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Abstract
The detailed mechanisms of how DNA that is assembled around a histone core can be accessed by
DNA-binding proteins for transcription, replication, or repair, remain elusive nearly 40 years after
Kornberg's nucleosome model was proposed. Uncovering the structural dynamics of nucleosomes
is a crucial step in elucidating the mechanisms regulating genome accessibility. This requires the
deconvolultion of multiple structural states within an ensemble. Recent advances in single
molecule methods enable unprecedented efficiency in examining subpopulation dynamics. In this
review, we summarize studies of nucleosome structure and dynamics from single molecule
approaches and how they advance our understanding of the mechanisms that govern DNA
transactions.
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Nucleosome structure and dynamics
The 3 billion base pairs (bp) of DNA that encode the human genome extend to a length of
~2 meters when stretched out. To store this enormous amount of material in a nucleus
requires that the DNA be folded into highly condensed chromatin structures. This inevitably
leads to problems in accessing DNA during transactions such as transcription, replication,
and repair. At the heart of chromatin is its most basic repeat unit, the nucleosome. The
composition of nucleosome core particles (NCPs) was first reported by Roger Kornberg
nearly 40 years ago [1, 2]. Work by Kornberg and others revealed that the NCP is comprised
of two copies of H2A, H2B, H3 and H4, which form the histone octamer core, wrapped with
~147bp of DNA in 1.65 superhelical turns [3–6]. Obtaining the X-ray structure of
nucleosomes at an atomic resolution was a crucial milestone that provided a framework for
understanding how DNA transactions occur in a chromatin context.

Major insights into the physical properties of nucleosomes have been provided by
experiments using purified histones and both natural and selected DNA sequences from
many laboratories [7–17]. In vitro and in vivo nucleosome and chromatin studies have
identified ATP-dependent and independent mechanisms that cells use to modulate chromatin
structure. These mechanisms include mechanical alteration of nucleosome structures and
positions and covalent modifications of histones and/or DNA [18–21]. Although this large
body of groundbreaking work illuminates the diversity of controls used by eukaryotes to
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regulate access to the genome, insight into the structure and dynamics of nucleosomes is
required for a comprehensive understanding of how chromatin transactions are governed.
One requirement in studying the dynamic nucleosome structure is the ability to monitor
structural fluctuations and to detect short-lived states. Standard biochemical assays are based
on ensemble-averaging (see glossary) techniques that can miss subpopulations representing
transient states. Single molecule methods provide a means to study such problems, as they
are highly efficient in probing subpopulation dynamics of complex systems.

In this review we summarize the findings from single molecule approaches to study the
structure and dynamics of nucleosomes, and how these results impact our understanding of
DNA transactions. The distance and time scale of nucleosomal motion, which modulate
genomic transactions, are well suited for single molecule studies. The mechanical forces
involved in nucleosome structural integrity and chromatin remodeling have also been
investigated at single particle resolution with optical and magnetic traps (Figures 1–4, Table
1 and Box 1). Collectively, the field of chromatin biology has seen important advances in
understanding the fundamental dynamics of nucleosome structures aided by single molecule
studies.

Dynamic nucleosome structures and their role in DNA-protein transactions
Although it has been well accepted that DNA is packaged into chromatin structures since the
1970s, the mechanism(s) of how DNA-binding proteins target nucleosomal DNA remained
unknown for 20 years. In 1995, Pollach and Widom first measured the equilibrium constants
for spontaneous formation of `opened' and `closed' nucleosome conformations by assaying
DNA accessibility with restriction enzymes [14]. This work demonstrated that the inherent
dynamics of DNA-histone interactions play a fundamental role in how proteins can bind to
target sequences located within nucleosomes. In 2005, the Widom lab determined the rates
of spontaneous un/rewrapping of nucleosomal DNA using fluorescently labeled
nucleosomes and fluorescence correlation spectroscopy (FCS) measurements [22]. The
authors demonstrated that spontaneous unwrapping of DNA facilitated the binding of the
LexA transcription factor near the termini of the nucleosomal DNA and the rewrapping of
DNA limits the efficiency of LexA binding. Recently, the same group reported slower
dynamics in internal regions of DNA [23]. Importantly, the kinetics of DNA-histone
interactions can be markedly altered by cationic concentration [24]. Thus these data, which
were obtained in the absence of salt, must be applied with caution in a cellular context,
where the collective concentration of monovalent ions can be as high as ~150mM.
Nonetheless, these reports provided the first direct physical evidence that spontaneous
nucleosome structural dynamics modulate DNA accessibility. However, it was impossible to
deconvolve intermediate un- or rewrapping states that might render valuable information on
the regulation of DNA accessibility, as they were likely hidden in the ensemble-averaged
behavior.

One approach to circumvent the limitations of ensemble-averaging is to study the dynamics
of surface immobilized nucleosomes that contain a fluorophore pair, using fluorescence
resonance energy transfer (FRET) measurements (Figure 1). The first reported studies using
this strategy were from Tomschik et al. [25, 26]. The time scale of DNA un- and
rewrapping, however, overlapped with those of fluorophore blinking. This confounds the
interpretation because one cannot distinguish if the dynamic FRET signals are a result of
blinking or because of FRET efficiency changes due to the un- and rewrapping of DNA. The
Langowski group showed by FRET measurements that nucleosomes, which are freely
diffusing in solution, have conformational heterogeneity, likely due to conformational
dynamics [24]. They also reported that the conformational heterogeneity had a strong
dependence on salt conditions and assigned the mixed conformational states to intermediate
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states during nucleosome disassembly [27]. The salt concentrations used in nucleosome
studies need to be carefully considered because they can result in striking differences in
nucleosome dynamics. Notably, in FCS studies, as NaCl concentration increased up to
100mM, so did the dynamics of nucleosomal DNA, particularly in the region of 1 to
100μsec [24]. On the other hand, van Noort and colleagues reported that, for surface
immobilized nucleosomes, virtually all fully assembled nucleosomes (over 95%) remained
stably wrapped with a high FRET efficiency that appeared unchanged whereas 3% showed
FRET dynamics [28]. This work indicates that only a small minority of nucleosomes
displayed repeated unwrapping and rewrapping events at 150mM NaCl. The kinetic rates
differed at least by an order of magnitude from the rates reported in studies by Widom and
colleagues in which salt was absent.. Considering that nucleosomes are composed of highly
charged molecules, their dynamics are predicted to strongly depend on salt conditions [24,
29, 30]. Moreover, at physiological salt concentrations no significant dynamic motions of
terminal DNA was observed on the millisecond time scale. We propose that the un/
rewrapping dynamics of terminal DNA at a physiological salt concentration might be on the
order of nanosecond to microsecond time scales. As there are only trivial energy barriers for
the terminal DNA to unwrap from the histone core [31, 32], the time scale of this dynamics
should be close to the time scale for diffusion within a few nanometers, which is in
nanosecond to microsecond range. In summary, the difference in the kinetics reported by
several groups must be at least in part due to the difference in the salt concentrations and,
therefore, the results should be interpreted with care. Another source of the discrepancy
might be the effect of surface attachment of nucleosomes and one approach to resolve this
issue would be to compare intranucleosomal dynamics with varying linker lengths. Using
varying salt conditions for studies of freely diffusing nucleosomes would help test how salt
affects nucleosome dynamics and if the conditions are consistent with studies of surface
immobilized nucleosomes. Together this would help identify any surface immobilization
artifacts and to determine the detailed effects of ionic strength on nucleosome dynamics.
Despite the complications, these studies tested and validated the hypothesis that a key step in
processes requiring DNA binding involves the spontaneous excursions between wrapped
and unwrapped DNA states.

Another approach to examine the structure and dynamics of individual nucleosomes is to
characterize their mechanical properties based on force spectroscopic measurements using
optical or magnetic traps and atomic force microscopy (AFM) [33–36]. In 2002, using an
optical trap, the Wang group reported reversible assembly and disassembly of nucleosomes
that takes place in multiple steps, suggesting multiple energy barriers along un/rewrapping
reaction coordinates [33]. This study was followed by work from several groups [37–39]
reporting intermediate structures that result from partial nucleosome disassembly, which
indicated that there was a low energy barrier for detachment of DNA ends from the histone
octamer. This result supports the observed spontaneous un- and rewrapping of DNA termini
reported by the Widom group. Further, reports from the Bustamante and Bednar groups are
in agreement with a two-step disassembly model, in which H2A-H2B dimers dissociate
followed by H3–H4 tetramer dissociation. This is consistent with observations from
fluorescence based confocal measurements of solution-borne nucleosomes and recent
biochemical studies [24, 27, 29, 40–42]. Importantly, in the study by the Bednar group,
DNA dissociation depended on the stability of nucleosomes in solution, which was
modulated by varying the concentration of the chromatin template. This confirms that the
experimental conditions, in particular ionic strength and nucleosome concentration, affect
the stabilities of highly charged DNA and core histones, and consequently their spontaneous
interactions. Therefore, it is important to design single molecule experiments with these
results in mind, especially when studying factor-independent spontaneous dynamics of
nucleosomes.
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In the above studies, the resolution of measurements was too coarse to give detailed
information on the energy barriers for nucleosomal DNA dynamics. Recently, a higher-
resolution map of DNA-histone interactions was reported, based on the measurement of the
mechanical force to unzip the DNA in a single nucleosome [31]. This study revealed a
periodicity in the DNA-histone interactions that resembles the pause patterns of RNA
polymerase, suggesting that the nucleosomal structure is the major energy barrier for RNA
polymerase to overcome during transcription. Interestingly, this report revealed that these
energy barriers are not uniform which may play a crucial role in governing the dynamics of
nucleosomal DNA motion [31, 32]. The report also showed that the terminal regions of
nucleosomal DNA have significantly weaker interactions with histones, in line with
previous low-resolution force studies [38, 39] and the spontaneous unwrapping and
rewrapping dynamics reported from fluorescence studies. These force spectroscopic studies
provided the first direct implications of energy barriers posed by histone-DNA interactions
during DNA transactions.

Another aspect of structural dynamics in chromatin relevant to the control of gene
accessibility, in vivo, is the dynamic packing of nucleosomes in nucleosome arrays, which
are assemblies of multiple nucleosomes connected to each other by DNA linkers. Studies
that measured the equilibrium constant for site accessibility of nucleosomal DNA within a
17-mer nucleosome array and a trinucleosome array revealed an accessibility equilibrium
similar to mononucleosomes [43, 44]. These studies were performed in a range of divalent
ion (i.e. Mg2+) concentrations that promoted array compaction. Therefore, even in folded
chromatin, nucleosome structures remain dynamic and allow for DNA binding proteins to
access target sequences. Chromatin folds hierarchically at different levels in cells and
consequently the un- and refolding behavior of short nucleosome arrays in vitro would be
only one aspect of nucleosome packing in chromatin. However, intrinsic interactions
between nucleosomes should still act as a physical basis for higher order chromatin folding.
Therefore, these studies and further details on the thermodynamics and kinetics of the
internucleosomal interactions in short nucleosome arrays are a good starting point in
elucidating the mechanisms of nucleosome packing in regulating gene accessibility.

Single molecule force measurements suggest that there are numerous energy barriers in a
single nucleosome that a polymerase must overcome to read through the genetic code.
Various hypotheses have been proposed to explain this process. Early studies by the
Felsenfeld and Bradbury labs elegantly showed evidence of a `pass-back' mechanism
whereby the nucleosome is transiently displaced and passed back to the DNA as an RNA
polymerase traverses the DNA [45–48]. In addition, their studies showed that a single H2A-
H2B dimer was displaced, which might disrupt the structural integrity of the octamer core
and consequently weaken the interactions between histones and DNA. In vivo studies have
also provided support for such a partial disassembly mechanism. More recent single
molecule studies by the Langowski group [24, 27] identified several partially disassembled
nucleosome conformations, some of which were consistent with a loss in H2A-H2B dimers.
However, results from high-resolution mapping of histone-DNA interactions suggest that
RNA polymerase might be a molecular motor strong enough to overcome the energy
barriers posed by histone-DNA interactions. In contrast, a Brownian ratchet model of RNA
polymerase action has also been suggested based on the measurements with optical tweezers
on the RNA polymerase pause dynamics [49]. Given that different regions of DNA (e.g.
promoters vs. open reading frames) can have different extents of nucleosome positioning
strength, both strategies (i.e. partial or full eviction of nucleosomes, and RNA polymerase
acting as a strong motor protein) might be implemented during transcription. A recent report
on the forced topology transitions of nucleosomal DNA with magnetic tweezers may also
contribute to the elucidation of the relationship between nucleosome structures and RNA
polymerase activity [35]. Further studies on various nucleosomes with sequences of
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different positioning strengths will help elucidate why some nucleosomes need to be
partially or fully evicted before transcription proceeds and how nucleosomes in open reading
frames might keep their structural integrity during transcription.

These single molecule studies tested and validated the hypothesis that rapid and dynamic
changes observed in nucleosome structures allow for chromatin remodelers, polymerases
and transcription factors to bind and function. Yet, there remain many unanswered questions
such as what effects ionic strength, DNA sequence, linker DNA, linker histones, and
modifications of DNA and histones, have on the structural dynamics of nucleosomes in both
inter- and intra-nucleosomal contexts. In particular, the question of how covalent
modifications of DNA and histones influence nucleosomal structure and dynamics is central
to many long-standing problems in the field of chromatin biology. The following section
summarizes efforts to address this question.

Effects of post-translational histone modifications and DNA methylation on
the structure and dynamics of nucleosomes

A major field of study in chromatin biology is to understand the role(s) that histone and
DNA modifications serve in gene regulation. In the past 15 years, many labs have suggested
that post-translational modifications (PTMs) of histones (e.g. acetylation) and DNA
modifications (e.g. methylation), which can be evolutionarily conserved, act as codes that
recruit factors to modulate local chromatin structure [50]. Another major action of these
modifications might be to alter nucleosome dynamics, rendering the local chromatin more or
less accessible by DNA binding factors [51, 52]. This section discusses the single molecule
studies exploring this possibility.

DNA methylation in mammals typically takes place at cytosine in a CpG dinucleotide
context. CpG methylation is associated with gene silencing and repression.
Hypermethylation of CpGs in tumor suppressor promoters is found in many cancer cells
[53]. It is unclear whether DNA methylation is a means to recruit transcription factors that
cause repression, directly alter the conformation and/or dynamics of nucleosomes, or both.
Toward understanding what consequence DNA methylation might have on nucleosome
structure and dynamics, smFRET measurements have been performed by Choy et al. They
simultaneously measured FRET efficiency and fluorescence polarization of surface
immobilized nucleosomes [54], which revealed that DNA methylation induces a more
compact and rigid nucleosome structure. More recently, the Lee group showed that DNA
methylation is associated with tighter wrapping of the internal regions of nucleosomal DNA,
and an accompanying topology change [55]. These results might appear to contradict the
accepted view that methylation increases DNA stiffness. However, DNA flexibility
(bendability/twistability) and the extent of DNA bendedness/twistedness are two
independent properties of DNA allowing for more rigid DNA (lower bendability/
twistability) to form more stable bent/twisted conformations [56]. These results show that
DNA methylation is not merely used as a `scaffold' for methylated DNA binding proteins,
but also imparts an effect on the inherent dynamics of the nucleosome. According to these
studies, DNA methylation can directly change the DNA wrapping such that the nucleosome
adopts a more rigid `closed' conformation. This would add more energy barriers for proteins
to overcome during their transactions with DNA, such as when RNA polymerase transcribes
genes assembled in nucleosomes, which might at least in part explain how DNA
hypermethylation renders genes transcriptionally silent.

Histone acetylation is typically associated with gene activation [57]. Many groups have
conducted biochemical studies to explore the effects of histone acetylation on nucleosome
stability [58–61]. In general, it appears that histone acetylation leads to some destabilization
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of nucleosomes and/or chromatin folding depending on the acetylation site. Histone
acetylation on histone H4 lysine 16 (H4K16) has been reported to inhibit inter- and intra-
nucleosomal interactions [60, 62, 63]. Efforts have been made by the single molecule
community to characterize the changes in the structure and dynamics of nucleosomes upon
histone acetylation. Although an early study by the Langowski group showed that histone
acetylation alters nucleosome stability, the low signal-to-noise level of these results did not
allow them to draw any conclusions about the nucleosome conformational changes induced
by histone acetylation [64]. A recent study by Lee et al. showed that histones H2A and H4
acetylation by Piccolo NuA4 leads to unwrapping of nucleosomal DNA, accompanied by a
topology change, consistent with weakened DNA-histone interactions [65]. The unwrapping
of DNA upon histone acetylation is subtle, yet significant, and would not have been possible
to detect with ensemble-averaging measurements. In line with these results, force
spectroscopic studies showed a decrease in nucleosome stability when H2A-H2B tails were
acetylated [66]. Molecular and genetic studies have shown that acetylation of histone H3 on
lysine 56 (H3K56) is correlated with DNA replication. However, the physical consequences
of this modification that might help facilitate replication are unknown. Two recent studies
using FRET and magnetic tweezers elegantly showed that acetylation on H3K56 increases
the spontaneous un- and rewrapping dynamics of the terminal regions of nucleosomal DNA
[67, 68]. These studies show that acetylation can directly alter the structure and dynamics of
nucleosomes, rendering the DNA more accessible, and support the idea that the inherent
physical properties are changed in a way that facilitates targeting of DNA by DNA binding
factors. Previously, the `charge neutralization' hypothesis postulated that acetylation of e-
amino groups on lysines neutralizes their charge, and causes lysines to no longer strongly
interact with the backbone of DNA, thereby promoting a more open chromatin
conformation. Other hypotheses include disruption of H4 tail interactions with neighboring
histones and disruption of H4 tail helix formation upon H4K16 acetylation [69, 70]. These
hypotheses are supported by the above single molecule studies revealing that changes in
nucleosome structure and dynamics are the result of altering the energy barriers of histone-
DNA or histone-histone interactions upon histone acetylation.

Considering that genome transactions occur typically on DNA that is assembled into many
nucleosomes, how histone acetylation affects inter-nucleosome interactions is another key
question that needs to be addressed. The Hayes laboratory found, using a crosslinking
strategy, that the N-terminal tail of histone H4 can interact with the C-terminal region of
histone H2A in neighboring nucleosomes [62]. The nucleosomal packing shown from the
crystal structure reported by Luger and Richmond in 1997 also suggested the presence of
this interaction. Neumann et al. addressed part of this question by showing that H3K56
acetylation does not have any significant impact on the folding of nucleosome arrays [67].
However, Lee et al. reported that spontaneous formation of dinucleosomes by freely
diffusing nucleosomes in solution is inhibited by acetylation of histones H4 and H2A [65].
This result suggests that histone acetylation attenuates internucleosomal interactions, which
would contribute to the formation of open chromatin structures. Recent technological
advances in native chemical ligation allows for the construction of nucleosomes and
nucleosome arrays with specific acetylated residues [71]. Combined with single molecule
studies, these tools will help elucidate role of acetylation of each lysine for all histones in
regulating histone-DNA and histone-histone interactions in inter- and intra-nucleosomal
contexts.

The structure and dynamics of nucleosomes clearly participate in the regulation of DNA
transactions such as transcription and replication. Histone and/or DNA modifications can
modulate the structure and dynamics of nucleosomes and consequently alter the
transcriptional outcome. These events can be thought of as intrinsic dynamics, but directed
structural changes of chromatin at a nucleosome level also take place and are crucial in
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regulating many genome transactions. We discuss studies of directed structural changes in
the following section.

ATP-dependent chromatin remodeling
Another way to regulate DNA accessibility is to slide away or evict nucleosomes. Multi-
subunit chromatin remodeling complexes can directly alter nucleosome positions and/or
structures. To do so requires overcoming energy barriers that are posed by the DNA-histone
interactions within one nucleosome and/or between nucleosomes in an array. Chromatin
remodelers are widely hypothesized to provide the energy by hydrolyzing ATP. These ATP-
dependent chromatin remodelers are found throughout eukaryotes and many labs have
developed biochemical and single molecule assays to study their mechanisms of action [72].
There are at least four families of chromatin remodelers identified: Switch/Sucrose non-
fermentable (SWI/SNF), Imitation Switch (ISWI), Chromodomain Helicase DNA-binding
(CHD), and Inositol Requiring 80 (INO80) remodelers [73]. It is well established that
remodelers can either disorganize nucleosomes by random positioning (e.g. SWI/SNF
family) or organize nucleosomes by equally spacing them within nucleosome arrays (e.g.
ISWI family). In a single-molecule study by Blosser et al. [74], surface-immobilized
mononucleosomes with both DNA and histones fluorescently labeled were used to monitor
the process of ATP-dependent chromatin remodeling by a ISWI remodeler complex, ACF
(ATP-utilizing chromatin assembly and remodeling factor). By monitoring the actions of
individual ACF complexes, they revealed that ACF is a highly processive and bidirectional
nucleosome translocase, which might help explain how ACF leads to equally spaced, highly
organized nucleosome arrays. The yeast SWI/SNF and RSC (remodel the structure of
chromatin) complexes have also been studied using optical and magnetic tweezers [75, 76],
sometimes in combination with AFM [77]. These studies revealed nucleosome- and ATP-
dependent real-time DNA looping by the ySWI/SNF and RSC complexes. These
measurements validated a long-standing hypothesis that chromatin remodelers are ATP-
driven motors that translocate DNA by looping. The real-time observation of DNA looping
gave valuable insights into how the remodelers unravel DNA from the histone core as it
repositions nucleosomes. These studies also directly measured the mechanical force
involved in breaking DNA-histone interactions during chromatin remodeling, which is
another important factor in the remodeling mechanism. The forces measured were ~12pN,
which is well below the 20pN total rupture force required for complete disruption of DNA
from the histone octamer. This helps explain how remodelers can reposition nucleosomes
without complete disassembly. Two potentially important future directions for these studies
are to elucidate how these different remodelers differ in the level of the mechanical force,
and to define how their activity correlates with the nucleosome positioning strength of the
DNA sequence. As different remodelers are reported to act on different regions of chromatin
and their abundance in cells varies widely, discriminating remodelers according to their
general and sequence-specific force generating properties will be crucial to elucidate their
detailed roles and mechanisms. Another important direction is to discern the relationship
between chromatin modifications and remodeling. Thanks to the technical advance in
chromatin biochemistry and biology, and single molecule methods, it is now feasible to
construct a system comprising nucleosome arrays with endogenous DNA sequences that
contain chromatin modifications and chromatin remodelers. This setup would help identify
the relevant factors that recruit chromatin remodelers in a DNA sequence- or epigenetic
mark-dependent manner, and understand how remodeling complexes act in concert with
chromatin modifications to modulate nucleosome structure and dynamics to facilitate
various genome processes.
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Concluding remarks
Despite the success in identifying and characterizing factors affecting chromatin structures,
biophysical insights into how these structures work to facilitate genome transactions are
only beginning to emerge. In particular, measuring the intrinsic nucleosome dynamics of
mononucleosomes shows how spontaneous nucleosomal DNA un- and rewrapping
excursions can regulate DNA-binding protein access to target sequences. Experiments that
explored how DNA methylation and histone acetylation affect the structure of nucleosomes
and internucleosomal dynamics gave us a first look at how simple chemical changes can
alter these dynamics to modulate access to the DNA. These studies provide a foundation to
study more complex chromatin problems such as chromatin remodeling. One focus in the
near future might be to elucidate how the structural stability of nucleosomes and their
dynamics are regulated within a framework that integrates chromatin modifications and
ATP-dependent remodeling. Furthermore, model nucleosome arrays can be used in
combination with chromatin modifications and remodelers to measure the nucleosome
dynamics that are encountered during polymerase binding and processing of DNA. This
could open up an opportunity to develop a precise mechanistic understanding of how the
inherent thermodynamics and kinetics of nucleosome conformations contribute to gene
regulation activities in vivo. Achieving this goal can be greatly facilitated by improving the
spatio-temporal resolution of single molecule measurements, aided by innovative electronics
technology and/or development of bright and stable fluorophores in conjunction with
advances in chromatin biology. Overall, the future holds exciting new promise for single
molecule experiments to build on our current understanding in chromatin biology and to
expand our view of how chromatin dynamics can have a profound effect on the control of
virtually all genome processes.

Glossary Box

Ensemble-
averaging

The term `ensemble' means a set of an often infinitely large number of
imaginary copies of a system in all states accessible by the system. The
averaged properties of an ensemble represent the averaged properties of
many identical systems, or the properties of one system averaged over a
long period of time.

Fluorophore
blinking

Fluorescence typically involves transitions between different energy
states of a molecule. When excited molecules immediately decays by
emitting a photon, this process is called fluorescence. However, an
excited molecule can also be trapped for an extended period of time in
an intermediate state without any radiative decay path to the ground
state leaving the molecule non-fluorescent for that time. The molecule
can escape the trapped state and become fluorescent again. Reversible
trapping and escaping causes blinking of the fluorescenct molecule.
Blinking can be observed only at a single fluorophore level and is not
observable in an ensemble.

Reaction
coordinate

A reaction coordinate is typically a one-dimensional coordinate along
which the change in the property of a system relevant to the reaction can
be described. Measuring the rupture force of a molecular complex with
optical tweezers, the reaction coordinate could be the overall stretch of
all the chemical and physical bonds along the pulling direction between
the two anchored points if all the bond strengths are equal to that
direction. Alternatively, it could be the combined length of a few
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specific bonds that are considerably weaker than the others and
consequently most directly relevant to the rupture process.

Fluorescence
polarization
(anisotropy)

An electromagnetic wave (light) can oscillate along two perpendicular
primitive axes.. The orientation of the oscillation determines the
polarization state of light. The polarization state of light is altered when
the source of light changes its rotational position. If a polarized
excitation wave is used, the fluorescence from the excited molecules
will also be polarized if the molecules do not rotate during the emission
cycle. If the molecule rotates during the excitation-emission cycle, the
fluorescence polarization level will be reduced. The level of reduction
can be used to study the rotational motion of a fluorophore or a
fluorophore-labeled molecule in the time scale of the fluorescence
excitation-emission cycle.

Native
chemical
ligation

Native chemical ligation is a technique to construct a large polypeptide
from smaller peptide fragments [71]. This technique requires thioester
modification at the C terminus of a peptide and a cysteine residue at the
N terminus of the other peptide to be ligated. Upon ligation, a
desulfurization reaction can be employed to convert the ligation point to
an alanine residue [83].
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Box 1. Fluorescence and force methods to study nucleosome structures
and dynamics

FRET [78]

Fluorescence resonance energy transfer. A fluorescently excited fluorophore (donor) in
close proximity to another fluorophore (acceptor) whose absorption spectrum overlaps
with the emission spectrum of the donor, transfers some of its excited state energy to the
acceptor non-radiatively via resonance. Therefore, the distance between the two
fluorophores can be estimated based on their fluorescence intensities.

smFRET or spFRET [79]

Single molecule FRET or single pair FRET. FRET between a pair of single fluorophore
molecules. By recording the fluorescence intensities of a single FRET pair labeled at a
single molecule or complex, one can monitor the FRET distance in a single molecule. If
the molecule of interest is immobilized on a surface, one can construct a FRET time
trajectory of a single molecule, which represents the time-resolved dynamics of the
molecule.

FCS [80]

Fluorescence correlation spectroscopy is a method used to measure the time scales of
dynamic processes that modulate the fluorescence intensity of individual fluorophore
molecules. This time scale contains information on the dynamics of the molecule
attached to the fluorophore. Fluorescence correlation value at time t is a measure of
fluorescence recurrence at a time interval t and indicates the extent of the dynamics that
yield the fluorescence fluctuation on the time scale t. In general, decreases in the
correlation value at a particular time point indicate dynamics on that time scale. For
example, if nucleosomes are labeled with a FRET pair and the fluorescence intensities of
the two fluorophores change upon the dynamic motions of nucleosomal DNA, in a time
scale shorter than the residence time of nucleosomes in the focal volume of a laser beam,
the correlation value of the fluorophore intensities would decay at this time scale.

Force measurements with an optical trap [81]

Light exerts force as it refracts off an object, due to conservation of momentum. This
principle enables a focused light beam to trap an object that refracts the light to an extent
large enough to inhibit its Brownian motion. By measuring the displacement of the
trapped object from the center of the trap, one can estimate the force on the object that
displaces it. This technique can be applied to measure forces that bind two objects: one
component is typically anchored at a fixed position while the other is attached to an
object that can be optically trapped. Either the anchored or trapped component can be
moved to separate them. At the moment of rupture (when they separate), displacement of
the trapped object is measured to estimate the `rupture force'. The rupture force is
pulling-rate and trap stiffness (i.e. the spring constant of the trap) dependent, but it is still
a good relative measure of the interaction strength between the ruptured components. An
optical trap can also be used to monitor the conformational dynamics of a system at a
constant trapping force. Here, the displacement of the trapped object is held constant by
employing a feedback mechanism to maintain a constant position of the trap relative to
the anchored part.

Force measurements with a magnetic trap [82]

The experimental schemes described in the optical trap section can also be implemented
with a magnetic trap, except that the trap is a magnetic force applied to an object with a
magnetic dipole. In addition to measuring/controlling force based on the linear
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displacement of the trapped object, one can also measure/control the rotational degree of
a trapped object in a magnetic trap, which is the basis of the topology measurements/
control in double stranded DNA systems.
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Figure 1. Single molecule fluorescence resonance energy transfer (FRET) studies on the
structure and structural dynamics of nucleosomes
FRET labels are attached to DNA and/or histones to elucidate the structure of nucleosomes
and to follow the dynamic unwrapping and/or rewrapping of the nucleosomal DNA. The
fluorophore positions in the example shown are from the fluorescence correlation
spectroscopy (FCS) study by the Widom group [22]. The time trajectory of FRET efficiency
or FCS measurement reveals dynamic motions of the nucleosomal DNA termini within the
temporal resolution of the measurement. A simulated ideal FRET time trajectory of a
surface immobilized single nucleosome particle is shown to illustrate the measurement
scheme. The time-averaged FRET efficiency histogram reveals the closed (E1; high FRET)
and opened (E2; low FRET) states of a nucleosome.
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Figure 2. Single molecule studies of nucleosomes with optical tweezers
(a) A setup based on using optical trapping to study the interaction strengths between DNA
and histones in a nucleosome array. One end of the array is attached to a glass surface and
the other end is attached to a plastic bead that is trapped within a focus of a laser beam. By
moving the slide in one direction, the force to elongate the array is gradually increased. As
the force increases, histones are evicted and the force (i.e. the distance between the two
points of attachment) decreases sharply at the moment of eviction because histone eviction
yields increases in the length of the array. Multiple histone eviction events are observed
within an array as depicted in the chart. (b) A setup based on optical trapping that gives a
high-resolution map of interactions between nucleosomal DNA and core histones [31]. Each
end of the nucleosomal DNA is anchored and the measurements were made for a single
nucleosome. The force to unzip the DNA is held constant by maintaining the distance
between the two anchored points constant. When the applied force is slightly above the
unzipping force, DNA is unzipped stepwise through multiple unzipping barriers. When the
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resolution of force control/measurement is high, the unzipping barriers would be detected as
schematized in the chart and bear information on the interactions between the DNA and
histones within a nucleosome.
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Figure 3. Single molecule studies of nucleosome structure with magnetic tweezers
A magnetic tweezers setup to observe nucleosome eviction events in a nucleosome array.
One end of the array is attached to a glass surface and the other end is attached to a magnetic
bead trapped in a magnetic field. The vertical position of the magnet is held constant to
apply a constant force along the array. When the force is slightly above the nucleosome
rupture force, multiple nucleosome dissociation events are detected as depicted in the chart.
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Figure 4. Single molecule studies of ATP-dependent chromatin remodeling
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(a) A single molecule fluorescence resonance energy transfer (FRET) setup to study
nucleosome sliding by the ACF remodeling complex [74]. Three FRET populations were
observed from nucleosomes: one from D1A FRET pair (the peak marked as D1A in the
FRET histogram), another from D2A pair (peak D2A in the histogram) and the third from
the two-donor and one-acceptor FRET (some nucleosomes have two donor fluorophores
according to the stoichiometry of the labeled histone in the histone core, marked D1A+D2A
in the histogram). Consistent with nucleosome sliding mediated by ACF, a dramatic FRET
change was observed upon the addition of ACF and ATP. (b) An optical tweezers setup to
monitor the structure of a short nucleosome array altered by SWI/SNF or RSC remodeling
complexes in the presence of ATP [75]. Several reversible changes in the length of the array
were observed upon the addition of SWI/SNF (or RSC) and ATP, suggesting DNA looping
events induced by SWI/SNF remodeling. (c) A magnetic tweezers setup used to study the
topology change of DNA caused by the remodeling activity of the RSC complex [77]. The
study revealed that RSC induces superhelical loops of DNA in an ATP dependent manner.
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Table 1

Methods for studying single molecule nucleosome structures and dynamics

Method Advantages Limits

Fluorescence Fluorescence methods
in general

Low level of system perturbation
High temporal resolution
Native environment

No control over system dynamics
Limited fluorophore labeling strategies
Artifacts due to fluorophores

Single molecule FRET
(smFRET) in general

No need for calibration for internal
comparison (ratiometric measurement)
High spatiotemporal resolution

One-dimensional measurement

smFRET with surface-
immobilized
nucleosomes

Efficient to study detailed dynamics of a
complex process with more than 2 states
Easy to deconvolve heterogeneous
populations (i.e. easy to filter out
contaminants and inactive species)
Limit of temporal resolution:
 with wide-field imaging: a few
milliseconds
 with one point detection: tens to hundreds
of microseconds (limited by photon emission
rate)

Possible effects of surface interactions with
nucleosomes

smFRET and/or FCS
with diffusing
nucleosomes

No effects of surface interactions with
nucleosomes
FCS: Efficient to test if fast dynamics exist
(tens to hundreds of microseconds)

Impractical or impossible to study detailed
dynamics of a complex process with more than
2 states
Impractical or impossible to monitor dynamics
with time scales longer than diffusion of
nucleosomes

Force Force methods in
general

Direct control of system dynamics
Direct measure of interactions
Native environment

Low level of control over reaction coordinate
High level of system perturbation
Limited force-handle labeling strategies

Optical tweezers High force resolution (sub-pN) Inefficient data collection (typically one
molecule at a time)

Magnetic tweezers Efficient data collection in a wide-field
imaging setup (multiple molecules at a time)

Higher level of noise (i.e. limited precision in
controlling and/or measuring force at a rate
higher than a few Hz)

Scanning probe Multi-dimensional imaging Mostly under non-native conditions
Typically very low or no temporal resolution
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