed in [55] might

be a general feature of nucleosome structure, and not simply a specific feature of the 601

sequence used in the experiments.
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The observed distribution of loops could also be related to the ability of histone tails

to enhance the formation of loops at certain regions in the nucleosome. The location in

the nucleosome where we observe the highest probability of loop formation (θ = ±π/2,

SHL±2) is also associated with the protrusion of the tail of histone H4 from the histone

surface [105, 29]. Our molecular trajectories show that the tail of histone H4 is strongly

co-localized with the DNA loops, with the highest probability of being located at θ ≈ ±π/2

(Figure 5.6c). Beyond mere co-localization however, our simulations suggest that the H4

tails are in fact critical for stabilizing the DNA loops present at θ = ±π/2. When molecular

configurations that exhibit loops are visualized, the H4 tail is found to be bent backwards

toward the histone core, and to be in contact with the in-facing side of the looped DNA

(Figure 5.6d). By adopting that orientation, the H4 tail stabilizes the formation of a loop

by restoring the DNA-histone contacts that were originally disrupted. Through this process,

the energy of loop formation at SHL±2 is greatly reduced (and hence the high probability

of finding loops at that position).

The H4 histone tail, and the DNA region at SHL±2, is rapidly becoming a nexus for

nucleosome repositioning phenomena. For many years, SHL±2 has been known to exhibit

increased structural variability in crystal structures [105, 38, 18], and is now associated with

weak DNA-histone contacts [55]. Furthermore, SHL±2 is the site of DNA translocation

inside the nucleosome [208], and is a known site where SWI/SNF and ISWI remodelers

associate [31]. Additionally, the H4 tail is now considered an integral component of chromatin

remodeling, with H4 both facilitating remodeling at SHL±2 [126], and playing a role in the

mechanism by which ACF senses linker DNA length [66]. Our results add to this chorus of

results by identifying SHL±2 as a location of prominent DNA looping, through a mechanism

that is dependent on the H4 tail. Building on these previous studies, our results suggest a

potential for crosstalk between the mechanism of repositioning, the H4 tail, and chromatin

remodeler action.

The uneven distribution of loops also has important implications for the mechanism of
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DNA repositioning. Our observation that loops are infrequently found at certain locations

along histone (i.e. θ = 0,±π), suggests that DNA loops do not slowly propagate across the

histone surface as in the loop propagation model, but instead rapidly localize to SHL±2. In

this view, the H4 tail at SHL±2 could function as a step-wise molecular ratchet, where a

DNA loop is (1) pulled into the nucleosome and stored at SHL±2, (2) pulled across the dyad

by the H4 tail on the other side at SHL∓2), and finally (3) released from the nucleosome,

thus leading to net nucleosome motion. To our knowledge, our simulations present the first

evidence of this type of H4 tail-mediated repositioning event.

5.3.3 Nucleosome mobility can be enhanced through an applied torque

We now turn our attention to twist-diffusion repositioning. Since the results above indicate

DNA translation and rotation are coupled in a corkscrew-like motion, chromatin remodelers

could be expected to reposition nucleosomes through a “drill”-like mechanism. That is, a

chromatin remodeler that applies a purely rotational torque to the DNA molecule could

in fact facilitate translational nucleosomal motion. It is also of interest to determine how

DNA sequence, especially a sequence’s preference for looping or twisting, might influence

this motion.
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To examine this possibility, we applied a rotational torque to the DNA molecule (see

Methods), and observed that a DNA can indeed be repositioned through a drill-like mecha-

nism (SI and Supplemental Movie 5.8). This effect was then quantified by applying a range of

rotational torques to the DNA molecule, and measuring the effect on repositioning dynamics.

The results are shown in Figure 5.7. For both the TTAGGG repeat and the 601 sequences,

repositioning times (as measured by 〈τ∗〉) are significantly reduced when torque is applied.

Small torques, of ≈ 8 pN nm, are sufficient to reduce the repositioning rate by more than

50%. For larger torques, the decay times follow a simple exponential form (dotted lines). It is

of interest to note that when these results are normalized by the value corresponding to zero

torque, τ∗0 , both sequences collapse onto a single line (Figure 5.7b). Since the TTAGGG

repeat repositions through twisting, we had originally expected that its motion would be

significantly enhanced when torque is applied. However, since the 601 sequence repositions

through looping, an applied torque was not expected to have a large effect on the rate of

repositioning. The fact that both sequences are affected equally by applied torque, suggests

that chromatin remodelers might in fact be able to overlook or bypass many sequence effects.

By simply applying a torque, remodelers can override the sequence-dependent repositioning

mechanisms (i.e. looping or twisting), and force DNA to reposition via a cork-screw like

motion. Further, even if the torques applied by these remodelers are small, the dynamics of

nucleosomal DNA can be altered considerably.

5.4 Conclusion

The work presented here provides a first step towards the direct observation of both the loop

propagation and twist diffusion mechanisms within the nucleosome. Our results indicate that

such mechanisms depend on DNA sequence, and that the binding free energy of a given DNA

sequence is an excellent predictor of which is the dominating repositioning mechanism. The

free energy is also correlated with the characteristic timescale corresponding to a particular

repositioning event. It is found that for most naturally occurring DNA sequences, which
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exhibit a moderate binding energy, both looping and twisting repositioning mechanisms co-

exist. Importantly, a number of previously unknown subtle features have been identified

within the nucleosome, including an asymmetric distribution of loops, a strong influence of

the H4 tail in their formation, and the dominating effect of torques in the mobilization of

nucleosomes.

One of the central findings of this work is that DNA sequence can lead to a wide range

of mechanisms and dynamics of nucleosome positioning. Yet, we have also shown that

certain features are not influenced by DNA sequence, including the locations of DNA loops,

and the effect of torque on nucleosome mobility. Building on these findings, it will be

important to pursue experimental studies that go beyond the 601 positioning sequence, and

towards naturally occurring, moderately binding DNA sequences. For cases where it is not

possible to perform single molecule experiments with genomic DNA sequences, the 3SPN-

AICG model presented here can serve as a complementary tool to predict situations where

sequence dependence might be important.

5.5 Methods

The model of the nucleosome is identical that that used previously [92], where DNA is

represented by the 3SPN.2C model [47] and the histone proteins by the AICG model [98].

The 3SPN.2C model is the latest version of the 3SPN model [82, 154, 59], where DNA

is represented by three force sites, located at the center of mass of the phosphate, sugar

and base. The 3SPN.2 model has been parameterized to reproduce the melting of double-

stranded to single-stranded DNA and correctly predicts the effects of DNA sequence and

salt. Additionally 3SPN.2C can reproduce the sequence-dependent curvature and sequence-

dependent flexibility of DNA [47]. The “Atomistic-Interaction based Coarse-Grained model”

(AICG) used for the histone proteins, represents each amino acid by a single site located at

the center of mass of the side chain [98]. Interactions between 3SPN.2C and AICG models

are represented only by electrostatic and excluded volume effects as described previously
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[92]. Electrostatic forces are introduced at the level of Debye-Hückel theory. All simulations

were performed in the canonical ensemble using a Langevin thermostat and 150mM ionic

strength. The coarse-grained topology of the 3SPN-AICG model permits the simulation of

very long time scales characteristic of nucleosome repositioning.

A Langevin thermostat represents the solvent implicitly, and the absolute magnitudes

of the timescales predicted by this model are less informative than the relative ones. As a

consequence, it is conventional to normalize the times in a implicit solvent simulation relative

to some other timescale of interest, τ . In this work we define τ as the characteristic time

scale of spontaneous nucleosomal DNA unwrapping as meausred by experimentally [95, 180].

The details of the definition of τ and how it was computed is given in Figure 5.9.

We also note that the use of Debye-Hückel theory to represent the DNA-histone inter-

actions in the 3SPN-AICG model neglects multi-valent ions and water-mediated hydrogen

bonds that have been suggested to mediate DNA-histone contacts [29]. For this reason, the

3SPN-AICG model can only capture this complex electrostatic environment to first order,

and may smooth out certain aspects of the nucleosome repositioning energy surface. Higher

order approximations are available for the 3SPN model [58], but significantly limit the length

and time scales that can be examined.

As an initial configuration to examine nucleosome repositioning, we use the 223 base

pair configuration employed previously [92] based on the 1KX5 crystal structure [29] and a

proposed structure of exiting nucleosomal DNA [65]. We note that this configuration was

only used as the initial configuration, and no information from either structure was directly

encoded into the nucleosome model. For the c1/601, c2, c3, TG, TRGC and TG-T sequences

used, the 223 base pair sequence was generated by taking the defined 147 bp sequence and

periodically appending 38 bp on each side. Specifically, if Xi denotes the identity of the

ith base pair of a 147 bp DNA sequence, then the resulting 223 bp sequence would be

X109, X110, . . . , X147, X1, . . . , X147, X1, . . . , X38.
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5.5.1 Order Parameters

To characterize the movement of DNA around the histone proteins, we explicitly track the

rotational and translational orientation of the DNA relative to the protein dyad. To define

the translational orientation of the DNA molecule, we define an order parameter, ST, defined

as

ST =
1

λ
〈± arccos

(

P · P0

‖P ‖‖P0‖

)

〉,

where P is a vector from the center of a base step to the center of the protein, P0 is

the value of P from the 1KX5 nucleosomal crystal structure [29], and the angle brackets

denote an average over base steps at the -15, -5, +5 and +15 positions relative to the

dyad. The positive sign is chosen if (P ×P0) · f̂ ≤ 0 (negative if > 0), where f̂ is a

vector that points along the center of the nucleosomal DNA superhelix. Therefore positive

ST, corresponds to “forward” translation of DNA (towards 5’ end), whereas negative ST

corresponds to “backwards” motion (towards 3’ end) as shown in Figure 5.1b. Lastly, λ

represents a conversion factor from radians to base pairs of DNA translation and is defined

as λ = 0.08 rad / bp. λ is calculated by dividing the circumference of the histone proteins

[105], r ≈ 42Å , by 2π and the distance between adjacent base pairs, 3.3Å.

The rotational orientation of DNA is defined by an order parameter, SR, given by

SR = 〈± arccos

(

P ·B
‖P ‖‖B‖

)

〉,

where B is a vector from the center of a given base step on the sense strand to its comple-

mentary base step on the anti-sense strand, and all other terms are the same as defined for

ST. The positive sign is chosen if (P ×B) ·D ≤ 0 (negative if > 0), where D is a vector in

the 5’ to 3’ direction along the sense strand. Notably, when SR = −π/2, the minor groove

is oriented toward the protein core, and when SR = π/2, it is oriented away from it (see

Figure 5.1b). The order parameter SR has been used previously to quantify the orientational

preferences of different DNA sequences to the histone proteins [49].
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In order to apply a torque to the DNA molecule, we simply applied a constant force

along the SR order parameter. Since SR is defined as the average over four different DNA

base steps, this applied torque is divided evenly among the base steps at -15, -5, +5 and

+15 positions relative to the central base pair. By definition this force results in rotation of

the DNA molecule around the histone proteins, and can be converted to a torque using the

diameter of the DNA.

5.5.2 Free energy methods

Two dimensional free energy surfaces (Figure 5.3) were obtained along ST and SR using

two-dimensional umbrella sampling and WHAM [74, 87]. Error in these free energies were

assessed by reconstructing three independent free energy surfaces and computing the stan-

dard deviation. The majority of the free energy is found to be accurate to within ±1kBT .

The largest errors (3kBT ) correspond to large values of the free energy (12kBT ), leading to

an acceptable relative error of ≈ 25% (Figure 5.11).

To determine probable reaction paths along these free energy surface (Figure 5.4), we

employ the string method [37, 184], as implemented in the SSAGES package [1]. Rather than

randomly guessing initial paths, we used a hybrid approach where the finite-temperature

string method [184] was used at a high temperature to generate an ensemble of possible

paths, which were then energy minimized using the zero-temperature string method [37].

This hybrid approach was found to yield a much wider range of possible paths than the zero-

temperature or finite-temperature string methods alone. Since the free energy surfaces used

in the string-method were obtained from a complex molecular system, they are expectedly

rough, and many probable paths contained similar energies. Accordingly, the paths reported

in Figure 5.4, represent a representative minimum energy path chosen from an ensemble of

possible paths predicted using the finite-temperature string.
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5.5.3 Quantification of DNA loop locations

To quantify the locations of DNA loops on the histone surface, it was necessary to first

define an orthonormal basis to represent the rotational position of the histone proteins.

This orthonormal basis consisted of three vectors, f̂ , v̂, û where û points from the center of

mass of the histone to the dyad, f̂ (as defined above) points along the nucleosomal DNA

superhelix, and û× f̂ = v̂. After this basis was defined, the center of the DNA helical axis

was calculated for each base pair using the Kahn method [71] as described previously [59].

A vector, was then constructed from the center of mass of the protein to the helical axis site

of the ith base pair with orientation ŵ′
i and magnitude ℓi = |w′

i|. The vector rejection of

ŵ′
i and f̂ , ŵi = ŵ′

i − ŵ′
i · f̂ is computed, where ŵi is the projection of ŵ′

i onto the plane

containing v̂ and û, perpendicular to f̂ . The location of each base pair is then defined by

the angle θi where θi = arccos(ŵi · û) (see Figure 5.6a). This process characterizes each base

pair of DNA by two values, ℓi the distance of that base pair to the histone center of mass,

and θi the location of the base pair relative to the dyad. Note that since DNA is dynamically

repositioning, θi and ℓi are not constant during a simulation. We therefore found it more

useful to compute the average distances as a function of theta, 〈ℓ(θ)〉.

Next to define whether a loop was present, we first construct a normalization curve, 〈ℓ̄(θ)〉

which characterizes the average distance of base pair at a given θ in the absence of loops.

To ensure that loops did not form in this calculation, 〈ℓ̄(θ)〉 was calculated at a very low

salt for a strongly bound DNA sequence. 〈ℓ̄(θ)〉, is then used to normalize 〈ℓ(θ)〉 to obtain

∆ℓ(θ), where ∆ℓ(θ) = 〈ℓ(θ)〉− 〈ℓ̄(θ)〉. Using this metric, in the absence of DNA loops, when

DNA is in close contact with the histone surface ∆ℓ ≈ 0 for all θ. However when DNA loops

form and DNA-histone contacts are disrupted ∆ℓ > 0. We define loops as base pairs where

∆ℓ(θ) > δ, where δ is some predefined threshold. We choose δ = 8Å, corresponding to the

Debye length at 150mM, the length at which the DNA-histone attraction has significantly

decayed. Small variations in the value of δ had little effect on our results.

All simulation codes and results presented in this work are freely available from our
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website.

5.6 Timescale of Nucleosome Unwrapping

As stated in the main text, the 3SPN-AICG model uses Langevin dynamics, where the

solvent is represented implicitly by a continuum. In Langevin dynamics, the time scale of a

simulation is governed exclusively by ζ , the drag coefficient of the solvent. By changing ζ ,

the dynamics of a system can be scaled almost arbitrarily, and thus the relative time scales

are more important to consider than the absolute ones. For this reason, it is conventional

to normalize all times Langevin dynamics calculations relative to a time scale of interest,

τ , in order to emphasize that relative time scales are important. In this work, we define τ

as the characteristic timescale of spontaneous unwrapping of DNA from the histone core as

measured experimentally[95, 180].

In order to calculate τ , we first define a unit vector û which points from the center

30th DNA base pair within the nucleosome, to the center of the 1st base pair entering it

(see Figure 5.9 snapshots). Because DNA is stiff over the 30 bp length scales, û gives the

orientation of the exiting 30 bp of nucleosomal DNA. We then calculate the autocorrelation

〈û(0)û(t)〉 in order to characterize the timescale of DNA unwrapping (Figure 5.9). We find

that the autocorrelation function is fit well to a two-exponential decay, Aet/τa + (1 − A)e

where τa is a fast timescale corresponding to local fluctuations in û, and τ is the timescale of

interest. Upon fitting, τ = 1.4×104 ns and is used to non-dimensionalize the timescales in the

main text.. What emerges from this scaling is that the 10 bp repositioning times observed

in our model are comparable to the timescale of unwrapping. This finding is consistent

with the hypothesis by Widom and co-workers, that spontaneous DNA unwrapping could

be associated with nucleosome looping and remodeling [95].

Note that these calculations were performed using 147 bp of DNA, not the 223 bp of

DNA employed in the main text. We observed that the timescales of unwrapping in the

223 bp system to be much slower than and as a result were more challenging to estimate.
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Figure 5.8: [Supplementary Movie S1 Online] Response of DNA to applied torque. A 150
pN nm constant torque was applied to the DNA molecule and the DNA was observed to
rapidly reposition through a corkscrew-like motion. The constant torque was applied along
the SR order parameter described in the main text. The definition of SR includes an average
over four base steps at the -15,-5,+5 and +15 positions relative to the central base pair, and
therefore the torque was subdivided evenly between these four sites. In order to highlight
these sites in the movie, the radii of these four base steps are enlarged and are colored in
red. SR is defined in terms of the histone center of mass and therefore the rotational torque
is applied relative to the orientation of the histone.
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Figure 5.9: Timescale of Nucleosome Unwrapping. The timescale of nucleosome unwrapping
is characterized by the autocorrelation function, 〈û(0)û(t)〉, where û corresponds to the
orientation of the 30 bp of entering nucleosomal DNA. The autocorrelation function is fit
well to a two-exponential decay, Aet/τa +(1−A)e where τa is a short timescale, and τ is the
timescale of interest.

From our preliminary calculations τ ≈ 4.0 × 105 ns for this 223 bp system. We also note

that the histone proteins were prevented from rotating is these calculations so that the

autocorrelation function of û, was a true measure of DNA unwrapping, and not nucleosome

rotational diffusion.

5.7 The energies of nucleosome sliding are not independent from

other biophysical measurements

As stated in the main text, the energy barriers of nucleosome repositioning are not an

independent quantity, and are strongly related to other biophysical processes within the

nucleosome, such as tension-induced nucleosome unwrapping. To demonstrate this relation-

ship, we have performed additional calculations with a slight variant of our model that had

a stronger attractions between the DNA and histone proteins, and therefore was expected

to have higher energy barriers to repositioning (Fig 5.10). As expected, this modified model

had higher repositioning energy barriers of 11 kT, compared to 7 kT in our original model

(Fig. 5.10a), and correctly predicts the sequence-dependent formations energies (Fig. 5.10c).
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with higher repositioning barriers (bottom row). a) Free energies of nucleosome sliding.
Top panel is reproduced from main text Fig. 5.4B, bottom panel is calculated using same
methods using the modified model. b) Tension-dependent nucleosome unwrapping. Top
panel corresponds to Fig. 3B of Ref.[92], bottom panel corresponds to the same calculation
using modified model. τ∗1 and τ∗2 correspond to the unwrapping tensions of the outer and
inner DNA turns, respectively. Experimental data is from Miharadja et al.[115] . c) Sequence
dependent nucleosome formation energies for model used in this work (top), and modified
model (bottom). Detailed methods descriptions from b-c can be found in Ref. [92]. The
modified model was designed to capture the effect of water-mediated DNA-histone contacts
and consisted of a additional weak Lennard-Jones attraction between DNA and histone sites
as in Freeman et al.[49].
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Figure 5.11: Error corresponding to free energy surfaces reported in Figure 5.3. (a) 601
positioning sequence and (b) TTAGGG repeat. Errors were obtained from the standard de-
viation of three independent free energy surfaces obtained by umbrella sampling, as described
in the main text.

An unintended consequence of this modified model however, was a dramatic increase in the

tension-dependent unwrapping of the nucleosome (Fig. 5.10b). Whereas our original model

demonstrates quantitative agreement with experimentally measured unwrapping forces (top

row), this modified model predicts unwrapping forces that are twice as large (bottom row).

Though it is tempting to fit one experimental metric at the expense of others, a comprehen-

sive view of the nucleosome requires that a wide range of experimental measurements are

matched and explained simultaneously by a single model. The approach presented in this

work is, to our knowledge, the only such treatment where this is achieved, and therefore

represents important progress in our understanding of the nucleosome.

97



CHAPTER 6

1CPN: A COARSE-GRAINED MULTI-SCALE MODEL OF

CHROMATIN

6.1 Abstract

The compaction of eukaryotic DNA in to chromatin represents an essential, yet poorly un-

derstood mechanism for controlling gene expression. Errors during compaction are associ-

ated with numerous diseases, and therefore elucidating the molecular factors that control

compaction is a central goal of genetics. A significant challenge in studying chromatin com-

paction is the many length scales involved, typically ranging from angstroms to microns. In

this work, we present a multi-scale approach that couples a detailed molecular model of the

nucleosome to a coarse-grained mesoscale model of chromatin. We show that this approach

can reproduce the dynamics and thermodynamics of available experimental measurements,

and is computationally efficient enough to examine the self-assembly of large regions of chro-

matin. Notably, we show that subtle features of the chromatin fiber, such as the underlying

DNA sequence, can have a significant impact on the stability and accessibility of different

chromatin structures. The work presented here represents important steps toward under-

standing the molecular processes that dictate the dynamics and structure of chromatin.

6.2 Introduction

The assembly and compaction of eukaryotic DNA into chromatin represents a critical com-

ponent of cellular function. Modifications to the processes that dictate chromatin folding,

such as histone modifications, represent an additional mechanism by which cellular processes

like transcription and replication are regulated. These modifications, known collectively as

the epigenome, are central to human health, and there is a rapidly growing body of litera-

ture linking these processes with diseases such as cancer[197, 61]. Developing a mechanistic
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understanding the processes that dictate DNA compaction, and how these processes can be

manipulated, is a central question of molecular biology and biophysics.

In recent years, genome-wide maps of histone modifications have provided an unprece-

dented view of these modifications, and have presented researchers with molecular-level in-

formation about the processes that dictate chromatin compaction. One key finding that has

emerged from these studies is that many histone modifications do not act in isolation, but

instead interact together collectively to dictate cellular function[199]. By analyzing these

genome-wide data sets, various groups have identified strong correlations between differ-

ent patterns in histone modifications and the resulting function of chromatin [100, 40, 78].

What these studies lack however, is the ability to translate these correlations into a mecha-

nistic understanding of chromatin that explains how these modifications collectively dictate

chromatin’s three-dimensional structure, and ultimately gene expression.

One approach towards such a mechanistic understanding is so-called chromatin confor-

mation capture techniques which can map the three-dimensional contacts between different

parts of the genome[33]. These measurements have provided several surprising observations,

such as the fractal structure of chromatin[99, 117], and the existence of topologically asso-

ciated domains[34]. Though initial experiments could only resolve genome contacts at 1000

kb resolution, recent techniques have achieved resolutions of only one to tens of nucleosomes

[144, 62]. Super-resolution microscopy has also been used to directly visualize the chromatin

compaction process, shedding light on multiple, previously unknown subtle features of chro-

matin compaction[186, 13, 17, 185, 35]. Though both chromatin capture and microscopic

techniques have significantly advanced our understanding of large scale structures within the

genome, they do possess sufficient resolution to resolve the interactions between individual

nucleosomes. Resolving these interactions is critical, because it is these length scales on

which DNA-protein binding occurs and where histone modifications likely play the largest

role[147].

The challenges associated with understanding these length scales of chromatin, at which
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many nucleosomes interact together, represents a continuation of a large body of literature

trying to understand the so-called chromatin fiber[149, 182]. There is significant experimental

evidence for both a “solenoid” model (one-start helix) [45, 190, 112, 148], where linker

DNA between neighboring nucleosomes is bent, and a “zig-zag” model (two-start helix)

[195, 192, 36, 156, 163], where DNA passes through the center of the fiber. Other work has

called the very existence of this fiber in vivo into question, suggesting that at physiologically

relevant concentrations, a 30 nm fiber may not even exist[110, 50]. Though progress continues

to be made in this field[54, 146], understanding chromatin at these length-scales and how

these processes can be modified by epigenetic modification, is a significant challenge.

Computational models provide an opportunity to bridge the gap, by providing a link

between the small length scales and those observable in experiments. One of the most

successful approaches has been developed by Arya, Schlick and co-workers where coarse-

grained model of the chromatin fiber has been used to interpret a wide range of experimental

measurements[53, 26, 54, 12]. In this model, the nucleosome core is represented by a single

rigid body covered with optimized pseudo charges, and linker DNA by a twistable worm-

like chain[8] Notably, this model contains flexible histone-tails[8] and the linker histone[7,

106] which mediate inter-nucleosome interactions, as well interactions between nucleosomes

and linker DNA. Another successful approach, instead represents the nucleosome with an

anisotropic potential, and the conformation of the exiting DNA by a set of angles [77, 165].

This model has been used to interpret the experimentally measured force-extension curves

of the chromatin fiber [76], and the energies of different fiber configurations [166]. In order

to be computationally tractable, both of these models necessarily make assumptions about

the nucleosome, namely that with the exception of the histone tails, the nucleosome is well

represented by a fully rigid body. These previous models also rely on Monte-Carlo sampling

which gives a good picture of the equilibrium structures, but not the dynamics pathways

that connect them.

An alternative approach is to use detailed molecular models, which make no assumptions
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about the structure or energies within the nucleosome. By employing detailed coarse-grained

models of DNA[47] and proteins[98, 30], these models make very few assumptions about the

structure of the nucleosome, and do not not rely on nucleosome crystal structures to bias the

configurations sampled by the model. This absence of assumptions makes this approach very

powerful, and these models have been used to examine a wide range of phenomena associated

with the nucleosome such as nucleosome unwrapping[92, 201], sequence-dependent formation

energies[49], and nucleosome repositioning [93]. This lack of assumptions makes these models

for the study of higher-order structures of chromatin, as these models naturally incorporate

both interactions both within a single nucleosome, as well as interactions between different

nucleosomes. Perhaps most importantly, the high resolution of these models can naturally

incorporate histone modifications at amino-acid resolution[23], and can be used to examine

the wide range of histone modifications known to impact chromatin function[199]. However

despite the promise of this approach, computational limitations have limited to these models

to small systems consisting of several nucleosomes[23]. A computational approach that can

simultaneously capture the physics present in these detailed models, whereas permitting

access to large length and time-scales could be very powerful.

In this work here, we present a new model of chromatin that relies on a multi-scale ap-

proach to map between different length scales of chromatin. This new model, which we refer

to as 1CPN (1 Cylinder per nucleosome), represents each nucleosome by a single anisotropic

site, and is computationally efficient enough to simulate kilobases of DNA, involving hun-

dreds to thousands of nucleosomes. The interactions parameters in 1CPN have been rigor-

ously determined from detailed free-energy measurements obtained using the 3SPN-AICG

model of the nucleosome[49, 92]. The 1CPN model is demonstrated to accurately repro-

duce inter-nucleosome pair-potentials, the free energies of nucleosome unwrapping, and the

sequence-dependent repositioning of nucleosomal DNA. Additionally, 1CPN reproduces the

dynamics of chromatin, and can be employed to examine the dynamic folding and rearrange-

ments of the chromatin fiber.
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The remainder of this manuscript is structured as follows. In Section 6.3, we discuss

the details of the 1CPN model topology and force field We next discuss the methods used

to validate the 1CPN model, including the mapping between 1CPN and the 3SPN-AICG

model, and the free energy techniques used (Section 6.4). Finally, in Section 6.5 we present

the validation of the 1CPN model. Lastly we note that the 1CPN model is implemented in

the LAMMPS simulation package[140], and is freely available at our website.

6.3 Model

While formulating the 1CPN model, we began by specifying several key “design goals” or

features of the model that would guide our model development, and that we would prior-

itize during model validation and parameterization. Though each of these features will be

discussed in detail through this manuscript, we choose to discuss them in general terms here.

1. Robust validation and mapping between length scales. Chromatin is a com-

plex hierarchical material, and no single model can be used to examine all aspects of

chromatin biophysics. For this reason, we expect that multi-scale approaches will be

increasingly important to examining chromatin structure and dynamics. When design-

ing 1CPN, we designed a topology that could be robustly validated using the detailed

3SPN-AICG model. We also designed a 1CPN topology that could smoothly map

between 3SPN-AICG configurations (and vice versa), thereby allowing a multi stage

simulation where part of the simulation is run with one length scale of interest, and

then continued seamlessly using a different model.

2. Inter-nucleosome Dynamics. Chromatin is an inherently dynamic structure where

regions of the genome of constantly being expanded or compressed depending on cel-

lular state, the or levels of protein expression. For this reason, we desired a model

that could examine the dynamics of chromatin and the various pathways by which

chromatin can fold.
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3. Intra-nucleosome Dynamics and nucleosome flexibility. The dynamics of chro-

matin go beyond the folding of the chromatin fiber, and extend to the motion of nucle-

osomes themselves. These dynamics can manifest themselves through the fluctuations

of nucleosomal DNA [95, 180], the incorporation of loops and twist [], repositioning

of the nucleosomes themselves[125], or dynamic modification of histone tails[199]. We

desired a model that could incorporate these features, to move beyond a view where

the nucleosome is completely rigid, to one where intra-nucleosome dynamics are con-

sidered.

4. Sequence Dependence. DNA sequence plays an important role in the position and

stability of nucleosomes, and very little work has been performed examining the effect

of DNA sequence on the three-dimensional structure of chromatin. When designing

1CPN, we sought a “first-order” approach to this sequence dependence where the effect

of different DNA sequences could begin to be examined.

5. Parsimony. In order to permit a model that could access the large length- and time-

scales of chromatin assembly, we sought a model that was as simple as possible but

no simpler. When seeking to reproduce the other design goals, we thought extensively

about how to reproduce the desired physics, with the least possible computational

expense.

In the remainder of this section, we present the details of the 1CPN model, including the

model topology, model force-field, and integration scheme.

6.3.1 Model Topology

All sites in 1CPN are anisotropic, whereby in addition to their positional degrees of freedom,

each site also has rotational degrees of freedom as well. As a consequence each site has 12

degrees of freedom, six corresponding to the site’s position and velocity, and six correspond-

ing to the site’s orientation and angular momentum. The orientation of the ith site is given
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uniquely by the quaternion qi = (q0, q1, q2, q3), which corresponds to the rotation quaternion

that converts from the body-frame to the lab-frame. When discussing the model in the re-

mainder of this section, the orientation of a site is more easily represented by an orthonormal

basis (f̂ , v̂, û). This basis is obtained by first defining a reference basis corresponding to the

body-frame (f̂0, v̂0, û0), and then using

f̂i = qif̂0q
∗
i

v̂i = qiv̂0q
∗
i

ûi = qiû0q
∗
i

where q∗ is the conjugate of q, and (f̂ , v̂, û) is the orientation in the lab-frame. The reference

basis can be chosen arbitrarily and so in this work, we use f̂0 = (1, 0, 0), v̂0 = (0, 1, 0),

û0 = (0, 0, 1).

A graphical representation of the 1CPN model is shown in Figure 6.1. In the 1CPN

model, three different site types are employed corresponding to nucleosomes, DNA, and the

dyad. Graphically, nucleosome sites are represented by a red ellipsoid surrounded by a blue

cylinder and centered on a red sphere. DNA sites are represented by blue spheres which

connect adjacent nucleosomes, and the dyad sites are represented by yellow spheres within

the red ellipsoid. A discretization of one DNA site per three base pairs is chosen and will be

discussed in subsequent sections. The orientation of all sites are represented using a local

coordinate frame centered at the site’s location. The red, green and blue arrows correspond

to the f̂ , v̂, û vectors, respectively. Note that for the DNA, v̂ is omitted for clarity, and can

be obtained by v̂ = û× f̂

A particularly useful visualization of the 1CPN model involves overlaying it on top of

the 1KX5 nucleosome crystal structure [29] (Figure 6.1d). From this representation, can be

seen that the geometrical position of the DNA sites are located well within the nucleosome

core particle. This topology was chosen to permit the partial unwrapping of DNA from the
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a)

b) c)

Figure 6.1: Topology of the 1CPN model. Nucleosomes are represented by a single
anisotropic site (red ellipsoid with blue tube). DNA is represented as a twistable worm
like chain (blue spheres), and the Dyad is included within the excluded volume of the nu-
cleosome in order to stabilize the entering/exiting nucleosomal DNA (yellow sphere). The
f̂ , v̂, û vectors that denote the orientation of each site are given by red, green and blue
arrows, respectively. a) Chromatin fiber and two nucleosomes, b) Single 1CPN nucleosome,
c) 1CPN nucleosome overlaid on 1KX5 crystal structure.
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histone core and will be discussed in detail in Section 6.3.4. It can also be seed that the

dyad site is located approximately at the histone dyad. The dyad site is used to incorporate

the effect of the H3 tails on the DNA strands entering and exiting the nucleosome and will

be discussed in Section 6.3.2.

We now proceed to discuss the 1CPN force field, and the interactions that govern the

potential energy of our model In the following discussion, we divide the total potential

energy of the 1CPN model, U1CPN = Ub + Unb into the bonded, Ub and non-bonded, Unb,

interactions. The details of these interactions will now be discussed.

6.3.2 Non-bonded Interactions

Non-bonded interactions are represented by pair-wise interactions where the total non-

bonded energy is the sum over all pairs of sites,

Unb =
N
∑

i

N
∑

j 6=i
Uij . (6.1)

The interaction potential between two sites, Uij depends on the site type that i and j

represent. The different interaction types for each site pair is given by

Uij =


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





UZewdie(rij, f̂i, f̂j ; σ0, ǫ0) if i ∈ Nucl., j ∈ Nucl.

UZewdie−LJ(rij, f̂i; σ
′
0, ǫ

′
0) if i ∈ Nucl., j ∈ DNA

UZewdie−LJ(rij, f̂j ; σ
′
0, ǫ

′
0) if i ∈ DNA, j ∈ Nucl.

Uelec(rij) if i ∈ DNA, j ∈ DNA

Ugauss,aniso(rij; f̂i, ûi) if i ∈ Dyad, j ∈ DNA

Ugauss,aniso(rji; f̂j , ûj) if i ∈ DNA, j ∈ Dyad

0 else

(6.2)

where rij = rj − ri, and f̂i, ûi, f̂j and ûj are the orientation vectors of sites i and j
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respectively.

The different pair potentials, UZewdie, UZewdie−LJ, Uelec, and Ugauss,aniso are defined as

follows.

Zewdie Potential

Interactions with nucleosome sites are given by the Zewdie potential [200], an extension

of the widely used Gay-Bernne potential, that has been shown previously to be a good

representation of the nucleosome [77, 165]. The Zewdie potential between sites i and j is

given by

UZewdie(rij , f̂i, f̂j ; σ0, ǫ0) = 4ǫ

[

(

σ0
rij − σ + σ0

)12

−
(

σ0
rij − σ + σ0)

)6
]

(6.3)

where rij = |rij|, σ0 and ǫ0 are parameters, and σ = σ(r̂ij , f̂i, f̂j) and ǫ = ǫ(r̂ij , f̂i, f̂j)

incorporate the orientation dependence of the potential. In the Zewdie potential, σ and ǫ

are represented by the first six terms of a S-function expansion[169] and are defined as

σ = σ0(σ000S000 + σcc2(S022 + S202) + σ220S220 + σ222S222 + σ224S224) (6.4)

ǫ = ǫ0(ǫ000S000 + ǫcc2(S022 + S202) + ǫ220S220 + ǫ222S222 + ǫ224S224) (6.5)

.

In this formulation, the orientation dependence of the potential is embedded in the

terms S000, S022, S220, S222, and S224 and are defined in Table 6.1. The range and

strength of the Zewdie parameter is controlled by the parameters σ0 and ǫ0, respectively,

while the anisotropic shape of the potential is given by parameters σx and ǫx for x =

{000, cc2, 220, 222, 224}. A key advantage of this S-function expansion is that these differ-
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a0 = f̂i · f̂j , a1 = f̂i · r̂ij, a2 = f̂j · r̂ij
S000 = 1, S202 = (3a21 − 1)/2

√
5, S022 = (3a22 − 1)/2

√
5, S220 = (3a20 − 1)/2

√
5,

S222 = 1√
70
(2− 3a21 − 3a22 − 3a20 + 9a0a1a2),

S224 =
1

4
√
70
(1 + 2a20 − 5a21 − 5a22 − 20a0a1a2 + 35a21a

2
2)

Table 6.1: Definition of Orientation Dependent Terms in the Zewdie Potential. f̂i and f̂j
represent the orientation of the ith and jth sites. r̂ij is the normalized vector pointing from
site i to site j.

ent ǫ and σ parameters set the energy scales of different directions of approach between

particles[200]. For example, the second and third terms S022 and S202 increase as particle

orientations (f̂i, f̂j), align with the inter-particle vector rij. As a result, the value of ǫcc2

controls preference of particles to stack column-wise. Similarly, S220 is only a function of

particle orientation (e.g. f̂i, f̂j), and so ǫ220 controls the preference of particles to form a

nematic phase. Higher order effects such as quadrupoles, are captured by the terms S222

and S224.

The flexibility the expansion makes the Zewdie potential well-suited to represent a com-

plex disk-like bio-molecule like the nucleosome. The 12 parameters in the Zewdie potential

are fit to anisotropic pair-potentials obtained using our detailed 3SPN-AICG model of the

nucleosome and will be discussed in detail in Section 6.5.1.

Interactions between DNA and nucleosome sites are also represented using the Zewdie

potential. However the since non-bonded interactions between DNA sites are isotropic (i.e.

DNA sites are spheres), and a slight modification is required and is denoted by UZewdie−LJ In

UZewdie−LJ, torques are only applied to the anisotropic nucleosomes and therefore are only a

function of nucleosome orientation. In practice, this is achieved by setting f̂DNA = r̂ij and

a0 = a2 and solving then solving UZewdie as usual. Additionally, due to the different radii

of the nucleosome and DNA sites, different values of σ0 and ǫ0 must be chosen. Here we use

an arithmetic mixing rule to obtain σ′0 = (σDNA + σ0)/2. The value of ǫ0 is chosen to be

small so that Nucleosome-DNA interactions are negligibly attractive, and instead interact

only via an excluded volume.
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a) b)

Figure 6.2: Pair-wise Dyad Potential. Potential energy of Ugauss,aniso when a) projected
onto the û-v̂ plane, b) plotted as a 3-d surface for r = r0. In both panels, the dyad site is
located at the origin and its orientation (f̂ , v̂, û) given by the red, green and blue arrows,
respectively.

Past work using the Zewdie potential [200, 77, 165] has been limited to Monte Carlo

simulations which, by construction, did not require computation of the forces and torques.

In order to simulate the Zewdie potential using molecular dynamics, calculation of the forces

and torques was necessary, and are given in the Appendix 6.7.1.

Non-bonded Dyad Interactions

Though the Zewdie potential provides a good representation the interactions between nucle-

osomes and DNA in general, the Zewdie potential alone neglects additional, and important

interactions that occur within chromatin. The most important of these interactions is the

role of the histone H3 tail at stabilizing DNA entering and exiting the nucleosome. Previous

experimental measurements[20] and simulations[92] indicate that histone tails H3 and H4

stabilize the outer wrap of nucleosomal DNA and that the histone H3 tail is important for

screening repulsive interactions between entering and exiting DNA[6].

In order to incorporate these interactions into our model, we introduce an additional

pair-wise interaction between the dyad sites and DNA sites. Coarse-graining these complex

interactions between DNA and histone tails into a single pair potential was challenging,

especially because these interactions are highly localized near the entering/exiting DNA. In

order to derive a suitable potential, we took inspiration from the base-pairing interactions

in the 3SPN.2 model, where hydrogen bonds between complementary bases were given by
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an anisotropic morse potential[59]. By adopting a similar approach for 1CPN, we define the

dyad potential, Udyad, as an anisotropic gaussian potential (Figure 6.2) that is given by the

functional form

Ugauss,aniso = f(Kθ,∆θ)f(Kφ,∆φ)Ugauss

= f(Kθ,∆θ)f(Kφ,∆φ)
(

−d0e−(r−r0)2/2σ2
)

(6.6)

where r is the distance between the DNA and dyad sites, r0 is the equilibrium distance

between the sites, d0 and σ control the depth and width of the gaussian well, and f(Kθ,∆θ)

and f(Kφ,∆φ) are modulating functions that scales from zero to unity, depending on the

relative orientation of the DNA and dyad sites. As with the 3SPN.2 model, the modulating

function is chosen to be

f(Kθ,∆θ) =































1 − π
2Kθ

< ∆θ < π
2Kθ

1− cos2 (Kθ∆θ) − π
Kθ

< ∆θ < − π
2Kθ

or π
2Kθ

< ∆θ < − π
Kθ

0 ∆θ < − π
Kθ

or ∆θ > π
Kθ

(6.7)

and similarly for f(Kφ,∆φ), where ∆θ = θ−θ0 and ∆φ = φ−φ0, and θ0 and φ0 are reference

angles. Here cos θ = û · r̂ is the polar angle between the normalized bond vector r̂ and the

dyad orientation vector û and cosφ = f̂ · r̂ is the azimuthal angle between r̂ and f̂ . Though

the choice of the other Ugauss,aniso parameters will be given in Section 6.5.3, the approximate

symmetry of the exiting and entering DNA yields φ0 = 90◦. To aid in interpreting this

potential, different projections of Ugauss,aniso are given in Figure 6.2. A comparison of the

locations of the energetic minima in Figure 6.2 to the 1CPN-1KX5 overlay in Figure 6.1,

gives a qualitative justification for the functional form of Ugauss,aniso; this potential it seeks

to account for the role of the H3 tail in stabilizing certain configurations of entering/exiting

DNA from the nucleosome. Before proceeding we note that the orientation of the DNA site
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does not enter the potential, and Ugauss,aniso is only a function of the vector connecting the

two sites r, and the orientation of the dyad site.

Non-bonded DNA Interactions

Non-bonded interactions between DNA sites are represented by Debye-Huckel theory using

a screened electrostatic potential, Uelec, and is given by,

Uelec =
qiqje

−rij/λD

ǫrij
(6.8)

where qi and qj are the charge of sites i and j, rij is the inter-site separation, λD is the

Debye length, and ǫ is the solution dielectric constant. Since each DNA site represents three

base-pairs, a charge of −3 is given to each DNA bead. The Debye Length is defined as

λD =

√

kBTǫ0ǫ(T, C)

2NAe
2
cI

(6.9)

where NA is Avogadro’s number, and I is the ionic strength of the solution. The solution

dielectric constant is a function of monovalent salt concentration, C, and temperature, T ,

such that ǫ(T, C). The salt and temperature dependence can be assumed to be independent

such that

ǫ(T, C) = ǫ(T )a(C), (6.10)

where

ǫ(T ) = 249.4− 0.778T/K + 7.20× 10−4(T/K)2 (6.11)

and

a(C) = 1.000− 2.551C/M + 5.151× 10−2(C/M)2 − 6.889× 10−3(C/M)3 (6.12)

as in Ref [59]. The details and justification for this treatment are given in a previous
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Figure 6.3: Bonded Interactions in the 1CPN Model. a) DNA is represented by a twistable
worm like chain as defined in Equation 6.14. The f̂ and û vectors of each DNA bead are
given by the red and blue arrows. b) Bonded interactions within the nucleosome. Indicies
i, j denote the nucleosome and dyad sites, while p, q, r, s denote the DNA sites involved in
the bonded nucleosome interactions. These indices will be used throughout Section 6.3.3
while discussing the various aspects of the 1CPN forcefield. c) Bonded interactions within
UNDNA as defined in Equation 6.19. d) Bonded interactions within Udyad as defined in
Equation 6.24.

publication [59].

6.3.3 Bonded interactions

The bonded potential, Ub, includes interactions between sites, like bonds, angles and dihe-

drals, that maintain the topology of the model. Since all sites in 1CPN have both a position

and orientation, the bonded interactions in 1CPN include interactions that constrain both

the relative position and relative orientation of bonded sites. In our discussion here, the

bonded interactions will be discussed in two parts, first those interactions within the DNA

molecule, UDNA, and secondly the interactions within the nucleosome, UNucl. The total

bonded energy is the sum of these two contributions,
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Ub = UDNA + UNucl. (6.13)

DNA bonded interactions

Interactions within the DNA molecule are represented by a twistable worm-like chain[25].

This potential represents DNA by a series of bonded sites, Ubond that interact through angle

potentials that constrain the bending rigidity, Uangle, and the torsional rigidity, Utwist, of the

DNA polymer (Figure 6.3). For a DNA chain consisting of N beads, the potential, UDNA,

is given by

UDNA = Ubond + Uangle + Utwist + Ualign

=
kDb
2ℓb,0

N−1
∑

i=1

(ℓi − ℓb,0)
2 +

kβ
ℓb,0

N−2
∑

i=1

(1− cos(βi))

+
kγ
ℓb,0

N−1
∑

i=1

(1− cos(ωi − ω0)) +
kψ
ℓb,0

N−1
∑

i=1

(1− cos(ψi)) , (6.14)

where ℓi = ||ri+1− ri|| is the distance between adjacent sites, kDb is the force constant, and

ℓb,0 is the equilibrium bond length; cos βi = r̂i,i+1 · r̂i+1,i+2 is the angle between adjacent

bonds with force constant kβ; cos γi = f̂i · f̂i+1 is the twist around the polymer backbone

between adjacent sites, kγ is the corresponding force constant and γ0 is the equilibrium twist.

The last term, Ualign constrains ûi of each site to be aligned with the bond vector, rij, where

cosψi = ûi · r̂i,i+1, and kψ is the corresponding force constant. As mentioned previously,

our model discretization is chosen to represent three base-pairs by a single DNA site. In our

implementation, we use a modified form of the twistable worm-like chain implementation

[19], that can account for a non-zero equilibrium twist (i.e. ω0 6= 0). The corresponding

forces and torques for this modified potential is given in Appendix 6.7.3.
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Nucleosome-DNA Bonded interactions

Bonded interactions within the nucleosome, UNucl, are responsible for constraining the lo-

cation and orientation of both the DNA entering/exiting sites and the dyad site relative to

the nucleosome. As a consequence, it is natural to divide UNucl into two terms

UNucl = UNDNA + Udyad (6.15)

where UNDNA represents the bonded interactions corresponding to the implicit nucleosomal

DNA, and Udyad are bonded interactions that control the position and orientation of the

dyad.

In 1CPN many of the bonded potentials have the same functional form, and only differ

in their choice of parameters. As a consequence, to simplify the notation we first provide

the definition of harmonic bonded potentials, Uh
b , the harmonic and cosine angle/orientation

potentials, Uh
a and Ucos

a , as

Uh
b (ℓij ; k, ℓ0) =

k

2
(ℓij − ℓ0)

2 (6.16)

Uh
a (x,y; k, θ0) =

k

2
(θ − θ0)

2 (6.17)

Ucos
a (x,y; k, θ0) = k (1− cos (θ − θ0)) (6.18)

where ℓij = |rij|, cos θ = x̂ ·ŷ with x̂ = x/|x| and k, ℓ0 and θ0 are parameters corresponding

to the force constant, equilibrium length and equilibrium angles, respectively. To further

simplify our notation, we label all sites involved in UNucl interactions as i, j, p, q, r, s as

shown in Figure 6.3b-d. Throughout the remainder of this section Equations 6.16-6.5.3, and

the indexing convention from Figure 6.3b-d will be referenced extensively.
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The nucleosomal DNA contribution can be subdivided into four terms,

UNDNA = U
geom
NDNA + Uorient

NDNA
+ U rotation

NDNA
+ U twist

NDNA
.. (6.19)

The first term, U
geom
NDNA ensures that the locations of the DNA leaving the nucleosome corre-

spond to their location in their crystal structure. This is shown graphically by the orange

and green bonds in Figure 6.3c and is defined as

U
geom
NDNA = Uh

b (ℓiq; k
N
b , ℓ0,c) + Uh

b (ℓir; k
N
b , ℓ0,c) + Uh

b (ℓqr; k
N
b , ℓ0,e)

+Uh
a (rqi, f̂i; kζ , ζ) + Uh

a (rir, f̂i; kζ , ζ). (6.20)

The second term, Uorient
NDNA

constrains the angle at which these DNA strands leave the nucle-

osome, and is given by

Uorient
NDNA

= Uha (rij , rjk; kα, α) + Uha (rkm, rmn; kα, α)

+Uha (ûj, ûk; kη, η) + Uha (ûm, ûk; kµ, µ). (6.21)

The third term, U rotation
NDNA

incorporates the ability of nucleosomal DNA to rotate around the

histone proteins,

U rotation
NDNA

= Ucosa (f̂q, f̂i; kθ, θ) + Ucosa (f̂r, f̂i; kθ, θ). (6.22)

Lastly, the fourth term U twist
NDNA

, corresponds to the ability of DNA twist to be stored inside of

the nucleosome. The storage of twist within the nucleosome is a common feature of nucleo-

somal crystal structures and is a hypothesized mechanism by which nucleosomes reposition

along a long stretch of DNA. This term is defined as

U twist
NDNA

= Uha (f̂q, f̂r; k
N
t , 0). (6.23)
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The position of the dyad site is constrained by two contributions to the potential energy,

such that

Udyad = U
geom
dyad + Uorient

dyad . (6.24)

A graphical representation of the interactions that contribute to Udyad are given in Fig-

ure 6.3d. The first term, U
geom
dyad , constrains the position of the dyad relative to the nucleo-

some and the entering/exiting DNA sites and is given by

U
geom
dyad = Uh(ℓji; ℓ0,d) + Uh(ℓjq; ℓ0,e) + Uh(ℓjr; ℓ0,e), (6.25)

and the second term, Uorient
dyad , constrains the alignment of the dyad to be equivalent to the

nucleosome,

Uorient
dyad = Uha (f̂i, f̂j; kψ, 90

◦) + Uha (rij , f̂j; kψ, 90
◦) + Uha (rij , f̂i; kψ, 90

◦)

+Uha (ûi, ûj ; kψ, 0
◦) + Uha (rij , ûj; kψ, 0

◦) + Uha (rij, ûi; kψ, 0
◦), (6.26)

where the first three terms constrain f̂ and the final three terms constrain û.

6.3.4 Nucleosome Unwrapping and Variable Nucleosome Repeat Length

As mentioned previously, a key design goal of the 1CPN model was to capture intra-

nucleosome nucleosome dynamics and flexibility. One aspect of nucleosome flexibility that

was to permit DNA in our model to partially unwrap from the histone core. In order to

achieve this, the entire 147 of nucleosomal DNA was not assumed to be rigid, but instead

a certain number of DNA base pairs, nbp,unwrap, were permitted to disassociate from the

histone core. We chose nbp,unwrap ≈ 10 base-pairs, permitted 1CPN to reproduce the free

energies of nucleosome unwrapping obtained using the detailed 3SPN-AICG model (to be

discussed in detail in Section 6.5.3).

An additional consequence of introducing nbp,unwrap into the 1CPN model, is that any
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arbitrary nucleosome repeat length (NRL) could be achieved without changing our DNA

discretization. The NRL corresponds to the distance in base-pairs that separate two adjacent

nucleosomes and gives a measure of how densely nucleosomes are assembled along a stretch

of DNA. The distributions of NRL within cells has been measured to vary continuously,

and can range from 160 to 220 base-pairs, depending on the cell type of interest, expression

levels and cellular state[138]. Given that 147 base-pairs are incorporated into the nucleosome

itself, these NRLs correspond to ≈ 10− 70 base pairs of linker DNA separating neighboring

nucleosomes. In previous models of chromatin, the NRLs employed was limited to those

where the linking DNA was an even multiple of their DNA discretization. And therefore

comparing two different NRLs, different variations of their model would be introduced.

To permit 1CPN to simulate any arbitrary NRL without changing DNA discretization,

we allow nbp,unwrap to vary by ±1 base-pair, such that the specified NRL is an even For

example, assume that two nucleosomes were connected by a NRL of 187 base-pairs, cor-

responding to a linker length of 40. We then choose nbp,unwrap = 10 so that the number

of 1CPN base pairs connecting these two nucleosomes is an even multiple of our DNA dis-

cretization (e.g. (40 + 2nbp,unwrap)/(3bp per bead) = 60/3 = 20 beads). However if a

NRL of 188 is specified, corresponding to a linker length of 41, then nbp,unwrap = 11 (e.g.

(41 + 2nbp,unwrap)/(3bp per bead) = 63/3 = 21 beads). In effect permitting nbp,unwrap =

10±1 bp involves calculating three different sets of geometric parameters (e.g. ℓa,0, ℓc,0, ℓd,0)

from the 1KX5 crystal structure depending on the exact value of nbp,unwrap. In the course

of model development, we found this was the only change necessary and that variations in

nbp,unwrap to vary by a single base pair nbp,unwrap = 10± 1 base-pair had negligible effects

on model results.

6.3.5 Brownian Dynamics

Dynamics in our model are described by Brownian dynamics where the translational motion

of a particle is governed by
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midvi(t) = −ζi · vi(t)dt+Bi · dWi(t), (6.27)

(6.28)

where vi(t) = dri/dt is the translational velocity of the ith particle, ri(t) is its posi-

tion, mi is its mass, ζi is the translational friction tensor, Bi is a matrix which satisfies

[Bi] · [Bi]
⊤ = 2kBTζi and dWi(t) is a Wiener increment, which has white noise statistics,

〈dWi(t)dWj(t
′)〉eq = δδi,jδ(t− t′).

Similarly, the rotational motion of a particle in solution can be written as [72],

[Ri(t)]
−1 · Ii · dωi(t) = −ζri · ωi(t)dt+Br

i · dWi(t), (6.29)

df̂i(t)

dt
= ωi(t)× f̂i(t),

dûi(t)

dt
= ωi(t)× ûi(t),

dv̂i(t)

dt
= ωi(t)× v̂i(t), (6.30)

where ωi is the angular velocity, ζr is the rotational friction tensor, Br
i is a matrix which

satisfies [Br
i ] · [Br

i ]
⊤ = 2kBTζ

r
i and Ri(t) ≡

{

f̂i(t), ûi(t), v̂i(t)
}⊤

is a rotation matrix in

which each row is one of the vectors in the triad of orientation vectors of the particle; Ii is

the moment of inertia tensor of the particle.

Here we use freely-draining Brownian dynamics and the friction tensor is assumed to

be diagonal such that ζi = mi
λ δ, and ζr = mi

λr δ where λ and λr are the so-called scalar

translational and rotational damping parameters. λ and λr are in given in units of time

and are chosen to be λ = 5.1ps and λr = 0.3λ. The choice of these values are given in

Appendix 6.7.5.

6.3.6 Code Availability

The 1CPN model is implemented into LAMMPS and is freely available at our website.
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6.4 Validation Methods

Validation of a coarse-grained model can generally be classified by either a “top-down” or a

“bottom-up” strategy. In a top-down strategy, a set of experimental measurements are cho-

sen as a “target”, and coarse-grained parameters are varied until these target measurements

are reproduced. In contrast, a bottom-up strategy begins with a more detailed molecular

model, frequently an atomistic one, and then applies a heuristic to approximate this detailed

model into a coarse-grained one.

When validating the 1CPN model, we adopt a hybrid approach that uses elements of both

the top-down and bottom-up strategies. A top-down approach was used to parameterize

dynamical quantities like the diffusion constant and sedimentation coefficients. A bottom-

up approach was used to inform the energetic terms within the model, and to maximize

correspondence between 1CPN and the detailed 3SPN-AICG model.

6.4.1 3SPN-AICG Nucleosome Model

Though the work presented here is primarily concerned with the new 1CPN model, many of

the parameters in 1CPN were obtained by mapping 1CPN results to those obtained using

the 3SPN-AICG model. For this reason, we provide an overview of the 3SPN-AICG model

here, and refer and interested reader to the detailed descriptions found in prior publications

[49, 92]. In the 3SPN-AICG model, DNA is represented by the 3SPN.2C model of DNA,

the latest version of the 3SPN model[82, 154, 59] that has been extended to incorporates the

effects of DNA sequence on both the shape, local flexibility, and global flexibility of the DNA

molecule [47]. In the 3SPN.2C model, each base pair is represented by three sites, located

at the phosphate, sugar, and the base. The histone proteins are represented by the Atomic

Interaction-based Coarse Grained (AICG) model, a Go-based protein model with sequence-

specific interactions parameterized from all-atom energies obtained from AMBER[98]. In

AICG each amino acid is represented by a single site, located at the center of mass of
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Figure 6.4: Mapping between detailed 3SPN-AICG model and coarse-grained 1CPN model.

the amino acid sidechain. We note that the AICG and 3SPN.2C models were developed

independently to be accurate models of proteins and DNA, and consequently, no information

about the nucleosome is encoded directly into the model.

Interactions between the 3SPN and AICG models are represented only through electro-

static interactions between the negatively charged phosphate DNA sites, and the charged

amino acids on the histone protein. As a result, the configurations sampled in the 3SPN-

AICG arise naturally as a balance between the elastic energies with the DNA molecule and

the electrostatic interactions between the DNA and histones. This has permitted the 3SPN-

AICG model to quantitatively match experimental measurements of the tension-dependent

unwrapping of the nucleosome, without any additional fit parameters [92]. in 3SPN-AICG,

electrostatic interactions are treated at the level of Debye-Hückel theory, and the solvent

implicitly by a Langevin thermostat. All calculations using 3SPN-AICG were performed at

300K at 150mM monovalent salt unless otherwise noted.

6.4.2 Mapping between 3SPN-AICG and 1CPN Models

In order to match the nucleosome-nucleosome interactions energies in the 1CPN and 3SPN-

AICG nucleosome models, it was necessary to develop a mapping function between the two

models. Specifically, we desired a projection of a high-dimensional 3SPN-AICG configuration

into lower-dimension 1CPN configuration. This reduction in dimension is most pronounced

for a nucleosome where a R3N where N ≈ 1800 3SPN-AICG configuration is mapped to

120



Orientation A B C

f̂i · f̂j 1 1 0

f̂j · r̂ij 0 1 0

f̂i · r̂ij 0 1 1
ûi · ûj 1 1 0
ûi · r̂ij 0 0 0
ûj · r̂ij 0 0 0

Table 6.2: Definition of Nucleosome-Nucleosome Orientations for Pair-Potential Calculations

a 1CPN configuration in R6 defined by a single position, r, and orientation {f̂ , v̂, û}. In

general, such a high reduction in dimension is prone to high loss of information, but we found

that the rigid-structure of the histone core permitted a robust mapping from R3N to R6.

To map from the 3SPN-AICG nucleosome to the 1CPN nucleosome site, the position,

r1CPN, is simply the center of mass of the 3SPN-AICG nucleosome. The orientation vectors

f̂ , v̂, û were obtained by defining geometric relationships within the nucleosome, such that

û points from the center of mass of the histone to the dyad, f̂ points along the nucleosomal

DNA superhelix, and û× f̂ = v̂. Once the position and orientation of the nucleosome site

is obtained, the dyad site is positioned ℓd,0 along û. DNA sites in 1CPN are positioned

along the helical axis of 3SPN DNA corresponding to the central base pair of a three base

pair segment. The orientation of these DNA sites are chosen such that f̂ points toward the

3SPN minor groove, and û points along the helical axis. Additional details of this mapping

procedure are described in Appendix 6.7.7.

6.4.3 Nucleosome-Nucleosome Pair Potentials

In the 3SPN-AICG nucleosome model, the relative orientation of the two nucleosomes is given

by six angles which represent the all combinations of angles between f̂i, f̂j, r̂ij and ûi, ûj , r̂ij.

Thus to fully capture all possible orientations of two nucleosomes in the 3SPN-AICG model,

an biaxial anisotropic potential would be necessary. However, the Zewdie potential is a

uniaxial potential and only depends on a three angles f̂i, f̂j, r̂ij. Thus when choosing the

values of ûi, ûj , r̂ij for the 3SPN-AICG pair potentials in order to parameterize 1CPN, we
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sought ones that would best characterize the orientations that occur within a chromatin fiber.

In chromatin, entering/exiting DNA from nucleosomes prevents nucleosome-nucleosomes

interactions involving the dyad. Accordingly we avoid configurations where ûi · r̂ij 6= 0

or ûj · r̂ij 6= 0. The precise definitions of Orientations A,B,C in Figure 6.5 and listed in

Table 6.4.3.

To compute the pair-potential, the 3SPN-AICG nucleosomes were constrained to these

orientations using strong harmonic angle potentials, and then umbrella sampling[74] was

performed along the center-of-mass separation, r, between the two nucleosomes.

6.4.4 Nucleosomal DNA Rotation

In order to calculate the free energies of DNA rotation around the nucleosome, we first

define an order parameter, SR, that quantifies the rotational position of the nucleosomal

DNA. This order parameter has been used in previous work with the nucleosome [49, 93],

and is described again here. The definition of SR is given by

SR = 〈± arccos

(

P ·B
‖P ‖‖B‖

)

〉,

where B is a vector from the center of a given base step on the sense strand to its comple-

mentary base step on the anti-sense strand, P is a vector from the center of a base step to

the center of the protein, and the angle brackets denote an average over base steps at the -15,

-5, +5 and +15 positions relative to the dyad. The positive sign is chosen if (P ×B) ·D ≤ 0

(negative if > 0), where D is a vector in the 5’ to 3’ direction along the sense strand. Notably,

when SR = −π/2, the minor groove is oriented toward the protein core, and when SR = π/2,

it is oriented away from it. The free energy along SR was obtained using Metadynamics,

an advanced sampling technique where a molecular dynamics trajectory is continuously bi-

ased toward unexplored regions of phase-space, thereby ensuring that all of phase space is

sampled[89].
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Figure 6.5: Pair-Potential between two nucleosomes for several orientations for 3SPN-AICG
(points) and 1CPN models (lines).

6.5 Results

6.5.1 Nucleosome-Nucleosome Pair Potential

The pair-potential for the 3SPN-AICG nucleosome model was calculated for three different

nucleosome orientations (dots, Figure 6.5). These orientations were achieved by calculating

the orientation vectors f̂ , v̂, û of each nucleosome , and then constraining the relative angle

between the nucleosomes. Once the orientation of the nucleosomes were constrained, the

pair-wise free energy as a function of separation, r, was calculated using umbrella sampling

(see Methods).

From these free energy surfaces the lowest energy configuration corresponds to when
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Lt = 54.6 nmLp= 49.8 nm

Figure 6.6: Bend and Twist persistence length of the 1CPN DNA model.

the two nucleosomes are when they are face-to-face (Orientation B), consistent with many

models of the chromatin fiber. As nucleosomes adopt alternate orientations (e.g. Orientation

A,C) the energy scales of interactions decrease, and the length scales increase. The length

scales range from ≈ 50− 95Å consistent with the geometry of the nucleosome core particle,

whereas the energy scales vary from ≈ 10−30kBT depending on the orientation of approach.

Having obtained these free-energy surfaces, we then parameterize nucleosome-nucleosome

interactions energies in 1CPN in order to maximize agreement with the 3SPN-AICG results.

Specifically, the parameters for the Zewdie potential, UZewdie, are chosen as to minimize

the error between the 3SPN-AICG and 1CPN model distributions for the three different

nucleosome orientations (see Methods). The resulting parameters are reported in Table 6.6

and the resulting pair potentials are shown by solid lines in Figure 6.5. The correspondence

between the 3SPN-AICG (points) and the 1CPN (lines) pair potentials are fairly good,

indicating that the complex orientation-dependent interactions between two nucleosomes

are well approximated by the Zewdie potential.

6.5.2 DNA Persistence Length

In addition to the pair-wise interactions between nucleosomes, inter-nucleosome interactions

within chromatin are also mediated by the elasticity of the DNA that connects neighboring

nucleosomes. To ensure that these elastic contributions are represented faithfully in our
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model, we calculate the bend and twist persistence lengths of the twistable worm-like chain

used in 1CPN (Figure 6.6)..

The symbols are obtained by averaging results from a Brownian dynamics simulation of a

chain with N = 50 beads with the torques and forces derived above and using the constants

given by Wedemann [188]. The line on the left panel is a fit of the equation, 〈t̂0 · t̂j〉eq =

ke−ℓ0(j−1)/ℓp, to the data using ℓp and k as fitting parameters and j = 1, 2, ..., N where N is

the number of beads. Form this a value of the persistence length, ℓp, of 49.8 nm is obtained.

The line on the right panel is a fit of the equation, 〈f̂0 ·f̂j〉eq = k1e
−ℓ0(j−1)/ℓt cos[k2ℓ0(j−1)],

to the data using ℓt, k1 and k2 as fitting parameters. Form this a value of the twist persistence

length, ℓt, of 54.6 nm is obtained. Both values of the bending persistence length, ℓp, and the

twist persistence length, ℓt are in good agreement with experimental values[19].

6.5.3 DNA-Nucleosome Coupling

Having validated the predictions of 1CPN for nucleosome-nucleosome interactions and DNA

elasticity, we now turn our attention to validating the interactions that couple Nucleosome-

DNA interactions together. These interactions can be thought of as the “boundary condi-

tions” between the DNA and nucleosome models described above, and represents an impor-

tant component of our model. More generally, capturing this coupling accurately is a central

to our goal of a chromatin model that captures intra-nucleosome dynamics.

Entering/Exiting Nucleosomal DNA

The first aspect of DNA-nucleosome coupling we choose to address is the angle at which DNA

exits the nucleosome. In previous models of chromatin, this angle is fixed at a constant value,

which is either extracted from the nucleosomal crystal structure[8, 7] or is chosen as an input

parameter in the model [165, 77]. In both cases, the resulting configurations of the chromatin

fiber is shown to be very sensitive to the choice of these angles, with different choices of angles

leading to a wide range of different configurations. Additionally, an implicit assumption in
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choosing a fixed angle is that the DNA within the nucleosome is rigid, and that partial DNA

unwrapping cannot occur.

Instead of assuming a fixed entry/exit DNA angle of nucleosomal DNA, in our approach

here we parameterize the 1CPN model to reproduce the distribution of possible angles as

observed using the detailed 3SPN-AICG model. To achieve this, we rely on recent results us-

ing the 3SPN-AICG model where the free energies of nucleosome unwrapping were obtained

[92]. These free energies, and the forces associated with them were found to be in in excellent

agreement with the experimental measurements of [115]. To compare the predictions of these

different models, repeat the procedure employed by [92] using the 1CPN model. Specifically,

this entailed generating a 1CPN configuration consisting of a single nucleosome containing

223 bp of DNA, and then using umbrella sampling to obtain the free energy as a function to

the end-to-end extension, r.

The free energies predicted by 1CPN and those obtained using 3SPN-AICG are shown in

Figure 6.7, and are found to be in excellent agreement over a large range of extensions. Both

the DNA-DNA repulsion at low extension and the free energy penalty as the extension is
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increased are well reproduced by the 1CPN model. The largest disagreement between the two

models occurs at large separation r > 225, where DNA begins to unwrap from the histone

surface in the 3SPN-AICG model in order to decrease the elastic penalty of bending the

DNA (see snapshot). Though the 1CPN model permits the unwrapping of nbp,unwrap ≈ 10

bp of nucleosomal DNA (see Figure 6.7 1CPN snapshot), at extensions larger than 225Å no

additional DNA is permitted to unwrap, and the free energy of 1CPN continues to increase,

whereas the free energy of 3SPN-AICG begins to plateau. Nonetheless, the good agreement

between the coarse-grained 1CPN model with 3SPN-AICG indicates that 1CPN accurately

reproduces the free energies of possible DNA configurations exiting the nucleosome.

This result also indicates the importance of the anisotropic gaussian potential, Uaniso,gauss,

in governing the exiting configurations of DNA (as discussed in Section 6.3.2). Whereas in-

clusion of Uaniso−gauss is sufficient to reproduce the 3SPN-AICG free energies (Figure 6.7,

blue line), removal of this potential results in free energies that are significantly too low

(Figure 6.7).

Sequence-Dependent Rotation of Nucleosomal DNA

An additional form of DNA-Nucleosome coupling occurs through the rotation of DNA around

the histone proteins. This motion can be thought of as a coupling between the orientation of

the DNA on of the nucleosome with the twist on the other. This twisting can manifest itself

in two ways, either as twist stored within the nucleosome, or as twist transferred through the

nucleosome. We will discuss each of these terms here.

The storage of DNA twist within the nucleosome is a well known phenomena that dates

back to the observation in early nucleosome crystal structures that DNA within the nucle-

osome was over-twisted. Many crystal structures of the nucleosome are observed to have

over-twisted DNA [105, 38, 175], and the incorporation of twist into the nucleosome has

long been hypothesized as a mechanism by which the nucleosome could reposition[84]. This

storage of twist within the 1CPN model is dictated by the value of kNt , which enters in the
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expression for U twist
NDNA

in Equation 6.23, and couples the orientation of the DNA entering

and exiting the nucleosome. kNt dictates the strength of coupling between the entering and

exiting DNA and is inversely related to how much twist can be stored within the nucleo-

some. Since most analyses suggest that a single twist defect can be stored in the nucleosome

(corresponding to ≈ 36◦ excess twist), we choose kNt = 0.5kcal/mol so that the energy cost

of a single twist defect is ≈ 5kBT .

The transfer of twist through the nucleosome is derived from the observation that dif-

ferent DNA sequences exhibit positional phasing. It is well established that different DNA

sequences bind to the histone proteins with different affinities, with different sequences ex-

hibiting mechanical properties or equilibrium shapes that make nucleosome formation more

or less favorable[171]. Certain DNA sequences bind stronger than others because these se-

quences contain periodic base-step motifs that energetically prefer to bind to the histone

proteins. When all of these favorable base-steps occur on the side of the DNA facing the hi-

stone protein (with the 10 bp pitch of DNA), very strong binding can occur. A consequence

of these periodic strong-binding base-steps is that the DNA molecule has a strong rotational
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preference for the histone core. DNA Rotation disrupts the favorable DNA-histone contacts,

and results in an energetic penalty.

In recent work using the 3SPN-AICG model, we have quantified the free energies corre-

sponding to DNA rotation within the nucleosome for three different DNA sequences (points,

Figure 6.8) [49]. The orientation of the DNA molecule is given by the order parameter, SR,

that describes which side of the DNA molecule is facing the histone core (see Methods).

Notably, a value of SR = −π/2 corresponds to the minor groove facing the protein, whereas

when SR = π/2 the minor groove is facing away from it. As expected, these DNA sequences

have a strong rotational preferences. All three sequences exhibit free energy minima at

≈ −π/2, where the favorable DNA binding motifs are facing the histone protein and max-

ima at ≈ π/2 these these motifs are facing away from the histone protein. The magnitude

of the free energy penalty of this rotation is strongly dependent on sequence, ranging from

≈ 20kBT for the c2 sequence, to ≈ 10kBT for the c1 sequence.

This sequence-dependent rotation is incorporated into the 1CPN model through the term

U rotation
NDNA

, defined in Equation . U rotation
NDNA

is a cosine angle potential (see Equation that con-

tains two parameters θ0, the equilibrium angle between the nucleosome and entering/exiting

orientation vector f̂ , and kθ the spring constant constant corresponding to rotation. By

fitting θ0 and kθ in Equation to the different sequences, we obtain the solid lines in Fig-

ure 6.8. For all sequences, the functional form of Equation can fit the 3SPN-AICG data very

well. Therefore, sequence-dependent rotation of DNA around the histone proteins can be

incorporated into the 1CPN model through the choice of θ0 and kθ.

6.6 Conclusion

In conclusion, we have shown that the 1CPN coarse-grained model of chromatin can accu-

rately reproduce a wide array of biophysical processes within the nucleosome. The 1CPN

model has been rigorously parameterized using free energies measured using the detailed

3SPN-AICG nucleosome model, and can achieve exceptional agreement with these free
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energies at a fraction of the computational cost. 1CPN can capture the free energies of

nucleosome-nucleosome attraction, nucleosome unwrapping, and sequence-dependent rota-

tion of nucleosomal DNA. Additionally 1CPN captures the correct dynamics of chromatin,

as well as the mechanical properties of the linking DNA. We expect the 1CPN model to be

useful for studying the dynamic processes that dictate chromatin compaction and can shed

light on the processes by which genome compaction and gene expression are linked. These

are important and unsolved problems, and the 1CPN represents important progress towards

addressing them.

6.7 Appendix

6.7.1 Zewdie Potential Forces and Torques

At usual, the forces are given by,

Fij = −
∂Uij
∂rij

(6.31)

Though the derivative
∂Uij

∂rij
can be computed by brute force, [3] provide a simpler solution

by wisely applying the chain rule . Following this procedure gives for force, Fij as

Fij = −
(

∂Uij
∂rij

)

∂rij
∂rij

−
(

∂Uij
∂a0

)

∂a0
∂rij

−
(

∂Uij
∂a1

)

∂a1
∂rij

−
(

∂Uij
∂a2

)

∂a2
∂rij

. (6.32)

The advantage of this form is that the vector derivatives (e.g. ∂rij/∂rij) are completely sep-

arated from the scalalar derivatives (e.g. ∂Uij/∂rij). This greatly simplifies the calculation

by allowing the vector derivatives to be neglected until the final step.

Equation 6.32 can be further simplified since a0 is not a function of rij and so the second
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term vanished. Additionally using a1 = f̂i · rij/rij , and applying the quotient rule gives,

∂a1
∂rij

=
1

rij

∂

∂rij

(

f̂i · rij
)

+ f̂i · rij
∂

∂rij

(

1

rij

)

(6.33)

= f̂i/rij − a1rij/r
2
ij, (6.34)

with a similar result for ∂a2/∂rij . Taken together, the force is now

Fij = −
(

∂Uij
∂rij

)

rij

rij
−
(

∂Uij
∂a1

)

(

f̂i

rij
−
a1rij

r2ij

)

−
(

∂Uij
∂a2

)

(

f̂j

rij
−
a2rij

r2ij

)

. (6.35)

A similar approach is used to compute the torques. The torques of a uniaxial potential

are given by,

τij = −f̂i ×
∂Uij

∂f̂i
(6.36)

where

∂Uij

∂f̂i
=

(

∂Uij
∂rij

)

∂rij

∂f̂i
+

(

∂Uij
∂a0

)

∂a0

∂f̂i
+

(

∂Uij
∂a1

)

∂a1

∂f̂i
+

(

∂Uij
∂a2

)

∂a2

∂f̂i
(6.37)

based on the chain rule. This equation can again be simplified since
∂rij

∂f̂i
= ∂a2

∂f̂i
= 0 and the

first and the fourth terms disappear. Further, since ∂a0
∂f̂i

= f̂j and ∂a1
∂f̂i

=
rij
rij

, Equation 6.36

reduces to

τij = −f̂i ×
[(

∂Uij
∂a0

)

f̂j +

(

∂Uij
∂a1

)

rij

rij

]

(6.38)

It should be noted that τij 6= −τji and that τji should be calculated by reversing the labels

of i and j and then using Equation 6.38 accordingly.

The next step is then to calculate the derivatives of the potential, Uij with respect to rij

, a0, a1, and a2 and then substitude these values into Equations 6.35 and 6.38 to obtain the

forces and torques, respectively.
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The derivative with respect to rij is the simplest and is given by

∂Uij
∂rij

= 4ǫ

[

−12σ120
(rij − σ + σ0)13

+
6σ60

(rij − σ + σ0)7
)

]

. (6.39)

The derivative with respect to a0, a1 and a2 is more complicated, and again we benefit from

a judiciously applied chain-rule. The derivitive with respect to a0 is then

∂U

∂a0
= 4ǫ

[

(

σ0
rij − σ + σ0

)12

−
(

σ0
rij − σ + σ0

)6
]

×
[(

12

rij − σ + σ0
− 6

rij − σ + σ0

)

∂σ

∂a0
+

1

ǫ

∂ǫ

∂a0

]

(6.40)

where ∂σ/∂a0 is given by

∂σ

∂a0
= σ0

[

σ000
∂S000
∂a0

+ σcc2

(

∂S022
∂a0

+
∂S202
∂a0

)

+ σ220
∂S220
∂a0

+ σ222
∂S222
∂a0

+ σ224
∂S224
∂a0

]

(6.41)

and ∂ǫ/∂σ is given by

∂ǫ

∂a0
= ǫ0

[

ǫ000
∂S000
∂a0

+ ǫcc2

(

∂S022
∂a0

+ ǫcc2
∂S202
∂a0

)

+ ǫ220
∂S220
∂a0

+ ǫ222
∂S222
∂a0

+ ǫ224
∂S224
∂a0

]

,

(6.42)

where the partial derivatives of the S-functions are given in Table 6.3. A similar approach

is used to obtain ∂U/∂a1 and ∂U/∂a2. Finally Equations 6.39, 6.40, as well as the corre-

sponding equations for ∂U/∂a1 and ∂U/∂a2 can be substituted into equation 6.35 and 6.38

to determine the forces and torques.

132



∂S/∂a0 ∂S/∂a1 ∂S/∂a2
S000 0 0 0

S202 0 3a1/
√
5 0

S022 0 0 3a2/
√
5

S220 3a0/
√
5 0 0

S222
(−6a0+9a1a2)√

70

(−6a1+9a0a2)√
70

(9a0a1−6a2)√
70

S224
(4a0−20a1a2)

4
√
70

(−10a1−20a0a2+70a1a
2
2
)

4
√
70

(−20a0a1−10a2+70a1a
2
1
)

4
√
70

Table 6.3: Partial Derivatives of S functions with respect to a0, a1 and a2

6.7.2 Angle Orient Potential

In order to constrain the f vectors of the entering and exiting DNA with the nucleosome,

we needed to introduce an additional potential. This potential has the form,

Uij =
1

2
k
[

(θ1 − θ1,0)
2 + (θ2 − θ2,0)

2 + (φ− φ0)
2
]

(6.43)

where θ1 = acos(a1), θ2 = acos(a2), and φ = acos(a0) and a0, a1, and a2 were defined in

Table 6.1.

To calculate the forces, we can begin from Equation 6.35 from our derrivation of the

Zewdie potential. Now, the ∂Uij/∂rij term is zero, and the forces reduce to

Fij = −
(

∂Uij
∂a1

)

(

f̂i

rij
−
a1rij

r2ij

)

−
(

∂Uij
∂a2

)

(

f̂j

rij
−
a2rij

r2ij

)

. (6.44)

Our derivation of the torques proceeds similarly, and is identical to Equation 6.38. With

Equation 6.35 and 6.38, the remaining step is to calculate the partial derivatives with respect

to a0, a1, and a2 and are equal to
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∂Uij
∂a0

= −k(φ− φ0)
2/
√

1− a20 (6.45)

∂Uij
∂a1

= −k(θ1 − θ1,0)
2/
√

1− a21 (6.46)

∂Uij
∂a2

= −k(θ2 − θ2,0)
2/
√

1− a22. (6.47)

The forces and torques are found by substituting Equation 6.47 into Equations 6.35 and

6.38, respectively.

6.7.3 tWLC Forces and Torques

In this Section the twist and alignment torques and forces for the twistable wormlike chain

implementation proposed by Brackley et al. [19] are derived. The only difference from

the torques and forces derived by Brackley et al.[19] is that a non-zero twist angle, w0, is

considered here.

In the twistable wormlike chain implementation proposed by Brackley et al. [19] the free

energy penalties for twist and alignment are assumed to be decoupled and are simply added

to the bend and stretch free energies,

U = Utwist + Ualign + Ustretch + Ubend (6.48)

Both the alignment and twist energies are taken to be harmonic in the alignment, ψi, and

twist w angles, respectively,

Ualign =
κa
ℓ0

N+1
∑

i=1

ψ2i , Utwist =
κt
ℓ0

N+1
∑

i=1

(wi − w0)
2, (6.49)

Ustretch =
κs

2ℓ30

N
∑

i=1

(ℓi − ℓ0)
2, Ubend =

κb
ℓ0

N+1
∑

i=1

β2i .
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Parameter Value

κs 1.10× 10−18 J nm

κb 2.06× 10−19 J nm

κt 2.67× 10−19 J nm

Table 6.4: Twistable wormlike chain parameters for DNA given by Widemann [188] and
used thought this document.

Where N is the number of sites in the linker strand, ti = ri+1 − ri, rij = ri − rj ,

ℓi = |ti|, rij = |rij|. αi, βi, γi ∼ Euler angles, rotation from triad {ûi, f̂i, v̂i} to to triad

{ûi+1, f̂i+1, v̂i+1}. The twist angle is defined as ωi = αi + γi, while the alignment angle is

given by, cosψi = ûi · ti/ℓ0.

The parameters κs, κp, κt, κa are stretch, bend, twist and alignment moduli, respectively;

and w0 is the equilibrium twist angle per bead. Here we use a coarse-graining resolution

of three base pairs per bead, such that ℓ0 ≈ 0.99 nm. On the other hand, for DNA the

equilibrium twist angle per base pair is 36◦, therefore the equilibrium twist angle per bead

used here is 108◦.

By means of Taylor series expansions it can be shown that up to second order in ψi, βi

and ωi the angle dependent potentials in eq.(6.49) can be conveniently written in terms of

cosines,

Ualign =
κa
ℓ0

N+1
∑

i=1

[1− cosψi], Utwist =
κt
ℓ0

N+1
∑

i=1

[1− cos(ωi − ω0)] (6.50)

Ubend =
κb
ℓ0

N+1
∑

i=1

[1− cos βi].

To obtain the torques and forces from eq.(6.50) consider that in a time δt, the position

and orientation of the ith bead change by δri and δφi, respectively, where the latter is a a

rotation about and axis p̂i. Assuming that {δri, δφi} are independent variables, then via

the principle of virtual work the force and torque on each bead due to the free energy U is
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given by,

δU = −
∑

i

Fi · δri −
∑

i

τi · p̂iδφi. (6.51)

Where Fi and τi, are the force and torque, respectively.

To proceed is useful to introduce the following three relations,

cos(wi − w0) = coswi cosw0 + sinwi sinwi, (6.52a)

coswi =
f̂i+1 · f̂i + v̂i+1 · v̂i

(1 + ûi · ûi+1)
, sinwi =

v̂i+1 · f̂i − f̂i+1 · v̂i
(1 + ûi · ûi+1)

. (6.52b)

Using the relations in eq.(6.52) one can write,

[1 + ûi · ûi+1] cos(wi − w0) = (6.53)
[

f̂i+1 · f̂i + v̂i+1 · v̂i
]

cosw0 +
[

v̂i+1 · f̂i − f̂i+1 · v̂i
]

sinw0.

Other useful relations between the local triad vectors and the bend, βi, the angle, θi, between

consecutive tangent vectors, ti and ti+1, and the alignment angle ψi are,

ûi · ûi+1 = cos βi, cos θi =
ti · ti+1

bibi+1
, (6.54)

bi cosψi = ûi · ti.

Now on can proceed to take the derivative of eq.(6.48) using eq.(6.50) for the alignment

and twist energies,

δU =
κt
ℓ0

∑

i

sin(wi + w0)δ(wi) +
κa
ℓ0

∑

i

sinψiδψi. (6.55)

To rewrite eq.(6.55) in terms of the local triad vector one needs to make use of eq.(6.53).
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Taking the derivative of eq.(6.53) one obtains,

cos(wi − w0) [δûi+1 · ûi + ûi+1 · δûi]− (6.56)

sin(wi − w0) [ûi · ûi+1] δ(wi) =
[

δf̂i+1 · f̂i + f̂i+1 · δf̂i + δv̂i+1 · v̂i + v̂i+1 · δv̂i
]

cosw0 +
[

δf̂i+1 · v̂i + f̂i+1 · δv̂i − δv̂i+1 · f̂i + v̂i+1 · δf̂i
]

sinw0.

The infinitesimal change in the axis vector ûi due to a rotation of δφi about a vector p̂i

is given by δûi = p̂i × ûiδφi and similar for f̂i and v̂i,

− [δûi+1 · ûi + ûi+1 · δûi] = sin βiδ(βi) (6.57)

= − [ûi+1 × ûi] · (p̂i+1δφi+1 − p̂iδφi) .

With this, one can show that the first term on the right hand side of eq.(6.55) can also be

written as,

[1 + ûi+1 · ûi] sin(wi + w0)δ(wi) = (6.58)
[

(ûi+1 × ûi) cos(wi − w0)−
(

f̂i+1 × f̂i + v̂i+1 × v̂i

)

cosw0 −
(

f̂i+1 × v̂i − v̂i+1 × f̂i

)

sinw0

]

· (p̂i+1δφi+1 − p̂iδφi) .

On the other hand, the second term on the right hand side of eq.(6.55) can be written as,

sinψiδψi =
1

bi

(

cosψit̂i − ûi
)

· (δri+1 − δri)−
1

bi

(

ûi × t̂i
)

· p̂iδφi. (6.59)

Inserting eqs. 6.58 and 6.59 into eq. 6.55, and matching terms in eq. 6.51 gives expressions
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for the force and torque,

Fi =
κa
ℓ0

(Gi −Gi−1) , (6.60)

τi =
κa
ℓ0

ûi × t̂i +
κt
ℓ0

(Hi −Hi−1) .

Where

Hi =

[

(ûi+1 × ûi) cos(wi − w0)−
(

f̂i+1 × f̂i + v̂i+1 × v̂i

)

cosw0 (6.61)

−
(

f̂i+1 × v̂i − v̂i+1 × f̂i

)

sinw0

]/

(1 + ûi+1 · ûi) ,

Gi =
1

bi

(

cosψit̂i − ûi
)

.

6.7.4 Langevin Dynamics

6.7.5 Calculating Damping Parameter

The purpose of this subsection is to estimate the damping parameter to be used with the

Langevin thermostat in LAMMPS to perform MD simulations of the 1CPN model in the

canonical ensemble. The Langevin thermostat in LAMMPS only allows for the specification

of a scalar friction coefficient. More precisely, in LAMMPS the friction coefficient of a site

is specified by means of a scalar damping parameter λ ≡ m/ζ . Where ζ is the friction

coefficient of a site and m is the mass of that site. However in the level of description

of 1CPN a nucleosome is represented as an ellipsoidal particle. Ellipsoidal particles have

tensorial friction coefficients [56, 79]. Therefore to find a good scalar approximation of the

scalar damping parameter to be used in LAMMPS we first study the diffusion of a single

nucleosome in a dilute solution accounting for the tensorial nature of the friction coefficient.

The Langevin equation for the translational motion of a microscopic particle in solution
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can be written as,

midvi(t) = −ζi · vi(t)dt+Bi · dWi(t),

dri(t)

dt
= vi(t).

Where vi(t) is the translational velocity of the the particle, ri(t) is its position and m

is its mass, ζi is the translational friction tensor, Bi is a matrix which satisfies [Bi] ·

[Bi]
⊤ = 2kBTζi and dWi(t) is a Wiener increment, which has white noise statistics,

〈dWi(t)dWj(t
′)〉eq = δδi,jδ(t− t′). The mass of a nucleosome core particle isMN = 196.666

Kg/mol.

The inertial time scale of the nucleosome motion using MN = 196.666 Kg/mol is,

λ1 =

(

1
4kBT

ma2

)1/2

= 3.1× 10−9seconds. (6.62)

where mN ≡ MN/NA and NA is Avogadro’s constant. Where a is the equatorial (largest)

radius of the nucleosome.

For an ellipsoidal particle the translational friction tensor, ζ, can be written as,

ζ = 16πµae
[

XAf̂ f̂ + Y A(δ − f̂ f̂)
]

(6.63)

where µ ∼ 8.90×10−4 Kg/(s m) is the viscosity of the solvent, mostly water in this case. The

eccentricity of the oblate ellipsoid is e ≡
√

1− c2

a2
and for oblate ellipsoids the equatorial

radius a is always greater than the polar radius c. The constants XA and Y A are given by

[79],

XA ≡ 8

3
e3

[

2(2e2 − 1) cot−1

(√
1− e2

e

)

+ 2e
√

1− e2

]−1

, (6.64a)

Y A ≡ 8

3
e3

[

2(2e2 + 1) cot−1

(√
1− e2

e

)

− e
√

1− e2

]−1

. (6.64b)

139



For a spherical particle, which is the case of DNA beads, the translational friction tensor

reduces to ζ = 6πRµδ, where R is the radius of the spherical bead.

The Langevin equation for the rotational motion of a microscopic particle in solution can

be written as [72],

[Ri(t)]
−1 · Ii · dωi(t) = −ζri · ωi(t)dt+Br

i · dWi(t),

df̂i(t)

dt
= ωi(t)× f̂i(t),

dûi(t)

dt
= ωi(t)× ûi(t),

dv̂i(t)

dt
= ωi(t)× v̂i(t).

Where ωi is the angular velocity, ζr is the rotational friction tensor, Br
i is a matrix which

satisfies [Br
i ] · [Br

i ]
⊤ = 2kBTζ

r
i and Ri(t) ≡

{

f̂i(t), ûi(t), v̂i(t)
}⊤

is a rotation matrix in

which each row is one of the vectors in the triad of orientation vectors of the particle, Ii is

the moment of inertia tensor of the ellipsoidal particle. In the coordinate system defined by
{

f̂i, ûi, v̂i

}

the moment of inertia tensor can be wrritten as,

Ii =













2
5mia

2 0 0

0 1
5mi

(

a2 + c2
)

0

0 0 1
5mi

(

a2 + c2
)













. (6.65)

The rotational friction tensor for an ellipsoidal particle can be written as [79],

ζr =
32

3
πµa3e3

[

XC f̂ f̂ + Y C(δ − f̂ f̂)
]

.

For an oblate ellipsoid the constants XC and Y C are given by [79],

XC =
2

3
e3

[

cot−1

(√
1− e2

e

)

− e
√

1− e2

]−1

, (6.66a)

Y C =
2

3
e3(2− e2)

[

e
√

1− 2e2 − (1− 2e2) cot−1

(√
1− e2

e

)]−1

. (6.66b)
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Figure 6.9: Rotational and translational dynamics of nucleosome and DNA sites. 〈∆r2(t)〉 ≡
〈[r(t)− r(0)]2〉eq, 〈∆f̂2(t)〉 ≡ 〈[f̂(t)− f̂ (0)]2〉eq. A scaling of t2 indiates ballistic motion, a

scaling of t1 indicates diffusive motion.

For a spherical particle, which is the case of DNA beads, the translational friction tensor

reduces to ζr = 8πR3µδ, where R is the radius of the spherical bead.

Fluorescence fluctuation spectroscopy (FFS) mesurements of the difussion coefficient of

nucleosome particles in dilute solution [69] have yield results in the range of Dnucleosome ∼

0.015 − 0.018 nm2/ns. These are transaltional diffusion coefficients, rotational difusion co-

efficients of nucleosomes do not appear to have been reported in the literature. The hydro-

dynamic calculations presented above are in good qualitative agreement with the available

experimental measurements.

Parameter Value

mDNA 3.24× 10−24 Kg

mN 3.26× 10−22 Kg

ζDNA 1.7× 10−11 N s/m

ζeffN 7.15× 10−11 N s/m

mDNA/ζDNA 0.195× 10−12 s

mN/ζ
eff
N 4.563× 10−12 s

Table 6.5: Dynamic parameters for the 1CPN model.

To calculate the damping parameter for the Langevin thermostat to be used in LAMMPS

when simulating 1CPN we calculate an effective friction coefficient of the nucleosome using
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the Einstein relation, ζeff ≡ kBT

D ∼ 7.9×10−11 N s /m. With this effective friction a damping

parameter is calculated λ ≡ mN/ζ
eff ∼ 4.6 ps. This damping parameter is larger than the

one that is obtained if one uses the friction coefficient and the mass of a 1CPN DNA bead

(see Table 6.5). The damping parameter determines how rapidly the temperature is relaxed

in an MD simulation in the canonical ensemble. The damping parameter of the nucleosome

which produces a slower relaxation of the temperature is choosen as the damping coefficient

to be used when running 1CPN in LAMMPS. Additionally, in LAMMPS the rotational

friction is also specified as scalar. Therefore we use the scalar relation between translational

and rotational friction that can be derived for a sphere, e.g. λr ∼ 0.3λm.

Figure 6.10: Rotational and translational dynamics of the 1CPN nucleosome sites.

6.7.6 Model Parameters

The parameters used in the model are described in the following tables.

6.7.7 Definition of Orientation Vectors in 3SPN-AICG

The three vectors, f̂ , v̂, and û, are defined using several structural features on the 3SPN-

AICG representation of the histone octamer. The vector û is directed from the center of

mass of the protein through the dyad on the nucleosome. The location of the dyad was
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Uzewdie Uelect
σ0 48.5 σ′0 30.0 ǫ Eq. 6.10 λD Eq. 6.9
ǫ0 3.2 ǫ′0 0.1 Ugauss,aniso
σ000 1.7 ǫ000 2.5 d0 2.0 r0 45
σcc2 -0.60 ǫcc2 2.3 σ 2.0
σ220 -0.02 ǫ220 1.5 Kθ 4 θ0 70◦

σ222 0.0 ǫ222 0.0 Kφ 8 φ0 90◦

σ224 0.0 ǫ224 0.0
Source: Fig. 6.5 Source: Fig. 6.7

Table 6.6: Nonbonded parameters

parameter explanation value

kDb kbond dna 163.3 kcal/mol/Å2

kβ kbend dna 30 kcal/mol
kω ktwist dna 38.9 kcal/mol
kψ kalign dna 388.9 kcal/mol

ℓb,0 eq length dna 9.9 Å
ω0 eq twist dna 46◦

Table 6.7: DNA Bonded parameters

̀ = 180 - ̀ + ̀/2 = 360 - ̀' - ̀/2

̀ = 180 - (180-̀') - (180-̀) = ̀' + ̀ - 180
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Figure 6.11: Diagram showing the definition of different lengths used within 1CPN Model.
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Equil. Lengths and Angles
parameter value source

ℓa,0 (9) 90.11, (10) 91.87, (11) 91.85 Ref. [29]
ℓc,0 (9) 48.17 , (10) 48.02 , (11) 47.18 Ref. [29]
ℓd,0 input parameter (dyad nucl length) Ref. [29]

ℓe,0 ℓe,0 =
√

(ℓd − ℓh)
2 + (ℓa/2)2 Geometry

α 90◦ Fig. 6.7

ζ ζ = π
2 + arcsin

(

i/2
c

)

Geometry

θ θ = (36◦nbp,unwrap) mod 360◦ Geometry
η η = 2π − κ Geometry
µ µ = π − α′ − γ/2 Geometry

κ κ = (2π − α′ − γ) + (γ/2) Geometry
γ γ = 2 arcsin(0.5ℓf/ℓg) Geometry

ℓf,0 ℓf =
√

ℓ2a,0 − ℓ2i,0 Geometry

ℓg,0 ℓg =
√

ℓ2c,0 − (ℓi,0/2)2 Geometry

ℓi,0 (9) 36.93, (10) 35.36, (11) 32.37 Ref. [29]

ℓh,0 ℓh =
√

ℓ2g,0 − (ℓf,0/2)
2 Geometry

Force Constants
parameter value source

kα 10 kcal/mol Fig. 6.7
kζ 100 kcal/mol Geometry
kθ 1.6 kcal/mol Fig. 6.8

kNt 10 kcal/mol Sec. 6.5.3
kη 100 kcal/mol
kµ — Same as kη

Table 6.8: Bonded parameters entering UNucl. When three values are given, these correspond
to the value when nbp,unwrap = 9, 10, 11 bp, respectively.
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a)

b)

Figure 6.12: Protein sites used to define fvu vectors in 3SPN-AICG

defined as the point between the center of mass of the histone core and the center of mass

of the sites consisting of the α1 through α3 sites of the H3 and H3’ histones.

The vector f̂ is the vector normal to the flat face of the nucleosome and roughly points

along the nucleosomal DNA superhelix. In order to calculate f̂ , we first defined two clusters

of sites on the histone proteins (Figure 6.12 red and green), and define a vector ŵ that points

between these two clusters. f̂ is then defined as f̂ ≡ û× ŵ. Once vector f̂ was determined,

the last vector was determined by taking the cross product between û and f̂ .
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CHAPTER 7

CONCLUSIONS

In conclusion, it has been demonstrated in this dissertation that the DNA molecule is a ver-

satile tool for achieving self-assembly across a wide range of length scales. As the smallest

length scales, we have shown that the hybridization of two DNA molecules is strongly depen-

dent on DNA sequence, and that this sequence-dependence can be exploited for materials

applications. Specifically, we have shown that that DNA sequence can be used to engineer

the energy scales and mechanical properties of DNA-conjugated nanoparticles, thereby sug-

gesting the possibility of mechanical metamaterials constructed using DNA. At larger length

scales, we then turned to the biophysical processes of chromatin compaction, with the goal

of understanding the mechanisms employed by nature to achieve complex and dynamic as-

sembly. We initially focused on the smallest unit of chromatin, a DNA-protein complex

called the nucleosome, and examined its energetics and dynamics using a detailed molecular

model. Even at these larger length scales, we show that DNA sequence continues to play

a significant role, and that the energies and dynamics of nucleosome formation are strongly

dictated by the DNA sequence incorporated into the nucleosome. DNA sequence manifests

itself in nucleosome repositioning through different mechanisms, suggesting that even the

higher-order folds of chromatin may be dictated, to some degree, by the DNA sequence it-

self. Finally, we have presented a multi-scale approach that seeks to understand even larger

structures within chromatin, and the properties that emerge from chromatin when many

nucleosomes interact together.

As the complexity of engineered systems continues to advance, the driving research ques-

tion is no longer what materials can be made, but rather what material should be made

in order to achieve materials with a desired performance and properties. This so-called

“inverse-design” problem represents a significant challenge for the research community, and

is a major barrier for progress in engineered systems. Though the complexity of these ma-

terials is critical to achieve their function, this complexity also frustrates attempts to design
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materials from the bottom up, because the parameter space of all possible designs is pro-

hibitively large. Nature has discovered innovative, and frequently unexpected solutions, to

take advantage of this complexity, and can offer new approaches for materials design. There

is therefore a large opportunity to draw from both the biophysics and engineering literature,

in order to design synthetic systems that seek to mimic the complexity achieved by nature.
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