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Through its capability to transiently pack and unpack our genome, chromatin is a key player in the regulation of gene expression. Single-molecule
approaches have recently complemented conventional biochemical and biophysical techniques to decipher the complex mechanisms ruling chromatin
dynamics. Micromanipulations with tweezers (magnetic or optical) and
imaging with molecular microscopy (electron or atomic force) have indeed
provided opportunities to handle and visualize single molecules, and to
measure the forces and torques produced by molecular motors, along with
their effects on DNA or nucleosomal templates. By giving access to
dynamic events that tend to be blurred in traditional biochemical bulk
experiments, these techniques provide critical information regarding the
mechanisms underlying the regulation of gene activation and deactivation
by nucleosome and chromatin structural changes. This minireview describes
some single-molecule approaches to the study of ATP-consuming molecular
motors acting on DNA, with applications to the case of nucleosomeremodelling machines.
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Introduction
DNA is associated in vivo with histones to form chromatin ﬁbers, the repetitive unit of which, the nucleosome, consists of 147 bp of DNA wrapped around an
octamer containing two copies of the four core
histones H2A, H2B, H3 and H4 [1]. This packaging,
which leads to compaction and topological deformation of the DNA [2], is dynamic to allow transient

access of regulatory proteins to DNA. Part of the
dynamics is mediated by chromatin-remodelling factors
(thereafter called remodellers) that use the energy of
ATP hydrolysis to facilitate the interaction of proteins
with nucleosomal DNA [3–9]. These large complexes
are characterized by the presence of an ATPase subunit
from the sucrose non-fermentation 2 (Snf2) family of

Abbreviations
3D, three dimensional; AFM, atomic force microscopy; TEM, transmission electron microscopy; OT, optical tweezers; MT, magnetic
tweezers.
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the helicase-like superfamily, SF2 [10,11]. Remodellers
may therefore share similarities with other molecular
motors, such as helicases or translocases, in their mechanisms of action.
Remodellers have been linked to various biological
functions but not much is known about how they operate in vivo [12]. Remodelling reactions range from sliding of histones relative to DNA, exchange of histone
components or complete dissociation of histones, therefore respectively altering the position, structure or presence of the nucleosome [11,13,14]. Although remodellers
have been extensively studied by various approaches
in vitro, many questions remain as to the precise mechanism(s) of remodelling and as to the possible exploitation of spontaneous nucleosome ﬂuctuations [15].
Single-molecule approaches have recently complemented conventional biochemical and biophysical techniques to decipher the complex mechanisms that rule
chromatin dynamics [16–19]. While atomic force
microscopy (AFM) backs up electron microscopy to
scrutinize DNA–protein interactions at the atomic
scale [20–22], magnetic and optical tweezers enable the
measurement of forces and torques produced by
molecular motors acting on DNA or chromatin templates [23–25]. These novel approaches provide us with
new insights into chromatin remodelling performed by
ATP-consuming machines [26,27]. In this review, we
will describe some of the techniques used to visualize
and manipulate single molecules and discuss how
studying remodellers acting on DNA, along with other
molecular motors, such as translocases and helicases, can enlighten our understanding of remodelling
mechanisms.

Visualizing DNA-interacting enzymes
Two main devices are currently used to look at biological samples with molecular resolution: transmission
electron microscopes and atomic force microscopes.
Transmission electron microscopy (TEM) uses highvelocity electron beams with an associated wavelength
of about a nanometer. It involves the acceleration of
electrons by a high voltage difference and the focusing
of these electrons by electromagnetic lenses. The beam
passes through the specimen before it reaches the
imaging system of the microscope [ﬂuorescent screen,
photographic plate or light-sensitive sensor such as a
charge-coupled device (CCD) camera] (Fig. 1A). As
most biological materials are nearly transparent to
electrons, specimens are usually shadowed by tungsten
or stained using heavy metals, such as uranium, to
scatter imaging electrons and enhance the contrast
between different structures (Fig. 2A,B). By enabling
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Fig. 1. Molecular microscopy: the two main devices. (A) Transmission electron microscopy (TEM) and (B) atomic force microscopy
(AFM) both enable the visualization of nucleoprotein complexes at
a nanometric scale. Insert: TEM (left) and AFM (right) images of
nucleosomal arrays reconstituted with purified histones on bacterial
plasmids (scale bars = 50 nm).

preservation of the specimen in a snapshot of its solution state through cryoﬁxation [rapid freezing of a
specimen so that the water forms vitreous (noncrystalline) ice], cryo-electron microscopy (cryo-TEM) has
emerged as a powerful technique to observe frozen
samples in their fully hydrated three-dimensional (3D)
structure. However, the lack of staining or shadowing
has to be compensated by sophisticated image analysis
and reconstruction. Macromolecular structures can
also be obtained by 3D reconstruction from collections
of TEM-negative staining pictures. Use of such a technique recently provided a low-resolution structure of
several remodellers [28–31]. Readers interested in this
technique will have a better idea of how electron
microscopy enables 3D reconstruction of macromolecular complexes by looking at dedicated reviews on the
subject [32]. 3D reconstruction is not discussed here as
our intention is to focus exclusively on techniques pertaining to the direct visualization of chromatin and
other DNA–protein complexes [33,34].
The atomic force microscope is another type of
high-resolution imaging device, although the term
‘microscope’ is actually misleading because the information is gathered by ‘feeling’ the sample rather than
by ‘looking’ at it (Figs 1B and 2C). The atomic force
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Fig. 2. Imaging of nucleoprotein complexes: different techniques for different information. A Rad51 filament formed on a circular dsDNA
plasmid is visualized under three different conditions. (A) TEM operated in darkfield mode: the molecules are stained with uranyl acetate
(positive staining); this technique provides a good contrast. (B) TEM operated in brightfield mode: the whole grid is covered with uranyl acetate (negative staining); this technique allows the filament to be seen in more detail (e.g. distinguishing its chirality). (C) AFM in air; no need
for staining, and one can still count every gyre of the filament. All scale bars = 50 nm.

microscope consists of a cantilever with a sharp tip
(probe) at its end that scans the specimen surface.
When the probe comes into proximity with the surface,
the forces between the tip and the sample lead to a
deﬂection of the cantilever, measured using a laser
beam reﬂected from the top of the cantilever on a
four-quadrant photodiode. A feedback mechanism is
usually employed to adjust the tip-to-sample distance
to maintain a constant force between the tip and the
sample. For this, the sample is mounted on a piezoelectric tube, moving the sample in the z direction to
maintain a constant force and in the x and y directions
to scan the sample [35]. Bustamante (partly in collaboration with our laboratory [36]), Hansma and colleagues pioneered its uses as a tool to visualize DNA
[36–39] and nucleosomes [40–43]. In comparison with
TEM, one of the biggest advantages of AFM is to
enable imaging in solution, which not only gives access
to DNA and proteins in their ‘natural’ environment
(opening the door to afﬁnity studies with functionalized probes [27,44]) but also provides opportunities for
real-time dynamic studies. Note that even when imaging is carried out in air, the sample stays in wet conditions, hence preserving its native structure. Also,
it enables continuous multiscale observation (from
DNA to mitotic chromosome) [45–47] without any
ﬁxation ⁄ coloration.

Feeling DNA-interacting enzymes
Single-molecule manipulation techniques appear as sensitive and versatile tools to study molecular mechanisms
3598

[23–25,48,49]. In typical experiments, one investigates
DNA or nucleosomal templates one-at-a-time, either by
applying physical forces and measuring subsequent
deformation of the substrate or by using DNA as a mechanosensor to measure DNA–protein interactions
[16,17]. Magnetic tweezers (MT) and optical tweezers
(OT) use a microscopic bead to manipulate a single molecule in order to deduce useful biological information.
The position of the bead labelling the molecule’s extremity can be measured with nanometre resolution, giving
access to extension changes comparable to a few base
pairs on DNA. To reach this accuracy, the single molecule must be stretched to reduce its Brownian ﬂuctuations. This is achieved either by magnetic forces (MT) or
by electromagnetic forces (OT) (Fig. 3A,B) [49].
OT are constructed by focusing a laser beam very
tightly with a microscope objective (Fig. 3A). A transparent bead whose refractive index is higher than the
surrounding medium is affected by the force exerted
by the refracted beam. As a result it ends up at the
focal point of the electromagnetic ﬁeld where the optical forces on the bead cancel out. The bead is thus
trapped in a potential well that tightly follows the trap
position. This device allows for manipulating the bead
in 3D with extreme accuracy. Such a device is a position clamp: one sets the trap’s position. Small deviations of the bead from that point result in an optical
force that counterbalances an external force (e.g. the
force exerted by a motor pulling on a DNA anchored
to the bead).
MT consist of a pair of macroscopic magnets placed
at a controlled distance above the sample (Fig. 3B).
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Fig. 3. Tweezers: the two main devices. (A) In optical tweezers
(OT), a laser beam is focused by a microscope objective producing
a region of high electromagnetic field trapping polystyrene or silica
beads. (B) In magnetic tweezers (MT), two magnets produce a
strong horizontal magnetic field with a strong vertical gradient
which pull the magnetic bead upwards. In both situations the bead
is tethered to the surface by a DNA molecule. (C) Torsonial behavior of a DNA molecule at different stretching forces: at low force
(red curve), the DNA buckles (shortening of the molecule as a
result of the formation of plectonemes upon writhing) whenever
the molecule is twisted in one direction or in the other so that the
extension versus rotation curve is symmetrical. When the force is
increased (blue curve), torque increases and the curve becomes
asymmetrical; supercoils still form for positive coiling while local
denaturation relieves the torsional stress for negative constraints.
At larger forces (green curve), no plectonemes are observed, even
on positively supercoiled DNA: the torsional stress is absorbed in
local structural change of the molecule [denaturation in ()) and
P-DNA in (+)].

They produce a strong magnetic ﬁeld gradient that
exerts typically a vertical force on a magnetic bead. This
force is constant over the distance spanned by the magnetic bead (a few microns) and its magnitude can be
controlled with the distance separating the magnets
from the beads (a few millimetres). The position of the
bead is tracked in real-time by video microscopy. MT
work in force clamp mode as one imposes the force and
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measures the resulting molecule’s extension [24]. As a
result of their simple architecture, MT are one of the
most popular and widespread biophysical techniques
[24]. They were ﬁrst used to handle a single DNA molecule and measure its elasticity [50] and response to torsion [51], before being more recently applied to study
single nucleosomal arrays [52–55]. MT indeed provide a
powerful technique to test the response of chromatin
ﬁbers to physiological levels of tension and ⁄ or torsion
(recently and quite exhaustively reviewed [17]). MT
offer a very simple way to control the torsional state of
a dsDNA molecule: by rotating the magnets while keeping them at a constant distance from the beads, one
rotates the magnetic beads and twists the DNA (provided that the molecule is not free to rotate, i.e. not
nicked and anchored at multiple points at its ends).
When twisted, the molecule may form torsional loops
or plectonemes, as also seen on twisted ropes. As these
structures appear, the molecule shortens signiﬁcantly
(Fig. 3C). At constant force, past a certain threshold
this shortening is linear with the number of coils (e.g.
the number of rotations of the magnets) [56]. Taking
advantage of this nice feature, one can, for instance,
record in real time the torsional relaxation achieved by
topoisomerases cycle after cycle [57].
The intrinsic noise limitation of both techniques is
related to the dissipation of the probe (ﬂuctuation dissipation theorem), which is related to the viscous drag
on the bead: the smaller the bead, the smaller the drag
and the better the signal-to-noise ratio. However,
reducing the size of the bead limits the maximal force
(Fm) that can be applied, which scales as its volume:
for both OT and MT the size of the bead is limited to
about one micron for the Fm to be  20 pN [48]. MT
and OT appear as complementary tools and offer the
ability to study tensional and torsional constraints on
the molecule. With MT, rotating the magnetic ﬁeld
direction offers a very simple way to twist a molecule
from a well-deﬁned angle (angular clamp) [58]. With
OT, torsion is also possible although at the expense of
a more complex set up as one needs to rotate the
polarization of the trapping beam. However, by tracking the change of polarization produced by the bead,
one can deduce the torque applied on the molecule
(torque clamp) [59].
Over the past few years, several single-molecule
studies have addressed the properties of individual
nucleic acid-associated motor proteins [60,61] including
remodellers [17,26]. It is indeed tempting to suppose
that translocases, helicases and remodellers share similarities in their mechanisms of action. As stressed by
Flaus and Owen-Hugues, Snf2 family ATPases are also
found in organisms where no nucleosome exists, which
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suggests that their DNA-dependent translocase activity
does not act on the nucleosome alone [11]. We review
below some recent observations obtained in our laboratories from visualization and ⁄ or manipulation of
single DNA (or nucleosomal) substrates subjected to
molecular motors and remodeller actions, and provide,
at the same time, a quick overview of related works in
the ﬁeld.

A

Watching and catching
DNA-interacting enzymes in the act
MT and OT are well adapted for studying DNA
molecular motors, as these enzymes travel along DNA
molecules, often altering their shape and hence modifying the DNA extension in a speciﬁc way and leading
to a detectable signal. One of the most studied molecular motors is the helicase, which typically translocates
along one strand of a DNA duplex stripping off the
second strand in a zipper fashion. An ideal template to
study helicases consists of a DNA-hairpin attached at
one end to a surface and at the other end to a bead.
At small forces (not enough to unzip the molecule) the
DNA has minimal extension and presents a dsDNA
fork under tension. As a helicase loads onto the fork
and starts unwinding the hairpin, the molecule is
unzipped and its extension is increased: each separated
base-pair increases the extension by about 0.8 nm
(Fig. 4A) [62]. Such small enzymes are usually difﬁcult
to be directly visualized on DNA, but image analysis
and reconstruction from negative-staining picture collections can provide a good view of their structure
[63]. However, what can be directly visualized is the
dramatic action of helicases on DNA–protein complexes, such as Rad51 ﬁlaments. Rad51 protein is a
well-known protagonist of homologous recombination
in eukaryotic cells, along with various mediators [64].
Like RecA in bacteria and RadA in Archaea, Rad51
promotes an ATP-mediated strand-exchange reaction
by polymerizing on DNA and forming a helical ﬁlament. As seen in Fig. 4B, such a Rad51–ssDNA nucleoprotein ﬁlament is quickly destabilized (< 2 min)
when incubated with 100 nm of the Srs2 helicase [65].
TEM and AFM are, in fact, great tools with which
to visualize how proteins – including molecular motors
– interact with DNA and the potential role of ATP in
the process. Recently, such an approach enabled us to
evidence the remodelling capacity of Rad51, revealing
a new remodelling mechanism performed by a ‘noncanonical remodeller’ (e.g. a recombinase) [66] (Fig. 5).
Rad51 has indeed been reported to polymerize on
ssDNA as well as on dsDNA [67,68], raising the
question of how this polymerization takes place in the
3600
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Fig. 4. Helicase properties investigated by tweezers and molecular
imaging. (A) Helicase-unwinding event observed on a DNA hairpin.
The replicative helicase gp41 encircles one strand of the DNA molecule and pumps this strand through the hole of its hexameric
shape. By doing so the enzyme strips off the second strand, producing an increase in the molecule extension. When the enzyme
passes the hairpin apex, it refolds in the back of the enzyme which
now travels along the ssDNA. The refolding of the hairpin reduces
the molecule extension revealing the distance spanned by the
enzyme. (B) Helicases such as gp41 are too small to be seen on
DNA using a standard TEM-positive staining technique. However,
the action of helicases on DNA–protein complexes, such as Rad51
filaments, can lead to dramatic effects easily visualized by TEM, as
seen from this image: a Rad51–ssDNA nucleoprotein filaments (a)
is quickly destabilized when incubated with helicase Srs2 (b) (the
white arrow shows intact Rad51 nucleoprotein filament and the
grey arrow indicates regions of destabilized filament; scale
bar = 200 nm; images from [65]).

context of chromatin. Rad51 polymerization on
dsDNA has been extensively studied by MT [69–71],
but its action on nucleosome potentially sitting on this
DNA had never been addressed. Our quantitative
analyses by TEM and AFM clearly demonstrated the
occurrence of chromatin remodelling upon nucleoprotein ﬁlament formation: during Rad51 polymerization;
recombinase proteins moved mononucleosomes as well
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Fig. 5. Nucleosome remodelling by a recombinase. Some enzymes not known as remodellers still have the capability to displace nucleosomes ‘on the run’, as is the case for Rad51 recombinase. (A) Nucleosomes were reconstituted on a 601 positioning sequence located at
the center of a 347-bp DNA fragment. Despite the high stability of these nucleosomes, Rad51 polymerization shifts and even ejects nucleosomes out of the DNA template (a–d; scale bar = 50 nm). (e,f) Zoom on the filament by negative staining (e) and AFM (f). (B) Nucleosomal
arrays were reconstituted on PhiX174 supercoiled plasmids (a; inset: enlarged image of nucleosomes). When Rad51 is added, two to three
filaments are generally formed (from two to three nucleation sites, probably starting in the linker DNA between nucleosomes), stretching
over several hundred base pairs on straight nucleosome-free DNA and pushing nucleosomes into two to three dense arrays. (b,c; red and
white arrows show Rad51 filament and nucleosome clusters, respectively; inset: enlarged image of nucleosomes compacted by Rad51
filament). Scale bars = 100 nm; images from [66].

as whole nucleosomal arrays in front of the progressing ﬁlament, stressing the powerful remodelling capacity of Rad51 (Fig. 5). Similar behavior was observed
with RecA (although no histones are encountered in
bacteria, various sets of proteins compact DNA [72]),
opening up new possibilities for understanding DNA
recombination and revealing new types of ATP-dependent chromatin dynamics [66].
Other DNA-interacting proteins have been shown to
behave as remodeller-like enzymes and disrupt chromatin structure in the course of their action: RNA
polymerases, of course (reviewed in [73,74]), but also
DNA-repair enzymes, such as hMSH2 ⁄ 6 [75], the
Escherichia coli motor protein, RuvAB [76], or the
E. coli RecBCD and simian virus 40 (SV40) large
T-antigen helicases [77,78]. Conversely, remodellers
exhibit properties, such as processive ATP-driven
translocation along DNA, that are characteristic of
DNA helicases. One difﬁculty encountered in the study
of remodellers (compared with other DNA-translocating machines) is related to their relevant physiological

molecular substrate (i.e. chromatin). While dsDNA
displays a fairly well-understood and characterized
behavior upon stretching and twisting [79], chromatin
ﬁbers appear to be far less reproducible and their elastic behavior is still the subject of intense investigation
and debate (see [16,17] and references therein). Several
reasons explain this situation: different protocols exist
for chromatin ﬁber reconstruction, which do not give
the same results; the ﬁber is relatively fragile and tensional or torsional constraints may alter its integrity;
ﬁnally, nucleosomes exist with different components or
degrees of methylation or acetylation, possibly leading
to different mechanical properties. Lacking a reliable
chromatin reference state makes it more difﬁcult to
detect the possible changes in that state as a result of
remodelling.

Looking at ‘canonical’ remodellers
The ﬁrst single-molecule observations of DNA translocation by a remodeller were performed in our labora-
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Fig. 6. RSC properties investigated by tweezers and molecular imaging. (A) The DNA extension (lF) is monitored at a fixed force (F  0.3 pN)
and [ATP] 100 mM. Binding of RSC to DNA decreases its extension, as seen from the time traces of the variation in the DNA extension in
the absence of RSC (Trace A) and in the presence of RSC (Trace B) (raw data [green] and averaged over 1 s [red]) [80]. (B) AFM images of
RSC–DNA complexes; note the presence of a (relaxed or supercoiled) loop associated with the complex (bar = 50 nm; images taken from
[80]). (C) TEM images of nucleosomes before (i), during (ii) and after (iii) interaction with RSC (bar 40 nm), highly suggestive of the capability
of RSC to transiently unfold DNA from the histone surface (images taken from [102]).

tory [80]. Using MT with naked DNA, we observed, at
forces < 1 pN, that a single remodells the structure of
chromatin (RSC) complex could cause transient shortening of the DNA as a result of the formation of a
negatively supercoiled loop (Fig. 6). Many enzymes are
able to form a DNA loop with a deﬁned size dl. Such
a topological structure actually shortens the extension
of a dsDNA molecule, leading to an easily detectable
signal in a single-molecule assay [81]. Typically, one
stretches a dsDNA molecule under constant force, Fs,
while recording its extension. Whenever a looping
event occurs, the extension abruptly decreases by the
size of the loop dl. The DNA stretching force is a very
useful control parameter because increasing this force
favors the unlooped state. At a well-deﬁned Fs value,
the looped and unlooped states have equal free energy
and the molecule will spontaneously ﬂuctuate between
the two states. Its extension thus displays a typical
telegraphic random signal (Fig. 6A).
In parallel with these studies, the group of Carlos
Bustamante used OT to monitor the action of both
RSC and switching ⁄ sucrose non-fermenting (SWI ⁄ SNF)
complexes on single nucleosomes in real time [82]. This
group worked at forces of > 3 pN in order to avoid
loop formation on bare DNA; in this way they could
study the translocase activity speciﬁcally related to
nucleosome remodelling in isolation. Their set up gives
access to the physical parameters associated with translocation except for the twist, namely speed, force and
processivity. Amazingly, these two studies differed quite
remarkably in their measurements of RSC translocation

3602

properties, including velocity (> 200 vs. 13 bpÆs)1),
processivity (700 vs. 100 bp) and stalling force (1 vs.
12 pN). To add to the confusion, a recent study of the
activity of a minimal RSC translocase motor (comprising the RSC ATPase subunit Sth1 and the two actinrelated proteins Arp7 and Arp9) on bare DNA provides
a new, different set of paremeters (e.g. a processivity of
35 bp, a velocity of 25 bpÆs)1 and a stalling force of
> 30 pN) [83]. These differences could arise from the
experimental set up (MT vs. OT) or the components
(DNA vs. nucleosomal substrate, full vs. minimal RSC
complex); further studies should help to resolve these
discrepancies.
At the same time, the group of Michelle Wang
used a sophisticated ‘unzipping’ technique to analyse
single nucleosome products following remodelling by
SWI ⁄ SNF [84]. The general mechanism that emerges
from these single-molecule studies is a ‘DNA inchworm’ model involving both twist and loop propagation ( 1 bp of twist for 10 bp of translocation) [26].
This model explains why the displacements after
remodelling that are measured by Wang’s group are
much smaller than the loop sizes measured by the
other two groups [80,82]. Indeed, the inchworm-like
action of both DNA-binding domains generates large
loops that are likely to be resorbed substantially
before imparting DNA translocation. As a result, the
displacements are expected to be much smaller than
the loop sizes or, more precisely, the loop is formed by
repetitive displacements until a slippage releases the
loop. The former observations that RSC can transiently
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Fig. 7. Isw1a and CHD1 ATP-independent action on naked DNA. (A) Illustration of the cooperative binging of Isw1a to naked DNA (in the
absence of ATP). (a) While the force (F ) is controlled (upper continuous trace), the resulting extension of the molecules is recorded. At
F = 1.7 pN (trace i) and F = 1.0 pN (trace ii), the two beads show restricted Brownian fluctuations about a mean value that varies with the
stretching force. At 0.7 pN (trace iii), while the length of the DNA bound to bead 2 (DNA2) is unchanged (except for a quick transient
decrease at  430 s enlarged in the inset), the DNA anchored to bead 1 (DNA1) exhibits a rapid decrease in extension. (b) Representative
TEM observations of a 4-kb linear DNA incubated with Isw1a. DNA collapse is observed on some DNA molecules in the presence of Isw1a,
while naked DNA molecules are still present; scale bar = 100 nm [94]. (B) (a) Recording of the end-to-end extension of a DNA molecule in
the presence of CHD1 (without ATP) at 0.8 pN. The extension of the molecule decreases rapidly owing to the cooperative binding of multiple CHD1 complexes until the bead reaches the surface of the capillary and remains stuck on it (see the decrease in amplitude of the
Brownian motion of the bead). (b) In very-low-concentration conditions, one can record isolated binding ⁄ unbinding events as shown in this
figure: the binding of one CHD1 complex decreases the DNA extension by 40 ± 1 nm. The presence of ATP does not modify these observations [94].

unravel nucleosome [85], trigger its translocation [86]
and potentially let it in a persistently altered form [87]
are consistent with the various pictures obtained by
TEM and AFM (Fig. 6B) and ﬁt the ‘remosome’ model
proposed by Dimitrov and colleagues [88]. The same
kind of scenario has emerged from studies on the related
SWI-SNF remodeller, also shown to creates loops, as
seen on polynucleosomes in TEM [89] and AFM
[90–92], and to alter nucleosome–DNA contact in a
‘remosome-like’ intermediate structure [93].
In a continuation of these investigations and with an
approach similar to that used to study the RSC
complex, we have recently studied the behavior of yet
another class of remodellers: the yeast complexes yeast
imitation switch 1a (yIsw1a) and yeast chromodomain

helicase DNA binding protein 1 (yCHD1). In contrast
to RSC, which displayed isolated bursts of ATPdependent DNA-translocation activity, both enzymes
exhibit strong ATP-independent binding cooperativity
on bare DNA [94, 95] (Fig. 7). This cooperative binding appears as an ATP-independent molecular bridging
mechanism where the two pieces of bare DNA escaping a nucleosome are strongly coupled by several remodellers in a ‘tank chain’ structure. ATP then activates
the translocation activity of these enzymes, which displace the nucleosome [95]. How this striking cooperativity actually participates in chromatin remodelling
in vivo has still to be related to X-ray structural data
recently obtained by Richmond and colleagues with
yISW1a lacking its ATPase domain [96].
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Conclusions
Observing the activity of chromatin remodelling factors is not an easy task: one of the major issues concerns the fact that the chromatin ﬁber is not a simple
substrate, and its stability and intrinsic elastic properties are not simply characterized by merely measuring
its extension at a given force. We believe that adding
new information to the usual elastic behavior in OT or
MT should help resolve this issue. Clearly, ﬂuorescence
information – in particular ﬂuorescence resonance
energy transfer (FRET) –, coupled with OT and MT
systems, should help to better characterize the activities of the chromatin remodellers. At the same time,
many efforts should also be made towards the extraction, characterization and manipulation of native chromatin ﬁbers [97–99], or even in vivo single-molecule
manipulation studies [100,101]. Regarding molecular
visualization techniques, both their spreading (bench
low-voltage TEM, cheaper and more user-friendly
AFM) and improvement (high-speed and liquid AFM)
should bring a collection of new data adding fresh
molecular insights into remodelling mechanisms.
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