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ARTICLE INFO ABSTRACT

Keywords: Biological macromolecules undergo dynamic conformational changes. Single-molecule methods can track such
Force spectroscopy structural rearrangements in real time. However, while the structure of large macromolecules may change along
Torque many degrees of freedom, single-molecule techniques only monitor a limited number of these axes of motion.
Rotor bead tracking Advanced single-molecule methods are being developed to track multiple degrees of freedom in nucleic acids
ﬂirll?ifr?c:gal and nucleoprotein complexes at high resolution, to enable better manipulation and control of the system under

investigation, and to collect measurements in massively parallel fashion. Combining complementary single-
molecule methods within the same assay also provides unique measurement opportunities. Implementations of
magnetic and optical tweezers combined with fluorescence and FRET have demonstrated results unattainable by
either technique alone. Augmenting other advanced single-molecule methods with fluorescence detection will
allow us to better capture the multidimensional dynamics of nucleic acids and nucleoprotein complexes central

to biology.

1. Introduction

Single-molecule measurement methods can provide valuable in-
sights into nucleic acid and nucleoprotein dynamics by observing
conformational changes in real time [1-3]. Single-molecule manipula-
tion methods such as magnetic and optical tweezers can further apply
perturbations in the form of force or torque to probe energetics and
reaction mechanisms [4]. While molecular dynamics are highly multi-
dimensional, single-molecule techniques are limited in the number of
conformational degrees of freedom that can be observed (Figure 1A-B).
In optical tweezers and magnetic tweezers, for example, the dynamics
of nucleic acids and associated proteins are typically inferred from
changes in the end-to-end extension of a nucleic acid tether. Alter-
natively, molecular domains undergoing large structural rearrange-
ments can be directly tagged using fluorescent dyes or nanoparticle
probes. FRET measurements of conformational changes are commonly
employed in observing dynamic transitions between states (Figure 1B)
[5,6], and non-bleaching scattering probes have been used to elucidate
the mechanisms of molecular motors [7-9].

Measuring a single degree of freedom may capture the key con-
formational change in a system of interest, but is insufficient for
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understanding the dynamic series of conformational rearrangements
expected for cellular machines. Single-molecule methods can be ex-
tended to collect information on multiple mechanical degrees of
freedom simultaneously or to enable more versatile manipulation of the
system of interest [10,11]. Magnetic tweezers and optical trapping
techniques have also been combined with fluorescence and FRET to
detect compositional (binding, dissociation, oligomerization) and con-
formational changes in macromolecular complexes in addition to
monitoring mechanical events (Figure 1C) [12,13]. A prior review by
Cordova et al. describes how these methods have been combined with
fluorescence detection [12]. Here we will overview other advanced
multi-parameter single-molecule techniques and will present recent
discoveries enabled by such multimodal tools. Dynamic information on
multiple conformational degrees of freedom can be used to develop and
test mechanistic and structural hypotheses.

2. Advanced single-molecule methods
Single-molecule techniques are undergoing continual improvement.

The spatiotemporal resolution of mechanical measurements is funda-
mentally limited by Brownian fluctuations of the probe, commonly a
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Figure 1. Dynamics of nucleoprotein complexes observed in single-mole-
cule experiments. (A) A hypothetical example of a protein that undergoes
conformational change upon binding DNA. A bend in the DNA structure leads to
contraction of its end-to-end extension. (B) Conformational changes in the
protein structure can be observed using FRET. (C) Structural dynamics in both
the protein and the DNA substrate can be observed by magnetic tweezers (left)
or optical tweezers (right) combined with FRET.

spherical bead, provided that the instrument noise floor (e.g. due to
drift or vibration) is sufficiently low [14]. Decreasing the size of the
probe or increasing the stiffness of the attached molecular tether allow
for faster averaging of the Brownian fluctuations and can reveal smaller
and faster conformational changes in biological macromolecules. Dis-
tance measurements via single-molecule FRET [5,6] are fundamentally
limited by the photon statistics of fluorescence emission. While im-
proved signal-to-noise can be achieved using higher excitation in-
tensities, in practice irreversible dye photobleaching imposes a trade-off
between signal-to-noise and observation time. The ability to detect the
binding of a single fluorophore may further be limited by fluctuating
background intensity from other diffusing fluorophores. New biophy-
sical tools have pushed the limits of resolution by using smaller probes,
local tethering, or confined fluorescence excitation. Important efforts to
advance the state of the art in single-molecule measurement by ex-
tending the resolution of established methods such as optical trapping
have been reviewed elsewhere [1,3,15,16]. In this section, we will focus
on advanced methods that also provide additional conformational de-
grees of freedom or exploit new measurement modalities, and we will
discuss the opportunities these methods offer for the study of nucleic
acids.

Rotor bead tracking (RBT) was initially developed as an extension of
optical tweezers enabling combined detection of changes in extension
and twist in DNA (Figure 2). In RBT, the rotational motion of a sub-
micron sphere (the rotor bead) attached to the side of the DNA mole-
cule (Figure 2A) provides information on angular changes. Structural
changes in DNA often exhibit interplay between twist and extension
(Figure 2B). For example, Gore et al. showed that DNA overwinds when
stretched [17]. RBT enabled precise measurements of DNA physical
properties and observations of DNA structural transitions under torque
[18]. A large array of cellular processes can also be dissected though the
lens of changes in twist and extension of biological filaments
(Figure 2C-E) [19]. Protein binding frequently leads to bending of the
DNA double helix or sequestration of DNA contour length (Figure 2C).
Wrapping of DNA around protein complexes such as histones
(Figure 2D) can further trap DNA supercoils and lead to compensatory
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Figure 2. Rotor bead tracking measures changes in DNA twist and ex-
tension. Angular tracking of a nanoparticle attached to the side of the DNA (A)
can report on changes in DNA twist (A@) and extension (Ax) arising from
structural transitions in DNA (B), protein binding (C), formation of loops in
DNA (D), or unwinding of the DNA double helix (E). Extension changes can be
measured from the end-to-end extension of the DNA or from the linear trans-
lation of the rotor bead.

change in superhelical density in the rest of the topologically con-
strained region of the genome. Topoisomerases permanently alter the
linking number of a closed circular piece of DNA and serve to relax
positive and negative spikes in DNA superhelical density, which arise,
for instance, during transcription [20]. Changes in DNA twist can also
be observed as the double helix is unwound within nucleoprotein
complexes (Figure 2E). While many DNA transactions involve changes
in both extension and twist, the signal may be easier to measure in one
of the two coordinates [21,22]; collecting information on both co-
ordinates at once can resolve ambiguities and test specific structural
hypotheses.

RBT is now commonly applied in magnetic tweezers setups
(Figure 3A) [23-27], rather than the original optical tweezers im-
plementation. This approach has been used to explore sequence-de-
pendent structural transitions in DNA, deriving quantitative thermo-
dynamic models for the transition of (GC), repeats into Z-DNA, the
melting of (AAT), regions, and the formation of helical structure in
mismatched DNA bubbles under torque [25,26]. These studies identi-
fied cooperative transitions in short sequence motifs and estimated
boundary penalties at the junction of structural domains. Such localized
structural transitions may be triggered during torque-generating bio-
logical processes such as replication or transcription [19].

Lebel et al. developed high-resolution gold rotor bead tracking
(AuRBT) by replacing the ~ 300 — 500 nm rotor beads used in previous
studies by gold nanoparticles with diameters of ~ 80 — 140 nm [24].
Reducing the hydrodynamic drag of the measurement probe allowed
faster averaging of the thermal noise and enabled twist and torque
measurements at temporal resolutions several orders of magnitude
higher than competing techniques [24,28-31]. In AuRBT, the rotor
bead is observed via evanescent darkfield imaging, and stable high-
resolution extension measurements can also be obtained from the in-
tensity of the rotor bead in the evanescent field.

RBT has been applied to studying the mechanisms of DNA-asso-
ciated motors including DNA gyrase. By tracking simultaneous changes
in twist and extension during processive DNA supercoiling by gyrase,
Basu et al. identified an unanticipated dominant ATP waiting
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Figure 3. Advanced single-molecule methods. (A) Rotor bead tracking applied in magnetic tweezers [23,24,100]. The magnetic bead is used to apply force on
DNA and can be rotated to change the DNA twist. The applied torque is measured from the difference in angle of the magnetic bead () and the rotor bead (¢) using
the calibrated torsional stiffness (k) of the DNA segment between them. Changes in DNA extension can be measured from the intensity of the rotor bead in an
evanescent field (Az) or from the height of the magnetic bead above a reference bead (Ah). (B) Optical torque wrench [31]. Trapping a cylindrical quartz nanoparticle
allows application of force and changing the DNA twist by rotating the polarization of the trapping beam. Torque on the DNA is measured based on the imparted
change in angular momentum on the trapping beam. (C) Quad optical trap [35]. Independent manipulation of two DNA strands or cytoskeletal filaments can be
achieved by trapping four beads. (D) Acoustic force spectroscopy [44,45]. A piezoelectric transducer creates a standing wave which can exert forces on densely-
spaced beads. Changes in extension of DNA attached to the microspheres (Ah) can be measured using a refence bead. (E) Centrifugal force spectroscopy [46].
Massively parallel DNA tweezers can also be made by spinning a simple microscope at angular velocity w. Changes in DNA extension (Ah) are measured as in previous
techniques. (F) Four-color FRET [55]. Six interdye distances (E;;) can be measured by consecutive excitation of the blue, green and red fluorophores. (G) Zero-mode
waveguides [60,62]. Subwavelength cylindrical holes in a metallic layer are used to attenuate propagating light. Evanescent excitation of zeptoliter (102! L) volumes
inside the chambers enables detection of single fluorophores at micromolar dye concentrations. (H) Nanopore tweezers [67-69]. Left: Steps of motor proteins
controlling the passage of ssDNA through a nanopore under applied voltage can be observed based on changes in current as ion flow through the nanopore is affected
by the DNA bases [75]. Right: Sequence-dependent changes in current level are detected for the ®29 DNA polymerase (top) and the Hel308 helicase (bottom). Two
distinct current levels are observed for translocation of each single nucleotide, suggesting ~40 pm extension resolution in detecting enzymatic substeps. (I) Single-
walled carbon nanotube field-effect transistor [78]. Left: A 10 bp ssDNA oligonucleotide is attached to a single defect in the carbon nanotube [78]. Hybridization of
the complementary strand changes the electrostatic potential around the defect site and alters the conductance (G, in nanosiemens) of the nanotube. Right: Rapid
strand exchange with 1 uM pool of the complementary strand is detected at high signal-to-noise and high temporal resolution. Data are collected at 33 °C.

intermediate [23]. A series of studies identified enzyme substates with A range of other modifications of optical tweezers have further
characteristic DNA conformations, and produced a detailed description extended the capabilities of the technique. An optical torque wrench
of the gyrase mechanochemical cycle [23,24,27,32]. Combined angle was developed by using an optically anisotropic cylinder instead of the
and extension measurements using RBT in an optical tweezers im- common polystyrene or other isotropic microspheres (Figure 3B) [31].
plementation have also been used to study the mechanism of DNA The cylinder can be rotated by changing the polarization of the trapping
packaging and subunit coordination of the ®29 viral packaging motor laser to apply torque on the attached filament. The technique was ap-
[33]. The authors discovered that ®29 rotates the DNA molecule to plied to study transcription by the E. coli RNA polymerase under as-
preserve protein-DNA contacts during packaging, and proportionally sisting and opposing torque, highlighting how dynamic changes in su-
decreases the step size and DNA rotation as the viral capsid is filled and perhelical density of the genome regulate the motor activity [34].
backpressure increases. The measurement of DNA rotation was instru- Implementations of optical tweezers where three or more beads are
mental in identifying the mechanism of subunit coordination and simultaneously trapped have also been described (Figure 3C) [35,36],
symmetry breaking in this pentameric ATPase motor. with applications involving manipulating more than one DNA molecule
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or cytoskeletal filament [37,38].

Magnetic tweezers and RBT can be extended to measurements on
multiple molecules at a time. However, interactions of neighboring
magnetic beads and overlap of the diffraction patterns used to measure
bead displacements impose a limitation on the maximum surface den-
sity achievable by random attachment. Using patterned deposition of
surface attachment sites on a regular 10 um grid, De Vlaminck et al.
showed simultaneous tracking of 450 beads [39]. Parallel manipulation
of optically trapped beads has also been demonstrated using nano-
photonic devices [40,41] or holographic optical traps [42,43], and
shows promise for making high-throughput nucleic acids measure-
ments. Massively parallel force spectroscopy tools have been developed
based on acoustic (Figure 3D) [44,45] or centrifugal (Figure 3E) [46]
forces, which do not rely on magnetic beads, and thus facilitate placing
tethers at higher density. These methods may further provide increased
range, stability, and/or response times compared to currently available
techniques. Combinations of optical trapping and acoustic force spec-
troscopy [47] or magnetic tweezers [48] have also been reported. Such
tools expand our ability to probe biological systems and allow us to
make statistical measurements based on single-molecule data.

Fluorescence detection of protein conformational changes has been
advanced by the development of multicolor FRET (Figure 3F) [49,50].
Three-color single-molecule FRET was first reported in 2004. In com-
bination with alternating laser excitation, the technique was able to
report independently on three interdye distances [51-54]. Later the
Hohng group reported the development of four-color FRET, which al-
lowed measurement of six interdye distances [55]. Multicolor FRET
assays have been used to study structural dynamics of the ribosome
[56,57], single-stranded DNA binding protein [58], and RecA-mediated
DNA strand exchange [55], and have also been combined with optical
tweezers [59].

Fluorescence measurements can be hampered by high fluctuating
background when a diffusing labeled species must be used at moderate
concentrations, for example because of modest affinity for the ob-
servation site. Zero-mode waveguides (Figure 3G) confine fluorescence
excitation to volumes as low as zeptoliters, and enable observation of
single molecule binding events against the background of 100 — 1000
nM fluorophores in solution [60]. The technology was first refined for
DNA sequencing applications [61], but has also been repurposed for
making biophysical measurements [62,63]. It has been applied ex-
tensively in dissecting translation dynamics at physiological ligand
concentrations [64], for example monitoring the number of tRNAs si-
multaneously bound to the ribosome and showing that having two
tRNAs bound occurs only transiently [63]. An alternative technique
reducing the imaged volume is Convex Lens-Induced Confinement
(CLIC) [65], which deforms the imaging chamber to decrease its depth
to 5 - 500 nm. CLIC enables highly parallel fluorescence measurements
of single molecules without requiring surface attachment, and has been
applied to studying transitions in supercoiled DNA molecules [66].

Other advances in next-generation sequencing technologies have
also led to new ways of making biophysical measurements. Nanopore
sequencing, for example, can reveal sub-base pair steps in DNA pro-
cessing enzymes (Figure 3H) [67-70]. In nanopore sequencing, an ex-
ternal voltage is used to thread a segment of single-stranded DNA
through a solid-state or biological pore. As the DNA passes through the
constriction, sequence-dependent changes in current are detected.
Successful versions of the technique also use a DNA motor to slow down
passage of the nucleic acid through the constriction for improved
reading of the DNA sequence [71]. DNA translocation is thus directed
by the mechanochemistry of the motor and enzymatic steps can be
observed with sub-Angstrom resolution, with Brownian fluctuations
averaged over quickly due to the short DNA tether length between the
enzyme and the constriction where the current blockage occurs. This
assay, called SPRNT, has enabled detailed kinetic analysis of DNA
processing by the ®29 DNA polymerase [72-74] and the helicase
Hel308 [75,76], and may be extended to other molecular motors such
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as the machines behind transcription [77] and translation.

Another intriguing very high spatiotemporal resolution single-mo-
lecule biophysical method is based on carbon nanotubes which act as
field-effect transistors (Figure 3I). The conductance of single-walled
carbon nanotubes varies strongly with the local charge density. A single
point defect in the nanotube can be used to covalently attach molecules
at that site, converting the device into a label-free single molecule de-
tector. Sorgenfrei et al. observed hybridization of a 10 bp segment of
DNA with a bandwidth of 4 kHz, which could be extended to over 10
kHz [78]; notably this study also made used of precise variable tem-
perature control, which is rarely incorporated in single-molecule ex-
periments. In a later study, Choi et al. attached a lysozyme to a carbon
nanotube device and observed processive hydrolysis steps by the en-
zyme, as well as nonproductive domain fluctuations [79]. This method
shows promise for observing detailed single-molecule nucleic acid dy-
namics on timescales that are generally inaccessible to optical and
mechanical approaches.

3. Methods combining mechanical perturbation and fluorescence
detection

Combining different single-molecule methods in the same assay can
leverage their unique strengths and provide high-resolution informa-
tion on a larger number of conformational degrees of freedom. Several
groups have combined optical tweezers or magnetic tweezers with
fluorescence and FRET to detect local structural and compositional
changes under controlled mechanical perturbations. Early work in the
field primarily used the tweezers for force application — high-resolution
extension measurements were not made, and instead fluorescence was
used as a sensitive reporter of changes in the system under observation.
One challenge in combining optical tweezers with fluorescence arises
from accelerated dye photobleaching as fluorophores in the excited
state absorb infrared photons from the high-power trapping laser [80].
The problem can be circumvented by using long DNA tethers to spa-
tially separate the fluorophores and the optical trap (at the expense of
compromised spatiotemporal resolution for extension measurements
[14]) or by interlacing the trapping and excitation lasers as first de-
monstrated by Lang and coworkers [81].

A pioneering implementation of optical tweezers and fluorescence
used a custom fabricated quartz pedestal for prism-type total internal
reflection (TIR) illumination of fluorophores on DNA suspended in a
dual-beam optical trap (Figure 4A), with which Harada et al. observed
sequence-dependent binding dynamics of fluorescently-labeled RNA
polymerase under tension [82]. Subsequent iterations of the technique
utilized objective-side TIR illumination of fluorophores at the base of a
surface-bound DNA tether (Figure 4B) [83-85]. This technique was
used to observe transitions between the folded and unfolded state of a
FRET-labeled DNA hairpin under applied force [84] and transitions
between stacking isoforms of the Holliday junction using two- and
three-color FRET [59,85]. More recently, optical tweezers force-FRET
assays have been applied to study the sliding mechanism of the single-
stranded DNA binding (SSB) protein [86] and sequence-dependent
asymmetric DNA unwrapping from the nucleosome [87].

Epifluorescence excitation combined with dual-beam optical twee-
zers has been powerful in studying DNA structural transitions under
tension (Figure 4C) [88]. This experimental geometry is particularly
applicable when the dye labels undergo fluorescence enhancement
upon binding DNA or if the labeled probe has high affinity to DNA and
can be introduced at low concentration to prevent background fluor-
escence. Wuite and Peterman and coworkers visualized single-stranded
regions in DNA undergoing the overstretching transition using inter-
calating DNA dyes [89]. In a follow-up study, the group also identified a
“hyperstretched” structure of DNA in which such dyes have a reduced
affinity [90]. In torsionally constrained DNA, the authors showed
bubble formation before the overstretching transition using a GFP-la-
beled replication protein A reporter, suggesting that such unfavorable
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Figure 4. Combining optical and magnetic tweezers with fluorescence. (A)
Custom-fabricated quartz pedestals are used to create evanescent wave illu-
mination (blue gradient) that selectively excites fluorophores on DNA sus-
pended in a dual-beam optical trap [82]. (B) Objective-side TIR illumination is
used to excite fluorophores on a hairpin at the base of a DNA tether attached to
the surface [83,84]. (C) Epifluorescence illumination is used to image fluor-
ophores on a long DNA tether [88]. (D) TIR illumination excites fluorophores at
the base of a DNA tether stretched using magnetic tweezers [94,100,110]. (E)
The optical trap and confocal fluorescence excitation are interlaced to prevent
accelerated photobleaching of the fluorophores [96]. This technique can use
relatively short DNA tethers, facilitating high-resolution extension measure-
ments.

changes in twist density are compensated by the larger extension of
single-stranded DNA at high force [91]. Very recently, the combination
of optical tweezers with confocal imaging was used to study binding
and cleavage of the Cas9 RNA-guided nuclease under tension, revealing
mechanically-induced binding at off-target sites [92].

Force-FRET assays have also been implemented in magnetic twee-
zers, which are readily combined with fluorescence by exciting fluor-
ophores near the surface using total internal reflection illumination
[93]. Shroff et al. described the first reported implementation of mag-
netic tweezers combined with single-molecule FRET, and demonstrated
changes in FRET under applied force of a DNA-based molecular force
sensor (Figure 4D) [94]. Long et al. used FRET to detect the unfolding of
G-quadruplexes under force [95]. Here FRET provided a much stronger
signal compared to the expected ~3 nm change in extension upon
transition between the folded and unfolded state of the structure.

Multimodal high-resolution extension and FRET measurements in
optical tweezers have been achieved using interlaced confocal excita-
tion (Figure 4E) [81,96]. By quickly switching between the fluorescence
excitation and the optical trap, dye photobleaching is reduced without
allowing the beads to escape the optical trap. These assays achieve high
spatiotemporal resolution by using a dual-beam [97] configuration and
shorter DNA tethers, reducing sources of noise and drift present in
previous studies. Precision instruments combining optical tweezers or
magnetic tweezers with fluorescence are usually custom built, although
detailed protocols and software for their construction, calibration, and
operation are available [15,16,98-102]. Commercial setups combining
optical trapping and fluorescence have also recently appeared on the
market [103].
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4. High-resolution multi-parameter methods

High-resolution optical tweezers combined with fluorescence have
been used to investigate a number of biological systems. Comstock et al.
used this technique to relate different modes of DNA unwinding to the
oligomeric and conformational state of the UvrD helicase, responsible
for nucleotide excision and methyl-directed mismatch repair
(Figure 5A) [104]. Previous biochemical studies had identified that
UvrD dimers or higher oligomers are required for processive double-
stranded DNA unwinding [105]. The authors measured changes in ex-
tension as UvrD unwinds a DNA hairpin incorporated in the tether and
identified two types of DNA unwinding activity — “frustrated” and
“long-distance”. The frustrated activity was characterized by repeating
back-and-forth translocation in which less than 20 bp of DNA are un-
wound, while the long-distance activity resulted in processive un-
winding of more than 20 bp of DNA with less frequent reversals in
direction. By counting the number of photobleaching events of fluor-
escently-labeled UvrD helicases, the authors proposed that the two DNA
unwinding modes correlate with the monomeric and multimeric state of
the enzyme, respectively. UvrD monomers further exist in two con-
formational states, suggesting a mechanism for switching direction
without dissociating from the DNA substrate. By labeling UvrD with a
FRET dye pair, the DNA unwinding and rezipping activity of UvrD
monomers were shown to correlate with the closed and open con-
formation of the helicase. These different unwinding modes of UvrD
may be employed during distinct DNA repair processes carried out by
the enzyme.

High-resolution optical trapping and FRET has also been applied in
studying different binding modes of the single-stranded DNA binding
(SSB) protein (Figure 5B). SSB wraps ssDNA to protect it from nucleo-
lytic and chemical damage during DNA replication, recombination, and
repair processes. By unravelling single SSB-ssDNA complexes under
force, Suksombat et al. identified four discrete binding states and sug-
gested the most likely geometry of DNA wrapping around the protein
subunits based on high-resolution extension measurements of the se-
questered DNA contour [106]. The force perturbation additionally al-
lowed the authors to reconstruct the energy landscape of SSB binding in
each of the binding modes. Fluorescent labeling of SSB and a site on its
DNA substrate showed concurrent changes in extension and FRET,
suggesting that SSB can transition between different binding modes,
and also FRET changes independent of changes in extension, suggesting
that SSB can slide along DNA in a given binding mode. This experiment
further rules out a “rolling” mechanism of diffusion. The different
binding modes of SSB may be used selectively in various ssDNA
maintenance processes.

Duesterberg et al. used combined optical tweezers and FRET to in-
vestigate the structure of the thiamine pyrophosphate (TPP) riboswitch
[107], which controls uptake of the vitamin thiamine and is commonly
repurposed in engineering control of gene expression circuits. The au-
thors labeled two of the helix arms of the riboswitch with a FRET dye
pair to monitor changes in its tertiary conformation during mechanical
unfolding. They observed that the two substrate-bound state of the ri-
boswitch — weakly-bound (requiring moderate force to unfold) and
strongly-bound (requiring large force to unfold) — correlate with dis-
tinct structural arrangements of the helix arms (Figure 5C). The weakly-
bound state is not able to complete the helix arm docking required for
stable substrate binding. The conversion from the weakly-bound to the
strongly-bound state may help discriminate between the thiamine
pyrophosphate substrate and its analogs thiamine and thiamine
monophosphate.

Whitley et al. used combined optical tweezers and fluorescence to
probe the elasticity of ultrashort (< 15 nt) nucleic acid duplexes, which
commonly serve as primers in DNA replication [108]. The binding of a
labeled oligonucleotide provided an unambiguous signal which fa-
cilitated extension measurements at low forces where mechanical noise
was higher. The study concluded that for these sequences edge-
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Figure 5. Multimodal measurements of conformational dynamics in nucleic acids and nucleoprotein complexes. (A) DNA unwinding by the UvrD helicase is
governed by its oligomeric state and structural conformation [104]. Left: UvrD unwinding of a DNA hairpin was monitored via optical tweezers. UvrD monomers
were labeled with a single dye or a FRET pair. Middle: Two types of unwinding activity were observed - “frustrated” and “long-distance”, depending on the protein
oligomeric state, inferred from the number of dye photobleaching events. Right: The Closed and Open monomer conformations correlate with DNA unwinding (U)
and rezipping (Z). (B) Different binding modes of the single-stranded DNA binding (SSB) protein were identified by combined optical tweezers and FRET [106]. Left:
SSB binding to DNA leads to wrapping of 35 nucleotides (nt) or 56 nt of DNA, as determined from the change in DNA contour length (Ax) in the optical trap.
Fluorescent labels on the protein and DNA substrate allowed visualization of transitions between binding modes and identified sliding mechanisms. Right: Transition
from the 35 nt to the 56 nt DNA binding mode leads to concurrent changes in FRET and DNA extension. (C) Combined optical tweezers and FRET identify changes in
secondary and tertiary structure of the TPP riboswitch upon substrate binding [107]. Left: The two helical arms of the riboswitch were labeled with a FRET dye pair
and the riboswitch was unfolded under force. Right: Changes in FRET efficiency were observed upon ligand binding and conversion from the weakly bound (WB) to
the strongly bound (SB) state. Unfolding of the riboswitch in the SB state requires higher force compared to the WB state. (D) Transitions between B-form and Z-form
DNA under controlled superhelical density (o) were detected in combined magnetic tweezers and FRET [109]. Left: The magnetic bead was rotated under low tension
to negatively supercoil the DNA. A FRET-labeled (GC);; repeat sequence of interest (SOI) was inserted in the DNA tether. Right: Transition of the SOI from B-form
DNA to Z-form DNA relaxes some of the negative supercoils, leading to a change in the height of the magnetic bead (Az, green arrows). At the same time, a change in
FRET between the dyes incorporated in the backbone of the SOI is observed. (E) The same SOI as in D was used in FluoRBT proof-of-principle experiments [100]. Left:
The applied torque (7) was measured based on the calibrated angular deflection of the DNA segment between the magnetic bead and the rotor bead. Right: The B-Z
DNA transition was detected as concurrent jump in torque and FRET efficiency. A continuous change in FRET efficiency with applied torque was also observed.
Figure panels are reproduced with modification and published with permission.

dependent effects lead to deviations from the common DNA elasticity rotating the magnetic bead and at low superhelical density the B-Z

models at high forces. Helicases and other enzymes may exploit this transition was observed via change in FRET and concurrent change in

effect to initiate DNA unwinding. extension of the tether due to partial relaxation of DNA plectonemes.
Lee et al. demonstrated the first multimodal magnetic tweezers Well-characterized structural transitions in DNA hairpins and Holliday

assay combining extension measurements with FRET (Figure 5D) [109]. junctions have also been used in characterization of high-resolution

The authors incorporated a fluorescently-labeled GC-repeat sequence of magnetic tweezers instrument combined with FRET [110].

interest in a DNA tether that underwent transitions between B-form and Finally, rotor bead tracking (implemented in magnetic tweezers)

Z-form DNA under negative torque. The DNA tether was supercoiled by was combined with FRET in a technique called FluoRBT (Figure 5E)
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[100]. As in conventional magnetic tweezers, the magnetic bead can be
used to apply force and alter the superhelical density in DNA; ad-
ditionally, the rotor bead can be used to detect changes in DNA torque,
twist, and extension at high resolution. Fluorescent probes on the DNA
or associated nucleoproteins serve as sensitive reporters of conforma-
tional and compositional changes. Proof-of-principle experiments in-
cluded unfolding a DNA hairpin under force and inducing the B-Z DNA
transition under negative torque. Concurrent changes in FRET and DNA
extension or torque were observed at the structural transition, as ex-
pected. FluoRBT enabled the discovery of an unanticipated continuous
change in FRET with torque in both B- and Z-DNA conformations of the
GC-repeat sequence, which may enable construction of molecular
torque sensors, analogous to previously reported DNA-based molecular
force sensors [94,111,112]. This study also illustrated how multimodal
data can be used to make high-resolution FRET measurements of mo-
lecular states by post-synchronization of noisy fluorescence traces to
easily identifiable mechanical events.

5. Outlook

Extending single-molecule techniques to report on multiple degrees
of freedom will allow us to more faithfully capture the multi-
dimensional dynamics of complex molecular machines. Advanced
single-molecule methods such as rotor bead tracking, multicolor FRET,
or multi-bead optical tweezers are powerful in extracting more in-
formation from current assays and may enable new measurements, e.g.
observing DNA decatenation [113]. Combining different techniques in
the same assay can leverage their individual strengths and increase the
number of observable degrees of freedom [10]. Recent applications of
combined magnetic tweezers or optical tweezers with fluorescence and
FRET have demonstrated high-resolution measurements of conforma-
tional changes in DNA together with sensitive detection of local struc-
tural rearrangements in the proteins driving those changes.

Combining other single-molecule methods with fluorescence and
FRET should, in principle, also be possible, and will allow detection of
new modalities of molecular motion. Sugawa et al. recently demon-
strated combined particle tracking and FRET in studying rotation of the
y shaft in the F;-ATPase together with conformational changes in the
asfs stator ring [114], using an approach that might be adapted for
nucleoprotein machines. The prospect of combining nanopore tech-
nology [70], acoustic force spectroscopy [45], or high-speed atomic
force microscopy [115,116] with fluorescence has also been suggested.
With an arsenal of next-generation single-molecule methods, we will be
equipped to probe the workings of molecular machines behind central
biological processes.
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