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As the fundamental packing units of DNA in eukaryotes,

nucleosomes play a central role in governing DNA accessibility

in a variety of cellular processes. Our understanding of the

mechanisms underlying this complex regulation has been

aided by unique structural and dynamic perspectives offered

by single molecule techniques. Recent years have witnessed

remarkable advances achieved using these techniques,

including the generation of a detailed histone–DNA energy

landscape, elucidation of nucleosome disassembly processes,

and real-time monitoring of molecular motors interacting with

nucleosomes. These and other highlights of single molecule

nucleosome studies will be discussed in this review.
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Introduction
In eukaryotic cells, chromatin is responsible for compact-

ing and organizing DNA within the nucleus and for

regulating complex and dynamic patterns of gene expres-

sion. The ability of chromatin to accomplish these vital

and diverse tasks lies in part in its fundamental unit, the

nucleosome core particle (NCP). The NCP consists of

approximately 147 basepairs (bp) of DNA wrapped 1.65

times around an octamer of histone proteins containing

two copies each of H2A, H2B, H3, and H4 [1]. With the

aid of linker histones, arrays of NCPs are further com-

pacted into higher-order structures of varying degrees of

complexity. Thus, nucleosomes present a significant

obstacle for many processes involving DNA, including

transcription, replication, and repair.

DNA accessibility is modulated by nucleosome structural

dynamics and positioning [2,3]. Specifically, transient
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thermal fluctuations (breathing), which temporarily loosen

localized DNA–histone interactions, and spontaneous ther-

mal repositioning (sliding) of the histone octamer along the

DNA both serve to regulate access to protein binding sites

[3]. In addition, a variety of chaperones [4–6] and ATP-

dependent enzymes known as chromatin remodelers [7,8]

have been found to reposition, restructure, or remove

nucleosomes. A further layer of complexity and control is

provided by a wide array of histone posttranslational modi-

fications (PTMs) and histone variants that alter the structure

and stability of nucleosomes, as well as the chromatin

higher-order structure [9–11]. Understanding how these

factors act individually and collectively to regulate DNA-

based processes is a significant goal of current biological,

biochemical, and biophysical research.

As an important part of this scientific endeavor, single-

molecule (SM) techniques are making a pronounced

impact on the field through their ability to provide a unique

perspective into biological processes. While some SM

methods enable the precise and controlled application

and measurement of force and torque, others are able to

directly measure the kinetics of biomolecular systems.

They all share the advantage of removing the issue of

ensemble averaging common in bulk studies. Real-time

measurements of dynamic events on the millisecond to

minute timescales and the capacity to resolve population

heterogeneities allow for a more complete understanding

of protein function and regulation. However, these tech-

niques are usually implemented in vitro and often require

modifying the system of interest, for example, by attaching

a microsphere or a fluorophore. SM techniques are best

suited for well-defined molecular systems, and other

approaches may be more appropriate to investigate more

complex systems. Ultimately, to gain a full understanding

of intracellular processes, SM and bulk methods should be

used as complementary approaches.

In this review, we focus on notable studies of nucleosome

structure, dynamics, remodeling, and interactions with

RNA polymerase that have been made in the last several

years utilizing optical or magnetic tweezers as well as

fluorescence-based SM techniques. Although other SM

techniques have made significant strides in the field, we

have narrowed the scope of this paper to cover the most

commonly used methods and aim to highlight how they

are driving important advances in nucleosome studies.

Histone–DNA interactions within a
nucleosome
Histone–DNA interactions in a nucleosome represent a

fundamental level of gene regulation through which
www.sciencedirect.com
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Dynamic mapping of histone–DNA interactions in a nucleosome. (a) The crystal structure [12] of the nucleosome core particle (NCP) revealed 147 (bp)

of duplex DNA wrapped in 1.65 turns around an octameric histone core in a left-handed superhelix. The octameric core consists of two H2A/H2B

dimers and one (H3/H4)2 tetramer. The tetramer and the dimers are arranged around a two-fold symmetry axis (the dyad). (b) Experimental

configuration of the optical tweezers-based DNA unzipping technique [13��]. An optical trap utilizes a highly focused laser beam to generate a gradient

force to trap a micron-sized particle. The same laser beam can also be used to precisely measure the position of the particle in the trap. In this

experiment, the nucleosomal template was suspended between the glass coverslip surface and a microsphere. An optical trap was used to apply a

force necessary to unzip through the nucleosomal DNA as the coverslip was moved away from the trapped microsphere. (c) The histone–DNA

interaction map within a nucleosome, generated from dwell time histograms of the unzipping fork held under a constant force of �28 pN. The

nucleosomal DNA was unzipped in both the forward (black) and reverse (red) unzipping directions. Each peak corresponds to an individual histone–

DNA interaction and their heights are indicative of their relative strengths. Three regions of strong interactions are indicated: one located at the dyad

(region 2) and two located �40 bp away from the dyad (regions 1 and 3). Colored boxes indicate predictions from the crystal structure where individual

histone binding motifs as shown in (a) are expected to interact with DNA.

Adapted from Hall et al. [13��] with publisher’s permission.
nucleosome stability, DNA accessibility, transcription, and

chromatin higher order structures are all controlled [3].

The high-resolution crystal structure of the nucleosome

[1,12] (Figure 1a) shows the locations of these interactions,

while SM techniques are capable of directly measuring not

only those locations, but their strengths and dynamic

behaviors as well. Hall et al. [13��] produced a detailed

map of the DNA–histone interaction landscape using a

powerful optical tweezers-based DNA unzipping tech-

nique (Figures 1b,c). These experiments revealed highly

non-uniform strengths of histone–DNA interactions

within a nucleosome and three broad regions of inter-

actions: a region of strong interactions at the dyad and

two regions of relatively weaker interactions �40 bp from

either side of the dyad. These results are in agreement with
www.sciencedirect.com 
previous SM results from stretching nucleosomal DNA

using optical tweezers [14,15]. In addition, a distinctive 5-

bp periodicity was observed throughout all three regions.

According to the crystal structure of the nucleosome,

histone core domains were expected to make strong con-

tacts with the DNA minor groove every 10 bp [1,12]. The

observed 5 bp periodicity demonstrated that two distinct

interactions at each minor groove contact, one from each

strand, could be disrupted sequentially rather than simul-

taneously (Figure 1b). Furthermore, Hall et al. demon-

strated that as histone–DNA interactions were disrupted

beyond the dyad region, the entire histone octamer dis-

sociated from the DNA. Beyond quantifying key features

of the histone–DNA interaction landscape, this study has

significant implications for the mechanism of transcription
Current Opinion in Structural Biology 2012, 22:80–87
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Single molecule studies of nucleosome stability and disassembly. (a)

FRET efficiency is shown as a function of the relative distance between a

donor (green) and an acceptor (red) dyes attached to a nucleosomal

DNA. FRET is typically used as a molecular ruler on the scale of 1–

10 nm, making it an ideal technique to detect and quantify nucleosome

dynamics (nucleosome radius �5 nm). As an example, increased DNA

breathing in a nucleosome containing H3K56Ac from that of an

unmodified nucleosome was manifested as a reduced FRET efficiency in

experiments by Neumann et al. [24]. (b) Schematic of the magnetic

tweezers experiments on a nucleosomal array. A pair of permanent

magnets produces a gradient of the magnetic field, thus exerting a force

Current Opinion in Structural Biology 2012, 22:80–87 
through a nucleosome which we will address later in this

review.

DNA unzipping can provide important structural infor-

mation when a crystal structure is not available. In a

recent study, Dechassa et al. [16] employed bulk methods

combined with DNA unzipping to probe the structure of

the centromeric nucleosome to differentiate between

several proposed models [17–19]. They reconstituted

budding yeast centromeric nucleosomes (with histone

H3 replaced by its yeast variant, Cse4). Results from

both bulk and SM methods pointed towards a canonical

octameric structure with weakened outer turn DNA

interactions for Cse4-containing nucleosomes. The crys-

tal structure of the centromeric nucleosome containing

the human analog of Cse4 (CENP-A) [20] published

several months later was consistent with these findings.

These studies have shown that histone–DNA interactions

create a significant energy barrier [13��,14,21] that limits

the accessibility of nucleosomal DNA. Certain PTMs,

most notably acetylation and phosphorylation, have been

implicated to play a role in the modulation of these

interactions and in altering chromatin higher-order struc-

ture [11,22,23]. Two recent SM studies coupled with

novel protein engineering techniques involving histone

core domain modifications took a closer look at how this

regulation is accomplished. Neumann et al. [24] geneti-

cally encoded a site-specific acetyl-lysine modification

(H3K56Ac) and used a combination of biochemical

methods and SM fluorescence resonance energy transfer

(smFRET) (Figure 2a) to investigate the effects of this

modification on nucleosome breathing, chromatin higher-

order structure, and chromatin remodeling. A 7-fold

increase in nucleosomal DNA breathing in the acetylated

samples was detected, while chromatin compaction and

remodeling were largely unaffected, implying the pre-

sence of other mechanisms contributing to the role of

H3K56Ac in gene silencing [25]. Another study by Simon

et al. [26�] used magnetic tweezers (Figure 2b) and FRET

to examine the effects of several site-specific PTMs

created by chemical ligation. They found that certain
on the superparamagnetic bead. Magnetic tweezers are also potentially

capable of inducing rotational motion. In the experiments by Simon et al.

[26�] the authors exerted forces up to 29 pN and observed partial

dissociation of the nucleosomes that had been acetylated near the dyad

location (lower right), while acetylation near the entry/exit site did not

significantly impact nucleosome stability (upper right). (c) Pathways for

nucleosome disassembly. The (H3/H4)2 tetramer is shown in gray and

the H2A/H2B dimer is shown in beige. Disassembly has been previously

proposed [30,31] to occur via the dissociation of the octamer as a whole

(III–VI) or H2A/H2B dissociation followed by the loss of the tetramer (V–

VI). Böhm et al. [32�] have additionally found evidence for a novel

intermediate (IV, highlighted in blue) in which dimer–tetramer interactions

are partially disrupted, while dimer–DNA contacts are maintained. The

authors suggest that nucleosome disassembly proceeds sequentially

through this intermediate (I–IV–V–VI). Future studies are necessary to

differentiate between these possible pathways of disassembly.Adapted

from Böhm et al. [32�] with publisher’s permission.

www.sciencedirect.com
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Figure 3
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High-throughput single molecule visualization through DNA curtains

[38�]. Nucleosome arrays are anchored to a lipid bilayer on the surface of

a fused silica microfluidic sample chamber. A hydrodynamic force is

applied to direct the molecules towards the leading edges of

nanofabricated barriers. The alignment of nucleosomal arrays produced

by these barriers makes it possible to visualize thousands of individual

molecules simultaneously in real time using total internal reflection

fluorescence microscopy (TIRFM). Inset: A TIRFM image of DNA

curtains. DNA molecules were stained with the YOYO1 intercalating dye

(green) and nucleosomes were labeled with fluorescent quantum dots

(magenta). Four curtains are shown, with T1–T4 indicating the tethered

ends of the curtains and the arrow indicating the direction of the flow

used to apply the hydrodynamic force.

Adapted from Visnapuu and Greene [38�] with publisher’s permission.
PTMs near the dyad affected nucleosome stability and

promoted disassembly, whereas other PTMs near the

DNA entry/exit sites tended to increase unwrapping rates

and enhance transcription factor binding without affect-

ing nucleosome stability. The apparent ability of distinct

PTMs to independently regulate unwrapping rates and

nucleosome stability is an intriguing result that has

implications for processes involving nucleosome disas-

sembly. In addition to histone PTMs, modification of the

underlying chemical structure of DNA has been recently

implicated as a factor in nucleosome stability. In particu-

lar, by monitoring nucleosome breathing on CpG-meth-

ylated DNA using smFRET, Choy et al. [27]

demonstrated that DNA methylation increases nucleo-

some compaction and rigidity. This discovery may point

towards the mechanistic basis for the contribution of CpG

methylation to gene repression [28].

Nucleosome disassembly
While the results of the aforementioned studies are

beginning to elucidate how histone–DNA interactions

regulate nucleosomal DNA accessibility, other studies are

revealing the mechanism by which nucleosomes disas-

semble. Two recent studies used FRET to examine salt-

induced nucleosome disassembly pathways as a model for

in vivo chaperone-mediated disassembly processes. Gan-

sen et al. [29] identified the loss of H2A/H2B dimers as an

intermediate disassembly step, in agreement with bulk

data [30,31]. The authors also found evidence that dis-

assembly occurred in 5-bp steps, corroborating the

histone–DNA interaction map [13��]. Subsequently,

researchers created histone–DNA FRET-labeled pairs

to better distinguish various intermediates. This study

[32�] demonstrated conclusively that the H2A–H2B di-

mer dissociates before the tetramer during salt-induced

disassembly, and also discovered a previously unobserved

intermediate state in which the dimer–tetramer interface

separates while the dimer remains attached to the DNA

(Figure 2c). The authors estimate that this open confor-

mation is populated at 0.2–3% under physiological con-

ditions. The biological significance of this alternate

disassembly pathway is unknown; however, it is interest-

ing to note that a similar structure had already been

proposed in a magnetic tweezers study performed several

years prior [33]. That study found evidence for a dramatic

nucleosome structural rearrangement induced by positive

torsion, with important implications for transcription

[33,34].

Nucleosome positioning
It is widely known that the nucleosome distribution

throughout the genome has a significant correlation with

gene expression, and consequently, this important topic

has been approached by numerous biochemical and

theoretical studies [35,36]. A novel high-throughput

SM technique called DNA curtains [37] was recently

employed by Visnapuu and Greene [38�], enabling the
www.sciencedirect.com 
direct SM visualization of nucleosome positioning on

model DNA substrates (Figure 3). Their results were

in agreement with recent theoretical and bulk studies of

nucleosome positioning in vitro [35,36]. They then

examined nucleosomal particles containing only Cse4,

H4, and centromeric protein Scm3 [17]. The authors

observed that these particles preferentially localized

towards poly(dA–dT) tracts such as those found in cen-

tromeric DNA [39], thus providing an example of an

unusual nucleosome with a strongly altered DNA

sequence preference. One should note that whether

Scm3 is a part of the centromeric nucleosome or acts as

a chaperone is still under debate [19,40–42].

Higher-order structures
While most SM studies so far have focused on single

nucleosomes, several groups have investigated the beha-

vior of nucleosomal arrays. Of particular interest is the

30-nm fiber: the compacted form adopted by regular
Current Opinion in Structural Biology 2012, 22:80–87



84 Protein-nucleic acid interactions

Figure 4
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Single molecule studies of nucleosome interactions with molecular

motors. (a) Ultra-stable dual-beam optical tweezers setup to monitor Pol

II transcription through the nucleosome [52��]. DNA was attached to one

bead via digoxigenin–antidigoxygenin linkage and to the other bead via a

stalled Pol II. Addition of NTPs restarted Pol II movement in the direction

of the downstream nucleosome. (b) Schematic of the ACF-catalyzed

nucleosome remodeling monitored by single molecule FRET [60��]. The

nucleosome is assembled close to the end of a 228 bp DNA template.

H2A histones are labeled with Cy3 (green). DNA is labeled with Cy5 (red)

at one end and with a biotin (blue) at the other. Upon addition of ACF and

ATP, the nucleosome is translocated from the end of the DNA towards

the center in discrete steps. This process is monitored in real time by the

change of the FRET efficiency between Cy3 and Cy5 using TIRFM.
nucleosomal arrays in the presence of physiological

amounts of divalent cations and linker histones [43].

Despite decades of research, its structure is still contro-

versial and various models have been supported by recent

experimental and theoretical data [44–46]. Kruithof et al.
[47�] used magnetic tweezers to probe the elastic

response of the 30-nm fiber and found that its properties

changed depending on the linker DNA length (in agree-

ment with [45]). At shorter linker DNA lengths, the fiber

adopted a zigzag structure, while longer lengths produced

a solenoidal configuration.

Another study by Recouvreux et al. [48] investigated the

behavior of arrays of nucleosomes with linker histones

(chromatosomes) under torsion, extending previous work

by the same lab [33]. Interestingly, the nucleosome

and chromatosome arrays behaved similarly under the
Current Opinion in Structural Biology 2012, 22:80–87 
application of force and torsion, and linker histones were

not ejected during this process. The authors also pre-

sented a quantitative model of the chromatosome array

that predicts a chiral transition to occur around 20 pN nm

of torque; it will be interesting to test this prediction

using optical or magnetic tweezers with torque-measur-

ing capability [49–51].

Transcription through the nucleosome
The aforementioned studies provide a foundation for

understanding the important processes, such as transcrip-

tion, which are at least in part regulated by nucleosomes.

Two recent SM studies on transcription have aimed to

address how polymerases handle the significant energy

barrier imposed by a nucleosome and the fate of said

nucleosome after transcription. Hodges et al. [52��] used a

high-resolution dual optical trap (Figure 4a) to examine in

real time how a transcribing Pol II interacts with a

nucleosome. The study demonstrated that Pol II likely

acts as a passive thermal ratchet to rectify nucleosome

fluctuations, moving forward only when histone–DNA

interactions momentarily subside during breathing. In

addition, the authors found that nucleosome-like struc-

tures were present on the DNA after transcription under

zero force, while they were largely absent after transcrip-

tion under tension, which supports the looping model of

histone transfer [53]. It will be interesting to conduct

further studies on the identity of these nucleosome-like

structures.

Another study by Jin et al. [54�] employed Escherichia coli
RNA polymerase as a model system [55] to precisely

determine the polymerase locations during various stages

of transcription through a nucleosome. Using the DNA

unzipping technique described above, the authors found

that polymerase pauses with a distinct 10-bp periodicity

when invading the nucleosome but progresses unim-

peded when the dyad interactions have been disrupted,

in good agreement with the predictions made from the

histone–DNA interaction map [13��]. Nucleosome-

induced pausing was also found to be associated with

polymerase backtracking by 10–15 bps. Preventing back-

tracking by using either RNase or a trailing polymerase

enhanced transcription by a factor of 5, a finding that was

corroborated by a parallel biochemical study using Pol II

[56]. These studies suggest that the presence of multiple

transcribing RNA polymerases could enhance transcrip-

tion efficiency by reducing backtracking in vivo.

Nucleosome remodeling
Single molecule studies have just begun to provide

insights into the mechanisms of nucleosome remodelers.

Earlier studies employed optical and magnetic tweezers

to examine the locations and structures of nucleosomes

remodeled by SWI/SNF [57], and the kinetics of loop

formation by SWI/SNF and RSC [58,59]. Recently, Blos-

ser et al. [60��] investigated the human ACF complex
www.sciencedirect.com



Recent advances in single molecule studies of nucleosomes Killian et al. 85
(Figure 4b), a chromatin remodeler of the ISWI family,

known to produce regularly spaced nucleosomes [61].

This study observed three distinct ATP-dependent steps

during remodeling: ACF binding, pausing, and transloca-

tion. Kinetic pauses occurred after binding, after an initial

7 bp step, and between subsequent 3 and 4 bp steps. The

authors hypothesized that these pauses reflect an ATP-

dependent conformational change of the enzyme that

prepares it for the next round of remodeling. The study

also found ACF to exhibit remarkable processivity and

bidirectionality, most probably due to it functioning as a

dimer. This conclusion was supported by bulk measure-

ments [62]. Studies on related members of the ISWI

family have presented evidence for alternative remodel-

ing mechanisms [63–65], and future work will undoubt-

edly shed light on the basis for these differences as well as

on remaining questions in this exciting area of investi-

gation.

Conclusion and outlook
This review highlights how single molecule optical and

magnetic tweezers and fluorescence-based methods have

provided detailed, real-time, and molecular-level descrip-

tions of biological processes. Recent years have witnessed

several technical advances whose promise for the study of

nucleosomes has yet to be fully realized. These tech-

niques include DNA curtain methods for high throughput

visualization of single molecules [37], direct biological

torque measurements using an angular optical trap [49,66]

or magnetic tweezers [50,51], and the combination of

optical trapping with fluorescence [67,68]. Future SM

studies using both established and newly developed

techniques will undoubtedly expand and extend into

many areas of nucleosome research.
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