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Department of Physics, Nanosystems Initiative Munich, and Center for Nanoscience, LMU Munich, Amalienstr. 54, 80799 Munich, Germany

1. Introduction

DNA is the carrier of genetic information in all cellular life.
While much emphasis has been placed on deciphering the
sequence of DNA bases, it is becoming increasingly clear that the
physical properties of DNA as a polymer and polyelectrolyte play
critical roles in the regulation of genetic information. In eukaryotic
cells, ~2 m of DNA are packed into a ~10 pm-sized nucleus, which
is achieved through numerous interactions with proteins, in partic-
ular through the hierarchical assembly of nucleosomes and higher
order chromatin structures. At the same time, DNA needs to
remain accessible for replication and transcription of the stored
information. In addition, during linear processing of DNA, e.g. in
replication, transcription, and repair, its double helical nature
(Watson and Crick, 1953) naturally leads to rotational motion
and the accumulation of torque. Accumulation of torque and the
ensuing supercoiling of DNA are important factors in gene regula-
tion; DNA stability, and packing, are tightly regulated in vivo
(Cozzarelli et al., 2006; Koster et al., 2010; Lipfert et al., 2015;
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Liu and J.C. Wang, 1987; Luger et al., 1997; Roca, 2011; Worcel
et al., 1981).

With DNA being the primary carrier of genetic information, it
has long been known that RNA plays critical intermediate roles
in the central dogma, facilitating the transformation of genetic
information into proteins as messenger-, transfer-, and ribosomal
RNA. In addition to these traditional roles, it has become
increasingly clear that RNA assumes many more functions in the
regulation of gene expression through mechanisms such as (self-)
splicing (Cech, 1990), riboswitches (Winkler and Breaker, 2005),
RNA interference (Fire et al., 1998), and the CRISPR/Cas pathway
(Jinek et al., 2012; Rutkauskas et al., 2015). In these contexts, too,
the physical properties of RNAs play critical roles in their folding
into functional structures and their dynamics and interactions
(Alexander et al., 2010; G. Lee et al.,, 2012; Schuwirth et al.,
2005; Tama et al.,, 2003). Importantly, like in the case of DNA,
the functional units in vivo often consist of both nucleic acids
and proteins in tightly interacting nucleo-protein complexes.

Finally, in addition to their evolved biological roles, nucleic
acids are emerging as construction materials in self-assembling
nanostructures, notably as DNA and RNA “origami” structures of
increasing sophistication and functionality (Castro et al,, 2011;
Delebecque et al., 2011; Gerling et al., 2015; Kuzyk et al., 2012;
Langecker et al., 2012; Rothemund, 2006).
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Magnetic tweezers (MT) are emerging as powerful tools to
investigate the mechanical properties, conformational transitions,
interactions and processing of nucleic acids at the single-
molecule level (Chiou et al., 2006; Dulin et al., 2013, 2015a;
Gosse and Croquette, 2002; Haber and Wirtz, 2000; Neuman and
Nagy, 2008). In particular, the advent of novel kinds of magnetic
tweezers that allow us to directly observe torque and twist
(Celedon et al., 2009; Forth et al., 2013; Janssen et al., 2012;
Kauert et al., 2011; Lebel et al., 2014; Lipfert et al., 2010a, 2011b;
Mosconi et al., 2011) at the level of individual molecules provides
new insights and new perspectives of the fundamental properties
of nucleic acids and their interactions with proteins.

In this review, we will first summarize and highlight recent
developments in magnetic tweezers. We then go on to discuss
applications, first to the properties of “bare” nucleic acids, where
we emphasize the many similarities but also striking differences
between DNA and RNA. Finally, we highlight recent applications
to the study of small molecule binding to DNA and nucleic acid-
protein interactions.

2. Magnetic tweezers instruments
2.1. The principle of a magnetic tweezers setup

In magnetic tweezers (MT), the molecules of interest are teth-
ered between a flow cell surface and magnetic beads. Typically,
an inverted microscope and monochromatic illumination are used
to track the diffraction pattern of the beads using video microscopy
to determine their X, Y, and Z positions. Permanent (and in some
cases electro-) magnets placed above the flow cell apply magnetic
fields and thus magnetic forces and torques on the beads, which, in
turn, allow stretching and twisting the molecules of interest.

2.2. Conventional magnetic tweezers

Conventional MT, pioneered by Croquette and coworkers (Strick
et al., 1996), typically use pairs of cubic permanent magnets that
produce a horizontal magnetic field at the location of the magnetic
beads (Fig. 1a, f). This MT configuration can apply precisely
calibrated forces (Gosse and Croquette, 2002; Lansdorp and
Saleh, 2012; Lipfert et al., 2009; Yu et al., 2014) by controlling
the distance between the magnets and the tethered beads,
enabling force-extension measurements over a large range of
forces, in particular also in the low force regime (<0.1 pN). In addi-
tion, due to the horizontal magnetic field (Fig. 1f), the preferred
magnetization axis of the bead (van Oene et al., 2015) tightly aligns
with the field, strongly confining the rotational motion of the bead.
Consequently, the rotation angle of the bead barely deviates from
its equilibrium position, allowing the application of precisely
controlled twist to nucleic acid tethers. However, it is difficult to
reliably detect angular changes and to measure torque in this
conformation, which is the main difference to freely orbiting MT
(FOMT) and magnetic torque tweezers (MTT), see Table 2.

2.3. Freely orbiting magnetic tweezers and the rotor bead assay

In contrast to conventional MT, freely orbiting MT (FOMT)
employ cylindrical magnets (Fig. 1c) that produce a vertical field,
along the tether axis. Consequently, the bead’s preferred magneti-
zation axis aligns vertically and the rotation of the bead about the
tether axis is unconstrained, while there is still a controlled
upward force applied to the bead that stretches the molecule.
When the vertical magnet is well aligned, the bead’s fluctuations
in the XY-plane trace out a doughnut shape (Fig. 1g) and the free
rotation of the bead is only constrained by the nucleic acid tether.
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The doughnut-shaped fluctuation pattern of the bead’s motion
allows the tracking of angular changes by converting the XY-
position to radial and angular coordinates (Lipfert et al., 2011b).
A conceptually similar measurement strategy is the rotor bead
assay (Fig. 1b) that employs conventional magnetic tweezers to
apply stretching forces and an additional fluorescent marker bead
or gold nanorod in the middle of the DNA tether for angular track-
ing (Bryant et al., 2003; Gore et al., 2006b; Lebel et al., 2014,
Oberstrass et al., 2012). Separating force actuation from angular
tracking makes the rotor bead assay somewhat more complicated
in terms of the molecular assembly than the FOMT (necessitating
e.g. three attachment points for beads or other actuators, instead
of two in the FOMT), yet has the advantage of providing greater
flexibility in terms of the angular tracking approach and in partic-
ular enabling the use of very small particles for angular tracking,
which increases the temporal resolution (Lebel et al., 2014).

2.4. Magnetic torque tweezers

Magnetic torque tweezers (MTT) control the rotation of the
magnetic beads and thus the twist of the tethered molecule, simi-
lar to conventional MT; however, they expand the capabilities of
MT by enabling direct measurements of single molecule torques
(Celedon et al., 2009; Kauert et al., 2011; Lipfert et al., 2010a;
Mosconi et al., 2011). The employed magnet configuration is typi-
cally similar to FOMT, with a central vertically aligned magnet.
Unlike in FOMT, additional horizontal magnetic fields, either from
misalignment of the central magnet (Celedon et al., 2009; Kauert
et al., 2011), Helmholtz coils around the cylindrical magnet
(Janssen et al., 2012), or through the use of a permanent side mag-
net (Lipfert et al., 2010a) (Fig. 1d, e), give rise to a weak angular
trap that enables torque measurements (Fig. 1h). The horizontal
field component constrains the rotation of the bead, giving rise
to an arc-shape pattern in the XY-plane (Fig. 1h), and allows induc-
ing twist in the molecule and measuring the restoring torque
(Celedon et al., 2009; Janssen et al., 2012; Kauert et al., 2011;
Lipfert et al., 2010a; Mosconi et al., 2011).

2.5. Angular tracking and the principle of torque measurements in MTT

Torque measurements in MTT rely on angular tracking to detect
the rotation angle of the bead about the tether axis. Fig. 2a shows a
schematic of how angular tracking in MTT enables torque mea-
surements. At zero turns the bead is at its rotational equilibrium
position ®q and the nucleic acid tether is torsionally relaxed. After
applying N turns the molecule is twisted and the bead’s angular
position is shifted (slightly) from @&, to @y. This change in the
mean rotation angle is detectable in MTT (Fig. 2a, histograms)
and provides information about the restoring torque exerted by
the nucleic acid when twisting it: the molecular torque I, is
simply given by the change in the mean rotation angle after N
turns multiplied by the angular trap stiffness (kg ), which is in turn
calibrated from the width of the thermal fluctuations (where kgT is
the thermal energy) of the bead’s motion:

ot = —ke < Oy — O > and ke = kzT/Var(®)

Several techniques have been used for angular tracking. One
approach is to use cylindrical magnets plus a nanorod to which
the magnetic particle is attached or two coupled magnetic beads
(Fig. 1e, inset) in order to twist the molecule (Celedon et al,
2009; Mosconi et al., 2011). Additional options are to add a small
fiducial marker bead to the magnetic bead (Fig. 1e and f) (Lipfert
et al, 2010a) or to track intrinsic inhomogeneities of the
beads (Janssen et al., 2008; Kauert et al., 2011). Finally, the
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Fig. 1. Variations of magnetic tweezers (a-e). Conventional MT consist of two cubic, permanent magnets (a, b) that produce a horizontal magnetic field (f) at the location of
the magnetic bead, while cylindrical magnets (c-e) create a vertical magnetic field (g). Helmholtz coils around the cylindrical magnets (d), as in electromagnetic torque
tweezers (eMTT), or an additional side magnet (e), in magnetic torque tweezers (MTT), slightly tilt the vertical magnetic field (h). The XY-fluctuations of the magnetic bead
depend strongly on the direction of the magnetic field. The rotation of the bead about the tether axis in (f) is strongly confined and deviates barely from its equilibrium
position. This stands in contrast with (g), where the rotation of the bead about the tether axis is completely unconstrained and the bead’s fluctuations trace out a doughnut-
like shape in the XY-plane. In (e) MTT, with a slightly tilted magnetic field (h), the rotation of the bead is weakly confined such that the bead does not trace out a whole circle,
but an arc. The field gradients in all MT configurations shown generate (upward) pulling forces on the magnetic beads, thus stretching the molecules of interest.
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Fig. 2. Angular tracking in MT and the torque response of dsDNA. (a) When turning
the magnet and thus the beads, twist is induced in the molecule that can be
measured in MTT, based on detecting changes in the rotational angle. (b) Typical
extension-rotation curves for dsDNA (top) showing the extension of the DNA
molecule against turns at three different forces (6 pN, 1 pN, and 0.3 pN). Also shown
are the corresponding torque responses of dsDNA for the three forces (bottom). (c)
The torsional stiffness (Cy) of dsDNA (blue; data from (Lipfert et al., 2010a)) and
dsRNA (red; data from (Lipfert et al., 2014)) is force-dependent. Two models are
shown: the Moroz-Nelson theory (first-order) fit to the high force data (F> 3 pN;
dashed line) and the Schurr model (solid line), see main text for a description of the
models.

experimentally most straightforward approach to angular tracking
is to convert the XY-position to an angle for beads that move on a
circular arc (Fig. 1h, bottom).

3. Applications of magnetic tweezers

3.1. The “standard model” of double-stranded DNA and RNA: nucleic
acids as isotropic elastic rods

Both double-stranded DNA (dsDNA) and double-stranded RNA
(dsRNA) form right-handed helices under physiological conditions,
of overall similar dimensions. dsDNA naturally adopts a B-form
helix, with a radius of ~1 nm, a rise per base pair of 3.4 A (Wing
et al.,, 1980) and a helical pitch of 10.5 base pairs per turn
(Rhodes and Klug, 1980), while dsRNA takes on an A-form helix,
which is somewhat shorter (2.8 A/bp and 13 bp/turn (Taylor
et al,, 1985)) and thicker (~1.2 nm radius). On scales significantly
larger than one base pair, double-stranded nucleic acids can be
well approximated as isotropic elastic rods, at least under not too
large forces and torques. An isotropic elastic rod can undergo bend-
ing, stretching and twisting deformations and its elastic response is
characterized by the elastic parameters bending persistence length
(A), stretch (or Young's) modulus (S), torsional persistence length
(C) and twist-stretch coupling (D) (Nelson, 2002).

In recent years, all four elastic parameters were quantitatively
determined for both dsDNA and dsRNA in a series of landmark
single-molecule measurements, not least using a number of
ingenious MT-based assays. In the next sections, we will briefly
describe how the various elastic parameters have been deter-
mined. In particular, we will focus on the similarities (as might



be naively expected from their similar overall structure) yet also
important differences between dsDNA and dsRNA.

3.1.1. Bending persistence length A

For forces < 10 pN, the measured force-extension response of
nucleic acids is in excellent agreement with the (inextensible)
worm-like chain (WLC) model of purely entropic stretching elastic-
ity (Abels et al., 2005; Bustamante et al., 1994; Lipfert et al., 2014;
Marko and Siggia, 1995). The bending persistence length A for both
dsDNA and dsRNA has been determined from fits of the WLC model
to low-force force-extension data to be ~45nm for dsDNA
(Baumann and Smith, 1997; Bouchiat et al., 1999; Herrero-Galan
et al., 2013; Lipfert et al., 2014; Wenner et al., 2002) and ~57 nm
for dsRNA (Herrero-Galan et al., 2013; Lipfert et al.,, 2014), in
~150 mM monovalent salt. A increases strongly for low salt
(<150 mM monovalent salt) whereas it decreases only slightly with
increasing ionic strength (>150 mM monovalent salt) of the solu-
tion (Baumann and Smith, 1997; Wenner et al., 2002), in approxi-
mate agreement with models that split A into an intrinsic and an
electrostatic component, first introduced independently by Odijk
and Skolnick-Fixman (OSF) (Odijk, 1977; Skolnick and Fixman,
1977).

However, open questions, which are beyond the focus of this
review, remain: first, the detailed dependence of the persistence
length on salt concentration for multi-valent ions that are not well
described in the linearized Debye-Hiickel theory employed by OSF
(Baumann et al., 2000; Brunet et al., 2015). Second, the treatment
of flexible polymers, in particular single-stranded nucleic acids
(McIntosh and Saleh, 2011; Murphy et al., 2004; Saleh et al,,
2009; Sim et al., 2012), as the OSF model is strictly valid only in
the stiff rod limit. Third, to what extent the other elastic parame-
ters (in particular C and D discussed below) depend on salt.

3.1.2. Stretch modulus S

At forces > 10 pN, enthalpic contributions to the stretching
response need to be taken into account and force-extension data
for both dsDNA and dsRNA are well-described by the extensible
WLC model that incorporates the stretch modulus S (Bouchiat
et al., 1999; 0dijk, 1995) up to forces < 50 pN, where they undergo
an overstretching transition, see below. Experiments showed that
the stretching modulus of dsRNA (~350 pN) is approximately three
times lower compared to that of dsSDNA (~1000 pN) (Baumann and
Smith, 1997; Herrero-Galan et al., 2013; Lipfert et al., 2014; Smith
et al.,, 1996; Wenner et al., 2002). This difference between dsDNA
and dsRNA can be understood from the “springiness” of the dsRNA
helix, where the bases have an inclination and for which the center
line (the line connecting the centers of the base pairs) forms itself a
helix, unlike for dsDNA, where the center line is almost straight
(Chou et al., 2014).

3.1.3. Torsional persistence length C

Probing the torsional degrees of freedom (e.g. the elastic
parameters C and D) requires single molecule methods capable of
applying both forces and torques. MTT are ideally suited for this
task, as they allow inducing and directly measuring torque. A typ-
ical torque measurement is shown in Fig. 2b, where both the tether
extension (top) and torque (bottom) are monitored as a function of
the applied turns for dsDNA, at three forces, 6 pN, 1 pN and 0.3 pN.
When twisting nucleic acids close to zero turns (which corre-
sponds to the torisonally relaxed helix) there is little change in
the measured extension while the torque increases linearly with
applied turns. From the slope of the torque vs. turns response in
the linear regime (Fig. 2b, solid line) the effective torsional stiffness
(Cef) of the molecule can be determined using Cey= Lo/(2nNkgT)-
I' 1m0, Where L is the contour length of the nucleic acid and N the
applied number of turns. The effective torsional stiffness Cey
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increases with force for both dsDNA (blue) and dsRNA (red)
(Fig. 2c). This force dependence needs to be taken into account
when comparing measurements of Cer that employ measurement
modalities at different forces, such as MTT, FOMT, the rotor bead
assay, and fluorescence polarization anisotropy (Bryant et al.,
2003; Fujimoto and Schurr, 1990; Heath et al., 1996; Lipfert
et al,, 2010a, 2011b; Mosconi et al., 2009; Selvin et al., 1992).
Moroz and Nelson (MN) have introduced a model that rationalizes
why the effective twist rigidity (Cey) is smaller than the
microscopic rigidity (C), based on the coupling of twist and bend
fluctuations, and their model allows estimating C from rotation-
extension curves (Moroz and Nelson, 1997, 1998). The MN model
(Fig. 2c, dashed line) provides a reasonable description of Cysas a
function of force, in particular if higher order terms are included
in the model (Lipfert et al., 2011b) and if the torsional persistence
length is treated as a free fitting parameter (Kauert et al., 2011;
Mosconi et al., 2009; Oberstrass et al., 2012). However, direct mea-
surements of Cer are not fully consistent with the MN predictions
and reveal small, but systematic and statistically significant devia-
tions between data and model. Fitting the MN model to the high
force data, the measured values for Cys at low forces (<1-2 pN)
systematically fall below the prediction of the MN model (Lepage
et al., 2015; Lipfert et al., 2010a, 2011b). To account for these devi-
ations, Schurr has recently proposed an extension of the MN model
that incorporates two different (sub-) states of the dsDNA helix and
provides a closer agreement with the experimentally observed
data (Fig. 2c, solid line) (Schurr, 2015). The Schurr model assumes
that there are two states of the helix, which can interconvert in a
cooperative fashion and differ slightly in their local rise per base
pair and in their torsional rigidity. Such a two-state model was
previously invoked to explain anomalous fluctuations of dsDNA
in X-ray scattering measurements (Mathew-Fenn et al., 2008).
Increasing the force shifts the equilibrium of the two states to
the longer and torsionally stiffer sub-state. The model features a
total of five fitting parameters: the equilibrium free energy differ-
ence between the two-states, a parameter associated with the
cooperativity of the transition, the difference in rise per base pair
between the two states, and the torsional stiffnesses of the two
substates. The first three parameters are obtained from a fit to
small deviations from the WLC model in force-extension data
and provide the relative populations of the two states as a function
of force. Finally, the torsional stiffnesses of the sub-states are fitted
to the Ce vs. force data. Schurr obtained values of 100 nm for the
rigidity in the sub-state that is valid for high forces and 40 nm
for the sub-state for low forces (for dsDNA). Those fit parameters
provide a significantly better fit to the dsDNA data (2 ~ 2) than
the original MN model (%2 ~ 13, for a fit of the MN model over
the entire force range). While the Schurr model is speculative at
this time, we note that employing a similar fitting procedure, we
also find a significantly improved fit to the Co vs. force data for
dsRNA (Fig. 2c, red solid line, x2 ~ 6 vs. x> ~ 67 where both mod-
els are fit over the entire force range), which suggests that a similar
two state transition might occur in the RNA helix. Nonetheless, the
introduction of two sub-states is currently somewhat ad hoc and
further evidence (e.g. from spectroscopy) is required to test and
evaluate the model.

3.1.4. The twist- stretch coupling D

The only coupling term between elastic deformations in the iso-
tropic elastic rod model is the twist-stretch coupling constant D.
Unlike the other elastic constants (A, S, and C), D can be both pos-
itive and negative: positive values of D correspond to a situation
where the rod shortens upon overwinding (or, equivalently,
unwinds upon stretching); negative D means that the rod
lengthens upon overwinding (or overwinds upon stretching).
Macroscopic intuition (e.g. with wringing out a towel) suggests
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that overwinding should result in shortening, a behavior initially
also suggested for DNA (Kamien et al., 1997; Marko, 1997). How-
ever, later high-resolution single molecule measurements revealed
that, surprisingly, overwinding DNA close to its equilibrium con-
formation results in lengthening of the molecule (Gore et al.,
2006a; Lionnet et al, 2006). Similar measurements on RNA
revealed yet another surprise: RNA shortens when overwound
(Lipfert et al., 2014), i.e. the twist-stretch couplings for DNA and
RNA has opposite signs (Fig. 3a), a finding that challenged existing
models of nucleic acid mechanics. Several generations of models
have been proposed to explain the observed twist-stretch cou-
pling: initial models treating DNA (or RNA) as an elastic medium
with a helicity predict both molecules to shorten upon overwind-
ing (Kamien et al., 1997; Marko, 1997), in disagreement with
high-resolution DNA measurements. Models featuring a stiff heli-
cal backbone around a softer elastic core correctly predict the
behavior for DNA, but fail for RNA (Gore et al., 2006a; Olsen and
Bohr, 2011). Similarly, a modeling approach that represents DNA
and RNA at the base pair level and uses available crystal structures
to determine their elastic parameters (“HelixMC”) correctly pre-
dicts the twist-stretch coupling for DNA, but fails for RNA (Chou
et al., 2014; Lipfert et al., 2014). Conversely, a simulation frame-
work that coarse grains DNA and RNA at the single base level
(“oxRNA/oxDNA”) correctly predicts the twist-stretch for RNA,
but fails for DNA (Matek et al., 2015a, 2015b). A correct prediction
of the puzzling difference between DNA and RNA has finally been
achieved using all-atom, explicit solvent molecular dynamics sim-
ulations (Liebl et al., 2015). The molecular dynamics simulations
have revealed that an increase in the inclination of bases upon
overtwisting leads to a reduction in the helix radius and thus an
overall extension of DNA (Fig. 3a, blue). In contrast, for RNA the
bases already exhibit significant inclination in the torsionally
relaxed state; overwinding thus leaves the helix’ radius approxi-
mately constant and leads to shortening of the molecule (Fig. 3a,
red) (Liebl et al., 2015). In summary, while being a relatively small
effect, the twist-stretch coupling provides a compelling example
how precision single-molecule measurements can provide
stringent tests of current models of nucleic acid structure and
dynamics.

3.2. Conformational transitions induced by forces and torques

In physiological conditions and in the absence of large external
forces and torques, dsDNA and dsRNA adopt B-form and A-form
helix structures, respectively, with elastic properties described in
detail in the above sections. However, under external forces and
torques both nucleic acids can undergo conformational changes
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Fig. 4. Phase diagrams for dsDNA (a) and dsRNA (b). Experimentally measured
critical torques and forces are indicated by symbols. Solid lines are phase
boundaries that have been mapped out by direct measurements. Dashed lines are
phase boundaries that are inferred from the data. The overall phase diagrams under
applied forces and torques are similar for dsDNA and dsRNA. Insets in panel (a)
show illustrations of the nucleic acid conformations associated with the various
phases. For a detailed description of the structures and transitions see the main
text. Data points for dsRNA (red dots) are from (Lipfert et al., 2014). For dsDNA, blue
dots are from (Lipfert et al., 2010a), blue squares from (Sheinin et al., 2011) and blue
triangles from (Bryant et al., 2003).

and take on various structural forms. Using single-molecule mea-
surements, MT in particular, the force and torque responses of both
dsDNA and dsRNA have been mapped out carefully, resulting in an
(almost) complete description of the structural transitions in a
force-torque phase diagram, see Fig. 4a for dsDNA and Fig. 4b for
dsRNA.

3.2.1. Buckling transitions, the formation of plectonemes, and torque
induced melting

When over- and underwound at relatively low forces, both
dsDNA and dsRNA eventually release torsional stress by undergo-
ing buckling transitions, resulting in the formation of plectonemic
supercoils (Fig. 2b). At low forces (<1 pN), the response to positive
(overwinding the helix) and negative twist (underwinding the
helix) is symmetric and both dsDNA and dsRNA release torsional
stress by forming positive and negative plectonemic supercoils
upon over- and underwinding, respectively (see e.g. Fig. 2b, lower
curves). At higher forces (>1 pN), the response upon over- and
underwinding becomes asymmetric: while the molecules still
buckle and form plectonemes upon overwinding, underwinding
leads to torque-induced melting. The critical torques for torque-
induced melting have been determined to be —10+1 pN.-nm for
dsDNA (Bryant et al., 2003; Lipfert et al., 2010a; Sheinin et al.,
2011) and —-11+1 pN.-nm for dsRNA (Lipfert et al., 2014),

1s

Fig. 3. Surprising differences between dsDNA (red) and dsRNA (blue). (a) Relative change in extension vs. number of applied turns for both dsDNA and dsRNA at high force
(F =7 pN). The data reveal opposite signs for the twist-stretch coupling D (Lipfert et al., 2014). The insets show the results of all atom molecular dynamics simulations (Liebl
et al, 2015): DNA lengthens when overwound whereas RNA shortens, in agreement with the experimental data. (b) Extension vs. time traces for dsDNA and dsRNA at the
buckling transition. The traces reveal thermally activated transitions between a twisted, but straight and a plectonemic state. The time scale for this transition is in the
millisecond range for dsDNA and on the order of seconds for dsRNA under otherwise identical conditions (F=4 pN and 320 mM NaCl).



consistent with their similar base pairing energies. The critical tor-
ques and the critical supercoiling densities for buckling are very
similar for both dsDNA and dsRNA (Lipfert et al., 2014) and reason-
ably well described by the simple isotropic elastic rod picture
(Lipfert et al., 2010a, 2014; Marko, 2007; Strick et al., 2000) and
captured by coarse grained simulations (Lepage et al., 2015;
Schopflin et al., 2012).

Nonetheless, open questions remain. It is generally observed
that there is a linear relationship between effective tether exten-
sion and the number of applied turns past the buckling transition,
where every additional turn leads to the formation of an additional
coil of the plectonemes (Lepage et al., 2015; Maffeo et al., 2010;
Marko, 2007; Marko and Neukirch, 2012; Schopflin et al., 2012).
In this plectonemic regime, the torque is typically assumed to be
constant and equal to the buckling torque (Marko, 2007;
Mosconi et al., 2011; Strick et al., 2000), as indicated by the cur-
rently available experimental data (Celedon et al., 2009; Janssen
et al., 2012; Lipfert et al., 2010a) (Fig. 2b). However, there are the-
oretical predictions that in the multiplectoneme regime, which will
be populated particularly at low force under low salt concentra-
tions (van Loenhout et al., 2012a), the torque will vary even in
the plectonemic regime (Emanuel et al., 2013; Lepage et al.,
2015; Marko and Neukirch, 2012; Schopflin et al., 2012).

Another open question concerns the transition dynamics: a
large difference was observed in the dynamics of the buckling tran-
sition from torsionally strained, but uncoiled B-DNA/A-RNA to
plectonemic nucleic acids (scB-DNA/scA-RNA). The transition at
the buckling point is at least two orders of magnitude faster for
dsDNA than for dsRNA, see Fig. 3b (Lipfert et al., 2014).

3.2.2. Formation of P-DNA and P-RNA upon overwinding

If dsDNA or dsRNA molecules are overwound at stretching for-
ces > 5 pN, which are sufficient to suppress buckling until positive
torque values of >35pN-nm are reached (Bryant et al., 2003;
Lipfert et al., 2010a, 2014; Sheinin and M.D. Wang, 2009) a struc-
tural transition from B-DNA to P-DNA (A-RNA to P-RNA) occurs
(see schematic in Fig. 4). Both DNA and RNA P-form helices are pro-
posed to adopt conformations with the bases facing outward and
the highly overwound sugar phosphate backbone in the center
(Fig. 4a, insets) (Allemand et al, 1998; Wereszczynski and
Andricioaei, 2006). This is similar to the conformations that Linus
Pauling (incorrectly) proposed for the equilibrium structure of
dsDNA in 1953 (Pauling and Corey, 1953), hence the term “P”-
DNA, and, by analogy, P-RNA. For P-DNA it is known that it has a
much smaller helical twist than the B-form, experimental values
range between 2.6 (Allemand et al., 1998) and 2.7 (Bryant et al.,
2003) base pairs per turn. The contour length was found to be
1.5 (Bryant et al,, 2003) and 1.6 times longer (Allemand et al.,
1998) than B-DNA. A measured bending persistence length of
19 nm (Allemand et al., 1998) and torsional persistence length of
P-DNA of 20 + 10 nm (Marko and Neukirch, 2013) suggest P-DNA
to be significantly more flexible than B-DNA. At forces < 20 pN
measurements showed that there is almost no change in the exten-
sion of the nucleic acids upon overwinding into the P-form regime,
which is interpreted as a transition from B-/A- to a supercoiled P-
form. Above 20 pN, an increase of the molecule in length as it is
overwound was observed, suggesting an extended P-form. The
higher the applied force the less torque is needed to drive the tran-
sition from B to P (Bryant et al., 2003; Marko and Neukirch, 2013)
(Fig. 4a).

3.2.3. Formation of L-DNA and L-RNA upon underwinding

Upon underwinding of dsDNA and dsRNA the formation of neg-
ative supercoiled plectonemes is favored up to a critical torque of
—10+1 pN.-nm and —11 = 1 pN-nm for dsDNA and dsRNA, respec-
tively. At forces > 1 pN (with the exact force depending on salt
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concentrations, temperature and pH) (Galburt et al, 2014;
Salerno et al., 2012; Tempestini et al., 2013) underwinding reaches
torque values sufficient to induce (partial) melting of the double-
stranded helices. Upon adding more twist beyond the onset of
the melting transition, the torque stays constant at the melting tor-
que value over a large range of turns, up to a supercoiling density
of —1.8 for dsDNA (Sheinin et al., 2011) and —1.9 for dsRNA (Lipfert
et al.,, 2014), when, finally, a transition from the B-/A- to the L-form
with an averaged left-handed twist takes place. The helical twist
for both L-DNA and L-RNA was determined to be approximately
—13 bp per turn (Lipfert et al., 2014; Sheinin et al., 2011). Com-
pared to B-form DNA, the contour length was found to be 1.4 times
larger, the bending persistence length 3 nm and the torsional stiff-
ness 10-20 nm (Sheinin et al., 2011).

A more detailed analysis whether the L-form consists of melted
base pairs and/or of “Z-DNA” (a left-handed form of DNA that is
slightly longer and has reverse twist (Sheinin et al., 2011;
Thomas and Bloomfield, 1983)) found that in a DNA sequence fea-
turing multiple GC-repeats underwinding induces a transition to Z-
DNA at approximately —3 pN.-nm; however, for a random DNA
sequence no sharp transition was observed (M. Lee et al., 2010;
Oberstrass et al., 2012, 2013). Taken together, these data suggest
that underwound DNA under sufficiently high forces and torques
features a co-existence of B-, Z-form and melted DNA.

3.2.4. Formation of S-DNA and S-RNA upon overstretching

When pulling on torsionally unconstrained dsDNA or dsRNA
with forces higher than 50 pN, B-DNA and A-RNA undergo a rapid
overstretching transition, suddenly lengthening by a factor of ~1.7
and ~1.9, respectively (Bonin et al., 2002; Cluzel et al., 1996;
Herrero-Galan et al.,, 2013; Lipfert et al., 2014; Smith et al.,
1996). The exact force at which the transition takes place is lower
for dsRNA than for dsDNA (Herrero-Galan et al., 2013; Lipfert et al.,
2014) and depends on ionic strength (Baumann and Smith, 1997;
Smith et al., 1996; Wenner et al., 2002), temperature (Williams
et al.,, 2001a), GC content of the nucleic acids sequence (Rief
et al,, 1999) and pH (Williams et al., 2001b). Two models have been
proposed for the nature of this overstretched form. One model
describes the molecule with elongated base pairs, stretched but
still double-stranded (Cluzel et al., 1996; Smith et al., 1996), a form
usually referred to as stretched or S-DNA, with (partial) melting
occurring at even higher forces (Rief et al., 1999). The helical twist
of S-DNA was suggested to be 35 base pairs per right-handed turn
(Bryant et al., 2003; Léger et al., 1999; Sarkar et al., 2001). The
other model interprets the overstretching transition as force-
induced melting and breaking of the hydrogen bonds when pulling,
leading to a splitting of the helix into two single-strands (van
Mameren et al., 2009; Wenner et al., 2002; Williams et al.,
2001a,b).

In contrast, for torsionally constrained dsDNA and dsRNA, no
sharp plateau but a gradual extension of the molecule is observed
(Lipfert et al., 2014; Paik and Perkins, 2011; van Mameren et al.,
2009). Recent results for dsDNA suggest that both force-induced
strand separation and S-DNA formation can occur, depending on
sequence content, temperature, and salt concentration (Bosaeus
et al., 2012; King et al., 2013; Zhang et al., 2012). Less is known
about the overstretching transition for dsRNA, however, it appears
plausible that similar overstretching modes exist.

An overview of experimentally determined values for the elastic
properties of dsDNA and dsRNA are listed in Table 1; correspond-
ing references are given in the text.

3.3. Interactions of nucleic acids with small-molecules and proteins

Going beyond the mechanical properties and conformational
transitions of “bare” nucleic acids, MT are a powerful tool to study
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Table 1

Mechanical and structural parameters of various conformations of dsDNA and dsRNA. A collection of measured values for the persistence length A, the torsional stiffness C, the
helical pitch and the rise per base pair are listed for A-RNA, B-DNA, P-DNA, L-DNA, S-DNA and Z-DNA. “Relative extension” describes the contour lengths relative to the state of the

nucleic acid at low forces and torques.

A-RNA B-DNA P-DNA L-DNA S-DNA Z-DNA
A (in nm) 57 45 19 3 15 200
C (in nm) at high force 100 109 20+ 10 10-20 No value available No value available
Helical pitch (bp per turn) 13 10.5 2.6 -12to —-15 35 -12
2.7
Relative extension 1 1 1.5 1.4 1.7 1.1
1.6
Rise per bp (nm/bp) 0.28 0.34 0.54 0.48 0.58 0.37

Helicity Right-handed Right-handed

Right-handed

Left-handed Right-handed Left-handed

" This value was derived theoretically by Storm and Nelson (2003).

Table 2

Comparison of the capabilities of different MT configurations. All magnet configurations exert and allow measuring forces, generally ranging from 0.1 pN to 100 pN. Tracking in X,
Y and Z is possible in all cases with a resolution down to 1 nm or less. Torque can be applied in conventional MT and also in MTT. In contrast to MTT, conventional MT do not allow
measuring torque. In FOMT, the bead’s motion is unconstrained around its tether axis and it is free to rotate. This feature can be exploited to observe angular changes.

Conventional MT

Force Apply and measure
XYZ-tracking Yes

Torque Apply only

Angle tracking No

FOMT MTT

Apply and measure Apply and measure
Yes Yes

Free rotation Apply and measure

Yes Yes

nucleic acid-protein and drug interactions and to dissect, e.g., the
processes underlying replication, transcription, and repair of DNA
and RNA, which are central to cellular and viral lifecycles. There
are a number of excellent reviews of these applications of MT
(Bryant et al., 2012; Dulin et al., 2013, 2015a; Forth et al., 2013;
Lipfert et al., 2015; Manosas et al., 2010). Here, we highlight only
briefly a few recent studies involving the twist dependence of
small-molecule binding and the use of novel MT approaches such
as FOMT to probe DNA-protein interactions.

3.3.1. Detecting small-molecule binding to DNA in MT

MT (and MTT (Celedon et al., 2010)) have been used to measure
the effect of various small molecules binding to DNA, in particular
of the intercalators ethidium bromide (EtBr) and doxorubicin
(DOXO0), of netropsin (a minor-groove binder), and of topotecan
and cisplatin, which are used as chemotherapeutics (Lipfert et al.,
2010b; Salerno et al., 2010). Intercalators generally lengthen
(Cluzel et al., 1996; Krautbauer et al., 2002; Matera et al., 2007;
Sischka et al., 2005; Vladescu et al., 2007) and unwind (Lipfert
et al., 2010b; Salerno et al., 2010) the DNA helix, as would be
expected from their binding mode where an aromatic moiety is
inserted between the stacked DNA bases. The length increase per
intercalation event is ~3.4 A, i.e. inserting an aromatic moiety into
the DNA helix has an effect on its length similar to adding a base
pair. In the process, the helix unwinds. For ethidium bromide, the
unwinding angle per intercalated molecules was found to be
27° + 1° (Lipfert et al., 2010b), a value likely representative for other
monointercalators. In contrast, it is an open question how much
bis-intercalators unwind the helix. For example for YOYO-1, a fre-
quently used bis-intercalator, literature values range from 24° to
106° unwinding per dye (Giinther et al.,, 2010; Johansen and
Jacobsen, 1998), while the naive estimate from monointercalation
would suggest 2 x 27° = 54°, In addition, the fact that intercalation
unwinds the helix suggests that binding of intercalators is likely to
be torque dependent, which is confirmed by preliminary experi-
ments (Celedon et al., 2010) but awaits further quantification.

In contrast to intercalators, minor groove binders have much
smaller effects on either DNA length or twist. Netropsin was found
to slightly overwind the helix upon binding (Lipfert et al., 2010b),

but it is unclear whether this is a general effect of minor groove
binding.

3.4. Investigating nucleic acid protein interactions in FOMT

FOMT are capable of detecting changes in the tether extension,
and, at the same time, they allow for angle tracking (Table 2). This
combination makes them particularly appealing for the study of
processes that affect both the length and overall twist of the
nucleic acid, e.g. upon protein binding.

3.4.1. RNA polymerase

A classic study employed a FOMT-like assay to monitor RNA
polymerase transcribing DNA (Harada et al., 2001). RNA poly-
merase was attached to the bottom of the flow cell and a magnetic
bead to a DNA molecule. With additional fluorescent markers on
the magnetic bead, the rotation of the bead and thus DNA while
being transcribed by the enzyme was detected. It was observed
that RNA polymerase rotates DNA clockwise and that the enzyme
exerts torques up to >5pN.-nm (Harada et al, 2001), in an
NTP-dependent fashion. Recent studies finally indicated that RNA
polymerase is able to generate upstream torques with a mean of
11.0+£3.7 pN-nm and downstream torques with a maximum at
10.6 £ 4.1 pN-nm, consistent with DNA melting torque (Ma et al.,
2013).

3.4.2. Recombinases RecA and Rad51

More recent work exploited the ability to track tether length
and rotation at the same time. Two studies investigated RecA (from
bacteria) and the homologous Rad51 (from eukaryotes), which are
proteins involved in the repair of DNA by homologous recombina-
tion (Candelli et al., 2013). To enable recombination, RecA or Rad51
proteins bind cooperatively and assemble as a filament on DNA, in
the process lengthening and unwinding the double-helix. The
assembly of RecA and RAD51 filaments on DNA can be monitored
in real-time using FOMT (M. Lee et al., 2013; Lipfert et al., 2011b).
The studies revealed a lengthening of 0.5 nm and an unwinding
angle of ~45° per RecA or RAD51 monomer (M. Lee et al., 2013;



Lipfert et al., 2011b), in agreement with biochemical and structural
evidence.

3.4.3. Nucleosomes

A similar measurement strategy was used to study the assem-
bly and dynamics of nucleosomes on DNA. Nucleosomes consist
of ~150 bp of DNA tightly wrapped around a histone core and
are the basic packaging unit of DNA in the nucleus (Luger et al.,
1997; Sheinin et al., 2013). Interactions of nucleosomes and their
higher order assemblies in nucleosome fibers and ultimately chro-
mosomes are critical processes for genome storage and regulation.
The assembly of single nucleosomes (consisting of dimers of H2A,
H2B, H3 and H4) and tetrasomes (involving only H3 and H4) was
studied using FOMT, monitoring the change in extension and in
linking number at the same time (VIijm et al., 2015b). The data
showed that the assembly of a single nucleosome shortens the
molecule by 46 nm, which corresponds to ~146 base pairs, and
induces a change in the linking number of —1.2 (Vlijm et al.,
2015a). For tetrasomes the compaction in length was 24 nm and
the change in twist —0.73 for the preferred, left-handed state
(VIijm et al., 2015a). Surprisingly, it was observed that tetrasomes
fluctuate between a preferred left-handed state, and a right-
handed conformation, separated by a linking number difference
of 1.7 £ 0.1 turns, without changing the overall extension. In addi-
tion, direct torque measurements revealed that the application of
weak positive torques is sufficient to drive all tetrasomes into
the right-handed state (and vice versa).

3.4.4. (Reverse) Gyrase

Two final illustrative examples of studies employing FOMT-type
instruments look at DNA (reverse) gyrase. The rotor bead assay
was employed to probe the enzymatic activity of gyrase, which
can introduce negative supercoils in DNA in an ATP-dependent
fashion, e.g. to compact the genome, to relieve strain during repli-
cation, and to promote local melting (Gore et al., 2006b). Interest-
ingly, stepwise activity was observed showing that the unwinding
takes place in multiples of two. Applying forces ranging from
0.35 pN to 1.3 pN showed that the enzymatic activity is strongly
inhibited with increasing forces and revealed a kinetic intermedi-
ate (Basu et al., 2012; Gore et al., 2006b).

A FOMT-like assay was used to obtain the first single-molecule
characterization of reverse gyrase, an enzyme found in hyperther-
mophiles that can introduce positive supercoils into DNA in an
ATP-dependent fashion, an activity suggested to help increase
DNA stability under elevated temperatures (Ogawa et al., 2015).
The single-molecule study found 5-fold higher activity than previ-
ously determined in bulk, but also revealed that relatively small
forces (~0.5 pN) or torques (~5 pN-nm) abolish activity (Ogawa
et al., 2015).

4. Summary

Yesterday’s sensation is today’s calibration and tomorrow’s back-
ground.
[Richard Feynman]

Single-molecule measurements of DNA beautifully illustrate the
famous quote by Richard Feynman (Goodstein, 2011). The first
stretching experiments on DNA (Bustamante et al., 1994; Smith
et al., 1992) ushered in the field of single-molecule nanomechan-
ics; now the WLC-type stretching response of DNA is frequently
used as a calibration of instruments or new techniques and,
furthermore, currently the dominant source of background noise
in single-molecule protein folding experiments that use DNA link-
ers (Hinczewski et al., 2010, 2013). Similarly, the first DNA twisting
experiments in MT opened up the possibility to observe
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torque-induced DNA supercoiling and melting at the level of indi-
vidual molecules for the first time (Strick et al., 1996, 1998). Now,
the asymmetric twisting response of DNA under forces > 1 pN is
routinely used to verify that magnetic beads are attached by only
a single double-stranded DNA tether. In addition, high-resolution
twist and torque measurements of DNA now allow us to test and
to precisely calibrate models of nucleic acids (Chou et al., 2014;
Emanuel et al.,, 2013; Liebl et al., 2015). At the same time, the
intrinsic fluctuations of supercoiled DNA provide the dominant
source of noise in experiments that use supercoiled DNA in MT
to detect protein binding and activity; similarly, the intrinsic tor-
sional stiffness of DNA limits the angle and time resolution in
assays that employ DNA twisting for the same purpose (Lebel
et al., 2014; Mosconi et al., 2011).

We anticipate that high-resolution single-molecule measure-
ments will continue to inspire and test increasingly refined models
of nucleic acid mechanics and structure. Outstanding questions in
particular regarding the behavior under twist and torque are, inter
alia, the torque in the (multi-)plectoneme regime, the discrepancy
between the observed effective torsional stiffness at low forces and
the predictions of the basic isotropic rod model, and the buckling
dynamics of DNA and RNA. Such models form the basis of a quan-
titative understanding of the behavior of nucleic acids in biological
contexts and of engineered nanostructures that increasingly
employ DNA and RNA as building materials.

Going beyond the properties of bare nucleic acids, MT will be an
invaluable tool to dissect the mechanical properties and conforma-
tional transitions of nucleo-protein complexes and filaments,
which are involved in many, if not all, fundamental processes of
genome processing and maintenance. Examples include nucleo-
somes and their higher order assemblies and various filamentous
structures involved in DNA processing and repair. Finally, MT mea-
surements will increasingly contribute to our understanding of the
dynamic processes and molecular machinery at the heart of the
central dogma.

New and exciting applications of MT are made possible by a
number of dramatic improvements of the measurement capabili-
ties of MT based assays in the last few years. First, the ability to
directly measure torque and twist has been discussed in detail in
this review. Second, improvements in camera hardware and track-
ing algorithms (Lipfert et al., 2011a; van Loenhout et al., 2012b)
have made it possible to perform massively parallel multi bead
measurements, of up to 1000 s of beads simultaneously (Cnossen
et al., 2014; De Vlaminck et al., 2011; Ribeck and Saleh, 2008).
Third, advances in camera hardware, GPU-based tracking, and
novel approaches to illumination enable camera-based tracking
at >kHz frequencies (Dulin et al., 2015b; Huhle et al., 2015;
Lansdorp et al.,, 2013). Fourth, other technical improvements such
as temperature control during MT measurements (Galburt et al.,
2014; Gollnick et al., 2014), which is crucial for many biological
systems, further enhance the capabilities of MT measurements.
Finally, MT can be combined with other measurement modalities,
such as optical tweezers (De Vlaminck et al., 2012) or fluorescence
detection (Kemmerich et al., 2015; M. Lee et al, 2010; van
Loenhout et al., 2012a), enabling complementary types of
measurements to, e.g., dissect the mechano-chemistry of nucleic
acid processing enzymes.

In conclusion, MT based measurements will continue down the
path outlined in Feynman’s famous quote: making new discover-
ies, enabling precision experiments, and pushing the limits of
physical detection.
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