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Nucleosomes are the fundamental units of DNA packaging and play central roles in 

regulating genetic activity in eukaryotic cells.  High-resolution crystal structures deliver 

detailed snapshots of the nucleosome in its most stable conformations.  However, 

nucleosomes are dynamic structures that populate diverse conformations as they 

regulate DNA accessibility.  A full understanding of how DNA is processed requires 

knowledge of these conformations and the interplay of factors that coordinate their 

formation.  In this dissertation, we describe a new approach using small angle x-ray 

scattering to resolve alternate nucleosome conformations and investigate the 

mechanisms that facilitate their formation.  We begin by studying the salt-induced 

disassembly pathway of nucleosomes.  By modulating the ionic strength of the solution, 

we globally destabilize nucleosome structures and identify key intermediates that reflect 

the intrinsic mechanical propensities of the nucleosome.  We then investigate how the 

chromatin remodeler, Chd1, reorganizes nucleosome structure in a nucleotide-

dependent manner.  Our results suggest that the biophysical properties of the DNA play 

important roles in directing how alternate conformations are formed.  
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PREFACE 

 

“In nature’s infinite book of secrecy 

A little I can read.” 

_________________________________________ 

William Shakespeare, Antony and Cleopatra, 1606 

 

The dazzling beauty of nature inspires a boundless, yet exciting quest to uncover the 

basis that gives rise to life’s diversity.  To the delight (and sometimes disdain) of many 

scientists, this quest has led to an endless cycle of new questions.  As newly discovered 

mechanisms add to an increasingly complex picture of how organisms function, they 

often underscore our awareness for how much more exists to be discovered.  In such a 

way, research leads many to share the sentiment of the Soothsayer (fortuneteller) quoted 

above.   

  



 

1 

Chapter 1 
 

Introduction 
 

In eukaryotic cells, 75-90% of DNA is wrapped in spool-like structures called 

nucleosomes.  As the fundamental organizational unit of DNA, nucleosomes consist of 

approximately 150 base-pairs of DNA wound around a core of histone proteins.  In 

order to facilitate the vast array of genome-related functions required by the cell, 

nucleosomes accommodate diverse conformations and compositions.  The key feature 

of nucleosomes is their ability to be modified by extrinsic proteins and host epigenetic 

marks.  This tunable nature provides cells with a powerful platform for manipulating 

how DNA is accessed and organized in the nucleus.  Since the activity of nuclear 

proteins is influenced by how DNA is packaged, variation of nucleosome structures 

allows cells to assert control over the expression and heredity of phenotypes beyond 

what is encoded in the genome. 

The organization of DNA in nucleosomes has profound implications for the 

mechanisms of all cellular activities that require DNA access.  Studies using x-ray 

crystallography have determined high-resolution structures of fully wrapped 

nucleosomes.  These structures reflect the most stable and compact configuration of the 

nucleosome that serves as the functional form for packaging.  Since nucleosomes 

occlude interactions with the DNA, proteins that catalyze DNA-templated chemistries 

rely on at least some unwrapping of the DNA from the histones.  Research over the past 

decade has revealed that nucleosomes are highly dynamic structures – a sharp contrast 

to the static entities they were once thought to be.  Although various experimental 
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approaches report on unique aspects of these dynamics, none of them provide structures 

of the alternate nucleosome conformations in solution.   

The central aim of this work is to gain structural insights into how nucleosomes 

unwrap to provide DNA access.  Specifically, we address two questions: 

(1)  What are the alternate nucleosome conformations during disassembly?  

(2)  How do these alternate conformations form? 

This chapter lays out the general framework for nucleosome research that motivates our 

studies.  We start by reviewing the nature of DNA and the central role of nucleosomes 

in the large-scale organization of chromatin.  We briefly discuss examples of how 

nucleosomes regulate gene expression on the level of individual genes.  This is followed 

by a more detailed description of the fully wrapped nucleosome structure and a 

discussion of how its modular architecture facilitates the formation of alternate 

configurations.  We then summarize studies that explore nucleosome dynamics.  We 

end by outlining the research reported in the following chapters. 

 

1.1  Chromatin and the central role of nucleosomes in DNA compaction 

Research over the last century has revealed DNA to be the fundamental carrier of 

genetic information.  Cells have developed remarkable mechanisms to copy, edit, and 

repair the DNA.  As a physical medium for storing information, DNA is remarkably 

stable (half-life > 500 years) and remains unparalleled in terms of data density.  With a 

diameter of 20 Å and each base-pair contributing a rise of 3.4 Å (10.5 bases per turn) 

[1], double-stranded DNA has enabled storage of as much as ≈ 5 × 1015 bits/mm3, vastly 

eclipsing that of commercial flash memory (≈ 5 × 109 bits/mm3) [2].  Nevertheless, 
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eukaryotic cells require extensive amounts of DNA to store and manage the enormous 

amount of information required for maintaining homeostasis.  In humans, each cell 

contains nearly 2 linear meters of DNA!  Remarkably, this DNA is stored within a cell 

nucleus with an average diameter of 6 micrometers [3].  This compaction is achieved 

through the organization of DNA as chromatin – a dynamic arrangement of proteins and 

nucleic acids within the cell nucleus. 

Chromatin is dynamic in both form and function [3].  Its organization adapts to the 

needs of the cell and facilitates many fundamental cellular processes.  For example, 

during cell division, chromatin compacts into its densest form (metaphase/anaphase 

chromosomes) to help segregate the chromosome copies into new daughter cells.  Since 

eukaryotic cells spend most of their existence in non-dividing states (resting/interphase), 

their genomes are generally less condensed than during cell division.  Chromatin is kept 

in either looser (“euchromatin”) or tighter (“heterochromatin”) structures depending on 

the metabolic activity level of the genes contained within those regions.  Lightly packed 

chromatin is generally associated with active genes since they permit genetic machinery 

(such as transcription factors and polymerases) to have regular access to the underlying 

DNA.  One striking illustration of this principle is in cell differentiation.  Despite sharing 

the same genetic code, cells exhibit drastically different phenotypes by manipulating 

their chromatin architecture on large scales to vary how their genes are expressed [4]. 

Central to the adaptive nature of chromatin is its hierarchical structural organization 

(Figure 1.1) [5–7].  In the first level of this hierarchy, approximately 150 base-pairs of 



 

4 

DNA is wrapped around histone proteins to form spool-like structures called 

nucleosomes.  Tandem nucleosomes are connected by stretches of 10-80 base-pairs of 

“linker DNA” in a manner that resembles “beads on a string.”  These nucleosome arrays 

make up the primary structure of chromatin and are analogous to peptide chains in 

protein folding.  Unlike protein residues, which consist of at least 20 distinct amino 

acids with diverse biochemical properties, the basic nucleosome-linker repeats are 

Figure 1.1  The hierarchical organization of eukaryotic chromatin 

 

Adapted by permission from Macmillan Publishers Ltd: Nature [5], © 2003 
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thought to be largely identical.  Recent studies have begun to uncover a host of variable 

parameters that contribute to nucleosome complexity: DNA sequence [8–10], histone 

protein variants [11–13], post-translational modifications of histone proteins [14,15], 

DNA modifications [16,17], and lengths of the linker DNA [18,19].  Through various 

combinations of these parameters, nucleosomes can be tuned in how they coordinate the 

formation of functional 3D architectures. 

Although full descriptions of higher order structures are yet to be resolved, many in 

vitro studies have demonstrated the strong propensity of nucleosome arrays to form 30 

nm fibers – commonly regarded as the secondary structure of chromatin.  Details of this 

form and its relevance in vivo are active (and controversial) areas of research [20–22].  

The difficulty in reaching consensus arises from the intrinsic irregularity of native 

nucleosomes and the variable lengths of the linker DNA.  Of the two most prominent 

models for 30-nm fiber, the solenoid [23] and zig-zag [24] models, recent studies using 

highly regular nucleosomes support the latter [25,26].  X-ray diffraction data on 

crystallized tetranucleosomes (regularly spaced arrays of four nucleosomes) under high 

ionic strength conditions (90 mM Mg2+) provides the only known high-resolution 

structure of the fiber and shows the zigzag arrangement [25].  The relevant forms of the 

fiber with the native heterogeneity expected in long chromatin remain unknown.  

Beyond the 30 nm fiber, higher-order tertiary structures are formed through long-

distance interactions between chromatin fibers [27].  These interactions are facilitated 

by chromatin associated proteins (CAPs) and scaffold/matrix proteins that further 

condense chromatin and anchors the DNA onto the nuclear matrix [28–31].   

Due to the central role of nucleosomes within this hierarchy, efforts to understand 
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chromatin architecture depend on accurate models of nucleosomes.  Most models of 

higher order chromatin (including the 30 nm fiber) assume fully wrapped nucleosome 

structures and do not account for possible variations in their conformations [26].  This 

assumption stems from the inadequate resolution of individual nucleosomes and linker 

regions in electron microscopy and x-ray diffraction investigations of fiber structures.  

One intriguing possibility is that alternate nucleosome configurations may serve as 

important structural features in chromatin packing.   This consideration is largely 

unexplored, but is potentially important in creating more accurate models of chromatin 

architecture.  

 

1.1  Nucleosomes regulate genetic activity 

In addition to facilitating DNA compaction, nucleosomes play essential roles in 

regulating genetic activity [32].  This regulation is primarily achieved through its control 

of DNA access [33–36].  Since histones serve as steric obstacles to enzymes that engage 

DNA, their strategic placement is a powerful strategy for directing enzymes to 

appropriate entry sites.  In this way, RNA polymerase initiates transcription at the 

transcription start site (TSS) [37,38], and repair enzymes are guided to sites of DNA 

damage [39,40].  Genome-wide maps of nucleosomes occupancy and positioning reveal 

examples of both up- and down-regulation of gene expression [32].  Nucleosomes 

influence transcription rates by either occluding or directing transcription factors and 

RNA polymerase to the promoter regions of genes [41,42].  Further control is facilitated 

through the ability of nucleosomes to recruit proteins, such as pioneer transcription 

factors [43–46] and to provide sites for epigenetic marks [47–49]. 
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1.2  Nucleosome Structure 
 

High-resolution structures of the “canonical” nucleosome has been solved by x-ray 

crystallography [36,50–52].  The crystallized structural unit, called the nucleosome core 

particle (NCP), consists of approximately 146 base-pairs of DNA wrapped in ≈ 1.7 

superhelical turns around a core of eight histone proteins.  This protein core consists of 

two copies each of the four histone proteins: H2A, H2B, H3, and H4.  As shown in 

Figure 1.2, NCPs are best characterized by their modular architecture.  When formed in 

vitro, in the absence of interacting factors, the histone proteins first associate into 

obligate heterodimer pairs of H2A-H2B and H3-H4.  Two copies of H3-H4 

heterodimers further dimerize to form an (H3-H4)2 tetramer.  The octameric histone 

core consists of one copy of the (H3-H4)2 tetramer sandwiched by a copy of an H2A-

H2B dimer on both sides.  Together, these proteins form a superhelical ramp around 

which the DNA is tightly wrapped.  Nucleosome assembly and re-arrangement is 

facilitated through the activity of two general classes of proteins: histone chaperones 

and chromatin remodelers [53].  Histone chaperones bind histone proteins (usually 

H2A-H2B or H3-H4 heterodimers) and regulate nucleosome assembly by trafficking 

histones for insertion and preventing aggregation [54–56].  Chromatin remodelers are 

ATP-driven machines that slide, remodel, and remove nucleosomes, but have also been 

implicated in chaperone activity [57–60].    
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Figure 1.2  The hierarchical organization of nucleosomes 

(Upper) Hierarchical assembly of core histone proteins.  The four monomer species 

share the same histone fold: a long alpha helix flanked by two short alpha helices.  

All four histones have flexible N-terminal tails (not completely resolved), while H2A 

has an additional C-terminal tail.  Heterodimer pairs of H2A-H2B and H3-H4 are 

formed though the “handshake” motif as shown.  Two H3-H4 heterodimers dimerize 

through a very stable four-helix bundle (purple arrow) to form a tetramer.  An H2A-

H2B dimer interacts with both ends of the tetramer to form the full octameric histone 

core. 

(Lower) Crystal structure of the nucleosome core particle with 146 bp DNA. 

PDB model used is from [50] 
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Significant portions of the histone proteins (nearly 30% of the mass) are unresolved 

in the crystal structures due to their inherent flexibility [50,61].  These regions are 

thought to be unstructured and are called “histone tails” since they extend from the N-

terminus of the histone proteins (though H2A also has a C-terminal histone tail).  Basic 

residues on the histone tails align them along the minor grooves of the DNA and guide 

them towards the exterior surface of the NCP.  This exposure makes histone tails 

accessible to kinases [62], methyltransferase [63], acetyltransferase [64], and other 

chemical modifications [65,66] that are used to modulate nucleosome structure and 

function.  Sometimes referred to as “master control switches,” histone tails not only 

regulate DNA accessibility within individual nucleosomes [67], but also facilitate inter-

nucleosome interactions and direct how nucleosome arrays are folded [48].  Evidence 

for this latter role is observed within the crystal structure itself, where an H4 tail from 

the adjacent nucleosome in the crystal makes direct contact with an acidic patch on the 

surface of the nucleosome [50]. 

The stability of the NCP structure is maintained through electrostatic contacts 

between the DNA and histone proteins.  With a negative charge provided by each 

phosphate group in its backbone, DNA is a highly charged and self-repulsive polymer 

that is relatively rigid on the length scale of the nucleosome.  At near physiological ionic 

strength (≈ 150 mM NaCl), DNA has a persistence length (≈ 500 Å, ≈ 150 base-pairs) 

that is significantly longer than the superhelical diameter of the nucleosome (≈ 100 Å) 

[68].  Since the persistence length represents the distance across which a polymer resists 

bending due to thermal fluctuations alone, significant energy must be spent (relative to 

kBT) to bend the DNA into a nucleosome [69].   
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Basic residues on the surface of the histone core interact with the negatively charged 

backbone of the DNA to neutralize the charge and bend the DNA.  The non-specificity 

of this interaction (via phosphates in the backbone, as opposed to the bases) allow 

histones to organize virtually any DNA sequence.  However, the mechanical properties 

of the DNA play important roles in determining the energy cost to bend DNA [69].  The 

inclusion of specific motifs, such as the periodic placement of TA dinucleotide steps 

every 10 base-pairs, has been shown to lower DNA bending energy and favor 

nucleosome formation for sequences containing these motifs [70,71].  One notable 

example of a sequence with mechanical properties that are conducive for nucleosome 

formation is the “601 DNA.”  This sequence was engineered using SELEX (systematic 

evolution of ligands by exponential enrichment) to bind very tightly to histones, and is 

commonly used in biophysical research (including this work) to produce 

homogeneously positioned nucleosomes [71]. 

Although the nucleosome core particle is an indispensable source of insight into the 

interactions that stabilize nucleosomes, nucleosomes form a range of distinct structures 

that vary in both conformation and composition.  To date, all crystallographic structures 

of mono-nucleosomes contain between 145-147 base-pairs of DNA [50,61,72].  The 

specificity of this range reflects the importance of crystal contacts formed by base-

stacking interactions between the DNA ends of neighboring nucleosomes.  Hence in 

solution, the trajectories of the last 10-20 base-pairs may vary.  Early nucleosome 

studies with octameric histone cores have been observed to stably accommodate 

anywhere from ≈ 100-170 base-pairs of DNA [73–76], suggesting that nucleosomes 

may exhibit alternate conformations in addition to that observed in the NCP.   
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1.3  Alternate nucleosomes and dynamics  

Recent studies demonstrate strong evidence for nucleosome dynamics.  Experiments 

testing the DNA accessibility of restriction endonucleases on NCPs reveal that sites 

along the entire DNA are transiently exposed [77,78].  This exposure is more prevalent 

near the DNA ends and decreases towards the dyad axis.  Single-particle FRET 

experiments reveal that the DNA ends spontaneously unwrap and rewrap on timescales 

of 100-250 ms [35,79,80].  Such motions, termed “breathing,” are proposed to be an 

important mechanism for DNA-binding proteins to gain initial access to sequences 

sequestered in the NCP.  The higher propensity for the DNA ends to unwrap  is 

consistent with optical tweezer experiments that show multi-stage DNA release  [81,82].  

Using force induced disassembly, lower forces were required to unwind the outer DNA 

(associated with the H2A-H2B dimers), compared to the DNA closer to the dyad 

(associated with the (H3-H4)2 tetramer). 

Nucleosomes with eight histone proteins, referred to as octasomes, may not be the 

only biologically relevant composition of this histone core.  Nucleosomes missing one 

(hexasomes) [83–86] or two H2A-H2B dimers (tetrasomes) [87,88] have been reported.  

The biological significance of these alternate forms is intriguing, as they may serve as 

key intermediate conformations during gene expression and nucleosome 

assembly/disassembly.  Since hexasomes break the two-fold symmetry of canonical 

nucleosomes, they may be important intermediates in directing asymmetric activity on 

nucleosomes.  For example, the hexasome has been suggested as the active form of the 

NCP during transcription [85].  Two general mechanisms have been proposed for 

hexasome formation: (1) by direct invasion by proteins (as implicated in the activity of 
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polymerase [85], histone chaperones [45] and chromatin remodelers [89]), or (2) 

through the application of superhelical torsion on topologically constrained DNA.  The 

creation of positive superhelical torsion, which is naturally induced in front of moving 

polymerase, is sufficient to evict one H2A-H2B dimer from the NCP [90].  

The modular nature of the core histones facilitates the formation and stabilization 

of alternate nucleosome configurations.  By incorporating different combinations of 

histone variants and post-translational modifications, nucleosomes have numerous 

opportunities to diversity in structure and function.  The formation and displacement of 

these variants are driven through the activity of histone chaperones [91,92] and 

chromatin remodelers [57,60].  Furthermore, the modular architecture may enable 

alternate histone core conformations such as the “open intermediate” [93] and “split 

nucleosome” [94,95].  In the former intermediate, the interfaces between H2A-H2B 

dimer and (H3-H4)2 tetramer are disrupted; whereas in the latter, the nucleosome is split 

into two halves containing (H3-H4)-(H2A-H2B).  Though the prevalence and biological 

relevance of these forms are yet to be determined, these conformations expose new 

protein surfaces and provide new opportunities for interactions with nuclear proteins. 

 

1.4  Summary of research 

The central aim of this work is to gain structural insights into alternate nucleosome 

configurations that may serve as key intermediates in nucleosome processing.  Since the 

large size and inherent conformational flexibility of partially unwrapped nucleosomes 

present challenges for structural determination using traditional techniques such as x-

ray crystallography and NMR, we applied a novel approach based on small angle x-ray 
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scattering (SAXS) and ensemble modeling to characterize alternate nucleosome 

conformations.  An outline of this dissertation is as follows.   

In Chapter 2, we introduce the principal experimental strategies applied in this 

work: (1) contrast variation with small angle x-ray scattering (CV-SAXS), and (2) 

ensemble modeling.  We first describe the theoretical background behind small angle 

x-ray scattering and explain how contrast variation methods can be applied to glean 

insights into nucleic acid conformations within protein-nucleic acid systems.  We then 

demonstrate how the pairing of CV-SAXS with ensemble modeling provides new 

opportunities to resolve DNA structures and overcome the typical limitations in 

interpreting SAXS data. 

In Chapters 3-5, we present three separate studies that apply these approaches to 

investigate the formation of alternate nucleosome conformations.  These studies 

demonstrate progressive advancements in the experimental strategy as they address 

deeper and more biologically relevant questions. 

In Chapter 3, we describe the first application of this approach to monitor the 

structures of DNA during the salt-induced disassembly of nucleosomes [96].  Following 

a rapid salt jump to a condition that destabilizes nucleosomes (2.0 M NaCl), we observe 

the transient formation of an asymmetrically unwrapped DNA structure.  The 

persistence of this structure for several hundred milliseconds hints that nucleosomes 

may be predisposed to unwrap asymmetrically and that this structure may be the 

preferred substrate for other proteins that interact with the nucleosome.  Notably, this 

was the first SAXS study to demonstrate contrast variation while achieving time-

resolution on the 100 ms timescale. 
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In Chapter 4, we build upon the previous study and investigate the formation 

pathways of the asymmetric intermediate, and relate the changes in DNA conformation 

with the composition of the histone core [97].  By jumping to a lower salt concentration 

(1.2 M NaCl), we limit the speed and extent of disassembly, and resolve two pathways 

through which the asymmetric intermediate is formed.  Using time-resolved FRET to 

monitor the release of H2A-H2B dimers, we observe sequential dimer release that 

follows the asymmetric release of the DNA.  This link between DNA conformation and 

histone configuration has intriguing implications on how proteins may remodel 

nucleosomes. 

In Chapter 5, we shift towards a more biological system and explore how the 

chromatin remodeler Chd1 (chromodomain-helicase DNA-binding protein 1) alters 

nucleosome structure.  In response to Chd1 binding, DNA is partially unwrapped along 

the outer turn of the nucleosome (≈ 45 base-pairs from the dyad axis).  However, the 

trajectory of the unwrapped DNA varies upon the addition of different ATP-analogs 

(ADP-BeFx, AMP-PNP).  These results suggest that the conformational states of the 

ATPase domain play an important role driving the activity of Chd1.  
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Chapter 2 
 

Methods 
 

Small angle x-ray scattering (SAXS) is a powerful scattering technique that reports the 

global structure properties of biomolecules in solution [1–4].  The primary strength of 

SAXS is its ability to probe the unconstrained behavior of biomolecules over a wide 

range of experimental conditions.  This flexibility makes SAXS suitable for 

investigating dynamics and large conformational changes that are often inaccessible to 

other techniques.  Recent advancements in instrumentation and analysis methods have 

greatly expanded the role of SAXS in resolving the motions of large biomolecular 

assemblies [5,6].  High intensity x-ray sources and solution mixing technologies have 

enabled time-resolved studies to probe dynamics on timescales as short as milliseconds 

[7,8].  Advancements in ensemble methods now enable interpretation of results beyond 

the conformational average so conformational heterogeneity can be resolved [9–13].   

While the studies in Chapters 3-5 contain their own details on the methods used, 

here we provide a brief overview of SAXS and the key concepts behind the contrast 

variation method that enable investigations of DNA conformations within nucleosomes.  

We then discuss our procedures for ensemble modeling and important considerations 

for time-resolved SAXS measurements   Finally, we present details on the beamline 

setups used. 

 
Parts of this chapter is adapted with permission from [1]: J.M. Tokuda, S.A. Pabit, 

L. Pollack, Protein-DNA and ion-DNA interactions revealed through contrast 

variation SAXS, Biophys. Rev. 8 (2016) 139–149. 
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2.1  Introduction 

The basic concept of small angle x-ray scattering is illustrated in Figure 2.1.  An aqueous 

sample is exposed to a collimated and monochromatic x-ray beam (typically 1010-1014 

photons/s) with a wavelength, λ, between 1-2 Å (≈ 6000-12000 eV).  A small fraction 

of the photons (≈ 1/106) are elastically scattered by the electrons within the illuminated 

volume (via Thomson scattering) and produce an interference pattern that is imaged 

onto a detector.  Since the molecules that contribute to the signal are sampled in all 

orientations, SAXS measures the spherically averaged scattering patterns of the 

molecules in solution.  The resulting scattering intensities are radially symmetric in the 

image, and scattering profiles are generated by first integrating the intensity at each 

azimuthal angle, and then plotting the intensity, 𝐼(𝑞), as a function of the angle, 𝑞 =

4𝜋 sin(𝜃) /λ.  This definition of the scattering angle (q) makes it independent of the x-

ray energy.  For most biomolecules, with sizes between 10-100 nm, the measured 

intensities decay within a few degrees (2θ < 5°).  In order to isolate the scattering from 

the biomolecules alone, the SAXS profile of the buffer (without the biomolecule) is 

subtracted from the SAXS profile of the sample.   

The general equation for the scattering intensity of a dilute, monodisperse particle 

is given by: 

𝐼(𝑞) = 4𝜋 ∫ 𝑟2𝐷𝑚𝑎𝑥

0
𝛾(𝑟)

sin(𝑞∙𝑟)

𝑞∙𝑟
𝑑𝑟 , (Eq. 2.1) 

where 𝐷𝑚𝑎𝑥  is the maximum dimension of the particle and 𝛾(𝑟) is the spherically 

averaged autocorrelation function of the particle’s electron density.  Solutions to Eq. 2.1 
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are complex and depend on the shape and internal structure of the particle.  However, 

the low angle limit provides some useful information.  At the forward scattering angle, 

𝑞 = 0, maximal constructive interference is achieved since all of the scattered x-rays 

are in phase.  Thus, the scattering, 𝐼(0), depends only on the number of electrons and is 

related to the molecular mass and number of biomolecules that give rise to the 

scattering.  Using 𝐼(0), molecular mass can be determined through comparison with a 

reference molecule with known mass, or through calibration of the scattering intensities 

onto an absolute scale using a known standard (e.g. water scattering) [14].  Since the 

measured scattering from 𝑁 non-interacting particles is simply the sum of their 

Figure 2.1  SAXS schematic.  (Left) A schematic of a typical SAXS experiment is 

shown.  The sample is typically a buffered solution containing 2 mg/mL of protein, 

DNA, or protein-DNA complex. This sample oscillates through a quartz capillary to 

reduce radiation damage from the x-ray beam.  The scattered x-rays are imaged onto 

an area detector while the primary beam is either blocked or greatly attenuated (as 

shown) by a beamstop.  (Right) The images are pooled, averaged, and converted into 

profiles of intensity as a function of scattering vector, I(q), through azimuthal 

integration.  For each sample, a corresponding measurement of the buffer alone is 

made and the resulting buffer profile is subtracted from the sample profile to obtain 

the macromolecular SAXS profile.  SAXS intensities can be calibrated onto an 

absolute scale (in units of e2) through the measurement of water as a standard. 

Figure adapted from [1] 
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scattering, molecular mass measurements require that the concentration of the 

biomolecule is accurately known.  Because the incident x-ray beam is blocked by a 

beamstop, 𝐼(0) is not measured directly and must be extrapolated.   

At low angles, the scattering can be approximated as a Gaussian through the Guinier 

formula [4,15]: 

𝐼(𝑞) = 𝐼(0) ∙ 𝑒−
(𝑅𝑔∙𝑞)

2

3  , (Eq. 2.2) 

where 𝑅𝑔 is the radius of gyration.  Mathematically, 𝑅𝑔 is the root mean square distance 

between all electron pairs within a particle and is a quantitative measure of size.  A 

linear fit to experimental data plotted as 𝑙𝑛(𝐼(𝑞)) versus 𝑞2 provides 𝐼(0) and 𝑅𝑔 from 

the intercept and slope, respectively.  For globular structures, this approximation is valid 

for 𝑞 ∙ 𝑅𝑔 < 1.3.  

 

2.2  Scattering theory and contrast variation 

The theoretical principles behind SAXS are covered in great detail in other reviews 

[4,16,17].  Here, we provide only the relevant introductory information to understand 

the contrast variation methods applied in this work. 

We begin by briefly discussing the origin of the SAXS signal (for more details see 

[4,18]).  The net scattering intensity (measured above the background) originates from 

electron density fluctuations within the illuminated volume.  For proteins and nucleic 

acids in an aqueous buffer, these fluctuations are dominated by the higher electron 

densities of the protein  (≈ 420 e-/nm3) and nucleic acids (≈ 550 e-/nm3) over the 

surrounding solution (≈ 334 e-/nm3) [2].  The average electron density difference (or 

“contrast”) between a macromolecule and its surrounding solution can be expressed as:  
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∆𝜌𝑀 = 𝜌𝑀 − 𝜌𝑠𝑜𝑙 , (Eq. 2.3) 

where 𝜌𝑀 and 𝜌𝑠𝑜𝑙 are the average electron density values for the macromolecule and 

solution, respectively.  The number of excess electrons present in the volume occupied 

by the macromolecules (relative to an identical volume occupied by the solvent) is given 

by the scattering factor:  

𝑓𝑀 = ∆𝜌𝑀 ∙ 𝑉𝑀 , (Eq. 2.4) 

where 𝑉𝑀 is the volume of the macromolecules.  If the macromolecules were in vacuum, 

𝑓𝑀 would equal the number of electrons present in the macromolecules.  Since the 

solution is essential for physiological measurements, the relevant value reflects the 

number of excess electrons above that contained by the solution in the same volume.   

The amplitude of the scattering signal is described by the product of this scattering 

factor, 𝑓𝑀, and an angle (or 𝑞)-dependent form factor, 𝐹𝑀(𝑞), that reflects the 

arrangement of electrons in the macromolecule.  For a single component system, the 

scattering amplitude is given by:  

𝐴 = 𝑓𝑀 ∙ 𝐹𝑀(𝑞) ,    (Eq. 2.5) 

This equation neglects the internal density fluctuations of the macromolecule [2].  

SAXS experiments measure intensity, the product of the scattering amplitude and its 

complex conjugate: 𝐴 ∙ 𝐴∗.  For a single particle system, this “squaring” is 

straightforward.  The measured scattering intensity can be written as: 

𝐼(𝑞) = 𝑓𝑀
2 ∙ 𝑃𝑀(𝑞) . (Eq. 2.6) 

Here, 𝑃𝑀(𝑞) is the partial scattering form factor of this macromolecule, given by 

𝐹𝑀(𝑞)𝐹𝑀
∗(𝑞) integrated over all space.  𝑃𝑀(𝑞) reflects the shape of the macromolecule 
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and (by convention) is unity at 𝑞 = 0, hence 𝐼(0) is related to the number of excess 

electrons squared. 

For a two-component system consisting of DNA and protein, the total scattering 

amplitude is a sum over all components:  

𝐴 = 𝑓𝐷𝑁𝐴𝐹𝐷𝑁𝐴(𝑞) + 𝑓𝑝𝑟𝑜𝑡𝐹𝑝𝑟𝑜𝑡(𝑞) , (Eq. 2.7) 

The resulting expression for scattering intensity contains cross-terms, proportional to 

various products of the form factors, 𝐹𝐷𝑁𝐴(𝑞) and 𝐹𝑝𝑟𝑜𝑡(𝑞).  These terms, which depend 

on the structures of both particles, introduce new challenges for the study of 

multicomponent systems.  For this system, the scattering intensity 𝐼(𝑞) is given by: 

𝐼(𝑞) = 𝑓𝐷𝑁𝐴
2𝑃𝐷𝑁𝐴(𝑞) + 2𝑓𝐷𝑁𝐴𝑓𝑝𝑟𝑜𝑡𝑃𝐷𝑁𝐴∙𝑝𝑟𝑜𝑡(𝑞) + 𝑓𝑝𝑟𝑜𝑡

2𝑃𝑝𝑟𝑜𝑡(𝑞) , (Eq. 2.8) 

where 𝑃𝐷𝑁𝐴(𝑞) and 𝑃𝑝𝑟𝑜𝑡(𝑞) are the partial scattering form factors for each of the two 

components and reflects their individual contributions.  The cross-term, 𝑃𝐷𝑁𝐴∙𝑝𝑟𝑜𝑡(𝑞), 

contains information about the relative distributions of electrons between the two 

components. 

As seen in Eq. 2.8, SAXS profiles for DNA-protein complexes consist of 

contributions from the shapes and relative distributions of the individual components.  

Deconvolution of the signal into the contributions from each component is non-trivial, 

and this ambiguity severely limits how SAXS profiles can be interpreted.   

Contrast variation describes the manipulation of the scattering factors 

(𝑓𝐷𝑁𝐴 𝑎𝑛𝑑 𝑓𝑝𝑟𝑜𝑡) in the above equations.  As seen from Eq. 1 and Eq. 2, the scattering 

factors are directly related to electron densities: 𝑓𝐷𝑁𝐴 ∝ 𝜌𝐷𝑁𝐴 − 𝜌𝑠𝑜𝑙 and 𝑓𝑝𝑟𝑜𝑡 ∝

𝜌𝑝𝑟𝑜𝑡 − 𝜌𝑠𝑜𝑙.  If the solution electron density (𝜌𝑠𝑜𝑙) is increased to equal that of the 
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protein (𝜌𝑝𝑟𝑜𝑡), then 𝑓𝑝𝑟𝑜𝑡 = 0, and the second and third terms of Eq. 2.8 vanish (note: 

Eq. 2.8 becomes Eq. 2.6, which describes a single component system).  This is referred 

to as the “contrast matched” condition and must be found experimentally.  The addition 

of 50%-65% (w/v) sucrose to the solvent is sufficient to match the electron density of 

most proteins.  As stated above, this analysis does not account for internal density 

fluctuations within the DNA or protein components — a valid approximation in most 

cases since these fluctuations are typically much smaller than the differences between 

the components.  In the contrast matched condition, the resulting scattering profile is 

dominated by the DNA shape, and conformational details of the DNA emerge that are 

otherwise obscured in standard SAXS measurements.  Note that the effective scattering 

factor for the DNA is also reduced when the solution electron density is increased, 

which results in a weaker but otherwise unchanged signal.  This approach is illustrated 

in Figure 2.2. 

Theoretically, if the electron density of the solvent was increased further to match 

that of the DNA, the protein signal from the complex can be isolated.  Sucrose cannot 

be used to achieve this matching condition due to solubility limits; however, the use of 

other highly soluble additives with heavier atoms may enable such studies in the future.  

Small angle neutron scattering (SANS) is better suited for this type of contrast matching 

due to the remarkable difference in scattering between hydrogen and deuterium.  In 

SANS, the scattering from various components can be selected by varying the 

H2O/D2O composition of the solvent.  This approach has been applied with great 

success in the pioneering studies of nucleosomes [19–21] as well as a variety of other 
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biomolecular complexes [22–27].  Contrast variation SAXS and SANS methods are  

reviewed in [26–29]. 

 

2.3  Applying CV-SAXS to NCPs 

The first step in a contrast variation experiment is to determine how much sucrose needs 

to be added to increase the density of the buffer until it matches that of the proteins 

(Figure 2.2C).  To accomplish this, SAXS profiles of the octameric histone proteins 

were acquired in solutions containing different concentrations of sucrose.  In 50% (w/v) 

sucrose, the signal from the histone proteins was effectively eliminated (Figure 2.2D).  

Importantly, SAXS profiles of the DNA acquired in 50% sucrose show that sufficient 

signal remains for analysis.   

The benefits of contrast variation becomes clear when comparing SAXS data for 

𝝆𝒔𝒐𝒍 ≈ 𝟑𝟑𝟎 

𝝆𝒑𝒓𝒐𝒕 ≈ 𝟒𝟐𝟎 

𝝆𝑫𝑵𝑨 ≈ 𝟓𝟓𝟎 

Figure 2.2  Cartoon illustration of contrast variation.  (A) A color scale bar is shown 

with average electron density values for DNA, protein, and water.  (B-C) Cartoon 

models of the nucleosome core particle (PDB: 1AOI [36]) in buffers with electron 

densities that vary according to the presence of 0% (B) and 50% (C) sucrose.  The 

resulting contrasts (excess electron densities) are shown below each condition.  (D) 

SAXS profiles for the DNA and histone proteins measured separately with and 

without sucrose.  Note: in 50% sucrose, the histone SAXS signal “disappears,” but 

the DNA is still visible due to its higher electron density. 

Figure adapted from [1] 
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wrapped NCPs with and without sucrose.  For a more intuitive perspective of the data, 

we can first compute the pairwise distance distribution function, 𝑃(𝑅), through a 

Fourier transform of the SAXS profile as shown below [16]:   

𝑃(𝑅) =
1

2𝜋2 ∫ 𝐼(𝑞) · 𝑞𝑅 · sin(𝑞𝑅) 𝑑𝑞
∞

0
 . (Eq. 2.9) 

This procedure allows conversion of the SAXS data from reciprocal- (𝑞) to real-space 

(𝑅), and can be very informative if well-defined shapes are present.  In practice, only 

approximate solutions for 𝑃(𝑅) are obtained through indirect Fourier transform 

methods due to experimental limitations (e.g. finite measurable q-range).  Detailed 

instructions for obtaining reliable 𝑃(𝑅) curves are reviewed in [6], and 𝑃(𝑅)s are 

relatively straightforward to compute using publicly available software such as GNOM 

[30].  Peaks in the 𝑃(𝑅) curves represent length scales that are prominent or repeated in 

the particles, and assist in interpreting structural changes reported by SAXS.  The 

expected DNA structure and theoretical 𝑃(𝑅) for wrapped NCPs are shown in Figure  

2.3A-B.  Characteristic dimensions of the NCP structure, such as the distance between 

overlapping DNA ends, and the diameter of the superhelical coil, appear as peaks in 

𝑃(𝑅) (Figure 2.3A-B).  These features are obscured in the 𝑃(𝑅) curve for NCPs 

measured without sucrose since both the protein and DNA contribute to the signal 

(Figure 2.3C).  The bell-shaped 𝑃(𝑅) curve observed without sucrose reflects a globular 

structure and conformational insight is limited to global properties such as the radius 

and maximum dimension.  However, when the NCP is measured with 50% sucrose, the 

protein scattering is effectively eliminated and identifiable features emerge from the 

𝑃(𝑅) (Figure 2.3C) that correspond with what is expected for the wrapped NCP 

structure (Figure 2.3A-B). 
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2.4  Ensemble modeling 

Structural modeling provides new opportunities to expand the scope and depth of 

structural insights provided by SAXS.  In traditional SAXS analysis, properties such as 

molecular mass, radius of gyration, P(R), and low-resolution shape envelopes are 

Figure 2.3  Comparison of the structural insight provided by the pair-wise distance 

distribution (𝑃(𝑅)) for NCPs with and without.  (A) DNA model for the completely 

wrapped NCP (PDB: 1AOI, [36]).  (B) Theoretical P(R) curve for the DNA model 

shown in (A).  Peaks in the P(R) curve are associated with structural features as 

follows: d1 – diameter of the duplex DNA; d2 – distance between overlapping DNA 

ends; d3 – diameter of the overall wrapped structure.  (C) Comparison of P(R) curves 

for NCPs measured in 0.2 M NaCl and 0% or 50% sucrose.  The differences between 

the measured P(R)s in (C) illustrate how structural details emerge in the contrast 

matched condition. 

Figure adapted from [1]  

A 

B 
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computed directly from SAXS profiles.  The development of efficient and reliable 

programs that calculate theoretical SAXS profiles from PDB models,  such as CRYSOL 

[31], allow direct comparison of experimental data with theoretical scattering profiles 

from high-resolution structures.  Provided a set of plausible atomistic models, SAXS 

can be combined with refinement algorithms to distinguish between competing models 

generated by other structural techniques such as x-ray crystallography, NMR, cryo-EM, 

and molecular dynamics [32].  For example, the unresolved regions in a crystal structure 

can be modeled using molecular dynamics to generate a pool of possible conformations, 

and SAXS can be applied as a constraint to select the most plausible model [33,34]. 

Since SAXS is sensitive to the full ensemble of populated conformations, ensemble 

strategies provide new opportunities to resolve conformational heterogeneity beyond 

the conformational average.  For non-interacting particles, the experimentally measured 

SAXS profile is a linear combination of the SAXS profiles for the individual 

conformations present in solution:  

𝐼(𝑞) = ∑ 𝑓𝑖
2𝑁

𝑖=1 ∙ 𝑃𝑖(𝑞) , (Eq. 2.10) 

where  𝑓𝑖 is the scattering factor, and 𝑃𝑖(𝑞) is the partial scattering form factor of the 

𝑖-th specie.  Here, the scattering factor is 𝑓𝑖 = 𝑛𝑖 ∙ ∆𝜌𝑖, where 𝑛𝑖 is the number of times 

that conformation is represented, and ∆𝜌𝑖 is the number of excess electrons for the 

conformation.  In the case that the conformations share the same number of excess 

electrons, the measured SAXS profile is simply the weighted sum of the SAXS profiles 

of the individual conformations.  The goal of ensemble strategies is to find a subset of 

models from a large pool of possible conformations that best recapitulates the SAXS 

data.  Details on how the DNA pools were generated are described in each chapter. 
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For the work described in the following chapters, we apply an ensemble method 

adapted from the ensemble optimization method (EOM) developed by Bernado et al for 

characterizing intrinsically flexible proteins [9–11].  The ensemble method consists of 

three main steps: (1) generation of a library of conformations, (2) calculation of SAXS 

profiles for each conformation, (3) application of a search algorithm to find a 

combination of conformations that best fits the experimental SAXS profile.   

Since the library of conformations can be considerably large (≈ 10,000) and each 

conformation can be represented with different weights, significant computational 

resources must be applied if every possible combination is to be examined.  We apply 

a genetic algorithm to search through various combinations until the quality of the fits 

converges [9–11].  The genetic algorithm works as follows: (1) For the first generation, 

an initial set of 𝐾 ensembles (“chromosomes”) are generated, and each ensemble is 

populated with 20 random conformations (“genes”).  For this explanation, we will 

assume 𝐾 = 50.  (2) For the second generation,  3 ∙ 𝐾 (or 150) new ensembles are 

generated containing various degrees of cross-over mutations (genes randomly swapped 

between chromosomes) and random mutations (inclusion of random conformations 

from the pool).  (3) The resulting SAXS profile for each ensemble is computed and 

ensembles are ranked according to the χ2-fits to the experimental data.  (4) The 

𝐾 (or 50) best ensembles are propagated to the next generation and the evolution 

process (steps 2-3) is repeated through 10,000 generations.  In most cases, convergence 

is achieved after several thousand generations, resulting in ensembles that fit the data 

with χ2-values near 1.0.  The entire algorithm is iterated from 10 to 100 times to obtain 

statistics, with each iteration starting from a random generation of ensembles.  This 
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ensures that the final representative ensemble is reproducibly selected.  In the case that 

similar, but not identical structures, are selected in the final ensembles, the results for 

all iterations are pooled and similar structures are binned according to RMSD.  For NCP 

studies, the final ensemble typically consists of 2-5 representative structures.  The 

ensemble method is illustrated in Figure 2.4.  

 

2.5  Time-resolved SAXS 

The combination of SAXS and mixer technologies is a powerful strategy for 

investigating conformational dynamics.  When the solution environment is rapidly 

altered, SAXS can be used to measure time-resolved structural changes in response to 

variations in pH, ionic strength, or the addition of ligands.   

The time-resolved SAXS studies in chapters 3-4 use a commercial stopped flow 

mixer (SFM-400, BioLogic, France) to study the conformational response of NCPs 

induced by [NaCl] jumps (Figure 2.5).  In stopped flow mixing, solutions are directed 

through a turbulent mixer and into an observation flow cell.  The mixed fluids are 

rapidly stopped by the closure of a solenoid valve and SAXS data are collected 

thereafter.  The earliest time point accessible using a stopped flow mixer (SFM) is 

limited by the “dead time” of the mixer— the time required for the samples to travel 

from the mixing region to the observation cell.  This delay typically ranges from 1-5 ms 

depending on the sample flow rate and volume between these two regions.  Since SAXS 

data are recorded in real-time (after mixing), the frame rate of the detector also limits 

the time-resolution.  The Pilatus detector has an image readout time of 3 ms, which 

means frames can be acquired every 4 ms (1 ms collection + 3 ms readout).  As a result, 
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Figure 2.4  Schematic of ensemble optimization method applied to find an ensemble 

of DNA structures that best fit the data.  The procedures are as follows: (1) Generate 

a large pool of DNA structures to cover the conformational landscape.  (2) Collect 

experimental data for NCPs with sucrose.  (3) Calculate SAXS profiles for all 

structures in the DNA pool. (4) Randomly assign the first generation of ensembles 

and compare fits to the data.  (5) Evolve the ensembles by propagating structures 

from the best fitting ensembles and incorporating new structures from the pool. 

Compare fits for the new generation of ensembles.  (6) Repeat the evolution cycle 

until the convergence is achieved.  The best fitting ensemble in the final generation 

is the representative ensemble. 
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the nominal time resolution achievable using SFM is 9-10 ms.  Corresponding images 

(in time) from multiple measurements are binned for improved statistics.  The longest 

time point accessible using a stopped flow mixer is limited to 30-60 s due to radiation 

Figure 2.5  Scheme for studying time-resolved salt-induced disassembly of NCPs.  

(A) Cartoon showing the use of salt to destabilize NCPs and populate alternate 

conformations with DNA unwrapping.  (B) Diagram of stopped flow mixer used for 

time-resolved SAXS experiments.  Intact NCPs in low salt are rapidly mixed with 

high salt buffers into an observation cell.  The flow is stopped by a solenoid valve in 

the hard stop and the x-ray shutter is immediately opened, exposing the samples to 

x-rays as the detector records images of the scattered x-rays.  
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damage and backflow mixing.  The former concern can be addressed through the use of 

attenuators to reduce x-ray exposure.  However, backflow, where the pre-mixed samples 

diffuse with the mixed samples, is unavoidable and becomes noticeable after 30-60 s.   

Efficient mixing of high viscosity solutions containing high sucrose and salt 

concentrations requires special considerations.  Since bubbles are the bane of all mixing 

experiments, all samples must be degassed and loaded with care. With the SFM 

mounted vertically, several rounds of aspirating and dispensing should remove most 

bubbles trapped in the viscous solutions.  Nevertheless, the first few shots after sample 

loading will inevitably be graced by bubbly friends.  The commercial SFM used (SFM-

400) has four syringes that are independently driven by motors.  Since the four syringes 

are combined sequentially before being directed through the mixer, syringes 1-3 are 

loaded with the high salt buffer and syringe 4 (the one that is most proximal to the mixer) 

is loaded with the NCP sample in low salt buffer.  This minimizes both dead time and 

dispersion.  In order to achieve the most reproducible mixing and reduce the backflow  

from the mechanical backlash caused by pressure spikes, all four syringes must be 

driven for each measurement.  A high-density mixer (HDS model) should be used to 

minimize convection currents that may compromise mixing.  One challenge for working 

with viscous solutions is flushing out the sample from the previous measurement.  The 

key is to use large volumes (> 375 µL) and high flow rates (> 7.5 ml/s).  Since the 

sample cell only holds 30 µL, over 90% of the samples are sacrificed for flushing.   

Stopped flow mixing performance should be characterized and optimized by 

fluorescence quenching experiments (e.g. mixing a fluorophore with KI). 
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2.6 Beamline considerations 

Here we describe some of the basic considerations for setting up time-resolved 

experiments at the G1 station at Cornell High Energy Synchrotron Source (CHESS) 

(Figure 2.6) and BioCAT Sector 18ID at Advanced Photon Source (APS) (Figure 2.7).  

For each experiment, the timing must be synchronized between the stopped flow mixer, 

detector, and x-ray shutter to within 1 ms.  Response times for each component must be 

carefully measured using an oscilloscope and appropriate delay times must be 

programmed into the software used to coordinate their actions (e.g. SPEC).  An external 

trigger signal from the SFM is used to synchronize the hard-stop closure with the start 

of data acquisition and x-ray shutter opening. 

For experiments conducted at CHESS, the intensity of the incident x-rays decays 

noticeably over the timescale of a single measurement.  In order to compensate for this 

decay, SAXS curves must be normalized by the intensity of the incident beam.  In 

standard SAXS beamlines, counts of the incident x-rays are usually measured by PIN 

diodes embedded into the beamstop.  However, due to a variety of factors (i.e. electronic 

noise and timing errors), these counts are unreliable for the short exposures (several ms) 

required in SFM experiments.   

An alternate strategy is to use a semi-transparent beamstop to attenuate and directly 

image the incident x-ray beam onto the detector.  For this purpose, a beamstop can be 

made from molybdenum (Mo) foil.  For x-rays with energies between 10-11 keV, the 

attenuation length for Mo is ≈ 13 µm [35], and Mo beamstops between 100-200 µm 

(thick) provide sufficient attenuation.  The thickness of the foil is chosen so the counts 

in every pixel remain within their dynamic range during the exposure.  For the Pilatus 
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A 

Figure 2.6  Images of SAXS beamline set up for time-resolved experiments at G1 

station, Cornell High Energy Synchrotron Source, Cornell University, Ithaca, NY.  

(A)  Side view of beamline.  Incident x-rays (orange arrow) from the right are 

scattered by samples in the SFM (black box with blue tape).  Scattered x-rays are 

imaged onto the detector on the left.  Most of the chamber is maintained under 

vacuum to minimize parasitic scattering from air and windows.  (B) View of stopped 

flow mixer mounted sideways into the beamline.  The camera mounted on top 

provides a view into the sample chamber.  (C) View of the end of the flight tube 

(detector moved away) showing where the beamstop is mounted.  Inset: Example of 

a semi-transparent beamstop folded out of molybdenum foil.  Incident x-rays from 

behind the beamstop are attenuated and imaged onto the detector.  Folded shields 

block the diffraction ring from molybdenum.  (D) Exploded view of SFM sample 

chamber. Inset: Cartoon drawing of the vacuum compatible sample cell.  A vertically 

mounted quartz capillary holds liquid samples during x-ray exposure.    

B 

hard-stop 

camera 

sample 

chamber 
vacuum 

detector SFM 

C D 

sample cell 



 

43 

 

A 

Figure 2.7  Images of SAXS beamline set up for time-resolved experiments at 

BioCAT Sector 18ID at Advanced Photon Source, Argonne National Lab, Lemont, 

IL.  (A) Panoramic view of beamline setup for time-resolved experiments.  (B) 

Closeup view of the SFM mixer.  The vertical white syringes are used for loading 

samples and the camera providing a view into the observation chamber is mounted 

in front (lens tube visible).  The upstream and downstream portions of the flight tube 

have mica windows and are brought as close to the sample as possible to minimize 

air gaps.  (C) View of SFM mounted vertically onto an X-Z stage using unusually 

large C-clamps.  The bottom and front panels of the SFM were removed to fit the 

mixer, exposing two of the stepper motors that drive the syringes at the bottom. 
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detector, each pixel can store up to 20 bits (up to 1,048,576 counts).  Note that for the 

high flux used in time-resolved experiments, it is recommended to use thicker foil and 

stay within the lower region of this limit to reduce the chance of dropping counts (e.g. 

missing a photon when two arrive nearly simultaneously).  The count rate limit for a 

pixel is 2×106 photons/s.  When using molybdenum (Mo), the energy of the x-ray must 

be above 10 keV (at least 10.5 keV) to avoid any harmonic interactions with the Mo 

absorption K-edge (20 keV).  To maximize the number of pixels available for collecting 

low-q scatter, the beam should be positioned as close to the edge of the foil as possible.  

The end of the foil should be folded towards the detector to form a shield (> 5 mm) to 

block diffraction peaks from molybdenum (Figure 2.6C).  In order to maximize flux, a 

large beam (1 mm wide × 500 µm tall) can be used, but the beam should be focused at 

the beamstop for optimal scattering at low-q. 
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Chapter 3 
 

Revealing transient structures of nucleosomes as DNA 

unwinds †  

 

Abstract 

The modulation of DNA accessibility by nucleosomes is a fundamental mechanism of 

gene regulation in eukaryotes. The nucleosome core particle (NCP) consists of 147 bp 

of DNA wrapped around a symmetric octamer of histone proteins. The dynamics of 

DNA packaging and unpackaging from the NCP affect all DNA based chemistries, but 

depend on many factors, including DNA positioning sequence, histone variants and 

modifications. While the structure of the intact NCP has been studied by crystallography 

at atomic resolution, little is known about the structures of the partially unwrapped, 

transient intermediates relevant to nucleosome dynamics in processes such as 

transcription, DNA replication and repair. We apply a new experimental approach 

combining contrast variation with time-resolved small angle x-ray scattering (TR-

SAXS) to determine transient structures of protein and DNA constituents of NCPs 

during salt-induced disassembly. We measure the structures of unwrapping DNA and 

monitor protein dissociation from Xenopus laevis histones reconstituted with two model 

 

† This chapter is reprinted with permission from [1]: Y. Chen*, J.M. Tokuda*, T. 

Topping, J.L. Sutton, S.P. Meisburger, S. A. Pabit, L.M. Gloss, L. Pollack, Revealing 

transient structures of nucleosomes as DNA unwinds, Nucleic Acids Res. 42 (2014) 

8767–8776.  *These authors contributed equally 
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NCP positioning constructs: the Widom 601 sequence and the sea urchin 5S ribosomal 

gene. Both constructs reveal asymmetric release of DNA from disrupted histone cores, 

but display different patterns of protein dissociation. These kinetic intermediates may 

be biologically important substrates for gene regulation. 

 

3.1  Introduction 

Packaging of DNA by proteins in the nucleosome core particle (NCP) affects all DNA-

based chemistries, including transcription, replication, repair and recombination [2]. 

The canonical NCP consists of 147 bp DNA wrapped around a symmetric histone 

octamer of two H2A-H2B heterodimers and an (H3-H4)2 tetramer. Since DNA 

accessibility is a pre-requisite for initiating transcription and replication, an important 

unresolved question is how NCP disassembly proceeds to permit access to the DNA. 

Experiments carried out as a function of increasing salt (typically [NaCl] [3]) or force 

[4] reveal equilibrium intermediates with varying degrees of unwrapped DNA. Some 

contain bound, but disrupted protein cores [5–7]. However kinetic studies have been 

limited to FRET observations of spontaneous changes in DNA conformation [8–10] or 

to changes detected during protein binding [11,12]. The former measurements reveal 

that the dissociation of the DNA ends from the NCP (often termed breathing) occurs on 

a time scale of 100-250 ms, while larger scale openings involving the release of internal 

DNA segments occur on the order of 1-10 minutes.  

No kinetic experiments to date have monitored both the DNA and histone 

components of the NCP as DNA is released and the octamer core is disrupted. Here we 

describe a novel approach that combines contrast variation with time-resolved small 
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angle x-ray scattering (TR-SAXS) to observe transient NCP structures following a rapid 

increase in salt. It is generally accepted that increasing concentrations of NaCl populate 

intermediates species similar to those transiently populated at low ionic strength [6,13] 

and this perturbation approach facilitates the application of alternative biophysical 

methods to characterize intermediate species and relative time scales for their formation. 

Two unresolved questions that may have major functional roles for chromatin in vivo 

are addressed: (1) Is DNA release from the histone core symmetric or asymmetric? (2) 

Do the eight histone proteins remain bound to DNA upon DNA unwrapping? 

Asymmetric disassembly of the nucleosome has been proposed based on the 5’-to-3’ 

processivity of DNA and RNA polymerases, and the ability of RNA pol II to displace 

H2A-H2B dimers [14]. FRET-based models have generally assumed that the rapid 

DNA breathing motions are symmetrical [11], but transient NCP intermediates observed 

in recent high speed AFM measurements detected asymmetrical opening on similar time 

scales [15]. Equilibrium data indicate that the H2A-H2B dimers dissociate 

cooperatively from the NCP [7,16–18], but there is evidence for dissociation of one 

H2A-H2B dimer to form a hexasome kinetic intermediate [5,10,13,19]. 

We studied NCPs reconstituted with Xenopus laevis histones and two well-

characterized 149 bp NCP-positioning sequences: the high affinity 601 DNA developed 

by the Widom lab (601-NCP) [7,20] and the weaker positioning “5S DNA” from the 

promoter region of the Lytechinus variegatus (sea urchin) 5S ribosomal gene (5S-NCP) 

[21]. 

Small angle x-ray scattering (SAXS) is a label free technique that reports the global 

conformation and composition of macromolecules in solution [22–27]. The scattered 
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intensity provides information about the average composition, size, and shape of the 

scattering particles. The extrapolated scattering intensity at zero angle, I(0), is 

proportional to the square of the excess electron density of the particles in solution and 

is therefore sensitive to changes in the oligomeric state of the complexes. Thus I(0) can 

be used to monitor the dissociation of proteins from the NCP. A quantitative measure 

of size is reported as the radius of gyration (Rg). For scatterers with homogenous 

electron densities, the scattered intensity I(q) is directly related to macromolecular 

shape. However, for complexes with components that have varying electron densities 

(e.g. protein and nucleic acids), the relationship between I(q) and macromolecular shape 

becomes ambiguous. The simplest way to circumvent this challenge is to apply contrast 

variation and match the electron density of solvent with the lower density protein (See 

Appendix A S.I. Contrast Variation). By adding 50% sucrose to the solvent, the protein 

becomes invisible above the background and only the DNA contributes to the scattering 

(Figure 3.1). Contrast variation SAXS has successfully revealed the structure of RNA 

or DNA complexed with proteins in static studies [28,29]. Here we describe the 

application of contrast variation to monitor changing NCP conformations as [NaCl] is 

increased in equilibrium titrations. We then expand on this strategy by incorporating a 

stopped-flow mixer (SFM) to measure time dependent changes following the rapid 

addition of salt (Figure 3.2). Extensive characterization of mixing performance verified 

a ≈ 5 ms mixing dead time, even for viscous sucrose solutions (See Appendix A S.I. 

Mixer Characterization). 
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Figure 3.1  Contrast variation reveals DNA conformation within protein-nucleic acid 

complexes. (A) Cartoon depicting how contrast variation is used to isolate scattering 

from the DNA component in protein-nucleic acid complexes. Left: The protein-

nucleic acid complex in solution can be approximated as three phases with electron 

densities ρSOLV (light blue), ρPROT (orange), and ρDNA (dark blue). Right: Since contrast 

arises from electron density differences, the electron density of the solvent is 

increased by adding small molecules such as sucrose until it matches that of the 

protein. Consequently, the protein is effectively “blanked” and only the DNA 

contributes to the measured scattering signal. (B) Scattering profiles for NCP 

components measured separately in 2 M NaCl with and without sucrose. In 50% 

sucrose, proteins become invisible above the background and only the DNA 

contributes to the scattering. The resulting signal for the DNA is decreased because 

of the reduced contrast between the DNA and solvent. 

A 
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Figure 3.2  Schematic of stopped-flow mixing experiment to probe salt-induced 

disassembly of NCPs without sucrose. Compact NCPs in 0.2 M NaCl mix with buffer 

containing 3.0 M NaCl to achieve a final NaCl concentration of 1.9 M, where full 

NCP disassembly occurs. The optimal flow rates and volumes used were 6 mL/s and 

315 µL for 0% sucrose and 7.5 mL/s and 375 µL for 50% sucrose. In 0% sucrose, 

both nucleosomal DNA and histones are “visible,” hence TR-SAXS data reports 

changes in NCP global size, structure and composition. In 50% sucrose, only 

nucleosomal DNA is “visible,” TR-SAXS data directly reveals changes in DNA 

conformation. λ is the wavelength of the incident x-rays in Angstroms. 
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3.2  Materials and Methods 

3.2.1  NCP production and reconstitution   

The standard procedures used to express and purify Xenopus laevis histones are 

described in Appendix A S.I. Histone Purification. The production of both DNA 

sequences (Widom 601 and the 5S sequences) is also described in Appendix A S.I. DNA 

Production.  

Our previous NCP reconstitutions employed size-exclusion HPLC in 2 M KCl to 

purify histone octamers before the addition of DNA and step-wise dialysis to lower salt 

concentrations [7]. If care is taken to optimize the dimer:tetramer:DNA ratios, NCP 

preparations of similarly high homogeneity can be obtained without initial purification 

of the octamer [30]. Histone octamers were formed by mixing H2A-H2B and (H3-H4)2 

in 2 M NaCl, 0.1 mM EDTA and 20 mM TrisCl pH 7.5 and incubating on ice overnight 

before the addition of DNA. Using the button-dialysis method [31], preliminary small-

scale reconstitutions were done by step dialysis (2 M to 0.85, 0.65, 0.2 and 0 M NaCl) 

to determine the optimal conditions for every preparation, varying both the H2A-

H2B:(H3-H4)2 and octamer:DNA ratios. The quality of the NCP samples were analyzed 

by 5% native gel PAGE (described in detail in ref. [30]) to identify the ratio that resulted 

in NCPs with no free DNA or other histone-DNA complexes. Subsequent large-scale 

NCP preparations combined the appropriate amount of histone oligomers and DNA to 

a final concentration of 5 µM NCP, followed by step dialysis. Samples with the 5S DNA 

were heat-shifted by incubation at 37°C for 1 hour to achieve homogeneously positioned 

NCPs. NCP samples were concentrated to ≈ 50 µM by centrifugal ultrafiltration. 
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3.2.2  Equilibrium SAXS experiments   

SAXS data were collected at the Cornell High Energy Synchrotron Source (CHESS) 

G1 station with an x-ray energy of 10.5–10.6 keV. Sample-to-detector distance was 

measured to be ≈ 1 m using a silver behenate standard. The available q-range was from 

≈ 0.007–0.25 Å-1. Samples and matching buffers were manually prepared and 

equilibrated for at least 5 minutes before being loaded into a 2 mm diameter quartz 

capillary with 10 µm walls (HR6-150, Hampton Research). Samples were oscillated 

during x-ray exposure to reduce radiation damage. SAXS profiles of matching buffers 

were measured before and after each sample to monitor beam conditions and ensure 

capillaries were clean. The scattered x-rays were imaged onto a photon counting array 

detector (PILATUS 100K, Dectris). Multiple images with 1–30 s exposures were 

acquired for each sample, and exposure dependent changes reflecting radiation damage 

were carefully monitored. Incident beam was measured for normalization using either a 

PIN diode embedded in the beamstop or a semi-transparent beamstop to directly image 

the attenuated beam. An NCP concentration series in 0.2 M NaCl showed negligible 

concentration dependent inter-particle interactions at ≈ 5–10 µM. Thus equilibrium and 

time-resolved experiments were conducted at these concentrations. 

 

3.2.3  Time-resolved SAXS experiments   

Time resolution was achieved by incorporating a stopped flow mixer (SFM-400, Bio-

Logic) as shown in Figure 3.2. Custom sample cells with 2 mm path length quartz 

capillaries were used, allowing for direct comparison with equilibrium experiments after 

adjusting for contrast. NCPs in low salt (0.2 M) were mixed with high salt buffers (3 
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M) at a ratio of 2:3 to achieve a final NaCl concentration of 1.88 M. Efficient mixing of 

viscous solutions in the contrast matched condition was ensured by (1) loading both the 

NCP sample and high salt buffer with 50% sucrose (so the mixing solutions have similar 

viscosities), (2) incorporating a high-density mixer (model HDS, Bio-Logic), and (3) 

optimizing the mixing protocol (See Appendix A S.I. Mixer Characterization). 

Matching buffers were measured before and after each experiment by replacing the 

sample syringe with low salt buffer. 

Several design features were incorporated to maximize the measured SAXS signals 

and ensure reliable data collection. Background scattering from air and windows was 

minimized by placing the sample capillary and x-ray flight path under vacuum. A semi-

transparent molybdenum beamstop was used to attenuate and image the beam for 

reliable normalizations. The PILATUS 100K detector was operated in “movie mode” 

with a time frame of 20 ms (17 ms exposure + 3 ms readout). Since the samples were 

not oscillated after mixing, the NCPs were susceptible to radiation damage. For samples 

without sucrose, attenuators were placed in the beam after 10 s to limit radiation 

damage. Interestingly, samples with 50% sucrose appeared to be less susceptible to 

radiation damage, thus no attenuators were used. 

 

3.2.4  Data analysis   

All SAXS images were processed using MATLAB (MathWorks). SAXS intensity 

patterns for each image were azimuthally averaged about the beam center and SAXS 

profiles from multiple images of the same sample were averaged to improve the signal-

to-noise ratio. Uncertainties in I(q) for each image were estimated as standard deviations 
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divided by the square root of the number of pixels binned for each q-value and 

propagated appropriately. SAXS curves for NCPs were determined by subtracting the 

scattering curves of matching buffers from the total scattering curves of the samples. 

Raw data are displayed as Kratky plots, I(q)•q2 vs q. More globular objects display 

strong peaks in Kratky plots. Pair-wise distance distributions, P(R), were calculated 

using the regularized indirect Fourier transform program GNOM [32]. High-q values 

were omitted in the fits when they largely affected P(R) shape in order to avoid artifacts 

from including data with low signal-to-noise ratios. The largest dimension of the 

molecule (Dmax) was systematically varied until (1) a good fit to the data was achieved, 

(2) the P(R) shape was stabilized, and (3) the P(R) had a smooth decaying tail. All I(0)s 

and Rgs reported were calculated using GNOM [32]. 

For time-resolved studies, the SAXS profiles from the 20 ms exposures were binned 

to improve signal-to-noise ratio (at the expense of time resolution). Optimal bin sizes 

were determined from kinetic SVD analysis [33] (Supplementary Figure A.4 and A.5). 

SAXS profiles for corresponding time bins from subsequent experiments (4-6 repeats 

for each condition) were averaged. I(0,t), Rg(t) and P(R,t) analysis and modeling for 

each time point (t) were conducted following the same strategies as the equilibrium 

experiments. In 50% sucrose, SAXS curves extrapolated to nearly identical I(q = 0,t)s, 

indicating only DNA contributed to the SAXS signal. 

 

3.2.5  Modeling and P(R) analysis   

Model structures were utilized to gain physical insight into the features observed in P(R) 

functions. The DNA component of the crystal structure for the nucleosome core particle 
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(1AOI) was used to model the NCPs in the completely wrapped state. A linear 149 bp 

DNA using the Widom 601 DNA sequence was generated using Nucleic Acid Builder 

[34] to model the NCPs in the free unwrapped state. Minor differences in length or 

sequence identity did not make significant differences. To account for solvation, 

theoretical scattering profiles were first calculated from the atomic coordinates of the 

models using the program CRYSOL [35]. Theoretical scattering profiles were then 

processed through GNOM to determine P(R) and Rg. As shown in Figure 3.4D, 

structural features from three length scales were identified. Alternate conformations 

with the DNA released by varying degrees were generated by appending linear DNA 

fragments to the DNA component of 1AOI (Supplementary Figure A.2). The trends 

observed in P(R) as DNA was unwrapped further validate the proposed interpretation 

of the features (Supplementary Figure A.2). 

 

3.3  Results 

3.3.1  Equilibrium SAXS reveals salt induced NCP disassembly 

As a precursor to time resolved studies, we first measured the equilibrium response of 

the NCP to increasing [NaCl], both with and without sucrose (Figure 3.3 and 

Supplementary Figure A.1). In buffer containing 200 mM NaCl, NCPs are compact with 

DNA predominantly wrapped around the histone core. At lower ionic strength, repulsive 

forces are detected between NCPs in the concentration range of interest, leading to 

interparticle interference effects that distort the SAXS profiles at the lowest angles (as 

observed in ref. [36]). Increasing concentrations of NaCl (from 0.2 M to 
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2 M) populate intermediate species similar to those transiently observed at physiological 

ionic strength (0.05-0.1 M monovalents) [6,13]. Depending on the DNA sequence, 

dissociation of H2A-H2B dimers and the (H3-H4)2 tetramer occur above ≈ 0.6 and ≈ 

1.5 M NaCl, respectively [7,18]. At 2.0 M NaCl, the histone proteins are largely 

dissociated from the DNA. Importantly, FRET based studies [7] showed that sucrose 

Figure 3.3  Kratky plots for 601-NCP in varied [NaCl] with (A) 0% and (B) 50% 

sucrose. The data (colored circles) and regularized fits to the data (black lines) are 

scaled and offset to enhance visualization. Since the data in (B) is significantly 

noisier, a moving average with a span of 9 was used to show the quality of the fits. 

The transition from a compact to an extended structure is observed as the strongly 

peaked curve changes to a more plateaued curve at high q with increasing [NaCl]. 

A B 
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has no measurable effects on the NaCl-dependent equilibrium stability of NCPs. 

The [NaCl]-dependent SAXS profiles measured with and without sucrose for the 

601- and 5S-NCP constructs show a response to NaCl similar to that reported in 

previous biophysical assays [6,7,13,18]. Raw data, shown as Kratky plots for 601-NCP 

(Figure 3.3) and 5S-NCP (Supplementary Figure A.1) reveal dramatic conformational 

transitions from globular to extended structures as the NaCl concentration increases 

from 0.2 M to 2.0 M. The structural details (observed as peaks and troughs in the curves) 

become significantly more pronounced when the proteins are blanked in sucrose, 

highlighting the power of contrast variation (Figure 3.3B and Supplementary Figure 

1B). The extension of the NCP with increasing [NaCl] is also reflected by salt dependent 

Rgs. (Figure 3.4A). These raw SAXS data reveal subtle differences between the two 

constructs. Although the general size for the two constructs is comparable in the 

compact state at 0.2 M NaCl (43.7 ± 0.5 Å for 601-NCP and 44.9 ± 0.3 Å for 5S-NCP), 

the broadened peaks and troughs in the Kratky profiles in 50% sucrose suggest a less 

well-defined structure for the 5S-NCP DNA compared to the 601-NCP DNA (Figure 

3.3 and Supplementary Figure A.1). Furthermore, at 1 M NaCl, Rg values show that the 

5S-NCP DNA is more extended than 601-NCP DNA (Figure 3.4A) suggesting that it is 

more readily unwrapped by increasing [NaCl]. These differences likely reflect weaker 

DNA-histone interactions for the 5S sequence relative to 601 [20].  

 

 

3.3.2  DNA conformation revealed by P(R) analysis and ensemble optimi-

zation method 

The dramatic conformational changes, already revealed in the Kratky plots of 
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Figure 3.4  Contrast variation reveals DNA conformation during salt-induced 

disassembly. (A) Radius of gyration (Rg) for 601-NCP and 5S-NCP in equilibrium 

with different NaCl concentration with and without sucrose. An expansion in size 

from 45 Å to 130 Å is detected for both constructs with increasing [NaCl]. At 1 M 

NaCl and 50% sucrose, the 5S-NCP DNA (72 ± 3 Å) is more expanded than the 601-

NCP (63 ± 1 Å). (B) P(R)s for 601-NCP in equilibrium with varied [NaCl] and 0% 

sucrose. A general extension of the NCP is observed with increasing [NaCl]. (C) 

Models used for calculating theoretical P(R)s for the wrapped (DNA component 

from the NCP crystal structure 1AOI) and unwrapped (linear 147 bp Widom 601 

DNA) states. (D) P(R) peaks at three length scales are attributed to structural features 

as follows: d1 – diameter of duplex DNA; d2 – distance between overlapping DNA 

ends; d3 – diameter of wrapped structure. (E) P(R)s for 601-NCP in equilibrium with 

varied [NaCl] and 50% sucrose. With the proteins blanked, P(R) reveals how DNA 

conformation changes as the NCP is destabilized by increasing [NaCl]. (F) Models 

representing ensembles of conformations selected by EOM that produces theoretical 

SAXS profiles that best fit the [NaCl]-dependent SAXS data. Percentages reporting 

weights of models and χ2 values assessing overall fit to experimental SAXS data are 

shown. 

 

A B 

C 
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Figure 3.3, are most readily interpreted by examining pairwise distance distribution 

functions  (P(R)s) computed from SAXS profiles using GNOM [32]. Real-space 

information is displayed in P(R)s as histograms of all intra-molecular distances R 

(Figure 3.4B,D,E). Peaks in P(R) represent length scales that are repeated within the 

particles. The distribution function approaches zero at the largest intra-molecular 

dimension (Dmax). In the absence of sucrose, P(R) is challenging to interpret because 

the contributions from protein and DNA components cannot be distinguished. These 

P(R)s reveal only general features, such as the overall size and largest dimension of the 

NCPs (Figure 3.4B). At low [NaCl], compact NCPs are characterized by P(R) curves 

with prominent peaks near 50 Å and a full-width of approximately 100 Å, consistent 

with the largest dimension of wrapped NCPs. Similar P(R) curves for full NCPs (in 0% 

sucrose and 0.2 M NaCl) have been reported for several different DNA sequences [23–

27]. With increasing [NaCl], NCPs are destabilized, and DNA unwrapping is observed 

as the general extension of the P(R) curves to approximately 500 Å, the length of the 

free dsDNA in solution. 

When sucrose is added and the proteins “disappear,” clear and identifiable features 

emerge in the [NaCl]-dependent P(R) curves, revealing specific conformational details 

of the unwrapping DNA (Figure 3.4E, Detailed in Supplementary Figure A.2). To 

interpret the features present in these histograms, we computed the scattering profiles 

of model structures using the wrapped and unwrapped models of nucleosomal DNA 

(Figure 3.4C-D). As the DNA dissociates: (1) a peak appears at d1 ≈ 20 Å, revealing an 

extension of DNA duplex, (2) the peak at d2 ≈ 40 Å disappears, corresponding to the 

decrease in overlap between DNA ends and (3) the peak at d3 ≈ 80 Å decreases, 
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corresponding to a disruption of the overall wrapped structure. Clearly, contrast 

variation SAXS provides incisive structural information about DNA conformations 

accompanying [NaCl]-induced NCP dissociation. 

To elucidate the configuration of nucleosome-bound DNA at different NaCl 

concentrations, we generated a pool of candidate DNA conformations for comparison 

with the contrast matched data. This pool contains both symmetric and asymmetric 

structures (representative structures from the pools are shown separately in 

Supplementary Figure A.8). Because multiple states may be present at intermediate 

NaCl concentrations, the ensemble optimization method (EOM) [37] was used to 

identify collections of structural models that best recapitulate the [NaCl]-dependent 

SAXS data (See Appendix A S.I. Ensemble Optimization Method). The DNA models 

shown in Figure 3.4F were selected by EOM analysis from a pool of 32 models, 

containing both symmetric and asymmetric structures. In 0.2-0.5 M NaCl, the ensemble 

is relatively monodisperse, with DNA wrapped around the histone core. As the NaCl 

concentration increases to 1.0 M, roughly half of the DNA is released, but the DNA 

ends are still crossed. At 1.5 M NaCl, more of the DNA is released but an increased 

heterogeneity appears in the chosen models. Finally at 2.0 M NaCl, most of the DNA is 

released. In the ensembles that represent 1 M and 1.5 M NaCl, more than 75% of the 

models selected are asymmetric. The relationship between peaks in P(R) at the three 

length scales d1, d2, d3 and the structural features of the ensembles are consistent with 

interpretations based on P(R) curves computed for the representative model structures 

(Supplementary Figure A.2). 
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3.3.3  Time-resolved SAXS reports changes in NCP composition and size 

during disassembly 

To measure the structures of transient states accompanying [NaCl]-dependent NCP 

dissociation, we coupled SAXS with a stopped flow mixer (Figure 3.2). Fully wrapped 

NCPs in 0.2 M NaCl were rapidly mixed with buffer containing 3.0 M NaCl in a 2:3 

ratio to achieve a final NaCl concentration of 1.9 M. Time-resolved SAXS 

measurements were carried out with and without sucrose. Representative curves at 

different time points after mixing are shown in Supplementary Figure 3A-B. At 0% 

sucrose, the time-dependent dissociation of histone components from NCPs is revealed 

by monitoring changes in I(0) [22]. I(0) is related to the molecular mass of NCP, but 

interpretation of I(0) requires knowledge of both sample heterogeneity and contrast. It 

is important to note that the contrast depends not only on sucrose, but also on [NaCl]. 

Since a wide range of [NaCl] was used for the equilibrium experiments, we limited our 

analysis to the endpoints with the assumption of monodispersity (fully associated 

octamers in 0.2 M NaCl and fully dissociated in 2.0 M NaCl). Since time dependent 

changes using a stopped flow mixer are measured against a fixed background, the 

contrast does not change with time. Relative changes in I(0,t) reveals details of NCP 

dissociation.  

Figure 3.5A-B shows I(0,t) for 601- and 5S-NCPs in 1.9 M NaCl without sucrose. 

Equilibrium values for the intact and completely disassembled NCPs are shown for 



 

66 

Figure 3.5  I(0,t) and Rg(t) analysis monitoring protein dissociation and expansion 

of NCP size as DNA is released. (A,B) In 0% sucrose, I(0) values (black circles) 

monitor the time dependent release of histone components for the 601-NCP and 5S-

NCP, respectively. The 601-NCP remains intact for the first 200 ms and is described 

by a single exponential decay, whereas the 5S-NCP appears to dissociate faster, but 

shows a double exponential decay. In 50% sucrose, I(0) values (cyan circles) are 

decreased due to the reduced contrast and remain relatively unchanged since the 

signal arises from DNA alone. (C,D) Time dependent changes in the radius of 

gyration reveals DNA unwrapping for 601-NCP and 5S-NCP, respectively. 

Dynamics were monitored on time scales ranging from 20 ms to 60 s after mixing. 

Equilibrium values for intact (in 0.2 M NaCl, corrected for contrast – See Appendix 

A S.I. I(0) Analysis) and fully dissociated (in 2.0 M NaCl for 10 min) NCP states are 

shown for comparison. The gray dashed lines in (C) and (D) represent the Rgs for 

601-NCP (= 82.15 Å) and 5S-NCP (= 95.37 Å) if the 'J' shaped DNAs (Figure 3.6C-

D) are bound to intact histone octamers (models shown in Supplementary Figure 

A.7A). 

A B 
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comparison. The I(0) values have not been concentration corrected, so are arbitrarily 

scaled for each construct. For both sequences, I(0) shows no decrease at the earliest time 

point measured (20 ms), suggesting that all histone proteins remain bound to 

nucleosomal DNAs on this rapid time scale. For the 601-NCP, I(0) remains constant for 

the first 200 ms after mixing. Protein dissociation occurs with apparent first-order 

kinetics and a time constant of 0.74 ± 0.08 s-1. Significant variation is seen for 5S-NCPs 

where the time course of I(0) is well-described by a double exponential decay with two 

distinct rates: 41.6 ± 13.9 s-1 and 1.13 ± 0.74 s-1. Because the amplitude of the second 

phase is small, we also analyzed the time-binned SAXS curves using singular value 

decomposition, which projects each curve onto basis states and provides a sensitive 

measure of subtle changes (Supplementary Figure A.5C, see Appendix A S.I. Singular 

Value Decomposition). Two transitions emerge from this analysis with rates that are 

similar to those of I(0). Whereas the histone proteins dissociate in a single phase from 

601 DNA, the two phase curve of the 5S construct indicates a different pattern of protein 

dissociation.   

To assess the overall extent of the NCP structure, we computed the time dependent 

radius of gyration, Rg (Figure 3.5C-D), for both constructs and compared the values 

with those obtained from equilibrium studies for intact (≈ 45 Å) and fully disassembled 

(≈ 130 Å) NCPs. At the earliest measured time point, the Rgs of 90 Å for 601-NCP and 

110 Å for 5S-NCP are larger than at 0.2 M NaCl, suggesting a significant expansion 

within the first 20 ms. Interestingly, for the 601-NCP, plateaus observed in both I(0,t) 

and Rg(t) suggest a kinetic intermediate that persists for the first ≈ 200 ms. The 

unchanging I(0) value indicates that all of the histone proteins remain bound, despite 
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expansion to a structure with Dmax ≈ 325 Å. In contrast, the rapidly decreasing I(0) 

values for 5S-NCP reveal that the protein core breaks up and dissociates in less than 0.1 

s. By 10 s, both constructs reach a highly expanded size (≈ 500 Å), with minimal further 

increase.  

 

3.2.4  NCP intermediate structures revealed by contrast variation TR-SAXS 

In order to integrate structural models from time resolved data acquired in 0% and 50% 

sucrose, we first confirmed that sucrose has a minimal effect on the dissociation 

dynamics. SVD analysis of time-binned SAXS curves with and without sucrose 

(representative curves are shown in Supplementary Figure A.3) showed similar rates, 

suggesting that sucrose minimally alters NCP dissociation dynamics (Supplementary 

Figure A.4 and A.5). Furthermore, time dependent changes in Rg are not affected by 

the viscosity of the sucrose, suggesting that DNA unwrapping is not diffusion driven 

(Supplementary Figure A.7A).  

Applying the P(R) analysis to the kinetic scattering profiles, we characterized the 

dynamic conformational changes of both constructs at 0% and 50% sucrose. In 0% 

sucrose, both P(R) distributions at t = 20 ms contain a peak similar to that observed in 

the fully bound NCP, but with Dmax values of 320 Å for 601-NCP and 385 Å for 5S-

NCP (Figure 3.6A-B). At longer times, the major peak position shifts from ≈ 50 Å to ≈ 

20 Å, characteristic of DNA release observed in static experiments (Figure 3.4B). These 

changes occur more rapidly for the 5S-NCP (Figure 3.6A-B and Supplementary Figure 

6A-B) than for the 601-NCP, indicating its decreased stability. 
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Figure 3.6  Time-resolved SAXS with contrast variation reveals DNA conformation 

of kinetic intermediates. (A) Pairwise distance distribution functions, P(R), 

computed from time-resolved scattering profiles of 601-NCP and 5S-NCP in 0% 

sucrose. (B) Time-resolved P(R)s for 601-NCP and 5S-NCP in 50% sucrose 

revealing DNA conformational changes during salt-induced disassembly. (C,D) 

Comparison of experimental scattering profiles for (C) 601-NCP  and (D) 5S-NCP  

in 50% sucrose with best fitting theoretical scattering profiles for symmetric (black 

lines) and asymmetric (red lines) models for the wrapped, intermediate and 

unwrapped DNAs (offset to aid visualization). Theoretical profiles are calculated 

from the models shown as insets. The intermediate DNA models were determined 

using EOM and the goodness of fits was assessed by comparing χ2 values. (E,F) 

P(R)s for the ensembles (red) selected by EOM analysis (models shown with χ2 fit 

to SAXS data) compared with the experimental P(R)s (black) determined from (E) 

the 200 ms kinetic intermediate of the 601-NCP in 50% sucrose and (F) 160 ms data 

of the 5S-NCP in 50% sucrose. (For details see Appendix A S.I. Minimum chi-square 

(χ2) fit, Appendix A Ensemble Optimization Method, and Supplementary Figure 

A.8). 
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In 50% sucrose, P(R) analysis provides structural information about the DNA 

conformation in the 601-NCP intermediate (t < 200 ms). Two characteristic peaks 

appear, at distances d1 and d3 (shown in Figure 3.6E). Comparison with static analysis 

of Figure 3.4D and Supplementary Figure A.2 suggests that in this state, the DNA has 

a very large dimension (Dmax ≈ 325 Å), does not overlap itself (missing d2 peak at ≈  

40 Å) but nevertheless forms nearly a complete wrap around the histones (a pronounced 

d3 peak at ≈ 80 Å). Based on geometrical arguments, these structural signatures support 

an asymmetric DNA conformation. A comparison of the experimental data with 

computations based on symmetric and asymmetric models from a library of candidate 

DNA structures showed strongest agreement for a  'J'-shaped asymmetric model. 

Goodness of fit was assessed by a χ2 test and ensemble optimization method 

(Supplementary Figure A.8). SAXS profiles and models of DNA release from 601-NCP 

and 5S-NCP are shown in Figure 3.6C-D. A similarly detailed kinetic analysis of 5S-

NCP dissociation proved challenging due to its more rapid dissociation: the 5S-NCP is 

almost completely unwrapped on the millisecond timescale. However, P(R) and EOM 

analysis of the first 160 ms time-resolved SAXS data of 5S-NCP also support 

asymmetric release (Figure 3.6F and Supplementary Figure A.8). 

Structural models of the 601-NCP kinetic intermediate can be refined by integrating 

all of the above data. The DNA conformation is asymmetric, all proteins remain 

associated and the Rg measured for the 601-NCP intermediate (≈ 90 Å, Figure 3.5C) is 

significantly larger than that computed for models of the NCP with the histone intact as 

an octamer on the wrapped end (≈ 82 Å, Supplementary Figure A.7A). With the DNA 

constrained to a ‘J’-shape, this dramatic increase in Rg is best explained by NCP models 
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where protein-protein interactions are disrupted but protein-DNA interactions are not. 

All histone proteins remain bound, but the octamer core is no longer integral. Additional 

support for this model is provided from full scattering profiles (Supplementary Figure 

A.7B).   

In contrast, the 5S-NCP exhibits much faster salt-induced dissociation dynamics, 

with no stable intermediate detected. Despite these differences, it is notable that the 5S 

DNA appears to unwrap asymmetrically, like the 601 DNA. This assessment is based 

on P(R) and EOM analyses of the first 160 ms TR-SAXS curve with 50% sucrose 

(Figure 3.6D,F) and suggests that asymmetric release is a common feature among 

different DNA sequences. The histone core is disrupted before dissociation, based on 

the Rg analysis (Figure 3.5D and Supplementary Figure A.7A). 

 

3.4  Discussion 

The present study reveals the conformations of nucleosomal DNA in response to 

increasing concentrations of NaCl. NCP disassembly induced by increasing [NaCl] 

proceeds through steps that mimic those observed in the nucleus [6,13]. Thus, it is 

reasonable to hypothesize that the conformational changes of the NCP accessed by 

varying salt concentrations probe the inherent dynamic properties of the NCP that 

dictate interactions with cellular machinery during chromatin function.  

Representative DNA models that best describe the SAXS data for 601-NCPs in 

equilibrium with varying [NaCl] are shown in Figure 3.4F. Interestingly, many of the 

models selected contain asymmetrically extended DNA. This type of release may reflect 

the asymmetric affinity of the Widom 601 sequence reported by Chua et al [38]. 
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Detailed analysis of the 5S-NCP was less straightforward, possibly due to heterogeneity 

that arises from multiple translational settings. The application of contrast variation in 

conjunction with modelling reveals interesting differences between the former 

sequence, which was engineering for strong binding, and the latter, weaker positioning 

sequence. Future work with other sequences has the potential to reveal additional 

dissociation pathways and may elucidate the complex, but very important connections 

between sequence, spacing and affinity.   

Figure 3.7 presents a schematic timeline for the salt-induced disassembly of the 601-

NCP, as well as the less stable 5S-NCP. The novel finding we report is that the early 

stage of 601-NCP dissociation involves a rapid asymmetric release of the DNA. After 

about half of the 601 DNA is released, proteins in a disrupted histone core remain 

trapped in a 'J'-shaped DNA conformation for at least 200 ms. There is evidence to 

support the biological relevance of the “semi-open” conformation described here by 

SAXS and previously by FRET [7]. This species may be the preferred substrate for 

histone chaperones and ATP-dependent chromatin remodeling complexes in 

transcriptional regulation as well as DNA replication and repair. The population of this 

intermediate may be regulated by post-translational modifications of the histones or 

incorporation of histone variants, like H2A.bbd that alter wrapping of DNA [39] or 

stabilize the NCP to histone exchange, like macroH2A [40]. More than 5 seconds pass 

before the histones detach from 601 DNA, perhaps a result of strong electrostatic 

interactions between DNA and the histones. In the 5S NCP, rapid asymmetric DNA 



 

73 

release occurs, followed almost immediately by protein dissociation. The absence of a 

long-lived intermediate precludes a more detailed analysis.  

 

3.5  Conclusions 

Our results establish a powerful platform for studying the global dynamics of 

nucleosomes and other nucleoprotein complexes that can be triggered by mixing. 

Technological advancements (i.e. brighter x-ray sources, faster high-viscosity mixers) 

will soon enable sub-millisecond studies, the timescale of large-scale dynamics for 5S-

Figure 3.7  Timeline of salt-induced disassembly of 601-NCP and 5S-NCP. For 601-

NCP, DNA opens rapidly from one end and reaches a metastable conformation 

within the first 20 ms. The histone octamer is disrupted by the asymmetric 

unwinding, but retains strong electrostatic interactions with 601 DNA and maintains 

a 'J'-shaped structure for ≈ 200 ms. This long-lived intermediate then dissociates at a 

rate of 0.74 ± 0.08 s-1. 5S-NCPs exhibit much faster dissociation dynamics. After 20 

ms, the DNA is mostly unwrapped and extended but still bound to the histone 

components. No stable intermediates are detected and 5S-NCPs disassemble within 

1 s (two rates measured: 41.6 ± 13.9 s-1 and 1.13 ± 0.74 s-1). 
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NCP. The range of potential targets for this technique is broad and includes NCP 

variants as well as other protein-nucleic acid systems, including RNA-protein machines. 
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Chapter 4 
 

Asymmetric unwrapping of nucleosomal DNA propagates 

asymmetric opening and dissociation of the histone core †  
 

Abstract  

The nucleosome core particle (NCP) is the basic structural unit for genome packaging 

in eukaryotic cells and consists of DNA wound around a core of eight histone proteins.  

DNA access is modulated through dynamic processes of NCP disassembly.  Partly-

disassembled structures, such as the hexasome (containing six histones) and the 

tetrasome (four histones), are important for transcription regulation in vivo.  However, 

the pathways for their formation have been difficult to characterize.  We combine time-

resolved SAXS (TR-SAXS) and time-resolved FRET (TR-FRET) to correlate changes 

in the DNA conformations with composition of the histone core during salt-induced 

disassembly of canonical NCPs.  We find that H2A-H2B histone dimers are released 

sequentially, with the first dimer being released after the DNA has formed an 

asymmetrically unwrapped, “teardrop”-shape DNA structure.  This finding suggests 

that the octasome-to-hexasome transition is guided by the asymmetric unwrapping of  

the DNA.  The link between DNA structure and histone composition suggests a 

 

† This chapter is reprinted with permission from [1]: Y. Chen*, J.M. Tokuda*, T. 

Topping, S.P. Meisburger, S.A. Pabit, L.M. Gloss, L. Pollack, Asymmetric unwrapping 

of nucleosomal DNA propagates asymmetric opening and dissociation of the histone 

core, Proc. Natl. Acad. Sci. 114 (2017) 334–339.  It has been modified to fit the format 

of this thesis. *These authors contributed equally 
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potential, new mechanism for the action of proteins that alter nucleosome configurations 

such as histone chaperones and chromatin remodeling complexes. 

 

4.1  Significant Statement 

Nucleosomes are fundamental protein-DNA structures through which eukaryotes 

package and organize DNA inside the nucleus.  Nucleosomes are disassembled to gain 

access to the critical information stored in DNA.  Here, we describe a new experimental 

approach that characterizes the kinetics of nucleosome disassembly and the synergy 

between DNA conformation and protein components.  Using NaCl to disrupt 

electrostatic interactions, we identify kinetic pathways and transient intermediates that 

reveal how DNA unwrapping and protein dissociation are linked in this macromolecular 

complex.  These dynamic structures may provide new insight into the regulation of 

DNA access during transcription, replication and repair.   

 

4.2  Introduction 

Genome access is highly regulated through the hierarchical organization of proteins and 

nucleic acids within the cell nucleus.  The nucleosome core particle (NCP) is the first 

level of this hierarchy [2] and contains two dimers of H2A-H2B histones and an (H3-

H4)2 tetramer that is assembled as a dimer-of-dimers.  Around this symmetric octamer 

core, ≈ 146 base pairs of dsDNA are wrapped in ≈ 1.7 super-helical turns [2,3].  The 

NCP structure physically impedes access to DNA, but is dynamically modulated by 

numerous mechanisms: post-translational modification (PTM) of histones, 

incorporation of histone variants, DNA sequence dependent effects and the actions of 
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extrinsic protein factors (e.g. histone chaperones, ATP-dependent remodeling 

complexes, and histone PTM binding proteins) [4,5].  

Studies of the intrinsic properties and dynamics of NCPs are critical for 

understanding how nuclear machinery gains DNA access in vivo [4,6,7].  Insight into 

the nature of partially unfolded NCP structures has been gleaned from in vitro studies 

of NCP assembly and disassembly.  Intermediate species with partially unwrapped 

DNA [8,6], disrupted histone-histone interfaces [9,10], and dissociation of one 

(hexasomes) or two (tetrasomes) H2A-H2B dimers have been reported [11–13].  Some 

of these NCP intermediates have been directly connected to chromatin function in vivo.  

For example, the hexasome is formed by the action of RNA Pol II [14] and the essential 

histone chaperone FACT [15].  

In addition to equilibrium studies, the kinetics of nucleosome assembly and 

disassembly have been characterized by bulk and single-molecule methods, including 

Förster Resonance Energy Transfer (FRET) [8,9,16–18], atomic force microscopy 

(AFM) [10,19], force spectroscopy [20–22], and small angle x-ray scattering (SAXS) 

[11,23].  Many studies focused primarily on specific DNA-histone contacts and local 

conformational changes.  Few, if any studies, employ complementary methods to 

directly compare, on similar kinetic time scales, the structural changes of the DNA and 

histone components of the NCP.  A major gap in our understanding of NCP disassembly 

arises from our limited knowledge of the coordination between DNA conformation and 

histone core composition. 

Since the NCP protein-DNA complex is stabilized predominantly by polycation-

polyanion interactions, the in vitro equilibrium and kinetic properties can be 
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manipulated by ionic solvent conditions.  NaCl has been widely used to study partially 

assembled, biologically relevant NCP species that are marginally populated under 

physiological conditions [6,17,24,25].  The use of recombinant histones and the Widom 

601 DNA sequence (selected for its ability to form stable, well-positioned nucleosomes 

[26,27]) allows production of large amounts of homogeneous NCPs (601-NCP) for 

biophysical studies.  Figure 4.1 shows the NaCl-induced disassembly pathway for 601-

NCPs [8,9,24,25].  While the various species shown in Figure 4.1 have been detected at 

equilibrium, much less is known about the kinetics of NCP disassembly, including the 

relevant transition times and pathways between states, or the potential for coordination 

between DNA unwrapping and disruption of histone-histone interfaces.  

Our recent time-resolved small angle x-ray scattering (TR-SAXS) study of salt-

induced NCP dissociation revealed asymmetric DNA release from the histone octamer 

[23].  In kinetic jumps from ≈ 0 to 1.9 M NaCl, a transient intermediate was observed 

with the DNA in a “J”-shape conformation bound to a disrupted histone core.  We 

applied  contrast variation TR-SAXS to focus solely on the dynamic changes in DNA 

conformation [23].  Information about the histone proteins was restricted to the 

“endpoint states” of intact or completely dissociated octamer. 

Here, we report the coupling of TR-SAXS studies of DNA conformational changes 

with time-resolved FRET (TR-FRET) studies of H2A-H2B dimer dissociation during 

salt-induced NCP disassembly.  Two conditions are characterized here: complete NCP 

disassembly following rapid increase from low salt (≈ 0) to 1.9 M NaCl (as in [23]), and 

partial disassembly upon increase to 1.2 M NaCl.  The latter condition allowed 

observation of DNA conformations that facilitate release of the H2A-H2B dimers.  The 
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combination of TR-SAXS and TR-FRET provides new insights into the conformational 

dynamics of open intermediate and hexasome formation (Figure 4.1), with important 

implications for the biological function of the NCP in regulating DNA accessibility. 

 

4.3  Materials and Methods 

4.3.1  NCP Production and Reconstitution  

Previously described procedures were used for the expression and purification of 

recombinant Xenopus laevis histones [16,28,29], production of the 149 bp DNA derived 

from the Widom 601 sequence [16,26] and their reconstitution into nucleosome core 

Figure 4.1  A schematic of NaCl-dependent disassembly for NCPs containing the 

601 DNA [16], based on equilibrium studies ([NCP] ≥ 25 nM).  At physiological 

ionic strength, NCP configurations reflect local dynamics (i.e. DNA breathing [7], 

and formation of an open intermediate [9]).  Above 0.5 M NaCl, H2A-H2B dimers 

begin to dissociate, allowing the formation of hexasomes and tetrasomes [24].  

Above 1.4 M NaCl, (H3-H4)2 tetramers begin to dissociate, allowing for complete 

disassembly [25].  Although dimer dissociation is reversible, tetrasomes are the 

minimal configurations required to maintain a wrapped DNA structure. 
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particles (NCP) [23].  Unless noted otherwise, experiments were conducted with the 

following buffer: 20 mM Tris-Cl (pH 7.5), 0.1 mM EDTA, 0.1 mM DTT. 

 

4.3.2  TR-SAXS Experiments   

All TR-SAXS experiments were conducted using a Biologic SFM-400 stopped flow 

mixer at BioCAT Sector 18 at Advanced Photon Source (APS).  The experimental 

procedures and SAXS image analysis are described in detail in Appendix B.   

 

4.3.3  Ensemble Optimization Method (EOM)   

Ensembles of DNA structures that best recapitulate the measured TR-SAXS profiles 

were selected using the program GAJOE v2.0 [30,31].  The DNA pool included 9182 

structural models generated using PyMol (expanded from 32 models in [23]).  Details 

on model generation are described in Appendix B.  The q-range used for GAJOE fitting 

was 0.006-0.2 Å-1.  Rg histograms of selected DNA models were averaged from 100 

independent repeats of the genetic algorithm.  Parameter settings: number of harmonics 

= 50, maximum s-value = 0.25, number of points = 101, number of generations = 10000, 

number of ensembles = 200, ensemble size fixed = no, maximum/minimum number of 

curves per ensemble = 1, constant subtraction = no, number of times genetic algorithm 

repeated = 100.  

The reliability and uniqueness of the solutions achieved by the genetic algorithm 

depend on two interdependent factors: (1) the size and diversity of the pool (which needs 

to contain an ensemble that fits the data well, e.g. χ2 ≤ 2) and (2) the number of 

generations and iterations of the algorithm (to provide sufficient sampling and evolution 
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in order to find the best fitting ensemble).  The solutions obtained for a given SAXS 

profile using the DNA pool and parameter settings described above consistently 

converged to give nearly identical ensembles (with 0-2 bp variations).  

 

4.3.4  TR-FRET Experiments   

A previous paper described the design of a FRET system to monitor interactions in the 

NCP specifically between the H2A-H2B dimers, with Cys-AEDANS acceptors, and the 

(H3-H4)2 tetramer, with Trp donors [16].  See details in Appendix B. 

 

4.4  Results 

4.4.1  DNA unwrapping at 1.9 M NaCl visualized by TR-SAXS  

 

TR-SAXS with contrast variation was used to monitor the DNA conformations during 

complete NCP disassembly upon the rapid shift from ≈ 0 to 1.9 M NaCl by stopped-

flow mixing (for SAXS profiles, see Supplementary Figure B.1A).  In standard SAXS 

measurements, both protein and DNA contribute to the scattering.  Interpretation of 

these SAXS profiles is challenging and requires knowledge of how each component is 

distributed.  Through contrast variation, scattering from the DNA is isolated by 

matching the electron density of the solvent to that of the protein.  As illustrated in 

Figure 4.2, this condition is achieved through the addition of 50% sucrose to the buffer.  

This contrast matched condition allows for unambiguous analysis of the DNA 

conformation since only the DNA contributes to the SAXS signal.  Sucrose is an 

effective contrast additive since it negligibly affects electrostatics [32] and NCP 
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stability [23].   

Since previous equilibrium and time-resolved SAXS studies of NCP disassembly 

revealed the presence of multiple structures, an ensemble optimization method (EOM) 

was applied to identify ensembles of DNA conformations that best recapitulate the 

SAXS profiles [23,30,31].  An overview of this experimental strategy is summarized in 

Figure 4.3.  A pool of 9,182 nucleosomal DNA structures was generated with varying 

degrees of DNA unwrapping to create a large conformational space.  For each time 

point, a genetic algorithm selected a subset of structures (or “ensemble”) that yields a 

theoretical SAXS profile that best fits the SAXS data (for details, see Materials and 

Methods; for χ2-values and example fit, see Supplementary Figure B.2A-B).  The 

optimized ensemble consists of representative structures that closely approximate the 

conformations in solution. 

Figure 4.2  Contrast variation SAXS isolates structural information for the DNA 

component of NCPs.  (A) A color scale bar with typical electron density values for 

solvent (water), protein, and DNA.  (B-C) NCP structures (PDB 1AOI) shown in 

buffers with electron densities that vary depending on the presence of 0% (B) or 50% 

(C) sucrose.  We used contrast variation SAXS to monitor DNA conformations 

during NCP disassembly induced with a salt-jump. 
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To visualize the ensembles, we calculated size distributions (radius of gyration, Rg) 

of the structures selected by EOM for each time point (Figure 4.4A; for initial DNA 

pool, see Supplementary Figure B.2C).  Those with an Rg of ≈ 50 Å represent mostly–

wrapped DNA.  The diminishing amplitude of this peak with time corresponds to the 

disruption of the canonical NCP structure and the population of other conformations.  

Population of a state with an Rg near 140 Å (the Rg for a fully extended DNA) 

represents complete disassembly.  Structures with intermediate values of Rg (between 

the peaks at 50 Å and 140 Å) represent intermediate states.  The presence of multiple 

peaks at each time point suggests heterogeneous populations of NCP structures.  The 

dominant conformations selected by EOM for the fully wrapped and extended states are 

shown in Figure 4.4B and the major conformations selected for the intermediate states 

Figure 4.3  Overview of the ensemble optimization method (EOM) used for 

determining structures.  Ensemble optimization (Step 3, red box) requires SAXS 

profiles (Step 1) and a pool of DNA structures (Step 2) that contains a large number 

of possible conformations.  First, the theoretical SAXS profile for each structure in 

the pool is calculated using CRYSOL (Step 3, left).  A genetic algorithm (GAJOE) 

randomly selects subsets of these structures, called ensembles, for comparison with 

the input SAXS data (Step 3, right).  Structures from the best fitting ensembles are 

propagated into the next generation of ensembles along with some new structures, 

and this process is repeated (10,000 times) until convergence is achieved.  The entire 

ensemble optimization process is repeated (100 times) to confirm reproducibility and 

the final ensembles that best represent the data are used to generate histograms of the 

radius of gyration, and to determine the most representative structures for the SAXS 

profiles (Step 4).  The example fit and results shown is for the 300 ms time point of 

NCPs in 1.2 M NaCl under contrast-matched conditions (proteins “invisible” in 50% 

sucrose).   
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Figure 4.4  DNA structures selected by ensemble optimization method (EOM) 

analysis of TR-SAXS data for NCPs dissociated in 1.9 M NaCl and 50% sucrose.  

(A) Rg(t) histograms for DNA structural models selected by EOM.  Regions 

highlighted in red, green and blue correspond with the fully wrapped, intermediate 

and extended states, respectively.  (B) Models that best represent the measured SAXS 

profile for the initial wrapped state (red) and final extended state (blue).  (C) Models 

that best represent the intermediate states as a function of time.  Red dots indicate the 

dyad axis or superhelical location zero (SHL 0).  Numbers in the parentheses reveal 

the range of SHLs (number of turns where the major groove faces the histone, every 

10 bp) contained within the curved portions.  Percentages show the weights of the 

species out of the total population at the indicated time point.  Under high-salt 

conditions where complete dissociation of 601-NCPs is favored, multiple partially 

unwrapped intermediates are populated. 
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are shown in Figure 4.4C.  Within 100 ms, approximately half of the NCPs contain 

nearly symmetrically unwrapped DNA in a “U-shape,” a quarter of the DNAs are fully 

wrapped, and a quarter of the DNAs are fully unwrapped.  Between 100-500 ms, the 

partially wrapped intermediate states become more asymmetric with most of the 

population exhibiting “J”-shaped structures.  A small fraction form “teardrop” 

structures, where one end of the DNA remains wrapped around the histone core, while 

the other is extended.  After 2 s, the nucleosomal DNA is predominantly unwrapped. 

 

4.4.2  NCP dissociation at 1.2 M NaCl visualized by TR-SAXS 

To better characterize transient, asymmetric DNA species, we applied the same 

approach to study NCP disassembly at a final NaCl concentration of 1.2 M (for SAXS 

profiles, see Supplementary Figure B.1B). This lower salt concentration limits 

disassembly to tetrasome species (tetramer dissociation occurs above 1.4 M NaCl, see 

Figure 4.1, [16,25]), and captures DNA conformations associated with release of the 

H2A-H2B dimers. 

Compared to 1.9 M NaCl, NCP unwrapping at 1.2 M NaCl was significantly slower 

and was incomplete within our 10 s measurement window.  The DNA ensembles 

selected by EOM (Supplementary Figure B.3A) are quantified in the Rg histograms 

shown in Figure 4.5A.  A fully unwrapped state (Rg ≈ 140 Å) appears after 300 ms, but 

comprises only about 8% of the ensemble.  In a majority of the NCPs, the DNA remains 

partially wrapped with Rgs that range from 50 Å to 90 Å.  For the first 200 ms of the 

reaction, these partially wrapped species vary in size and shape; after 300 ms these 

structures converge to one with an Rg of 76 Å (circled in red).  Figure 4.5B shows 
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Figure 4.5  DNA structures selected by EOM for NCPs dissociated in 1.2 M NaCl.  

(A) Rg histograms from DNA models selected by EOM that best represent the SAXS 

data.  Red and green arrows highlight two pathways through which DNA structures 

change before settling into a prominent peak after 300 ms (circled in red).  (B) DNA 

models selected by EOM before (t = 0) and after mixing into 1.2 M NaCl (20 ms, 

100 ms, 200 ms, 300 ms).  Green and red arrows highlight two major pathways 

through which DNA unwraps to form the “teardrop” DNA structure.  Black arrows 

show minor pathways.  Red dots indicate the dyad axis (SHL 0).  Numbers in the 

parentheses reveal the range of SHLs (number of turns) contained within the curved 

portions.  Percentages shown are the weights of the species out of the total population 

at the indicated time point.  Under moderate salt conditions that favor partial 

disassembly, the majority of structures unwrap symmetrically and asymmetrically 

before converging into the teardrop structure. (C) Kinetic scheme for complete 

disassembly with pathways inferred from prominent DNA structures selected by 

EOM (Supplementary Figure B.3).   

A B 
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representative structures for the major populations for the first 300 ms, together with 

proposed pathways for the time-dependent evolution of DNA unwrapping.  After 300 

ms, the asymmetric “teardrop”-shaped DNA is the predominant species.  As highlighted 

in Figure 4.5A-B, DNA reaches this structure through two major pathways.  In Pathway 

I, the “teardrop” forms directly as DNA unwraps asymmetrically.  In Pathway II, DNA 

initially unwraps symmetrically, but one end re-wraps to form the asymmetric 

intermediate.  The “teardrop” is relatively stable at 1.2 M NaCl and represents 80% of 

the population at 300 ms and 36% of the population after 5 minutes (assessed from 

manual mixing experiments).  The presence of two converging pathways was further 

confirmed by running another ensemble analysis algorithm: the minimal ensemble 

search (See Appendix B) [33].   

To generate the kinetic pathway for complete disassembly, the DNA structures 

selected by EOM were binned into general classes of DNA structures (Supplementary 

Figure B.3B) and incorporated into the kinetic scheme shown in Figure 4.5C. 

 

4.4.3  Kinetics of NCP Core Opening and Sequential H2A-H2B Dimer 

Release 

FRET measurements that monitor the dissociation of H2A-H2B histone dimers from 

the octamer [16] provide complementary information to augment the DNA structures 

shown in Figure 4.4B-C and 4.5B.  This system exploits unique Trp donors on the (H3-

H4)2 tetramer and acceptors on the H2A-H2B dimers, incorporated through 

modification of single Cys residues with IAEDANS (abbreviated CA).  Since the NCP 

contains two copies of each core histone protein, each NCP contains two donors (D and 
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Dꞌ) and two acceptors (A and Aꞌ).  The sites for the FRET pairs (H3-78W donor to H2B-

109CA acceptor) were chosen so that each FRET pair (i.e. the D-A and Dꞌ-Aꞌ) 

contributes ≈ 50% to the overall FRET signal (Figure 4.6A), with minimal contribution 

from the other possible FRET combinations (D-Aꞌ and Dꞌ-A).  Details of the FRET pairs 

and their influence on nucleosome stability have been thoroughly investigated in Ref. 

[16].  Previous FRET based studies have mostly focused on DNA unwrapping through 

the incorporation of FRET pairs between different positions on the DNA [17,18] or 

between the DNA and histones [8,9].  The advantage of this protein-protein FRET 

system is that it allows for unambiguous detection of H2A-H2B dimer release.   

As shown in Figure 4.1, equilibrium studies utilizing FRET have identified at least 

three key intermediates that are populated at increasing NaCl concentrations: an open 

intermediate, the hexasome and the tetrasome.  To assess the relevant time scales for 

histone dissociation, NCPs were rapidly shifted from ≈ 0 M into solutions with final 

NaCl concentrations that ranged from 0.7 to 2 M NaCl.  In this survey of [NaCl]-

dependence, the data were fit to a sum of exponentials and two major kinetic phases 

were observed for the loss of FRET (for details, see Appendix B and Supplementary 

Figure B.4). These phases were assigned to the formation of the hexasome and 

tetrasome (supported by native gel electrophoresis of NCPs incubated at 1 M NaCl for 

varying times (Supplementary Figure B.5)).  There was evidence of a faster, minor 

kinetic phase (10-20% amplitude), on the 100 ms to 3 s time scale.  However, this phase 

could not be quantitatively analyzed by the experimental approaches employed in this 

survey of NaCl conditions.     
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The relaxation times for the two major phases decrease monotonically, in a parallel 

pattern, with increasing NaCl concentrations (Supplementary Figure B.4).  First, a 

monotonic decrease demonstrates that the kinetic pathways for dimer dissociation is 

relatively smooth across NaCl concentrations, which favor partial disassembly to the 

Figure 4.6  NCP FRET pairs and the histone configurations observed.  (A) FRET 

pairs with H3-78W donor (green) and H2B-109CysAEDANS acceptor (red).  For 

this construct (H3-H2B NCP), the donor and acceptor on the same face of the NCP 

(D-A) are close to the Förster radius for this FRET pair (≈ 20 Å), but the distance 

from the donor to the acceptor on the other NCP face (D-Aꞌ) is significantly longer 

(≈ 50 Å) and should contribute less than 1% to the observed FRET signal.  The Cβ 

positions in the 1AOI.pdb structure of the NCP were used to estimate distances 

between the FRET pairs.  (B) Acceptor fluorescence time-course measured for 250 

nM NCP in 1.2 M NaCl (blue).  The solid black line represents a sum of three first-

order exponentials used to determine the relative amplitudes and relaxation times.  

In order to obtain robust values, global fits were used on datasets collected as a 

function of NCP concentration (10-250 nM NCP).  (C) Histone configurations 

observed with TR-FRET.  Relaxation times (τ) and amplitudes (A) of FRET loss 

measured at 1.2 M NaCl are reported for each transition. 
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tetrasome below 1.5 M and complete disassembly above 1.8 M.  Thus, SAXS and FRET 

studies at two NaCl concentrations (1.2 M and 1.9 M) should provide a consistent 

kinetic model for NCP dissociation, with the caveat that intermediates are likely to be 

more stably populated at the lower NaCl concentration.  Second, the parallel NaCl-

dependence of these two major kinetic phases suggests that their transition states involve 

disruption of similar macromolecular interactions.  Thus, these kinetic phases likely 

reflect similar reactions in a sequential mechanism (e.g. dissociation of the first and then 

second H2A-H2B dimer).  This conclusion is supported by analysis of the relative FRET 

amplitudes from multiple FRET pairs described below. 

To better characterize the nature of the kinetic phases, especially the fastest, low-

amplitude kinetic phase, larger datasets were collected as a function of final NCP 

concentration (25 to 250 nM), at 1.2 M and 1.9 M NaCl, using a combination of manual 

and stopped-flow mixing to monitor reactions from 10 ms to 1000 s.  Datasets at 

different NCP concentrations were globally fit to three kinetic phases.  These results are 

shown in Figure 4.6B and are summarized in Table 4.1 (for details, see Appendix B and 

Supplementary Figure B.6A-B).  The relative amplitudes for the three kinetic phases 

provide insight into the conformational changes associated with each phase as shown in 

Figure 4.6C.  The relatively small amplitude of the fastest phase (loss of ≈ 20% of the 

FRET signal at both 1.2 M and 1.9 M) is consistent with a conformational change that 

opens the dimer-tetramer interfaces, rather than full dissociation of an H2A-H2B dimer.  

The larger amplitudes for the slower phases are consistent with dimer dissociation.  

Surprisingly, the relative amplitudes for the slower, dissociation phases are unequal (≈ 

30% and ≈ 50%).  This amplitude pattern is consistent with a sequential formation of an 
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asymmetric open intermediate, in which only one dimer-tetramer interface is disrupted, 

followed by dissociation of this H2A-H2B dimer to form the hexasome and then 

dissociation of the second dimer to form the tetrasome (Figure 4.6C).  A detailed 

comparison of this model with that expected for a symmetric formation of the open 

intermediate is shown in Supplementary Figure B.7A.   

In order to verify the kinetic model presented in Figure 4.6C, kinetic parameters 

were measured using a second FRET pair (H4-60W donor to H2A-108CA acceptor, 

Supplementary Figure B.7B).  Despite measuring different interactions, the relaxation 

times from the second FRET pair (H4-H2A NCP) agree well, and the inequality of the 

amplitudes for the hexasome and tetrasome phases is consistent with the two dimers 

being released through different pathways (Table 4.1, Supplementary Figure B.7, 

Appendix B).  Table 4.1 also provides kinetic parameters determined from the SAXS 

data collected in the absence of sucrose (for details, see Supplementary Figure B.8).  

The reasonable agreement of relaxation times determined by FRET and SAXS is 

highlighted in the overlay shown in Supplementary Figure B.6C. 

Table 4.1.  Comparison of relaxation times and relative amplitudes from FRET and 

SAXS.‡ 

Relaxation times (s) / Relative amplitude (%)  

1.2 M NaCl H3-78W to H2B-109CA H4-60W to H2A-108CA SAXS 

τOpen/ AOpen 
2.3 (0.5) / 20 (4)  2.6 (0.6) / 23 (3) 2.7 

τHexasome / AHexasome 
27 (3) / 33 (4) 29 (3) / 47 (3) 14 

τTetrasome / ATetrasome 
288 (30) / 47 (6) 188 (38) / 30 (5) -- 

1.9 M NaCl    

τOpen / AOpen 
 0.22 (0.07) / 23 (7) 0.06 (0.03) / 10 (8) 0.21 

τHexasome / AHexasome 
1.6 (0.3) / 26 (5) 1.5 (0.2) / 58 (14) 1.2 

τTetrasome / ATetrasome 
8.1 (0.8) / 50 (7) 3.7 (0.7) / 32 (16) -- 

‡The errors associated with the kinetic parameters are indicated in the parentheses.  
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4.5  Discussion 

Although nucleosome disassembly is crucial for DNA access, the dynamics of this 

process is largely unexplored.  This study combines knowledge of the DNA 

conformations monitored by SAXS with insight into histone configurations reported by 

FRET to provide new details on dynamics and coordination between DNA and histone 

proteins during NCP disassembly.  

 

4.5.1  Kinetic models for DNA unwrapping 

Time-resolved SAXS revealed multiple pathways through which nucleosomal DNA 

unwraps during salt-induced disassembly.  Although small populations of NCPs (< 25% 

at 1.9 M and < 10 % at 1.2 M) dissociate at a rate that exceeds our limit of detection, in 

the majority of cases, NCPs progressively unwrap from the ends with rates that increase 

as a function of [NaCl].  Following a jump to high salt (1.9 M NaCl), complete 

disassembly is achieved within 10 s.  The jump to a lower final salt concentration (1.2 

M NaCl) reveals significantly slower kinetics, with a majority of the DNAs remaining 

partially wrapped.  Under both conditions, the DNA unwraps to form asymmetric 

conformations (“J” and “teardrop” shapes).  These observations are consistent with 

previous studies of nucleosomes containing the non-palindromic 601 DNA sequence, 

where asymmetric nucleosome stability is observed with the 5’ end showing a greater 

binding affinity than the 3’ end [27].  Asymmetric unwrapping may be a generalizable 

feature of DNA sequences with asymmetric affinities, as observed for both the 601 and 

5S DNA sequences [23].   

The slower kinetic responses at 1.2 M NaCl reveal two pathways to form the 
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“teardrop” DNA.  In addition to asymmetric unwrapping (Pathway I), the detection of 

symmetric unwrapping and re-wrapping of one end to form the same conformation 

(Pathway II) highlights the potential for coordination between the DNA ends.  These 

results are consistent with that reported by Ngo and co-workers using force-FRET 

spectroscopy and Monte Carlo simulations [22].  Under low tension (< 5 pN), they 

report that both DNA ends unwrap and rewrap synchronously, but further opening of 

one end stabilizes the rewrapping of the other end in a manner that is directed by the 

local flexibility of the DNA.  They suggest that the unwrapping of one end may help 

stabilize the wrapping of the other through an overall reduction in electrostatic 

repulsion.  Interestingly, the rewrapping observed in our work is observed under 

conditions where electrostatic interactions should be effectively screened (1.2 M NaCl).  

One possible explanation is that the rewrapping is facilitated by the histone tails.  

For some of the asymmetric models determined in this study, the curved portion of 

the DNA that remains in contact with the histone core appears shifted away from the 

dyad and closer to the entry/exit sites compared to canonical structures.  This 

conformation may depend on a sliding of the histone-DNA contacts [34].  One 

intriguing possibility is that the partial DNA unwrapping may help facilitate nucleosome 

sliding. 

 

4.5.2  Structures and Pathways of Hexasome Formation Suggest DNA 

Directed NCP Disassembly  

The integrated results from SAXS and FRET at 1.2 M NaCl provide new insight into 

the transient species populated by 601-NCPs.  The time-resolved DNA populations 
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(classified in Supplementary Figure B.3) were globally fitted to the kinetic scheme 

shown in Figure 4.5C to obtain relaxation times (Supplementary Figure B.9).  These 

globally fitted populations are shown as a Figure 4.7A, along with the expected 

populations of the histone configurations based on the H3-H2B NCP FRET data in 

Table 4.1.  The complete kinetic scheme of NCP disassembly at 1.2 M is presented in 

Figure 4.7B (for details, see Appendix B).  

The DNA rapidly unwraps from the histone octamer to form the teardrop DNA, 

which is the dominant conformation on the 0.2 to 1 s timescale.  This teardrop 

conformation forms appreciably faster than the 2 to 30 s required for the asymmetric 

opening that disrupts an interface between the (H3-H4)2 tetramer and one of the H2A-

H2B dimers and subsequent dissociation of the first dimer to form the hexasome.  Such 

a state, containing partially unwrapped DNA, but a full complement of histone proteins, 

is completely consistent with results of Li et al [7], suggesting that contacts between the 

DNA and H2A-H2B dimers are disrupted by conformational dynamics observed under 

physiological conditions, yet other contacts prevent immediate release of one of the 

heterodimers.  Thus, the teardrop DNA precedes changes in the histone octamer 

conformation, suggesting that the unwrapped DNA end acts like a gate to expose the 

proximal H2A-H2B dimer for release.  The DNA further unwraps and releases the 

remaining dimer to form the tetrasome.  This picture is in full agreement with  

equilibrium studies reported by Böhm et al [9].  

This work suggests an intriguing new mechanism for NCP remodeling in which 

DNA conformation facilitates the reconfiguration of the histone core.  Although the 

asymmetric nature of the DNA unwrapping and subsequent dimer dissociation observed 
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here was directed by the asymmetry of the tightly positioning 601 sequence, this 

mechanism may be exploited by gene regulatory proteins as a general strategy to 

exchange [35] or modify [36] one H2A-H2B dimer while simultaneously protecting the 

other.  The combined SAXS and FRET approach used in this work is readily adaptable 

to test the hypothesis that, in addition to direct interaction with the histone core, key 

partner proteins, such as chromatin remodelers or histone chaperones, affect the 

composition of the histone core by interacting with and altering nucleosomal DNA 

conformation. 

Figure 4.7  TR-FRET and TR-SAXS analyses reveal hexasome formation at 1.2 M 

NaCl.  (A) Predicted populations of DNA conformational states (black lines) and 

histone configuration states (blue lines) based on the kinetic rates determined for 

NCPs at 1.2 M NaCl from the kinetic analysis of EOM models (Figure 4.6A, see 

details in Supplementary Figure B. 9) and TR-FRET measurements (Table 4.1), 

respectively.  (B) NCP disassembly pathway determined from TR-SAXS with 

histone configurations informed by TR-FRET.  Black numbers reflect the SAXS 

relaxation times (inverse of rates in Supplementary Figure B.9C).  Blue numbers 

reflect the FRET relaxation times (Table 4.1).  The curved black arrow represents a 

minor pathway.  For simplicity, histone orientations were centered on the dyad when 

possible. 
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4.6  Conclusions 

This work suggests an intriguing new mechanism for NCP remodeling in which DNA 

conformation facilitates the reconfiguration of the histone core.  Although the 

asymmetric nature of the DNA unwrapping and subsequent dimer dissociation observed 

here was directed by the asymmetry of the tightly positioning 601 sequence, this 

mechanism may be exploited by gene regulatory proteins as a general strategy to 

exchange [35] or modify [36] one H2A-H2B dimer while simultaneously protecting the 

other.  The combined SAXS and FRET approach used in this work is readily adaptable 

to test the hypothesis that, in addition to direct interaction with the histone core, key 

partner proteins, such as chromatin remodelers or histone chaperones, affect the 

composition of the histone core by interacting with and altering nucleosomal DNA 

conformation.  
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Chapter 5 
 

Nucleotide-dependent unwrapping of the nucleosome by the Chd1 

chromatin remodeler † 
 

Abstract  

Chromatin remodelers are ATP-dependent motors that reorganize DNA packaging by 

disrupting canonical histone-DNA contacts within the nucleosome.  Here we show that 

the Chd1 chromatin remodeler stimulates DNA unwrapping from the edge of the 

nucleosome in a nucleotide-dependent fashion. As shown by FRET, DNA unwrapping 

by Chd1 readily occurred in the presence of ATP analogs ADP-BeF3 and AMP-PNP, 

yet was also detectable in the absence of nucleotides.  Unexpectedly, the DNA-binding 

domain of Chd1, which increases affinity and binds at the nucleosome edge, was not 

required for unwrapping to occur, suggesting that the ATPase domain disturbs histone-

DNA contacts on the outer turn of DNA exiting the nucleosome.  Using small angle x-

ray scattering (SAXS) with contrast variation, we find that nucleosome unwrapping by 

Chd1 is highly asymmetric in solution, with different DNA conformations depending 

on the nucleotide-bound state.  Ensemble modeling of SAXS data suggests that with 

ADP-BeF3, Chd1 primarily promotes out-of-plane unwrapping from the histone core, 

 

† Manuscript in preparation.  Joshua M. Tokuda*, Ren Ren*, Robert F. Levendosky, 

Rebecca J. Tay, Ming Yan, Lois Pollack and Gregory D. Bowman  

*Equal contribution.   

Contributions: JMT - SAXS and analysis. RR and RFL – FRET, SFM, and analysis 
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whereas AMP-PNP complexes favor in-plane unwrapping.  Taken together, our 

findings reveal previously unappreciated histone-DNA disruptions coupled to the 

nucleotide hydrolysis cycle of Chd1, which likely increase dynamics of nucleosome 

unwrapping during chromatin remodeling. 

 

5.1  Introduction 

Nucleosomes are the fundamental genomic packaging unit of eukaryotes, with 

approximately 146 bp of DNA tightly wrapped around a histone octamer [1].  In 

addition to compacting the genome into the small space of the nucleus, nucleosomes 

provide a means for storing epigenetic information while also regulating access to DNA.  

Chromatin remodelers are an essential class of enzymes that regulate DNA accessibility 

by disrupting the canonical histone-DNA interactions that occur in the nucleosome.  

Typically, remodelers alter the availability of DNA by assembling nucleosomes from 

histones and naked DNA, moving existing nucleosomes along DNA, or removing 

histones from DNA entirely [2].  Different families of remodelers appear to be 

specialized to achieve distinct biochemical outcomes, which correlate with their roles 

in vivo.  Here, we focus on the Chd1 remodeler, which is involved in gene transcription 

and is required for stem cell pluripotency and suppression of cryptic transcription [3,4].   

Chd1 has been found to act both in gene bodies and promoters, and directly interacts 

with a number of key factors involved in transcription.  Chd1 influences nucleosome 

spacing in coding regions and directly interacts with several elongation factors such as 

Spt4-Spt5, the FACT complex, and the PAF complex [5–9].  In the absence of Chd1, 

chromatin appears to be perturbed by passage of RNA polymerase II (Pol II), which in 
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turn leads to cryptic transcription [4].  Thus, an important role of Chd1 is to help 

maintain the chromatin barrier as Pol II travels through the coding region. 

Two primary biochemical activities have previously been demonstrated for Chd1: 

an ability to assemble nucleosomes and to reposition nucleosomes along DNA.  

Nucleosomes often fail to properly form when histones are rapidly deposited on naked 

DNA, and instead produce prenucleosomes, which lack the canonical superhelical 

wrapping of DNA around the histone core [10].  Chd1 catalyzes nucleosome assembly 

when histones are deposited on DNA by chaperones [11], which coincides with the 

ATP- and remodeler-dependent maturation of nucleosomes from prenucleosomes [10].  

How nucleosome assembly is achieved is not yet understood, but has been shown to be 

a characteristic of ISWI-type remodelers as well.   

The ability to reposition nucleosomes, also referred to as nucleosome sliding, is 

common to several remodeling families.  For Chd1 and other remodelers such as 

SWI/SNF and ISWI, sliding results from local DNA translocation by the ATPase motor 

at an internal site on the nucleosome called superhelix location 2 (SHL2) [12–15].  Due 

to the inherent symmetry in the histone octamer and thus the nucleosome, there are two 

such SHL2 sites where ATPase motors can act, and two Chd1 ATPases can 

simultaneously bind to these two sites [16].  In addition to the ATPase motor, Chd1 

possesses an N-terminal pair of chromodomains and a C-terminal DNA-binding domain 

(DBD) [17].  The chromodomains contact nucleosomal DNA at SHL1, adjacent to the 

ATPase motor, whereas the DBD binds the outer wrap of DNA at the edge of the 

nucleosome [16].  Due to the superhelical coiling of DNA around the histone core, the 

DBD is close to and can physically communicate with the chromo-ATPase on the inner 
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gyre of the nucleosome.  Interestingly, both negative stain and cryoEM suggested that 

this organization of Chd1 domains correlates with partial unwrapping of the outer DNA 

gyre of the nucleosome [16,18].   

Here we use fluorescence resonance energy transfer (FRET) and small angle x-ray 

scattering (SAXS) to study how Chd1 alters the organization of nucleosomal DNA.  

Unwrapping occurs with both AMP-PNP and ADP-BeF3-bound states of the remodeler, 

and strongly points to the ATPase motor being the key element catalyzing this 

disruption of histone-DNA contacts.  As shown by stopped-flow binding experiments, 

the association of Chd1 with the nucleosome is strongly nucleotide dependent, 

suggesting that these complex behaviors are due to distinct conformational changes that 

occur in the nucleosome and/or remodeler upon binding.  Consistent with this idea, our 

SAXS analysis indicates that Chd1 binding in AMP-PNP and ADP-BeF3 conditions 

promote distinct conformational states of nucleosomal DNA.  Taken together, our 

findings suggest that conformational states of Chd1 coupled to the ATP 

binding/hydrolysis cycle stimulate dynamic unwrapping of the nucleosome.  We 

propose that this Chd1-dependent unwrapping represents a new mechanism for 

remodeler altered histone-DNA interactions and DNA accessibility, which may 

elucidate the role of Chd1 in transcriptional elongation. 

 

5.2  Materials and Methods 

5.2.1  Protein expression and purification 

The Chd1 proteins used in this study were from Saccharomyces cerevisiae and 

contained the chromodomains, ATPase motor, and DBD (residues 118-1274, referred 
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to throughout as Chd1) or only the chromodomains, ATPase motor, and the linker prior 

to the DBD (residues 118-1014, referred to as Chd1[∆DBD]).  Expression and 

purification of Chd1 proteins were carried out as previously described [16,19].  Histone 

proteins were from Xenopus laevis, and were expressed and purified as described [20].  

For FRET experiments, a single cysteine was introduced (V35C) and labeled with Cy5-

maleimide.  Histones were prepared by refolding H2A and H2B into dimers and H3 and 

H4 into tetramers, purifying each by size exclusion chromatography. 

 

5.2.2  DNA and nucleosome purification 

Nucleosomal DNA was generated by large-scale PCR using the Widom 601 sequence 

[21] as the template, and purified by native acrylamide gel using a BioRad Prep Cell as 

previously described [20].  The DNA constructs are given in Supplementary Figure C.1. 

For FRET experiments, PCR reactions used DNA oligos containing Cy3 or Cy5 at the 

5’ end (IDT).  Nucleosomes were reconstituted by using salt gradient dialysis to deposit 

purified histone octamer onto 601-containing DNA, mixed in a 1:1 ratio, as previously 

described [20]. 

 

 

5.2.3  FRET assays 

Using fluorescently labeled nucleosomes, dyes were excited at 510 nm and emission 

spectra were collected from 530 nm to 700 nm on a Fluorolog 3 fluorometer (Horiba).  

For 16N16 nucleosomes, spectra were collected for 10 nM nucleosome first in the 

presence of 1X binding buffer (20 mM Hepes pH 7.5, 10 mM MgCl2, 0.1 mM EDTA, 

5% sucrose, 1 mM DTT, 0.02% Nonidet P-40, 0.1 mg/ml BSA, 100 mM KCl) and either 
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1 mM AMP-PNP or 1 mM ADP-BeF3, and then again after addition of 30 nM Chd1.  

For 9N80 nucleosomes, spectra were collected for 20 nM nucleosomes in buffer plus 

nucleotide, and then separately for a mixture of nucleosome, nucleotide and Chd1.  For 

these samples, nucleosomes were generated by addition of 32 nM H2A/H2B dimer 

(unlabeled) to 20 nM hexasomes.  In ADP-BeF3 conditions, 100 nM Chd1 or 1 µM 

Chd1(∆DBD) was used.  Due to the weak signal observed at lower concentrations, 1 

µM Chd1 was also used under AMP-PNP conditions.   

 

5.2.4  Stopped-flow experiments 

The on-rates of Chd1 binding to nucleosomes were measured using an SX20 Stopped-

Flow Spectrophotometer (Applied Photophysics).  For these experiments, samples from 

two syringes were rapidly mixed.   One syringe contained Chd1 at the specified 

concentrations, the other contained 20 nM 12N12 nucleosome.  Both samples were 

suspended in 1X binding buffer (20 mM Hepes pH7.5, 10 mM MgCl2, 0.1 mM EDTA, 

5% sucrose, 1 mM DTT, 0.02% Nonidet P-40, 0.1 mg/ml BSA, 100 mM KCl without 

or with 1 mM AMP-PNP or ADP-BeF3 [1 mM ADP, 1.2 mM BeCl2, 6 mM NaF]).  The 

nucleosome was Cy3-labeled on H4A15C.  The dye was excited at 510 nm and the 

emission intensity collected using a 570 nm long-pass filter.  For each set of syringes, 

progress curves from multiple injections were recorded at 25˚C.  Typically 3-6 traces 

(technical replicates) were averaged together for each experiment.  Fitting was carried 

out in Mathematica using the NonLinearModelFit function with the triple exponential 

form, y = a1(1 − e−k1x) + a2(1 − e−k2x) + a3(1 − e−k3x) + c. Here an were the 

amplitudes (fractions of total fluorescence range), kn were the rates (sec− 1), and c was a 
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constant.  The observed rates plotted versus Chd1 concentration provide the apparent 

kon rates (M-1∙s-1), shown in Figure 5.2. 

 

5.2.5  SAXS data collection and modeling 

SAXS data were collected at G1 station at Cornell High Energy Synchrotron Source.  

The x-ray energy was 11.18 keV and sample-to-detector distance was 2.06 m (measured 

using a silver-behenate standard).  Scattering intensities were collected on a Pilatus 

200K detector over a q-range from ≈ 0.007-0.26 Å-1.  After azimuthal integration, SAXS 

profiles were normalized by the intensity of the primary beam, which was imaged 

directly on the detector, after attenuation by a 200 µM molybdenum beamstop.  Samples 

were oscillated in a 2 mm quartz capillary with 10 µM thick walls.  Multiple, 10 s 

exposures were collected and averaged.  Profiles were carefully monitored for signs of 

radiation damage.  12N12 nucleosomes were incubated with Chd1 and nucleotides 

(ADP-BeF3 or AMP-PNP) for at least 10 minutes before being measured.  Buffers 

contained 10 mM Tris pH 7.8, 100 mM NaCl, 2 mM MgCl2, 0.1 mM EDTA, 1 mM 

DTT, 60% (w/v) sucrose, and ± 0.5 mM AMP-PNP or ADP-BeF3 (0.5 mM ADP, 4 mM 

NaF, 0.6 mM BeCl2).  For each condition, 3-5 separate measurements were made and 

analyzed independently to confirm reproducibility. 

Radius of gyration (Rg) values were calculated using GNOM [22]. To carry out 

ensemble modeling, a pool of 14,807 DNA structures was generated and theoretical 

SAXS profiles for each structure were calculated using CRYSOL [23] 1.  To select 

                                                 
1 CRYSOL parameters: number of harmonics = 50, maximum s-value = 0.25, number 

of points = 201.   
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representative ensembles, we applied an ensemble optimization method [24–26] which 

exploits a genetic algorithm (GAJOE2) to optimize the selection of models from a pool 

whose summed scattering profiles best represents the experimentally measured profile, 

over the q range from  0.016-0.16 Å-1.  For the Chd1-12N12 complex measured in the 

presence of ADP-BeF3 and AMP-PNP, the final best fitting ensembles for each of the 

10 iterations of the genetic algorithm were pooled together and clustered using 

DAMCLUST [27].  

 

5.3  Results 

5.3.1  Chd1 binding reveals partial unwrapping by FRET 

Reorganization of histone-DNA contacts within the nucleosome is believed to be 

principally driven by DNA translocation of the Chd1 ATPase motor, which requires 

turnover of ATP.  However, recent work suggests that Chd1 binding unwraps DNA 

from the edge of the nucleosome  [16,18]; we refer to the orientation of this unwrapped 

DNA as its trajectory.   To monitor the influence of Chd1 in this process, we designed 

a FRET-labeled nucleosome having 16 bp of flanking DNA on each side of the strong 

Widom 601 positioning sequence (16N16), with Cy3 and Cy5 dyes at the DNA ends 

(Figure 1A).  This labeling scheme yielded average FRET efficiencies of 0.45 ± 0.02 

for the nucleosome alone, consistent with trajectories of entry/exit DNA of nucleosome 

crystal structures and indicative of a fully wrapped state.  Addition of Chd1 in the 

                                                 
2 GAJOE parameters: number of generations = 10,000, number of ensembles = 50, 

ensemble size fixed = no, maximum/minimum number of curves per ensemble = 20/5, 

curve repetition allowed: yes, constant subtraction = yes, number of times genetic 

algorithm repeated = 10. 
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presence of the ATP analogs AMP-PNP or ADP-BeF3 markedly reduced FRET 

efficiencies to 0.088 ± 0.005 and 0.065 ± 0.015, respectively (Figure 5.1B).  A decrease 

in FRET was also observed with Chd1 in the absence of nucleotide, but required the 

addition of considerably more Chd1 (1 µM for apo versus 30 nM for ATP analogs) to 

achieve a smaller change in FRET (0.45 to 0.32) (Supplementary Figure C.2). 

This 16N16 nucleosome construct is inherently sensitive to DNA unwrapping due 

to the placement of the Cy3/Cy5 labels.  By labeling both flanking DNA segments, 

FRET changes are amplified by the 2-fold symmetry of the nucleosome, as 

simultaneous unwrapping on both sides doubles the change in dye separation.  

Additionally, due to the superhelical geometry of the nucleosome, the DNA ends 

experience the greatest changes in position, increasing FRET sensitivity for small 

changes in the angle of entry/exit DNA. We also designed a different nucleosome with 

a Cy3/Cy5 FRET pair that would only respond to unwrapping on one side and would 

require a greater degree of unwrapping to separate the dye pair.  Similar to the original 

nucleosome unwrapping experiments reported by Li and Widom [28], Cy3-maleimide 

was attached to histone H2A(T120C), and was therefore positioned adjacent to DNA 

entering/exiting nucleosome core, whereas a Cy5 label was attached to the DNA end on 

the 9 bp side of a 9N80  construct (Figure 5.1C).  With this configuration, the 

nucleosome alone (20 nM) yielded FRET values of 0.342 ± 0.006.  Upon addition of 

100 nM Chd1 in the presence of ADP-BeF3, the FRET value decreased to 0.164 ± 0.002 

(Figure 5.1D).  In AMP-PNP conditions, FRET also appeared to decrease, but the effect 

was more subtle.  To ensure that the nucleosome was fully saturated with Chd1, we 

repeated experiments in AMP-PNP conditions with 1 µM Chd1, which also yielded a 
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Figure 5.1  Chd1 binding promotes DNA unwrapping from the nucleosome.   

(A) Schematic illustration of Cy3/Cy5 FRET pair positioning on the 16N16 

nucleosome, with one dye on the 5’ end of each DNA strand. Chd1 is colored by 

domains: chromodomains (yellow), ATPase motor (red/blue), and DNA-binding 

domain (green). (B) Wavelength emission scan for 10 nM 16N16 nucleosomes upon 

excitation at 510 nm (black, gray).  As indicated by arrows, addition of 30 nm Chd1 

promoted an increase in Cy3 emission (564 nm) and corresponding decrease in Cy5 

emission (664 nm) in the presence of AMP-PNP (green) and ADP-BeF3 (magenta).  

(C) Schematic illustration of 9N80 nucleosomes, with Cy5 on the DNA end of the 9 

bp side, and Cy3 on histone H2A(T120C). (D) Wavelength emission scan for 20 nM 

9N80 nucleosomes in the presence and absence of Chd1 upon excitation at 510 nm.  

Emission spectra for nucleosomes alone are shown in gray and black.  ADP-BeF3 

conditions contained 100 nM Chd1 (magenta), whereas AMP-PNP conditions 

contained 1 µM Chd1 (green).  (E) Schematic illustration of 9N80 nucleosomes with 

Chd1(∆DBD) and wavelength emission scan for 20 nM 9N80 nucleosomes in the 

absence (black) and presence (magenta) of 1 µM Chd1(∆DBD) upon excitation at 

510 nm. 

A 

B 

C 

D 
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clear change in FRET to 0.239 ± 0.006, still smaller than the overall change observed 

with the addition of ADP-BeF3 at lower concentration (Figure 5.1D).  The magnitude 

of these FRET changes is consistent with the unwrapping of 10-20 bp of entry/exit 

DNA.   

Because the Chd1 remodeler possesses several distinct domains, it is important to 

assess which domains are required for DNA unwrapping.  We recently reported that the 

chromodomains and ATPase motor of Chd1 bind to internal sites on nucleosomal DNA, 

~1 and ~2 helical turns from the nucleosome dyad, respectively, whereas the Chd1 

DNA-binding domain (DBD) binds DNA immediately flanking the nucleosome on the 

opposite DNA gyre [16].  The chromo-ATPase is required to uniquely position the DBD 

at nucleosome edge, suggesting that these three domains formed a functional unit that 

spanned both DNA gyres of the nucleosome [16].  We suspected that a specific, 

nucleotide-dependent organization of Chd1 domains held the DBD in a position that 

favored an unwrapped trajectory of DNA exiting the nucleosome.  To test this idea, we 

examined the extent that FRET changes could be stimulated by a Chd1 construct lacking 

the DBD.  Unlike the construct containing chromo-ATPase and DBD, 30 nM 

Chd1(∆DBD) failed to stimulate FRET changes in 10 nM nucleosome in the presence 

of ADP-BeF3.  However, a significant reduction in FRET (to 0.286 ± 0.006) was 

achieved with higher (1 µM) concentrations of Chd1(∆DBD) (Figure 5.1E).  These 

results are consistent with the idea that the DBD is required for high affinity binding, 

yet not necessary for stimulating changes in DNA trajectory.  Instead, disruption of 

canonical nucleosomal wrapping is coupled to nucleotide-dependent conformational 

changes of the ATPase motor. 
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5.3.2  Nucleosome binding is associated with nucleotide-dependent conform-

ational changes 

Chd1 forms a high-affinity complex with the nucleosome in the presence of both AMP-

PNP and ADP-BeF3, yet these ATP analogs confer distinct properties to Chd1-

nucleosome complexes.  In the presence of ADP-BeF3, nucleosome binding by Chd1 is 

less sensitive to the presence of flanking DNA and more resistant to increased ionic 

strength, with higher affinity Chd1-nucleosome complexes observed than with AMP-

PNP (16).  We hypothesize that these two nucleotide states favor distinct conformations 

of Chd1 on the nucleosome.  To explore potential differences in these states, we 

measured the kinetics of nucleosome binding using stopped-flow.  Previous work with 

the ISWI remodeler showed that nucleosome binding could be monitored by labeling 

the histone H4 tail (A15C) with Cy3;  higher Cy3 fluorescence was observed for the 

bound state [29].  We discovered that for Chd1, Cy3 at this position increased binding 

affinity compared with unlabeled nucleosomes (Supplementary Figure C.3), and 

therefore previously reported measurements using H4(A15C-Cy3) nucleosomes likely 

overestimated affinities [16,19].  Interestingly, reactions performed with and without 

the Cy3 label typically required a substantially longer time (>20 min) to equilibrate in 

ADP-BeF3 compared with AMP-PNP (<5 min), suggestive of slow conformational 

changes.  We reasoned that the higher affinity toward H4(A15C-Cy3) nucleosomes 

should increase the on-rate or decrease the off-rate, and therefore rapid kinetics of 

binding could still be informative for detecting significant barriers in forming a stable 

Chd1-nucleosome complex. 

To determine on-rates, rapid mixing experiments with 10 nM 12N12 H4(A15C-
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Cy3) nucleosomes were carried out with increasing concentrations of Chd1 (Figure 

5.2A).  Binding reactions for both AMP-PNP and ADP-BeF3 proceeded in several 

stages and were best fit with triple exponential equations.  Plotting the observed rates 

with respect to concentration yielded apparent on-rates for both nucleotide conditions 

(Figure 5.2B).  For ADP-BeF3, all three rates were concentration dependent, whereas 

for AMP-PNP, only the fastest rate showed a clear concentration dependence.  

Interestingly, the fastest on-rates for AMP-PNP (1.3 ± 0.1 x107 M-1s-1) and ADP-BeF3 

(2.7 ± 0.3 x106 M-1s-1) were 10-100 times slower than expected for diffusion-limited 

binding.  While the relatively slow binding observed for both nucleotide states likely 

reflects rate-limiting conformational changes required for stable interactions, the 

different binding characteristics suggests that upon formation of a complex, distinct 

conformations of the nucleosome and/or Chd1 are favored in each nucleotide state.  

Chd1 binding alters the path of nucleosomal DNA in distinct ways depending on the 

presence of ADP-BeF3 or AMP-PNP. 

The distinct binding characteristics associated with formation of Chd1-nucleosome 

complexes, shown in Figure 5.2, suggest that the nucleosome conformation may depend 

on the nucleotide state.  To investigate this hypothesis, we applied contrast variation 

small angle x-ray scattering (CV-SAXS) to resolve the nucleotide-dependent 

conformation(s) of nucleosomal DNA changes upon Chd1 binding.  SAXS provides 

insight into the global structures of individual macromolecules in solution; however, for 

large complexes containing multiple components with different electron densities (e.g. 

proteins and DNA), interpretation of SAXS data is limited due to the difficulty in 
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resolving each component’s contribution to the measured SAXS profile [30].  In CV- 

SAXS, sucrose is added to the bulk solvent until its electron density equals that of the 

lower electron density component, in this case the proteins.   Under this matched 

condition, the protein components no longer contribute to the signal and details of the 

DNA conformation can be resolved.  We previously used CV-SAXS to study DNA  

Figure 5.2  Nucleotide state affects the kinetics that Chd1 binds nucleosomes 

(A) Progress curves from stopped-flow binding experiments of Chd1 with 10 nM 

12N12 nucleosomes in the presence of ADP-BeF3. Each curve is an average of 3-6 

technical replicates. Shown is a representative titration of three independent 

experiments.  (B-C) Plots of observed rate constants versus Chd1 concentration. For 

both AMP-PNP and ADP-BeF3 conditions, the two slower rates (C) were plotted 

separately from the fastest rate (B) to more clearly show concentration dependence 

and rate differences. The calculated on-rates (slopes) show concentration dependence 

for all three observed rates in ADP-BeF3 conditions, whereas under AMP-PNP 

conditions the middle rate failed to show a clear concentration dependence. Error 

bars show the standard deviation from three independent experiments. 

A 

B C 
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unwrapping during the salt-induced disassembly of nucleosomes [31,32].  Here, we 

applied this technique to determine whether Chd1 altered the canonically wrapped 

conformation of nucleosomal DNA when bound in different nucleotide states. 

The concentration of sucrose required to mask the protein signals was 

experimentally determined.  Initially, SAXS profiles of the DNA (5 µM), Chd1 (15 

µM), and histones (5 µM) were separately measured in solutions containing varying 

percentages of sucrose (Figure 5.3A).  In 60% sucrose, the signals from protein 

components (Chd1 and histones) were effectively eliminated, but, due to its higher 

electron density, sufficient signal remained from the DNA to measure its conformation 

in the presence (or absence) of protein partners.   

Figure 5.3B shows SAXS profiles measured in 60% sucrose for 12N12 nucleosomes 

(5 µM) with and without Chd1 (10 µM).  All measured SAXS profiles are qualitatively 

similar, displaying the characteristic shape of DNA wound in nucleosomes, suggesting 

that most of the DNA remains wrapped in nucleosomal structures.  As a control, we 

measured SAXS profiles for nucleosomes alone in the presence of different nucleotides, 

but without the remodeler.  These profiles are identical (Supplementary Figure C.4A-B).  

Small but significant differences were detected when Chd1 was present, dependent on 

the presence of ADP-BeF3 or AMP-PNP, or the absence of nucleotide (Apo) 

(Supplementary Figure C.4C-D).  The radius of gyration (Rg) for the 12N12 

nucleosome alone was 49.37 ± 0.26 Å, consistent with expectations for a fully wrapped 

structure.  In the presence of Chd1, the Rg increased to 56.62 ± 0.73 Å and 55.26 ± 0.49 

Å with the addition of ADP-BeF3 and AMP-PNP, respectively, consistent with the 

partial unwrapping of the DNA ends observed using FRET (Figure 5.1B,D).  The 



 

121 

complex (Chd1-12N12) in the apo state had an Rg of 50.35 ± 0.18 Å.  This decreased 

response is consistent with the small changes observed in FRET for the apo state 

(Supplementary Figure C.2).   

To gain structural insights that go beyond the average, measured Rg values, we 

applied an ensemble optimization method (EOM) to identify potential DNA structures 

present in the various complexes.   Starting from a large pool of possible structures, 

EOM finds the subset of structures (“ensemble”) that best recapitulates the SAXS data.  

Following the strategies in ref [31,32], we manually unwrapped DNA to generate a pool 

of structures.  These structures were based on the nucleosome crystal structure 1KX5 

[33] with varying amounts of DNA removed and replaced with straight segments (linear 

B-form DNA).  This procedure produced 9,182 structures with the DNA unwrapped 

along the natural trajectory of the nucleosomal DNA.  To further diversify the DNA 

A 

Figure 5.3  Protein contrast matching is achieved with 60% sucrose.   

(A) SAXS signals are shown for DNA, Chd1, and histone octamer measured 

separately with 0% and 60% sucrose.  In 0% sucrose, DNA (solid black), Chd1 (solid 

blue), histone (solid red) have distinct scattering profiles.  In 60% sucrose, the DNA 

signal (dashed black) is reduced by a factor of ≈ 4, but scattering signals from Chd1 

(dashed blue) and histone (dashed red) proteins vanish.  (B) SAXS profiles measured 

in 60% sucrose for 12N12 in ADP-BeF3, and Chd1-12N12 complex in ADP-BeF3 

(red), AMP-PNP (green), and Apo (blue). 

ADP-BeF3 
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pool, we generated 5,625 variations of unwrapped nucleosomal DNAs that contained 

kinks (Supplementary Figure C.5).  These kinks were generated by introducing various 

combinations of bends into 12N12 nucleosomal DNA using 3D-DART [34, 35].  From 

this pool of 14,807 total structures, a genetic algorithm [24–26] selected ensembles of 

DNA structures using the SAXS data collected for 12N12 nucleosomes with and 

without Chd1 in 60% sucrose.  The resulting fits to the data are shown in Figure 5.4A-D.  

To characterize the ensembles, we calculated Rg distributions for the structures 

selected by EOM (Figure 5.4E-F).  Although the pool contained structures that ranged 

in size from 45-165 Å (Figure 5.4E), the structures within the selected ensembles cluster 

in size between 45-70 Å (Figure 5.4F), confirming that the DNA in 12N12 nucleosomes 

remains mostly wrapped in the presence of Chd1 regardless of the nucleotide state.  The 

nucleosomes alone are represented by the peak centered around 49 Å.  With ADP-BeF3, 

Chd1-12N12 forms a prominent peak centered around 55 Å, reflecting partially 

unwrapped nucleosome structures. A similar, but slightly broader distribution is 

observed in the presence of AMP-PNP.  In the apo (nucleotide-free) state, Chd1-12N12 

appears to be a mixture between mostly wrapped nucleosomes and a small population 

of partially unwrapped structures.  The EOM pools therefore suggest subtle but 

measurable differences in DNA conformation in response to nucleotide-dependent 

conformations of Chd1.  

Representative ensembles for each condition are shown and compared in 

Figure 5.4G-J.  The structures in each ensemble were assigned colors according to 

shared characteristic features.  Under all conditions, at least some DNA remained mostly 

wrapped (blue in Figure 5.4G-J).  These wrapped states are most prevalent for the 
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nucleosomes without Chd1 (100%) and Chd1-12N12s in the apo state (64%).  A quarter 

of the structures for Chd1-12N12 in AMP-PNP (25%) and a smaller fraction for Chd1-

12N12 in ADP-BeF3 (17%) remain mostly wrapped, consistent with the slightly 

stronger conformational response observed in FRET with ADP-BeF3 compared with 

Figure 5.4  Representative ensembles for Chd1-12N12 in different nucleotide 

states.  (A-D) SAXS data and EOM fits for nucleosome alone (12N12 ADP-BeF3), 

and the Chd1-12N12 complex in the Apo, ADP-BeF3, and AMP-PNP states, 

respectively.  (E-F) Rg distributions for the DNA pool (E) and the selected 

ensembles (F) for nucleosome alone (12N12 ADP-BeF3, black), and Chd1-12N12 

complex in the Apo (blue), ADP-BeF3 (green), and AMP-PNP (red) states.  (G-J) 

Representative DNA structures selected by EOM for 12N12 and Chd1-12N12 in 

different nucleotide states. Structures are organized by color according to 

characteristic features as follows: blue = mostly wrapped, orange = in-plane 

unwrapping, green = out-of-plane unwrapping, red = in-plane wide unwrapping, 

magenta = minor populations.  

χ
2

 = 0.97   χ
2

 = 0.89   χ
2

 = 0.87   χ
2
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AMP-PNP (Figure 5.1D).   

The partially unwrapped structures observed in the presence of Chd1 show distinct 

asymmetric trajectories (orange, green, red in Figure 5.4G-J) that are present with 

varying weights depending on the nucleotide state.  For all of the partially unwrapped 

structures (e.g. not the blue cluster), both DNA ends peel away from the histone at 

similar locations on both sides of the dyad axis.  The shared origin of the unpeeling 

likely reflects common binding positions of Chd1 onto both sides of the nucleosome for 

all nucleotide states.  However, in all cases, the unwrapping is more prominent on one 

side than the other.  This asymmetry arises from varying angles in the trajectories of the 

DNA ends.  Since SAXS is not sensitive to chirality, this analysis cannot distinguish 

unwrapping from a particular end of the DNA.  

A notable difference between ADP-BeF3 and AMP-PNP states was the extent of 

out-of-plane unwrapping. For Chd1-12N12 with ADP-BeF3, the most prominent 

population (green, 75%) has both ends unwrapping out-of-plane (≈ 20°) relative to the 

plane perpendicular to the superhelical axis of nucleosomal DNA.  In contrast, for Chd1-

12N12 with AMP-PNP, the most prominent structure (red, 49%) has mostly in-plane 

unwrapping, with a significantly wider trajectory on one side.  For Chd1-12N12 in the 

apo state, the most prominent unwrapped DNA structure (orange, 27%) is mostly in-

plane but the DNA is not unwrapped to the same extent as in the presence of AMP-PNP.  

In summary, the two principal observations are as follows: (1) Chd1 binding leads to 

asymmetric unwrapping of the nucleosome ends, and (2) the trajectories of the 

unwrapped DNA depend on nucleotide-dependent conformational response of Chd1.   
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5.4  Discussion 

This work demonstrates that Chd1 stimulates DNA unwrapping from the nucleosome 

in a nucleotide-dependent fashion.  As for all ATPase motors, Chd1 is expected to be 

structurally sensitive to its nucleotide-bound state.  Accordingly, we observed distinct 

kinetics of nucleosome binding in AMP-PNP versus ADP-BeF3 conditions (Figure 5.2), 

which we interpret as reflecting conformational changes in Chd1 domains and/or the 

nucleosome upon binding.  Remarkably, EOM analysis of CV-SAXS data strongly 

suggests that ADP-BeF3 and AMP-PNP-bound states of Chd1 favor distinct unwrapped 

states of the nucleosome (Figures 5.4, 5.5).  In AMP-PNP, the DNA unwraps at a wider 

angle but essentially in-plane with the nucleosome disk, whereas in ADP-BeF3, the 

unwrapped DNA is more out-of-plane.  These nucleotide-dependent differences suggest 

that DNA unwrapping is tightly coupled to motions of the ATPase motor.  Previous 

modeling of Chd1 at SHL2 suggested that lobe 1 of the ATPase could directly contact 

entry/exit DNA of the opposite gyre [16], and here we show that the Chd1 DBD is not 

required for nucleosome unwrapping (Figure 5.1E).  Taken together, these data support 

the idea that the Chd1 ATPase motor stimulates DNA unwrapping directly, with 

enhanced unwrapping dynamics during the ATP binding and hydrolysis cycle of Chd1. 

A direct consequence of Chd1-induced DNA unwrapping from the nucleosome edge 

is the increased accessibility of DNA and histones, which in turn would be expected to 

alter binding of chromatin-associated factors.  As observed in the first and many 

subsequent nucleosome crystal structures, residues 39-42 of histone H3 pass between 

the DNA gyres of the nucleosome at the DNA entry/exit site [36].  DNA unwrapping 

would expose this N-terminal segment of histone H3, and thus increase accessibility for 
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post-translational modifications such as H3R42 methylation and H3Y41 and H3T45 

phosphorylation [37–41].  Methylation and acetylation of the nearby H3K36 is strongly 

coupled to transcription [42–44], and unwrapping may also favor deposition or 

recognition of these marks.  In addition, unwrapping has been shown to increase binding 

of transcription factors to nucleosomal DNA, whose sites are otherwise poorly 

accessible [45,46].  Unwrapping is directly opposed by binding of linker histones H1 or 

H5, which stabilize the fully wrapped configuration of the nucleosome and have been 

found to reduce both transcription factor binding and phosphorylation of H3Y41 and 

H3T45 [39,40,47].  Interestingly, histone H1 is not incorporated by Chd1 during 

assembly [11], and the presence of H1 and H5 were found to also interfere with 

nucleosome sliding by Chd1 [48], suggesting an antagonistic relationship between Chd1 

and linker histones. 

Two defining characteristics of Chd1 interactions with nucleosomes are its abilities 

90° 

Figure 5.5  Comparison of most prominent DNA structures observed for 

Chd1-12N12 in ADP-BeF3 and AMP-PNP, and 12N12 alone in ADP-BeF3.  

Yellow arrows signify where the DNA begins to unwrap from the histone 

compared to the crystal structure (1KX5). 
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ADP-BeF3 
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to reposition and assemble nucleosomes, but it is unclear whether the DNA unwrapping 

described here is a key step for either of these processes.  To our knowledge, DNA 

unwrapping by ISWI-type remodelers has not previously been described, yet ISWI 

remodelers have been shown to both assemble and slide nucleosomes in the presence of 

linker histones [11,48,49].  The action of ISWI remodelers on nucleosomes bound by 

linker histones argues against the idea that unwrapping is required for either nucleosome 

repositioning or assembly.  Determining whether other remodeler types also weaken 

DNA-histone contacts at the entry/exit region of the nucleosome will be important for 

clarifying whether DNA unwrapping by Chd1 is unique or a shared characteristic among 

distinct remodeler families. 

Separate from nucleosome repositioning and assembly activities, DNA unwrapping 

by Chd1 could provide a previously unappreciated means of altering nucleosome 

structure, which may be functionally coupled to transcription.  Nucleosomes present a 

barrier to elongating polymerases such as RNA polymerase II (Pol II), causing 

transcriptional pausing [50,51].  Studitsky and coworkers have shown that DNA 

unwrapping from the upstream edge of the nucleosome facilitates transcription of Pol II 

through the outermost turn of nucleosomal DNA, whereas unwrapping from the 

downstream edge of the nucleosome greatly diminishes the major Pol II pause site at 

the upstream SHL2 [52].  Engagement of Chd1 with the downstream SHL2 would 

unwrap the upstream edge of the nucleosome and therefore potentially help Pol II entry.  

However, the presence of Pol II at the upstream SHL2, a major site of pausing, would 

sterically block Chd1 from unwrapping the downstream edge.  Interestingly, Pol II 

remains paused at the upstream SHL2 site if the upstream DNA immediately behind the 
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polymerase does not rewrap [52].  DNA unwrapping, if maintained by Chd1 on the entry 

side, therefore would likely be antagonistic to Pol II transcribing through the 

nucleosome.  Pol II transcription through nucleosomes is assisted by several elongation 

factors, and the FACT complex both reduces polymerase pausing and stabilizes histone-

DNA contacts during transcription [53].  Although its mechanism of action is not 

presently clear, FACT appears to act in opposition to Chd1, with FACT mutant 

phenotypes in budding yeast rescued by Chd1 defects [54].  It has been shown that two 

polymerases traveling together evict nucleosomes [55], and therefore while speculative, 

controlled pausing may help keep Pol II complexes separated from each other.  Our 

study raises the possibility that DNA unwrapping by Chd1 may contribute to 

transcription-related processes, providing an exciting new direction for future studies. 
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Chapter 6 
 
Conclusions 

 

In this work, we used small angle x-ray scattering to investigate partially unwrapped 

nucleosome conformations.  Interpretation of SAXS data is complicated by two factors: 

(1) the difficulty in resolving how the protein and DNA components contribute to the 

measured signal, and (2) the conformational averaging that arises from the ensemble 

nature of the measurement.  We addressed the first issue by using contrast variation 

methods to mask the protein’s contribution to the scattering signal.  The resulting 

scattering comes from the DNA and enables targeted studies of DNA conformations 

within the complex.  To resolve structural details beyond the conformational average, 

we applied ensemble optimization methods and determined ensembles of DNA 

structures that best recapitulate the measured SAXS profiles.  These strategies provided 

new opportunities to visualize how nucleosomal DNA unwraps in response to different 

conditions.   

In Chapters 3-4, we used salt to globally destabilize histone-DNA interactions and 

populate partially disrupted nucleosomes [1,2].  To monitor the dynamics and get a 

better understanding of how nucleosomes unravel to permit DNA access, we used a 

stopped flow mixer to induce salt jumps.  Above 0.5 M NaCl, we observed that DNA 

unwraps from the ends and found that the extent and rate of unwrapping increased as a 

function of salt concentration.  At high salt concentrations (2.0 M NaCl), where full 

disassembly is achieved, we found that the DNA rapidly unwraps, but forms an 

asymmetric intermediate that persists for several hundred milliseconds.  At intermediate 
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salt concentrations (1.2 M NaCl), where only partial disassembly is expected, we 

resolved two pathways through which the asymmetric intermediate is formed.  In light 

of the symmetric nature of the nucleosome structure, the asymmetric unwrapping is 

surprising.  Asymmetric flexibility between the two sides of the DNA sequence has been 

proposed as a mechanism that imparts this asymmetry [3].  This hypothesis can be tested 

by repeating these experiments with palindromic DNA sequences.  FRET labels 

incorporated within the nucleosome were used to monitor the release of histone proteins.  

At the intermediate salt concentration, asymmetric DNA unwrapping appeared to 

coordinate the asymmetric release of the histone proteins.  This suggests a new 

mechanism through which the exchange of histone proteins can be facilitated. 

  In Chapter 5, we investigated the conformational response of nucleosomes after 

being bound by the chromatin remodeler Chd1.  Both FRET and SAXS reveal partial 

DNA unwrapping in the presence of Chd1.  Although the trajectories of the unwrapped 

DNA vary significantly from those observed in Chapters 3-4 using salt, the unwrapped 

DNA in the presence of Chd1 also appeared to be asymmetric.  This suggests that the 

asymmetric response between the two sides is an inherent property of the nucleosome.  

Interestingly, we found that Chd1 promotes distinct conformational changes depending 

on the nucleotides present (ADP-BeF3, AMP-PNP, or apo).  This observation implicates 

the ATPase motor as a key element in disrupting the histone-DNA contacts.  The 

asymmetrically unwrapped nucleosomes observed in the presence of Chd1 may serve 

as an important functional configuration helps RNA polymerase II gain entry into the 

edge of the nucleosome.  The inherent propensity for nucleosomes to unwrap 

asymmetrically may serve as an important mechanism to promote the proper directional 
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engagement of nuclear machinery (e.g. 5’ to 3’ on the sense strand).  Features that bias 

asymmetric unwrapping can be encoded into the DNA sequence. 

The methods applied in this work can be easily adapted to provide structural insight 

other nucleosomal interactions as well as the influence of different nucleosome 

modifications.  The conformational activity of transcription factors, histone chaperones, 

and other chromatin remodelers can be examined.  Nucleosomes containing various 

DNA sequences, histone variants, and post-translational modifications may exhibit new 

behaviors and reveal new mechanisms through which nucleosomes regulate genetic 

activity.   

Developments in instrumentation has great potential to expand the scope and 

accessibility of the technique.  One of the primary challenges for this approach is the 

difficulty in preparing consistent samples due to the high viscosity of the solutions.  

Advancements in mixing and sample manipulation technologies would greatly lower 

the technical barrier and most importantly the frustration level of many researchers.  The 

development of continuous flow mixers compatible with high viscosity solutions would 

enhance the data quality collected for short timescales, and has the potential to reduce 

sample requirements.  Since the ensemble method is wholly reliant on the quality of the 

initial DNA pool, advancements in structural modeling that integrates biophysical and 

biochemical data has great potential to improve the quality of the results.   

The general strategy applied in this work is a powerful platform that can be applied 

to study virtually any protein-nucleic acid complexes.  RNA-protein systems drive 

many of the most fundamental processes inside the cell.  This technique can be used to 

provide insights into the activity and folding of RNA-protein complexes.  The 
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organization and processing of DNA/RNA in viruses and bacteriophage may also be an 

interesting target.  Advancements in high-throughput genomics are revealing new 

connections between genes and their products on a pace that greatly dwarfs structural 

determination – providing exciting opportunities to use SAXS to uncover the structure-

function relationships within chromatin that coordinate biological networks! 
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Appendix A 
 

Supporting Information for Chapter 3 

 
Revealing transient structures of nucleosomes as DNA unwinds   

 

A.1  Supplementary Materials and Methods 

A.1.1  Histone Purification 

The Xenopus laevis histones were expressed recombinantly as inclusion bodies in E. 

coli using previously described T7-expression plasmids [1]. Purification of the 

individual histones and reconstitution to H2A-H2B and (H3-H4)2 oligomers was 

performed as described previously [2,3], except for the final chromatography step over 

a heparin column, described previously for H2A-H2B purification. First, this step was 

added to the purification of (H3-H4)2 as well. Secondly, the chromatography buffers 

were altered to Tris and NaCl (rather than potassium phosphate and KCl) so that the 

histones were eluted in similar conditions to those employed in NCP reconstitution. 

Protein concentrations were determined by absorbance at 280 nm with extinction 

coefficients of 10,240 and 17,920 M-1cm-1 for the H2A-H2B dimer and (H3-H4)2 

tetramer, respectively. The [NaCl] was determined by refractive index. 

 

A.1.2  DNA Production 

A plasmid with 24 tandem repeats of the central 149 bp of the Widom 601 DNA was 

described previously [4], constructed using the iterative approach of ref. [5]. For 

consistency in comparing SAXS data with different DNA sequences, a similar plasmid 
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was constructed for the nucleosome positioning element of the Lytechinus variegatus 

5S rRNA gene and promoter. The central 144 bp positioning element was PCR-

amplified from the pSL208-12 plasmid (a gift from Dr. Michael J. Smerdon’s lab, 

Washington State University) with primers that introduced EcoRV restriction sites at 

the ends of the PCR product. This fragment was used to engineer a plasmid with 24 

tandem repeats. Subsequent plasmid purification, EcoRV digestion to liberate 149 bp 

fragments and their purification was carried out by protocols detailed elsewhere [4,5]. 

601-DNA sequence: [ATCGG AGAAT CCCGG TGCCG AGGCC GCTCA ATTGG 

TCGTA GACAG CTCTA GCACC GCTTA AACGC ACGTA CGCGC TGTCC 

CCCGC GTTTT AACCG CCAAG GGGAT TACTC CCTAG TCTCC AGGCA 

CGTGT CAGAT ATATA CATCC CGAT].  

5S-DNA sequence: [ATCTC CAGGG ATTTA TAAGC CGATG ACGTC ATAAC 

ATCCC TGACC CTTTA AATAG CTTAA CTTTC ATCAA GCAAG AGCCT 

ACGAC CATAC CATGC TGAAT ATACC GGTTC TCGTC CGATC ACCGA 

AGTCA AGCAG CATAG GGCTC GGAT]. 

 

A.1.3  Contrast Variation 

For SAXS, x-ray photons scatter off particles in solution with excess electron density 

𝛥𝜌𝑝 = 𝜌𝑝 − 𝜌𝑠, called contrast, where 𝜌𝑝 and 𝜌𝑠 are the average electron densities of 

the particle and solvent, respectively. This contrast generates a scattering pattern that is 

distinct from the uniform background scattering of the buffer. For a biomacromolecule, 

both the overall shape and internal structure contributes to the scattering. However, both 

the protein and nucleic acid in a complex can be treated as homogeneous components 
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since the difference in average electron densities between the two components is much 

greater than the electron density fluctuations within each component. Thus, the 

scattering intensity as a function of contrast for a protein-nucleic acid (PNA) complex 

can be simplified as [6] 

𝐼(𝑞) = (𝛥𝜌1)2𝐼1(𝑞) + 2𝛥𝜌1𝛥𝜌2𝐼12(𝑞) + (𝛥𝜌2)2𝐼2(𝑞) , (Supplementary Eq. 1) 

where 𝛥𝜌1,𝐼1(𝑞) and 𝛥𝜌2, 𝐼2(𝑞) represent the contrasts and scattering intensities of the 

protein and nucleic acid, respectively. 𝐼12(𝑞) is the cross-term intensity.  

By increasing the solvent electron density 𝜌𝑠 to match that of the protein 𝜌1, the first 

and second terms in Supplementary Eq. 1 vanish and the resulting scattering profile is 

dominated by the nucleic acid component (the third term). Consequently, scattering data 

containing information about the conformation of nucleic acids in protein complexes 

can be isolated. The addition of 50% (w/v) sucrose was found to be sufficient to blank 

histone proteins. This concentration of sucrose had no effect on the NaCl-dependent 

equilibrium stability of the NCP, as monitored by a previously described FRET system6. 

The following table shows the average electron densities for biomolecules and the 

solutions used [6].  Note that additional molecules (e.g. salts, buffers) in solution also 

contribute to the actual values. 

Average electron densities 

Component ρ (e-/nm3) 

Water 334 

50% Sucrose (w/v) 400 

Proteins 420 

Nucleic Acids 550 
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The contrast dependence of any parameters measured in SAXS must be taken into 

account. For SAXS experiments with sufficiently high contrast, e.g. when using buffers 

without sucrose or high salt concentrations, these effects are typically negligible. 

 

A.1.4  I(0) Analysis 

In SAXS, the average mass of the scattering particles is related to the extrapolated 

scattering intensity at zero scattering angle I(q = 0). Interpretation of I(0) requires 

knowledge of both sample heterogeneity and contrast. It is important to note that the 

contrast depends not only on sucrose, but also on [NaCl]. Since a wide range of [NaCl] 

was used for the equilibrium experiments, we limited our analysis to the endpoints with 

the assumption of monodispersity (fully associated octamers in 0.2 M NaCl and fully 

dissociated in 2.0 M NaCl). The static and kinetic data were measured at the same 

sample concentrations, allowing for relative comparison of their I(0)s (Figure 3.5A,B). 

To take into account the contrast difference between 0.2 M and 1.9 M [NaCl], we 

applied a scaling factor for the 0.2 M NaCl I(0). This factor was determined through 

CRYSOL [7] by calculating theoretical I(0)s at two different solvent electron densities 

for the same wrapped structure (2 M NaCl adds ≈ 30 e-/nm3 to pure water). Since time 

dependent changes using a stopped flow mixer are measured against a fixed 

background, the contrast does not change with time. Consequently, changes in I(0) 

report changes in the molecular mass and association state of the proteins as the 

nucleosomes disassemble. Because multiple association states may be present, we 

restricted our analysis to the endpoints— which agreed well with the equilibrium results 
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(Figure 3.5A,B).  

A.1.5  Radius of gyration analysis 

The radius of gyration (Rg) reported in SAXS is the root mean square distance between 

the scattering electrons within the particle. The apparent Rg and its contrast dependence 

is represented as [6] 

𝑅𝑔2 = 𝑅𝑐
2 +

𝛼

𝛥𝜌
−

𝛽

(𝛥𝜌)2
  ,  (Supplementary Eq. 2) 

where Rc is the radius of gyration observed for particles at infinite contrast, Δρ is the 

contrast, and α and β are parameters that reflect the electron density fluctuations for 

particles in solution. α characterizes the internal structure of a particle. For a core-shell 

particle, α is positive when the shell has higher electron density than the core, and 

negative in the opposite case. β is always positive and increases as the apparent center 

of mass for one component is displaced relative to the other as a function of contrast. 

Rgs reported in this work were determined using GNOM since the analysis uses 

the entire scattering curve and is less susceptible to low-q noise (in contrast to Guinier 

analysis). The contrast dependent contributions to Rg (second and third terms in 

Supplementary Eq. 2) were found to be negligible for the range of contrasts involved in 

this study. Theoretical Rgs determined from NCP models with the solvent electron dens-

ities varied from 334-430 e-/nm3 showed less than ± 1 Å deviations to the apparent Rgs. 

 

A.1.6  Singular Value Decomposition 

Singular value decomposition (SVD) is a powerful strategy for determining the 

minimum number of components necessary to reconstruct a dataset collected over a 
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series of experimental conditions (e.g. over time or a range of NaCl conditions). A set 

of data plotted with m discrete momentum transfer values and n scattering curves is 

arranged as an m x n matrix A, where each column represents the scattering profile 

collected within an experimental series. An SVD algorithm (MATLAB) identifies 

orthogonal basis curves by representing the matrix as a product of three matrices, 

𝐴 = 𝑈𝑊𝑉𝑇 .   (Supplementary Eq. 3) 

U is an m x n matrix of orthogonal columns that form a complete set of basis curves 

through which the entire series of scattering profiles can be represented by linear 

superposition. W is an n x n diagonal matrix containing the singular values 

conventionally ordered by decreasing value. Each singular value wj represents the 

overall weight of the basis component Uj. V
T is the transpose of an n x n matrix V, where 

columns Vj represents the dependence of columns Uj on the course of the series. 

Therefore, each column in WVT contains the linear superposition coefficients for the 

basis curves at each point in the series. The basis components that make significant 

signal contributions can be determined by direct inspection and by comparing the 

corresponding singular values. Although the number of distinctly scattering species 

corresponds with the number of basis components, the basis components themselves do 

not necessarily represent morphological SAXS profiles. Independent SAXS curves are 

linear combinations of the basis components and can be approximated using the 

independent basis curves Uj(q) as 

𝐼(𝑞) = ∑ 𝑈𝑗(𝑞)𝑤𝑗𝑉𝑗
𝑟
𝑗=1  ,  (Supplementary Eq. 4) 

where r is the effective rank, or number of independent basis curves necessary to 

reconstruct the dataset. 
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A.1.7  Mixer Characterization 

Mixing was characterized through fluorescence assays using N-acetyltryptophanamide 

(NATA) fluorescence quenching by N-bromosuccinimide (NBS) and Alexa350 

quenching by KI. The mixing dead time was measured to be ≈ 6.6 ms using NATA-

NBS at a flow rate of 6 mL/s. Incorporation of the HDS mixer reduced convection and 

back flow, allowing access to timescales up to 60 s. The optimal flow rates and volumes 

used were 6 mL/s and 315 µL for 0% sucrose and 7.5 mL/s and 375 µL for 50% sucrose. 

For SAXS experiments, complete salt mixing was confirmed by monitoring the buffer 

scattering. Mixing between subsequent shots was found to be consistent. 

 

A.1.8  Minimum chi-square (𝛘𝟐̅̅ ̅) fit 

Agreement between the experimentally observed 601-NCP kinetic intermediate and 

potential conformational models (Supplementary Figure A.8) was first assessed by 

evaluating the following chi-square: 

χ2̅ =
1

𝑀
∑ (

𝐼exp(𝑞𝑖)−𝐼model(𝑞𝑖)

𝜎exp(𝑞𝑖)
)

2
𝑀
𝑖=1 ,  (Supplementary Eq. 5) 

where 𝐼exp(𝑞𝑖) is the experimental scattering intensity at 𝑞𝑖, 𝐼model(𝑞𝑖) is the scattering 

intensity calculated from PDB models using CRYSOL, 𝜎exp(𝑞𝑖) is the experimental 

error and 𝑀 is the number of data points in 𝑞 space. The best fit is revealed by a minimal 

χ2̅ value, where a χ2̅ value less than 1 indicates good agreement. The q-range used was 

limited to 0.015-0.12 Å-1 to reduce the effects of high-q noise.  
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A.1.9  Ensemble Optimization Method (EOM) 

To further investigate possible polydispersity and structural fluctuation, we applied the 

program GAJOE (Genetic Algorithm Judging Optimization of Ensembles) to determine 

an ensemble of DNA conformational models, whose combined theoretical scattering 

intensity best describes the experimental SAXS data (e.g. that of the 601-NCP kinetic 

intermediate). GAJOE uses a genetic algorithm described in ref. [8]. The q-range for 

GAJOE fitting was also limited to 0.015-0.12 Å-1 to reduce the effects of high-q noise. 

When comparing to the 601-NCP intermediate (observed in the first 200 ms), one 

optimized ensemble was first generated from a pool of DNA PDB models (Group 1, 2 

and 3 in Supplementary Figure A.8), and was found to be populated with mostly 

asymmetric models. Hence, 20 more asymmetric models (group 4) structurally similar 

to the most picked model in the first round (the 'Long 80bp released, Short 20bp 

released' model) were added to the pool, and a new process of ensemble optimization 

was conducted. The final optimized ensemble contains only similar asymmetric models 

(Supplementary Figure A.8 and Figure 3.6E), indicative of a nearly homogenous 

intermediary state for the 601-NCP. The χ2̅ value of 0.90 is also lower than that 

minimized from single model χ2̅ fit (0.95 for the 'Long 80bp released, Short 20bp 

released' model), indicating a better agreement to the experimental measurement when 

ensemble optimization method is used.  
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A.2  Supplementary Figures 

 

Supplementary Figure A.1  Kratky plots for 5S-NCP at different [NaCl] with (A) 0% 

and (B) 50% sucrose. The data (colored circles) and regularized fits to the data using 

GNOM (black lines) were scaled and offset to enhance visualization. A general 

transition from a globular to an extended structure is observed as the NaCl concentration 

was increased from 0.2 M to 2.0 M. Many more structural details (visualized as peaks 

and troughs) are distinguishable with the proteins blanked in (B) 50% sucrose compared 

to the (A) 0% sucrose data. Interestingly, the peaks for the 5S-NCP in low NaCl were 

generally more broadened compared to the 601-NCP (Figure 3.3A,B), reflecting greater 

conformational variation. Furthermore, the 5S-NCP appears mostly unwrapped at 1 M 

NaCl, suggesting that 5S-NCP is less stable than 601-NCP. Plots were scaled and offset 

to enhance visualization. 

 

 

  

A B 
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Supplementary Figure A.2  Comparison of P(R) curves calculated from models and 

equilibrium 601-NCP experiments. (A) Models with symmetrically released DNA from 

crystal structure 1AOI and theoretical P(R) curves for models shown. Four regions that 

provide physical insight into the conformational changes as the DNA is unwrapped are 

highlighted with colored boxes. The region in pink highlights the extension of the P(R) 

curves to the right that corresponds with the increasing largest dimension of the models. 

The region in blue reveals a formation of a peak at approximately 20 Å that corresponds 

with increasing single-helical extensions. The region in orange shows a decreasing peak 

at approximately 40 Å that reflects the decreasing overlap between the DNA ends (e.g. 

compare green to blue curves/models). The region in green shows a decreasing peak at 

approximately 80 Å that reflects the disruption of the overall wrapped structure. (B) 

Models with asymmetrically released DNA from crystal structure 1AOI and theoretical 

P(R) curves for models shown. (C) Experimental P(R) curves for 601-NCP in 50% 

sucrose and varying NaCl concentrations. Increasing the NaCl concentration induces 

conformational changes that reflect the same changes observed in the models. 

A 

B 

C 
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Supplementary Figure A.3  Time-resolved SAXS data for 601-NCP and 5S-NCP with 

and without sucrose. (A,B) Kratky plots (I(q)xq2 vs. q) for NCPs dissociating in 1.9 M 

NaCl with 0% sucrose (protein and DNA visible) at the times indicated after mixing. 

For both (A) 601-NCP and (B) 5S-NCP, experimental data are shown as colored circles 

and regularized fits computed by GNOM are shown as solid black curves. Data has been 

offset to enhance visualization. (C,D) Kratky plots for NCPs dissociating in 1.9 M NaCl 

with 50% sucrose (only DNA visible) at the times indicated after mixing. For both (C) 

601-NCP and (D) 5S-NCP, experimental data and fits are shown as colored circles and 

solid black lines, respectively, and the data has been offset to enhance visualization. 

A B 

C D 
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Supplementary Figure A.4  SVD analysis of TR-SAXS curves for 601-NCP in (A-D) 

0% sucrose and (E-H) 50% sucrose. (A,E) The first basis components determined by 

SVD analysis of time binned SAXS curves. SVD analysis for time-resolved data was 

limited to regular linear profiles since TR-SAXS data has significantly more noise than 

static data. The first basis components dominate the other components by more than one 

order of magnitude. (B,F) The second basis components determined by SVD analysis 

of time binned SAXS curves. (C,D,G,H) Amplitudes of the components in (A,B,E,F) 

as a function of time after mixing. Because the first components dominate the SAXS 

profile changes, the amplitude changes (C,G) of the first components (A,E) correspond 

with the major transition (representing NCP disassembly). The time courses are well 

described by single exponential decay functions. Their nearly identical rates (k) between 

the sucrose and non-sucrose conditions indicate that sucrose has minimal effects on 

NCP dissociation dynamics. Analysis beyond the extraction of time constants from the 

major changes in the linear profiles was limited by data quality. 
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Supplementary Figure A.5  SVD analysis of TR-SAXS curves for 5S-NCP in (A-D) 

0% sucrose and (E-H) 50% sucrose. (A,E) The first basis components determined by 

SVD analysis of time binned SAXS curves. SVD analysis for time-resolved data was 

limited to regular linear profiles since TR-SAXS data has significantly more noise than 

static data. The first basis components dominate the other components by more than one 

order of magnitude. (B,F) The second basis components determined by SVD analysis 

of time binned SAXS curves. (C,D,G,H) Amplitudes of the components in (A,B,E,F) 

as a function of time after mixing. Because the first components dominate the SAXS 

profile changes, the amplitude changes (C,G) of the first components (A,E) correspond 

with the major transition (representing NCP disassembly). The time courses are well 

described by single exponential decay functions. Their nearly identical rates (k) between 

the sucrose and non-sucrose conditions indicate that sucrose has minimal effects on 

NCP dissociation dynamics. Inset for (C): a fast phase of the amplitude change of the 

first component for 5S-NCP without sucrose. Analysis beyond the extraction of time 

constants from the major changes in the linear profiles was limited by data quality. 
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Supplementary Figure A.6 Major length scale analysis for (A) 601-NCP and (B) 5S-

NCP in 0% sucrose. The position of the major peak in P(R) is plotted as a function of 

time. (A) 601-NCP, a single exponential fit yields a rate of 0.348 ± 0.082 s-1. (B) 5S-

NCP, a double exponential fit yields two rates: 36.4  ± 18.6 s-1 and 0.901 ± 0.354 s-1. 

The fast phase observed for 5S-NCP without sucrose observed in SVD analysis 

(Supplementary Figure A.5C) agrees with that observed in the major length scale 

analysis (B) as well as I(0,t) analysis (Figure 3.5B).  

  

a b A B 
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Supplementary Figure A.7  Rg and Kratky evidence for a disrupted histone core. (A) 

Rg(t) of 601-NCP and 5S-NCP in 50% and 0% sucrose. For 601-NCP, the majority of 

the histone proteins dissociate after ≈ 1 s (Figure 3.5A). As a result, the DNA becomes 

the dominant scattering particle and Rg(t)s are quite similar between 0% and 50% 

sucrose. This was also observed for the 5S-NCP, except the majority of the histone 

proteins dissociate within the first ≈ 100 ms (Figure 3.5B). The 5S-NCP is generally 

more extended compared to the 601-NCP through the timescales observed. The Rgs for 

the 601-NCP 200 ms kinetic intermediate (Rg ≈ 90 Å) and 5S-NCP 160 ms ensemble 

average (Rg ≈ 112 Å) without sucrose are significantly larger than that computed for 

models of the NCP as shown in the two models on the right. The DNA structures in the 

two models were selected by single model chi square fits to the SAXS data and insight 

provided by P(R) analysis (Supplementary Figure A.8 and Figure 3.6). The models with 

the histone intact as an octamer on the wrapped end of the J-shaped DNA are insufficient 

for providing a sufficiently large Rg to match the Rgs observed. Assuming that all of 

the protein components remain attached (as evident in Figure 3.5A), the increased Rg 

may be explained by an extension of histone components away from the center of mass. 

This requires a disruption of the octameric histone and may be characterized by H2A-

H2B dimers bound but positioned somewhere else along the DNA. (B) Comparison of 

Kratky profiles for the 601-NCP 200 ms kinetic intermediate in no sucrose (red circles) 

and the NCP model shown in the inset (black curve). The lack of a sharp peak in the 

data at q ≈ 0.045 Å-1 indicates a structure without a compact globular core. The 

disagreement at high q is likely a result of scattering from the flexible disordered histone 

tails. 
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Supplementary Figure A.8  Chi square and EOM analysis of models to determine the 

conformation of the 200 ms 601-NCP kinetic intermediate and first 160 ms 5S-NCP.  

These symmetric and asymmetric DNA models were generated using Discovery Studio 

(Accelrys) and Nucleic Acid Builder. The curved portions of these models were 

migrated from the DNA component of crystal structure (pdb: 1AOI). χ2̅ was calculated 

using Supplementary Eq. 5. The calculated χ2̅s between the experimental SAXS profiles 

and the SAXS profiles calculated from the models are reported in parentheses below 

each model. Black χ2̅s are calculated from fits to single models, whereas blue and 

yellow χ2̅s are calculated from fits to the ensemble of models selected by EOM analysis. 

The best fitting single model using chi square analysis (χ2̅ = 0.95) is the 'J'-shaped 

asymmetric DNA (Long 80bp released, Short 20bp released) in the red box. The best 

fitting ensemble of models using chi square analysis (χ2̅ = 0.90) is highlighted by blue 
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boxes. The population of each model for the ensemble is reported as a percentage inside 

each box. The improvement in χ2̅ value for the ensemble of models (0.90) compared to 

the single models (0.95) reveals better agreement with experimental data. Applying chi 

square analysis to the first 160 ms data for the 5S-NCP using single models and an 

ensemble of models selects the asymmetric DNA model (Long 85bp released, Short 

35bp released) with χ2̅ = 1.03. This suggests that the 5S-DNA may also unwrap 

asymmetrically. 
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Appendix B 
 

Supporting Information for Chapter 4 

 
Asymmetric unwrapping of nucleosomal DNA propagates asymmetric 

opening and dissociation of the histone core 

 

B.1  Supplementary Methods 

B.1.1 TR-SAXS Experiments   

All TR-SAXS experiments were conducted at BioCAT Sector 18 at Advanced Photon 

Source (APS): x-ray energy =10 keV, sample-to-detector distance ≈ 2.5 m.  The 

experimental procedures and SAXS image analysis are described in detail in [1].  

Briefly, time resolution was achieved by incorporating a Biologic SFM-400 stopped 

flow mixer.  Custom sample cells employed quartz capillaries (2 mm path length, 10 

µm walls) from Hampton Research.  NCPs in ≈ 0 M NaCl (none added) were mixed 

with high salt buffers (3.125 M NaCl) at a ratio of 2:3 (respectively) to achieve a final 

NaCl concentration of 1.9 M, and at a ratio of 3:2 to achieve a final NaCl concentration 

of ≈ 1.25 M.  The final NCP concentration was ≈ 2-3 mg/mL (10-15 µM).  Matching 

buffers were measured before and after each experiment by replacing the NCP sample 

syringe with 0 M NaCl buffer.  Measurements were made with 0% and 50% sucrose.   

A PILATUS 100K (Dectris) detector was operated in “movie mode” to capture the 

scattering patterns as a function of time.  Since the samples showed radiation damage 

when exposed to the full x-ray beam at APS after 500 ms, two data collection schemes 

were employed to span short and long time points.  For short timescales, images were 
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acquired using full beam for the first 500 ms in 5 ms intervals (2 ms exposure + 3 ms 

readout) for 0% sucrose, and 10 ms intervals (7 ms exposure + 3 ms readout) for 50% 

sucrose.  For long timescales, 10 s of data was collected with an attenuated x-ray beam 

and an acquisition interval of 100 ms (95 ms exposure + 5 ms readout) for both 0% and 

50% sucrose.  Longer time scales (> 10 s) were limited due to backflow in the mixer. 

 

B.1.2 TR-SAXS Data Analysis   

All SAXS images were processed using MATLAB (MathWorks) as in [1].  For longer 

time points (> 50 ms), SAXS profiles from multiple frames were binned to improve the 

signal-to-noise ratio (at the expense of time resolution).  SAXS profiles for 

corresponding time bins from subsequent repeats (4-10 for each condition) were 

averaged to improve the signal-to-noise ratio.  I(0,t) was calculated using GNOM [2].  

 

B.1.3 Generation of EOM DNA Models 

The DNA pool included 9182 structural models generated using PyMol (expanded from 

32 models in [1]).  In addition to the fully wrapped (PDB: 1AOI) and fully extended 

(generated using Nucleic Acid Builder [3]) DNA conformations, 9180 DNA models 

were generated with varying degrees of unwrapping (with single base-pair resolution) 

by appending two linear DNA fragments to the two ends of one curved DNA component 

from 1AOI.  Since each model consisted of three DNA components (two linear and one 

curved components) each had a minimum of 5 bp for accurate alignments.  The linear 

DNA components contained 4 extra bp for alignment with the curved DNA component 

that were removed after stitching.    
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B.1.4 Minimal Ensemble Search (MES) 

To independently validate the EOM-based result that multiple DNA species are required 

to fit the data, we ran Minimal Ensemble Search (MES) for the data acquired at 100 ms, 

300 ms, and 300 s (1.2 M NaCl, 50% sucrose).  MES identifies the minimal number of 

conformations required to fit the data [4].  For the 100 ms time point, the χ2-value 

improved from 0.93 to 0.90 as a second DNA structure was added, however, further 

addition of structures beyond the second structure negligibly affected the χ2-value.  For 

the 300 ms time point, the χ2-value improved from 0.99 to 0.96 as the number of 

structures increased from one to two.  Additional structures did not improve the χ2-

value.  The two structures selected by MES to best represent the data at 300 ms were 

the teardrop structure (91%) and the unwrapped structure (9%).  The dominance of the 

teardrop structure at 300 ms agrees with the results of EOM.  For the 300 s time point, 

the χ2-value improved from 0.93 (one structure) to 0.90 (two structures).  The two 

structures selected by MES included the teardrop (60%) and unwrapped (40%) 

structures.  These results support the presence of the converging kinetic pathways to 

form the teardrop structure depicted in Figure 4.5B.   

 

B.1.5  Kinetic Models for NCP Disassembly  

The dynamic populations of NCP species observed by EOM at different salt conditions 

are summarized in the kinetic models shown in Figure 4.7 and Supplementary Figure 

B.10.  In 1.2 M NaCl (Figure 4.7), the DNA rapidly unwraps from the histone octamer 

to form the “teardrop” conformation through two parallel pathways.  In Pathway I, DNA 

unwraps from one end: Wrapped DNA Octasome (WO) → Asymmetric Open DNA 
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Octasome (AO) → Teardrop DNA Octasome (TO).  In Pathway II, DNA unwraps from 

both ends and the more flexible end rewraps: WO → Symmetric Open DNA Octasome 

(SO) → TO.  Instead of rewrapping, the SO can further unwind both DNA ends, and 

release dimers sequentially to form Open DNA Tetrasome (OT).  However, since this 

transition (SO → OT) is ≈ 2.5 times slower than the rewrapping transition (SO → TO), 

the majority of NCPs (> 80%) form the TO after ≈ 0.5 s.  The first H2A-H2B dimer 

dissociates in a step-wise manner through an open intermediate: TO → Teardrop DNA 

Open Intermediate (TI) → Teardrop DNA Hexasome (TH).  Unwrapping of the TO → 

OT is a slow process (≈ 380 s) in 1.2 M NaCl.  Although the hexasome forms within ≈ 

30 seconds (TO → TH), the second dimer is protected from release by the teardrop 

DNA conformation for > 100 s (TH → OT).  Tetrasome formation occurs after both 

DNA ends unwrap and is one order of magnitude slower than hexasome formation. 

Parallel pathways are also observed in 1.9 M NaCl (Supplementary Figure B.10).  

However, at this more destabilizing condition, unwrapping of both ends (WO → SO) is 

the dominant pathway since it occurs nearly 10 times faster than unwrapping from only 

one end (WO → TO).  Once both DNA ends unwrap, neither ends rewrap to form the 

teardrop conformation as observed in 1.2 M NaCl (note the directional difference of the 

transition between SO and TO in 1.2 M and 1.9 M NaCl).  Consequently, TO is only 

formed through Pathway I and made up about 10% of the population in ≈ 0.6 s.  NCPs 

with the teardrop DNA are short lived and the wrapped DNA end is quickly released 

after ≈ 1 s, resulting in the formation of more unwrapped octasomes (TO → SO).  DNA 

unwrapping precedes dimer dissociation, and hexasomes and tetrasomes form 

sequentially after the DNA unwraps into open conformations (Symmetric Open DNA 



 

162 

Intermediate (SI) → SH → UT). 

 

B.1.6  TR-FRET Experiments and Analysis 

Two FRET pairs were employed: H3-78W-to-H2B-109Cys-AEDANS or H4-60W-to-

H2A108Cys-AEDANS.  This Trp to Cys-AEDANS FRET pair was chosen since the 

relatively short Forster radius of this dye pair (≈ 20 Å, compared to ≈ 50-60 Å for Cy3-

Cy5) optimizes the system’s sensitivity to dimer dissociation.  Furthermore, the small 

size and small hydrophobic surface of the probes should reduce perturbations to the 

protein structure.  Fluorophore incorporation was > 90%.  

Time resolved data were collected using an AVIV ATF 105/305 spectrofluorometer 

interfaced with an AVIV stopped-flow tower. The excitation wavelength was 290 nm, 

and acceptor fluorescence was monitored at 500 nm. Dissociation reactions were 

initiated by diluting NCP solutions in 0 M NaCl into high salt buffers, either by stopped-

flow (SF) or manual mixing (MM). SF data were collected from the dead time (5 ms) 

to 600 s at 1.2 M and 30 s at 1.9 M. To improve the signal-to-noise ratio, ≈ 20 kinetic 

traces were averaged for each SF experiment. The instrumentation set-up for MM 

allowed monitoring of the slower kinetic responses (from ≈ 2 s to 600-2000 s) with 

closure of the spectrometer chopper between time points to minimize photo-bleaching. 

For NCP dissociation at NaCl concentrations of 1.2 and 1.9 M, datasets of 14 to 21 

kinetic experiments were collected with varied final NCP concentrations of 10, 25, 50, 

100, and 250 nM.  The datasets for each FRET pair were fitted globally to a sum of 

three first-order exponentials using the Savuka 6.2.32 program [5].  In the global 

analyses, the relaxation times were linked across all kinetic experiments, thus treated as 
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independent of NCP concentration; the amplitudes associated with each phase were 

treated as local parameters for each kinetic trace.  

The combination of manual mixing and stopped-flow mixing allowed kinetic 

responses to be monitored over time scales ranging from 10 ms to 1000 s 

(Supplementary Figure B.6).  Initially, kinetic traces were fit individually to a sum of 

three exponentials, to assess the effect of NCP concentration on relaxation times and 

relative amplitudes.  No significant dependence was observed for any parameter across 

this range of NCP concentrations.  This independence is not unexpected given that the 

dissociation is a first order process, even though at 1 to 2 M NaCl, the overall stability 

of the NCP is concentration dependent (for example, [6]).  Subsequent data analyses 

employed global fitting, which treated the relaxation times as independent of NCP 

concentration.   

The kinetic parameters measured by FRET are summarized in Table 1. The errors 

(shown in parentheses) are reported at one standard deviation from these averaged 

values.  For the relaxation times determined by FRET, the errors at one standard 

deviation were determined from a multi-dimensional analysis of the global fit of the 

data sets as described in ([5] pp. 37-54).  The relative amplitudes are the average of 

values from individual traces, treated as local parameters in the global analyses of 

datasets containing 14 to 22 kinetic traces.  

 

B.1.7  Interpretation of TR-FRET using two FRET pairs 

Even though the two FRET pairs monitor different histone-histone interactions, the 

relaxation times determined by the two FRET pairs were quite comparable.  The only 
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notable differences are the fastest and slowest relaxation times observed at 1.9 M.  When 

the relaxation times were globally fitted, linked across all kinetic traces for both the H3-

H2B and H4-H2A FRET pairs, the quality of the fits were similar to those for fits of the 

individual FRET pairs (reduced χ2-values within 10%); the fitted relaxation times were 

200 ms, 1.8 s and 8.3 s.  

The fastest FRET relaxation time at 1.2 M NaCl, ≈ 2.5 s, is slower than the reactions 

which populate the partially unwrapped NCP structures detected by EOM analysis of 

the SAXS data (Figure 4.5).  The relatively small amplitude of the fast phase (loss of ≈ 

20% of the FRET signal) is consistent with a conformational change that opens the 

dimer-tetramer interfaces, rather than dissociation of an H2A-H2B dimer.  Thus, there 

appears to be an uncoupling of DNA and histone conformational changes under mildly 

destabilizing NaCl concentrations.  A similar “open” τOpen is detected by FRET at 1.9 

M NaCl.  However, at this more destabilizing NaCl concentration, the protein-protein 

conformational changes are concomitant with the slower, large-scale DNA unwrapping 

reactions. 

The slower relaxation times are associated with loss of ≈ 80% of the FRET signal.  

Surprisingly, the relative amplitudes for τHexasome and τTetrasome are unequal, despite both 

reactions corresponding to the loss of an H2A-H2B dimer.  Furthermore, the two FRET 

pairs exhibit opposite patterns for whether the amplitude of τHexasome is greater or less 

than the amplitude of τTetrasome.  As elaborated below, comparisons of the amplitude 

patterns for the two FRET pairs are indicative of an asymmetric opening of the histone 

interfaces in the τOpen phase (Supplementary Figure B.7).  This asymmetry is consistent 

with the asymmetry of the DNA structures detected by EOM after ≈ 200 ms in 1.2 M 
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NaCl (Figure 4.5) and the asymmetric DNA unwrapping of the intermediates populated 

between 200 to 500 ms at 1.9 M NaCl (Figure 4.4). 

For the H3-H2B NCP, there are two symmetric donor-acceptor pairs (D-A and Dꞌ-

Aꞌ) which should contribute equally to the observed FRET signal (Figure 4.6A, 

Supplementary Figure B.7A).  Thus, symmetric opening and subsequent formation of 

the hexasome and tetrasome would predict relative amplitudes of 20% for τOpen (10% 

for D-A and 10% for Dꞌ-Aꞌ) with 40% for both τHexasome and τTetrasome phases, arising 

from equal loss of FRET for dissociation of D-A and Dꞌ-Aꞌ dimers (illustrated in 

Supplementary Figure B.7D).  The observed amplitude pattern of 20:30:50 can be 

explained by disruption of only one H2A-H2B/H3-H4 interface in an asymmetric τOpen 

reaction, and then the affected dimer is released in the τHexasome phase (Supplementary 

Figure B.7C).  Given the position of the FRET pairs, the asymmetric opening is likely 

to affect the H2B-H4 four-helix bundle.  Thus, dissociation of the first H2A-H2B dimer 

leads to a loss of 50% of the FRET in two steps (20% + 30%).  Dissociation of the 

second dimer in the τTetrasome reaction accounts for the other 50% decrease in the FRET 

amplitude (Supplementary Figure B.7C). 

For the H4-H2A NCP, nearly equal changes in FRET signals are expected for the 

D-A and D-Aꞌ interactions (Supplementary Figure B.7B).  A symmetric opening and 

dimer dissociation would predict similar FRET amplitudes for the τHexasome and τTetrasome 

phases (Supplementary Figure B.7F).  The relative amplitude for the first dimer 

dissociation is significantly larger for than for the second, by a margin of 17 to 26% 

(Table 1).  Despite an overall low amplitude, limited kinetic data for the H3-78W-to-

H2A-108CA at 1.5 M NaCl showed a similar result of diminished amplitude for the 
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second dimer dissociation (relative amplitudes of 40:40:20 for three relaxation times).  

It is not possible to deconvolute the relative amplitudes into specific conformational 

changes for the same-face and cross-NCP FRET pairs.  However, the results from the 

two H2A-CA containing FRET pairs suggests that increased mobility of the H2A tail 

contributes significantly to the τOpen relaxation time and first dimer dissociation.  

Even though the two FRET pairs (H3-H2B NCP and H4-H2A NCP) monitor 

different histone-histone interactions, the three relaxation times determined by the two 

FRET pairs were quite comparable (Table 1, Supplementary Figure B.7A-B).  In 

contrast to the H3-H2B NCP, the relative amplitude for τHexasome is significantly larger 

than that for the dissociation of the second dimer, τTetrasome.  Although it is not possible 

to deconvolute the relative amplitudes into specific conformational changes for either 

FRET pair, the inequality of the amplitudes for the hexasome and tetrasome phases are 

consistent with the two dimers being released asymmetrically.  
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B.2  Supplementary Figures 

 
 

Supplementary Figure B.1  Time-resolved SAXS profiles for NCPs destabilized by 

NaCl in 50% sucrose.  (A-B) Time-course measured for NCPs in 1.9 M NaCl (A) and 

1.2 M NaCl (B).  SAXS profiles for the time points after 0.5 s were collected using an 

attenuated x-ray beam to reduce the effects of radiation damage.  Similar signal-to-noise 

ratios were achieved for the data collected within each salt series by using longer time 

bins (1 s) for the time points collected with the attenuator (for details, see Methods).  

SAXS profiles were offset for enhanced visualization and negative values are not shown 

on the log plot.    
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Supplementary Figure B.2  Ensemble optimization method (EOM) analysis of TR-

SAXS data.  (A) Table of χ2-values for EOM fits to TR-SAXS data.  (B) Representative 

fit of SAXS profile calculated for the ensemble of structures selected by EOM that best 

recapitulate the measured TR-SAXS profile.  (C) Histogram of radius of gyration (Rg) 

values for the DNA pool (9,182 structures) used for EOM analysis.  The Rg histograms 

for the time course of selected ensembles are shown in Figures 4.4A and 4.5A.  The 

pool of DNA structures utilized in this study was sufficiently large enough to create 

ensembles of structures that fit the data well. 
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Supplementary Figure B.3  Ensembles of DNA structures selected by EOM.  (A) DNA 

structures selected for NCPs in 1.2 M NaCl as a function of time.  Percentages shown 

are the weights of the species out of the total population at the indicated time point.  (B) 

Generalized classes of DNA conformations into which the models selected by EOM 

were grouped.  The red letters for each model in (A) designate how the structures were 

grouped for subsequent analysis.  Multiple letters mean that the population weight was 

split between the reported classes. 
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Supplementary Figure B.4  Salt-dependence of the kinetic responses measured by 

FRET using the H3-78W/H2B-109CA donor-acceptor pair.  Dissociation was initiated 

primarily by manual mixing methods, with a time resolution of ≈ 2 s.  However, at NaCl 

concentrations > 1.5 M, the more rapid kinetic response was also determined using 

stopped-flow mixing, with a time resolution of ≈ 10 ms.  Multiple kinetic traces at a 

given salt concentration were globally fit to a sum of two exponentials, yielding 

relaxation times τHexasome (red circles) and τTetrasome (blue squares) describing the 

dissociation of the first and second H2A-H2B dimers, respectively.  The errors 

associated with the relaxation times are equal to or smaller than the size of the symbols.  

The lines are drawn to guide the eye and do not reflect a mechanistic fit of the data.  

Final conditions: 25 nM NCP, 20 mM Tris-Cl (pH 7.5), 0.1 mM EDTA, 0.1 mM DTT, 

25 °C. 
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Supplementary Figure B.5  Gel assay for salt-induced dissociation of NCPs.  Native 

gels for desalted NCPs incubated with NaCl for varying amounts of time show the 

timescales upon which hexasomes and tetrasomes are formed.  Any amount of NaCl 

leads to the presence of a free DNA band on the gel (a technical artifact).  These results 

qualitatively show that the hexasome is formed on the timescale of 20 to 80 s, with even 

slower formation of the tetrasome.  
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Supplementary Figure B.6  Representative FRET responses for NCPs destabilized by 

NaCl.  (A) Acceptor fluorescence time-course measured for NCPs in 1.2 M NaCl.  Each 

dataset (averaged over 20 kinetic measurements) shows the decrease in acceptor 

fluorescence after initiation of the salt jump for each FRET construct employed.  The 

final NCP concentration was 250 nM NCP.  (B) Same as (A), except NCPs were 

measured in 1.9 M NaCl.  The solid black lines represent the global fits to a sum of three 

first-order exponentials for datasets collected as a function of NCP concentration (10 to 

250 nM NCP).  The relaxation times and relative amplitudes derived from these fits are 

reported in Table 1.  Insets in (A) and (B) are log scale presentations of time-courses. 

(C) Comparison of relative TR-FRET changes with I(0,t) measured using TR-SAXS for 

NCPs in 0% sucrose and 1.2 M NaCl.  The dynamics measured on overlapping time 

scales agree well between SAXS and FRET. 
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Supplementary Figure B.7  Models of dimer dissociation reported by two different 

FRET pairs.  (A, B) NCP structure (1AOI) highlighting the distances between the FRET 

pairs: H3-78W donor to H2B-109CA acceptor (H3-H2B NCP) (A) and H4-80W donor 

to H2A-108CA acceptor (H4-H2A NCP) (B).  Due to the symmetry of the structures in 

both constructs, distances are mirrored between the FRET pairs on both sides.  Note: 

The Förster radius R0 ≈ 20 Å.  The distances for the D-A pair (on the same NCP face) 
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and D-Aꞌ pair (across the NCP) are similar for the H4-H2A NCP.  Although equal 

changes in FRET signals are expected for the D-A and D-Aꞌ interactions, the 

dissociation of a single H2A-H2B dimer should still be reflected by the loss of ≈ 50% 

of the FRET signal due to the symmetry of the construct.  Below each model in (A, B) 

are the measured FRET amplitudes (as reported in Table 1).  (C-F) Models of possible 

histone configurations to explain the amplitude patterns observed for H3-H2B NCP (C-

D) and H4-H2A NCP (E-F).  For each FRET pair, the expected amplitude changes are 

shown for the scenarios that the open intermediate is formed asymmetrically (C, E) and 

symmetrically (D, F).   

The measured amplitude patterns differ between H3-H2B NCP (33%  47%) and H4-

H2A NCP (47%  30%).  Release of the first H2A-H2B dimer may slightly destabilize 

the remaining H2A-H2B dimer (depicted as a slight separation) through the loss of some 

minor contacts between the two H2A-H2B dimers.  The H4-H2A NCP construct may 

be more sensitive to this destabilization due to the positions of the FRET pair.  Our data 

are most consistent with the sequential formation as follows: canonical NCP  

asymmetric open intermediate  hexasome  tetrasome. 
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Supplementary Figure B.8  Determination of relaxation times using single-value 

decomposition (SVD) analysis of the full time-course of SAXS profiles.  The time-

dependent amplitude of the first component is shown for NCPs measured in 0% sucrose 

and 1.2 M NaCl (A) and 1.9 M NaCl (B).  The amplitude dynamics of the first 

component represents the largest changes observed in the SAXS profiles.  These 

changes correspond with NCP disassembly, and reflect both conformational changes as 

well as changes in molecular mass (changes in the forward scattering, I(0)).  The 

decreasing amplitudes were fit to sums of exponential decays as shown.  The relaxation 

times observed here are remarkably consistent with the values determined from FRET 

as shown in Table 1.   
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Supplementary Figure B.9  Calculation of kinetic rates from structures selected by 

EOM.  (A) Kinetic scheme with pathways inferred from prominent DNA structures 

selected by EOM analysis for NCP data collected in 50% sucrose and 1.2 M NaCl (DNA 

structures selected at 1.9 M NaCl were nearly identical).  (B) Kinetic equations 

describing the population dynamics for the kinetic scheme in (A).  (C) Time-course of 

DNA structure populations determined from EOM analysis for NCP data collected with 

50% sucrose and 1.2 M NaCl.  (D) Same as (C), except using results for 1.9 M NaCl.  

(E) Rates for the kinetic scheme in (A) determined by solving the kinetic equations in 

(B) using population data for NCPs in 1.2 M (C) and 1.9 M (D) NaCl.  Note: Convergent 

solutions were achieved using the same kinetic scheme for both datasets, suggesting that 
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the overall structures through which DNA unwraps are similar at both salt 

concentrations.  However, the rates determined are quite different between these two 

conditions and indicates that not only is unwrapping faster at higher salt, but different 

pathways are preferred depending on [NaCl].  The opposite sign of k4 at 1.9 M NaCl 

suggests that the symmetric unwrapped DNA is preferred over the teardrop at the more 

destabilizing condition.  (F) Population data in (C) plotted with the simulated 

populations (lines) determined from the solved kinetic equations for 1.2 M NaCl (E).  

(G) Same as (F), except using results for 1.9 M NaCl (D, E).  Note: the asymmetrically 

unwrapped DNA state (A) was not observed sufficiently enough in 1.9 M NaCl to be 

reliably fit, thus it was not included in the fitting and k2 and k3 are linked together.  
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Supplementary Figure B.10  Predicted populations and kinetic pathway of salt-

induced NCP dissociation in 1.9 M NaCl.  (A) Predicted populations of DNA 

conformational states (black lines) and NCP oligomerization states (blue lines) based 

on the kinetic rates determined from EOM analysis (Supplementary Figure B.9) and 

TR-FRET measurements (Table 1), respectively. (B) Kinetic models of salt-induced 

NCP dissociation in 1.9 M NaCl.  The DNA conformations, associated pathways, and 

relaxation times (black numbers) were deduced from the SAXS EOM analysis (Figure 

4.4).  For each DNA conformation, the oligomeric state of the histone core was deduced 

from the lifetime of the hexasome and tetrasome populations (A). The relaxation times 

for dimer dissociation (blue numbers) were measured by TR-FRET (Table 1).  For 

simplicity, histone orientations were centered on the dyad when possible.  In 1.9 M 

NaCl, the majority of the DNA unwraps from both ends simultaneously, followed by 

dimer dissociation. 
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Appendix C 
 

Supplementary Information for Chapter 5 

 

Nucleotide-dependent unwrapping of the nucleosome by the Chd1 

chromatin remodeler 

 

C.1  Methods 

C.1.1 Generating DNA models for EOM  

The success and reliability of ensemble optimization method (EOM) depends on the 

quality of the conformational pool from which the ensembles are selected.  Ideally, 

models are informed by molecular dynamics or coarse-grained approaches that account 

for physical and biochemical data.  In the case that this is not available, an alternate 

strategy, as done in the work described here, is to start from a known structure and 

manually modify the structure by replacing segments with altered conformations.  

Scripts that automate this process of splicing structural elements can quickly generate 

thousands of structures.   

Fits to the data generally improves as more structures are considered.  One difficult 

question to answer is, how many structures are enough?  Since the ensemble search is 

essentially a mathematical exercise of minimizing discrepancies between the 

ensemble’s theoretical profile and the experimental data, it is not obvious when 

“overfitting” occurs or when the quest for finding better mathematical solutions cause 

the selected ensembles to deviate from physiological relevance.  Although there are no 

ways to resolve these concerns with absolute confidence, one can try running EOM with 
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different pools in different combinations to identify themes that persist between the 

structures selected from different pools.  For determining a representative ensemble, it 

is advised to be conservative in terms of the number of models used to reduce the 

influence of outliers and the potential for overfitting.  For drawing comparisons between 

ensembles selected using different SAXS datasets, it is safest to use the minimal library 

of structures that provides reasonable fits across all datasets. 

We initially tried using a DNA pool similar to the unwrapping DNA pool used in 

our previous work [1].  This pool was generated from the 147 bp NCP structure (1KX5) 

that was extended on both ends with an additional 11 bp for a total of 169 bp (12N12 

nucleosomes).  Scripts were written in Pymol to remove varying amount of DNA from 

the ends and append the same number of base pairs as linear B-form DNA.  This DNA 

pool alone was insufficient to fit the data.  Therefore, we generated a separate DNA 

pool that contained DNA kinks.  These kinks allow the DNA to unwrap along 

trajectories other than that defined by the nucleosome.  

A pool of kinked DNA was generated through the use of the 3D-DART online server 

[2].  The 12N12 nucleosome structure (extended 1KX5) was submitted to the server and 

a region of DNA was selected to be bent on either the left or right side of the dyad 

(Supplementary Figure C.5).  The general strategy that motivated the choice of bending 

angle and regions of DNA to produce the kinked DNA pool is shown in Supplementary 

Figure C.6.  Inclusion of the kinked DNA pool was found to be essential for obtaining 

good fits for the nucleosomes when Chd1 is present. 
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C.2  Supplementary Figures 
 

 
  

16N16 

9N80 

 

12N12 

Supplementary Figure C.1 Nucleosomal DNA sequences used in this study.  The 

core Widom 601 nucleosome positioning sequences (145 bp), which are wrapped 

around the histone core, are highlighted in gray.  The dyad is indicated by a triangle.  

For the 16N16 sequence, lowercase letters indicate the location of the LacO site on 

one side. 

  



 

183 

 
  

Supplementary Figure C.2 Chd1 unwraps 16N16 nucleosomes in the absence of 

nucleotide.  Shown are wavelength scans of six independent samples containing 

either FRET-labeled 16N16 nucleosomes alone (gray) or 16N16 nucleosomes plus 

Chd1 in the absence of nucleotide (colored).  In each case, addition of Chd1 yielded 

increased intensity of the Cy3 peak (560 nm) and decreased intensity of the Cy5 peak 

(660 nm), indicative of reduced FRET.  Each pair of measurements were scaled to 

560 nm intensity for nucleosome alone. 
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Supplementary Figure C.3 Chd1 binds preferentially to nucleosomes that are Cy3-

labeled at H4(A15C).  (A)  Competition experiments in the presence of ADP-BeF3, 

where Cy3-labeled 12N9 nucleosomes were incubated with Chd1 in the presence of 

increasing amounts of unlabeled 12N9 nucleosomes.  Samples were separated by 

native PAGE and visualized on a Typhoon scanner.  (B)  Similar to (A), except 

incubation conditions contained AMP-PNP.  The gels shown in (A) and (B) are 

representative of three independent measurements. 
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Supplementary Figure C.4  Comparison of SAXS profiles measured in the presence 

of different nucleotides and 60% sucrose.  (A) SAXS profiles for NCP (12N12) in 

ADP-BeF3, AMP-PNP, and Apo states.  (B) Closer look at low-q region in (A).  (C) 

SAXS profiles for Chd1-NCP (12N12) in ADP-BeF3, AMP-PNP, and Apo states.  

(D) Closer look at low-q region in (C).  NCP conformations remain unchanged with 

respect to different nucleotide states, but Chd1-NCP conformations show slight 

variations. 
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Supplementary Figure C.5 Variations of DNA bends used to generate kinked DNA 

pool with both in-plane and out-of-plane unwrapping.  DNA bends were introduced 

into 12N12 nucleosomes using the 3D-DART server [2] on either the left or right 

side of the nucleosome.  Bending angles of 10°, 30°, 50°, 70°, or 90° were applied 

as depicted in the 5 structures shown in each box.  Each of these bends were applied 

across 4 basepairs as indicated.  Note: some basepair ranges lead to varying degrees 

of out-of-plane unwrapping.  Each variation of left- and right-side unwrapping was 

combined (by stitching left and right halves of structures together at the dyad) to 

produce 5,625 total variations of kinked DNA structures 
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Supplementary Figure C.6 Two angles were considered for the bending: θ, which 

represented the in-plane bending angle; and φ, the out-of-plane bending angle.  θ 

ranged from 10-90° (20° steps) and φ ranged 0-90° (45°steps).  The resulting 

variations for the left and right sides of the NCP are shown in Supplementary Figure 

C.5.  The left and right halves of the NCPs were combined in every combination for 

a total of 5,625 kinked DNA variants. 
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