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3 T H E S I N G L E - M O L E C U L E
A P P R OA C H

combining optical trapping, fluorescence
microscopy and micro-fluidics for single
molecule studies of dna-protein
interactions

Complexity and heterogeneity are common denominators of the many molecu-

lar events taking place inside the cell. Single-molecule techniques are important

tools to quantify the actions of biomolecules. Heterogeneous interactions between

multiple proteins, however, are difficult to study with these technologies. One

solution is to integrate optical trapping with micro-fluidics and single-molecule

fluorescence microscopy. This combination opens the possibility to study hetero-

geneous/complex protein interactions with unprecedented levels of precision and

control. It is particularly powerful for the study of DNA-protein interactions as it

allows manipulating the DNA while at the same time, individual proteins binding

to it can be visualized. In this work, we aim to illustrate several published and un-

published key results employing the combination of fluorescence microscopy and

optical tweezers. Examples are recent studies of the structural properties of DNA

and DNA-protein complexes, the molecular mechanisms of nucleoprotein filament

assembly on DNA and the motion of DNA-bound proteins. In addition, we present

new results demonstrating that single, fluorescently labeled proteins bound to indi-

vidual, optically trapped DNA molecules can already be tracked with localization

accuracy in the sub-10 nm range at tensions above 1 pN. These experiments by

us and others demonstrate the enormous potential of this combination of single-

molecule techniques for the investigation of complex DNA-protein interactions.
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48 the single-molecule approach

3.1 introduction

Molecular biology of the cell represents a vast field of research that encom-
passes thousands of processes. Complexity, randomness, heterogeneityThe complexity of

molecular biology represent the common denominators of the many events taking place in the
cell. Thanks to the development of new physical techniques, it has become
possible, over the last two decades, to study biomolecules at the single-
molecule level in a quantitative fashion. The single-molecule toolbox isApplications of the

Single-Molecule
Toolbox

composed of a wide assortment of techniques, including optical, magnetic
and atomic force microscopy [120, 121], single-molecule fluorescence mi-
croscopy, total internal reflection microscopy (TIRFM), Forster-resonance
energy transfer (FRET) [140, 115].These techniques permit researchers to
raise new exciting questions about the complex behavior of biomolecules,
such as: how do translocating enzymes couple their chemical step (NTP
hydrolysis) with their mechanical action? What kinetic schemes do pro-
teins adopt to bind to DNA? What is the coupling of their rate-limiting
step with the structural properties of the nucleic acid template? What
is the actual relevance of off-pathway processes in the enzyme’s kinetic
scheme?

The application of single-molecule techniques has yielded importantSingle-Molecule
Biophysics for

studying
DNA-protein

interactions

new information on the erratic and often surprising features of many pro-
teins and biopolymers: DNA helicases display pausing and are capable of
switching between lead motor subunits during unwinding [66, 157, 156],
DNA and RNA polymerases exhibit backtracking, force-induced exonucle-
olysis activity and a variety of different paused states [183, 148], recombi-
nase proteins bind to DNA in a non-linear [55, 72, 109] and in a torque-
dependent [170] manner while their unbinding is a multi-step process that
is tightly coupled to the mechanical state of the DNA substrate [174].
Although widely and successfully employed as scientific tools, both ma-Limitations of

Optical Tweezers
technique

nipulation techniques as well as single-molecule fluorescence detection ex-
hibit drawbacks that limit their capabilities in deciphering single-molecule
interactions. For example, in a typical experimental configuration using
optical trapping, the enzymatic activity [183], the DNA-protein associa-
tion [106, 32] or the structural properties of the DNA [178] are detected by
monitoring the elastic properties of the DNA tethered between the two op-
tically trapped beads (see Figure 17). In such configuration, outstanding
levels of force resolution can be achieved [1, 148, 70]. The only experi-
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mental readout, however, is a global feature of the double-stranded DNA
template (dsDNA) (i.e. DNA length or stiffness). Therefore, it is not possi-
ble to discern between local and global effects of protein-DNA interaction.

Figure 17.: Dual optical trapping assay for studying DNA-protein interactions.
Detecting the tension on a single dsDNA molecule allows studying
protein-binding events which cause changes in dsDNA mechanical
properties.

As a consequence, potentially crucial details such as the precise location
of the interaction, the number of bound proteins and the effect of unspe-
cific protein binding may escape notice.

Single-molecule fluorescence microscopy, on the other hand, provides Limitations of
Single-Molecule
fluorescence
microscopy
techniques

access to biochemical insights that are complementary to those obtained
using optical manipulation techniques. By using short dsDNA fragments
as reaction templates (with a length of less than 100 base pairs), protein-
binding kinetics [84], enzymatic translocation velocities [118] and confor-
mational changes of the enzyme can be investigated [40]. Typical ap-
proaches include monitoring the light intensity arising from the fluores-
cently label [101] or the FRET efficiency of a donor-acceptor [118, 188](see
Figure 18). When long (up to tens of kilobases) surface-anchored DNA
molecules are used, flow-stretching (see Figure 18) or combing are em-
ployed to extend the DNA and fix its conformation. In such configuration,
protein motion, including diffusion and hopping events, together with the
multimerization state of the DNA-bound proteins, are detectable with high
accuracy at the single-molecule level [50, 20, 58]. Such methods, how-
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ever, result in limited control of DNA tension. Since many enzymatic reac-
tions display a marked dependence on the tension applied on the substrate
[183], many relevant features are not experimentally accessible using this
approach.

Figure 18.: Single-molecule fluorescence approaches for studying DNA-protein
interactions. [A] Reaction progression by a single enzyme can be mon-
itored in real time by detecting changes in FRET efficiency between
donor (D) and acceptor (A) labels. [B] Single-molecule fluorescence
tracking allows studying enzymatic translocation on a flow-stretched
dsDNA molecule bound onto a glass surface.

Advantages of
combining Optical

Tweezers with
Single-Molecule

Fluorescence

In addition, general concerns are represented by undesirable and poten-
tially interfering effects due to glass-DNA/protein interactions.
One way to expand the capabilities of single-molecule techniques, in par-
ticular in the field of DNA-protein interactions, lies in combining optical
trapping and fluorescence microscopy. The key advantages of integrating
these two approaches include: (i) measurement of the mechanical state
of the DNA-protein complex is complemented with quantification and lo-
calization of DNA-bound fluorescent proteins; (ii) mechanical control and
visual input of the reaction, allows studying DNA-protein interactions that
do not involve global structural changes of the DNA (for example protein
sliding, diffusion and hopping); (iii) the ability to detect two independent
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data sets (force and fluorescence signal) can serve as an intrinsic experi-
mental control. In general, correlating mechanical with fluorescence infor-
mation allows studying biological processes at the single molecule level
from multiple points of view, providing the opportunity to look at molec-
ular interactions from a more complete perspective.

The purpose of this review is to discuss recent applications of fluores- Detection limit of
Optical Tweezers
combined with
Single-Molecule
Fluorescence

cence microscopy in combination with optical trapping in the field of
DNA-protein interactions. In addition, we present new experimental re-
sults demonstrating the accuracy limits of tracking individual fluorescent
proteins bound to single DNA molecules held between two optical tweez-
ers. We conclude this manuscript by making several propositions for fu-
ture technological developments using this combination of manipulation
and visualization techniques.

3.2 applications of combined optical trap-
ping and single-molecule fluorescence
microscopy to nucleic acids and nu-
cleic acids-protein interaction

In the following section we divide our review according to three distinct
types of scientific questions that have been addressed using a combination
of optical trapping and fluorescence microscopy: (i) studies of structural
and mechanical properties of DNA; (ii) studies of the dynamics of protein
binding and unbinding to DNA; (iii) studies of single proteins moving
along DNA.

3.2.1 Structural properties of nucleic acids and nucleic acids-protein
complexes

DNA is the universal carrier of genetic information. The mechanical and
physical properties of DNA play a prominent role in many aspects of
life, such as DNA replication, transcription, protein binding and chromo-
some organization. In addition, protein binding to DNA often results in
complexes showing drastically changed elastic and mechanical properties



52 the single-molecule approach

[32].These processes have been studied extensively using optical trapping
and single-molecule fluorescence microscopy.

One of the earliest examples of investigating the mechanical propertiesSingle-Molecule
studies of DNA

dynamics
of DNA with a combination of DNA manipulation and fluorescence mi-
croscopy techniques was during the mid-90s in the lab of Chu. In a series
of experiments, several key assumptions of polymer dynamics were tested
by direct visualization of optically trapped DNA in a solvent flow field
[126, 125, 93, 130]. These studies provided a profound insight in the me-
chanics and dynamics of DNA at low tension (<10 pN).
In later studies, optical tweezers were used to apply higher forces to indi-Discovery of the

DNA overstretching
transition

vidual dsDNA molecules [155, 158]. Thanks to the sophisticated level of
control, it was possible to identify a characteristic force ( 65 pN) at which
DNA enters a highly cooperative transition during which the molecule
elongates to 170% of its original length (see Figure 19).

The molecular details of this “overstretching transition” have remainedTwo models for
explaining DNA

overstretching:
S-DNA vs

force-induced
melting

unsolved for almost 15 years. Two models persisted: (i) "S-DNA" [35],
which envisions the transition as a gradual unwinding of the DNA dou-
ble helix while the hydrogen bonds and base stacking remain intact; (ii)
force-induced melting of DNA [138, 139], which assumes that the base
pairing is lost, yielding two single DNA strands. In order to unambigu-
ously resolve the molecular details of the overstretching transition, van
Mameren et al. [173] probed the structure of DNA by directly visualiz-
ing it using multi-color fluorescence microscopy in combination with op-
tical tweezers. Specific markers were used to probe single- and double-
stranded sections of individual DNA molecules during the overstretching
transition. Three key observations were made: i) the affinity of the DNA
for specific double-stranded ligands (YOYO-1 and POPO intercalators) lin-
early decreases during the progress of the overstretching transition; ii) the
affinity for single-stranded DNA (ssDNA) ligands (mitochondrial single-
stranded binding protein and recombination protein A (RPA)) shows the
opposite behavior; iii) the separation of the two phases nucleate from the
DNA ends or single-stranded nicks (see Figure 19). Taken together, these
results demonstrated that, under these conditions, DNA overstretching is
caused by force-induced melting, nucleating from free DNA ends.Proteins induce

changes in the elastic
properties of DNA

Optical trapping experiments focusing on the mechanical properties of
DNA-protein complexes generally measure changes in the DNA elastic
properties (such as persistence length, bending stiffness and contour length)
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Figure 19.: DNA mechanical properties and DNA overstretching transition. [A]
Stretching curve of a 16.4 µm long dsDNA molecule. The force-distance
curve follows the Worm-Like Chain model until 65 pN; at higher forces
dsDNA enters the overstretching transition. [B-C] Multi-color fluores-
cence imaging shows spatial segregation of ssDNA (mtSSb specific
binding-panel B) and dsDNA (YOYO specific binding- panel C) re-
gions. Figures reprinted from [173]

caused by protein binding. Elastic properties are generally obtained from
fitting the Worm-Like Chain model to experimental Force-Extension mea-
surements of the DNA-protein complex [32, 117]. For example, recombi-
nases, such as RecA and RAD51 play a central role in homologous recom-
bination, an essential DNA repair mechanism [160, 16].
These proteins form rigid nucleoprotein filaments in which the DNA struc-
ture is drastically distorted [14, 135, 114, 69]. Their binding behavior on
double- and single stranded DNA has been characterized by a variety
of techniques. Electron microscopy and AFM studies revealed that upon
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RecA/RAD51 binding, both forms of DNA undergo mechanical transitions
into a longer and stiffer structure [48, 145].

Figure 20.: Heterogeneity in the elastic properties of dsDNA-RAD51 complexes
dissected using concurrent fluorescence microscopy and optical
tweezers.[A] Series of fluorescent images of a dsDNA molecule partly
coated with fluorescent RAD51. Kymograph (right) is generated from
successive frames during the extension experiment. [B] Force-extension
curve of a bare segment of the dsDNA (i). [C] Force-extension curve
of a dsDNA segment coated with RAD51 (ii). Figures reprinted from
[175].

Optical and magnetic trapping studies have characterized the persis-
tence length and the bending stiffness of individual DNA molecules in
association with recombinases under various conditions [69, 150, 13]. In
all these studies, however, overall changes in DNA elasticity, of the whole
molecules were determined, averaging over regions with non-homogeneous
recombinase binding. By combining optical trapping with fluorescence mi-Mechanical

properties of
recombinase

nucleoprotein
filaments

croscopy the non-uniform elasticity of dsDNA only partly covered with
RAD51 patches was dissected [175]. By analyzing fluorescence images
during stretching experiments force-extension curves of distinct DNA seg-
ments could be unraveled, exhibiting very different elastic behavior accord-
ing to the amount of RAD51 locally bound (see Figure 20). Regions with
RAD51 bound hardly extended upon applying forces of up to 90 pN, while
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“bare” DNA show the usual elastic behavior, including overstretching (see
Figure 20). This experiment highlights that protein-DNA complexes may
exhibit heterogeneous elastic properties, depending on the local protein
binding over the DNA molecule. In such a case, optical trapping alone
would only reveal an averaged elastic behavior of bare and protein-covered
DNA, precluding determination of the actual physical properties of the
RAD51 nucleoprotein filament.

3.2.2 Dynamic Binding and Unbinding

Many regulatory processes in the cell are controlled by binding and un-
binding of proteins to DNA.

Figure 21.: RAD51 nucleation mechanism on dsDNA studied using a single op-
tical trap and flow-extended DNA combined with fluorescence mi-
croscopy. [A] Series of images showing the progression of the RAD51-
DNA binding reaction at different time-points using different RAD51

concentration. [B] Time-dependence of RAD51 cluster formation. Fig-
ures reprinted from [72].

Protein binding often results in local distortion of the DNA conforma-
tion, resulting in kinking, looping, wrapping, bridging or compression or
extension of the DNA [32]. In many cases, the binding of proteins to DNA
is regulated by other proteins or is cooperative. Moreover, extension or Assembly and

Disassembly of
RAD51 on dsDNA

shrinkage of protein multimers on the DNA can be directional. Combin-
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ing optical trapping and single-molecule fluorescence microscopy allows
to quantitatively studying such effects in great detail and in real time. Ex-
amples are studies of the assembly and disassembly kinetics of RAD51

on dsDNA. By holding a dsDNA molecule in a single optical trap and
extending it in a buffer flow, Hilario et al. [72] studied the binding dynam-
ics of fluorescent RAD51 using fluorescence microscopy, requiring two to
three RAD51 monomers (see Figure 21), is followed by filament elongation.
RAD51 binding on dsDNA yields hybrid structures with segment of bare
dsDNA interrupted by RAD51 nucleoprotein filaments consisting of hun-
dreds of RAD51 monomers. Combining optical trapping and epifluores-
cence microscopy also revealed the mechanism of RAD51 nucleoprotein fil-
ament disassembly from dsDNA (see Figure 22). Van Mameren et al. [174]
showed that disassembly of isolated RAD51 patches displays long pauses
and sudden bursts of detachment. By accurately quantifying the fluores-
cence intensity of fluorescently labeled RAD51 it was possible to determine
that on average 5 to 10 RAD51 monomers are involved in a single disas-
sembly burst. Pause duration was found to be similar to the average time
required to hydrolyze ATP. In addition, the disassembly rate was shown to
decrease with increasing tension applied to the dsDNA, leading to stalled
disassembly at 50 pN (see Figure 21). Thanks to this multi-faceted ap-
proach it was possible to formulate a mechanistic model of RAD51 dis-
assembly. The disassembly process starts with force–independent ATP
hydrolysis that occurs all over the filament. RAD51 monomers can only
dissociate, with a force-dependent rate, when the terminal monomer has
hydrolyzed its ATP, resulting in bursts of disassembly (see Figure 21) that
take place up to the next ATP-bound RAD51 monomer. Taken together,
these single-molecule studies show that studies of complex biological pro-
cesses can benefit from approaches that allow simultaneous monitoring of
distinct physical parameters, which is possible with the combination of
optical trapping and fluorescence microscopy.

3.2.3 Proteins moving on DNA

The key players in genome maintenance processes like replication, tran-
scription and translation are motor proteins that convert chemical energy
(NTP hydrolysis) into motion coupled to structural changes of the DNA.
Using single-molecule experiments mechanistic features such as DNA-tension-
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Figure 22.: RAD51 disassembly from DNA at the single-molecule level. [A] Ky-
mograph of a partly RAD51-coated DNA molecule undergoing dis-
assembly upon rapid buffer exchange allowing ATP hydrolysis. [B]
RAD51 disassembly can be detected by monitoring simultaneously the
fluorescence intensity (thin, decreasing curve) and the tension across
the molecule (thick, increasing curve). The anti-correlation of the
curves shows the interplay between the mechanical tension and the
disassembly process. [C] Monitoring the fluorescence intensity from
individual RAD51 patches shows that disassembly occurs in sudden
burst and includes long pauses. Figure reprinted from [174].

dependent protein translocation velocities, direction reversal [183], motor
switching [156], and 1-dimensional diffusion [20] have been revealed. To
study these processes in detail, it is beneficial to not only have full control
over the tension and the extension of DNA, but also to monitor in real time
the location of the enzyme on the DNA, its conformation and the presence
of additional proteins. Combining optical trapping and fluorescence mi-
croscopy provides such levels of control.

Harada et al. [67] studied the 1-dimensional diffusion of E. coli RNA Flurescence detection
of single RNAp
enzymes

polymerase in real time using a custom-fabricated glass cover slip that al-
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lowed the integration of TIRF microscopy and optical trapping. Using this
approach, efficient background reduction was achieved and site-specific
enzyme binding of the polymerase to its promotor sites could be observed.
In another study, the processive unwinding of dsDNA by the RecBCD he-DNA unwinding by

RecBCD at the
single-molecule level

licase was studied, using a flow-extended dsDNA molecule attached to an
optically trapped microsphere in combination with epi-fluorescent visual-
ization of helicase activity. In an initial study [15], it was found that an
individual RecBCD-complex is capable of continuously unwinding 40000

base-pairs, at an average velocity of 440 bp/s. In a next experiment [157]
the effect of the recombination hotspot χ, a specific 8-bp DNA sequence
involved in the regulation of homologous recombination, on RecBCD ac-
tivity was studied. Using a dsDNA template containing theχ-sequence in
a known position it was shown that upon χ-recognition, RecBCD enters a
paused state of approximately 5s (5.0s ±0.5s), after which the enzyme re-
establishes its unwinding activity but at a reduced velocity. RecBCD repre-
sents an example of a highly complex molecular machine, whose behavior
presents so many different facets (pausing, lead-motor switching, hetero-
geneity in enzymatic activity and high processivity) that only a versatile
approach such as the combination of optical trapping and fluorescence
microscopy is capable to account for.

3.3 localization accuracy of individual flu-
orescent proteins bound to optically
trapped dsdna

In the following section we present new experiments in which we show
that single, fluorescently labeled proteins can be readily observed and lo-
calized with high precision, only when sufficient control can be exerted on
the mechanical state of the dsDNA molecule.

To demonstrate the single-protein resolution of our combined trapping
and fluorescence instrument we visualize individual Alexa555-labeled EcoRV
restriction enzymes or Cy5-labeled UvrA molecules, stably bound to a ds-
DNA molecule (λ-DNA, length = 48.5 Kbp) held between two optically
trapped microspheres in a stretched configuration, at a tension of 40 pN,
using epi-illuminated wide-field fluorescence microscopy. DNA-protein
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Figure 23.: Assay for in situ assembly of DNA-protein complexes for single-
molecule measurements. Typical experiments in our multi-channel
laminar flow-cell involve 5 steps: 1) Catching two beads in the optical
traps. 2) Capturing a DNA molecule between the beads. 3) Measure-
ment of a force-extension curve to ensure that only one DNA molecule
tethers the beads. 4) Incubation with fluorescent protein of interest. 5)
Visualization of the fluorescentproteins in imaging buffer.

complexes can be readily assembled using our custom laminar-flow sys-
tem, which allows us to introduce different buffers and components in
separate laminar flow channels. After assembly of an EcoRV-DNA con-
struct, single fluorescent spots can be readily discerned (see Figure 24).
Integrating the fluorescence intensity over the spot yields an intensity time
trace (see Figure 24) showing clear single-step photobleaching, the typical
signature of a single fluorophore. Single protein

imaging on a single
DNA molecule

Single-molecule sensitivity is achieved thanks to the laminar flow sys-
tem which permits imaging in the absence of unbound fluorescent protein
(imaging buffer). Bleaching times of single fluorophores are on average
30 s, demonstrating that enhanced photobleaching due to the simultane-
ous presence of fluorescence and trapping laser beams is limited in this
configuration [171, 91]. Most likely, this is due to the spatial separation
of trapping and fluorescence excitation light in our experimental assay
where relatively long DNA molecules are used. Under these conditions,
there is no need for temporal separation of excitation and trapping light
using modulated laser beams [21, 92, 163]. The capability of resolving sin-
gle photobleaching steps demonstrated here can be exploited to quantify
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Figure 24.: Combined optical trapping and fluorescence microscopy is capable
of detecting single Alexa555 fluorophores. [A] Fluorescence image
of a single EcoRV restriction enzyme labeled with Alexa555, bound
to a single DNA molecule held between two optically trapped beads
and stretched at a constant tension of 40 pN. [B] The time-evolution of
fluorescent intensity shows single-step bleaching.

the total number of proteins bound to DNA, as has been employed in the
RAD51 disassembly experiments discussed above [174].

3.3.1 The influence of dsDNA flexibility on imaging single, dsDNA-bound
fluorescent protein

Double-stranded DNA is a flexible polymer with a persistence length of
50 nm, therefore large spatial fluctuation are expected to take place due
to thermal excitation. By changing the end-to-end distance of a single,The role of DNA

flexibility in
fluorescence detection

optically trapped dsDNA molecule while simultaneously recording fluo-
rescent snapshots of Cy5-labeled UvrA, we investigated the effect of these
fluctuations on our ability to resolve single fluorophores.In relaxed dsDNA
configurations (L/L0<0.8 and F<1 pN), the fluorescent spot due to the flu-
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orescently labeled proteins is hardly visible and substantially blurred. At
higher extensions and tensions the spot sharpens substantially and gains
peak intensity (see Figure 25). To quantify this effect, we fit the intensity
profile with a spherical 2-dimensional Gaussians function. We report a
clear decrease of the fitted Gaussian width (σ) with increasing levels of
tension, from 405 nm at very low tension to a limit of 150 nm at ten-
sions above a few pN (see Figure 26). This high-force limit is close to the
diffraction limit of our instrument using Cy5 (full-width-at-half-maximum
= 0.61λ/NA = 340 nm and consequently σ=145 nm). To confirm that this
experimental outcome is consistent with the physical properties of dsDNA,
we decompose the dsDNA motion in its independent modes and use the
equi-partition theorem to estimate the fluctuations of the molecule using
the following formula:

√
〈u2 (x)〉 =

√√√√∑
n>1

2kBT

L
(

K
( nπ

L
)4

+ F
( nπ

L
)2
) sin2

(nπ

L
x
)

(1)

Where x represents the position along the dsDNA molecule, L the length
of the dsDNA (L=16400 nm) and K the dsDNA bending stiffness (K =
kBT×Lp ∼ 4 pn nm × 50 nm = 200 pN nm2). In order to compare with
the experimentally observed fluorescent spot widths, these theoretically
determined fluctuations need to be convolved with the optical resolution
of our microscope, yielding the red curve (see Figure 26). The quantitative
agreement between model and experimental data is striking. Note that
our model is based on first principles and does not contain any fitting
parameters.

These results show that the thermal fluctuations of a dsDNA molecule
can be effectively suppressed by exerting a mild force of 1 pN on the ds-
DNA, yielding imaging conditions that are only limited by optical diffrac-
tion. The binding of most DNA-binding proteins is hardly affected by such
small tension on the DNA, making high-resolution imaging of individual
protein bound to single, optically-trapped dsDNA molecules, generally
feasible.
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Figure 25.: Image blurring due to dsDNA mechanical fluctuations at different
end-to-end distance. A single dsDNA molecule (λ-DNA, length 16.4
µm) with a single fluorescent protein bound (UvrA with Cy5 label)
is held at different extensions while fluorescence snapshots are taken
(exposure time 1s).

3.3.2 Sub-10 nanometer localization accuracy of single fluorescently-
labeled proteins on optically trapped dsDNA

Diffraction effects limit the resolution of an optical microscope to the Abbe
limit (resolution = 0.61λ/NA, corresponding to about 340 nm using 700

nm and high-numerical aperture objectives). Resolution, however, is not
what ultimately limits the accuracy with which a single fluorophore can
be localized. By using Gaussian fitting, in fact, localization accuracies inLocalization accuracy

vs optical resolution the nanometer range can be achieved, depending on signal-to-noise ratio
[164, 186]. Here we investigate whether we can apply similar localization
approaches to single fluorophores bound to suspended dsDNA molecules



3.3 localization accuracy of single-proteins 63

Figure 26.: The width of the detected fluorescent spot depends on the mechani-
cal state of the dsDNA molecule. The values of the standard deviation
obtained from the two-dimensional Gaussian fitting (black circles) de-
crease with the applied tension. The asymmetry of the error bars is
a consequence of the logarithmic scale used (for clarity, the error bars
have not been drawn on the low-force side for the low force data points).
This behavior is well described taking into consideration the brownian
fluctuation of the DNA molecule and the finite Point Spread Function
of our microscope (continuous curve).

and what localization accuracy can be achieved in this configuration. Us-
ing the same data and Gaussian fits as presented above we quantify the
localization accuracy by measuring the standard deviation of the obtained
position-trajectories. As expected, we find a strong dependency of localiza-
tion accuracy on dsDNA tension (see Figure 27) The accuracy ranges from
200 nm in the very low tension regime (F<0.1 pN), to sub-10 nm range at
tensions above 1 pN.

A physical explanation for the dependence of location accuracy on ap-
plied tension can be found in the force-dependent blurring of the fluores-
cent spots due to fluctuations of the dsDNA. As demonstrated in Figure
26, dsDNA fluctuations are significant, on the scale of the point-spread
function at tensions below 1 pN, resulting in substantial broadening of
fluorescent spots and decreased localization accuracy. At forces above 1

pN the accuracy is not limited by dsDNA fluctuations, which apparently
average out on the 1 s timescale of our experiments, but by the signal-to-
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Figure 27.: Single-particle tracking accuracy is modulated by DNA tension.
Localization accuracy in the direction longitudinal (black dots) and
transversal (grey dots) to the DNA reaches the sub-10 nm level at forces
above 1 pN. In the inset, actual fitting results are displayed.

noise ratio. Even better localization accuracies could be obtained if longer
integration times or higher excitation intensities (at the expense of the fluo-
rophore lifetime) are applied (data not shown). Once accurate localization
of single-fluorophores is coupled to the knowledge of the beads positions it
is possible to obtain precise information of the absolute location of protein
binding.

We probed our capability in determining the position of protein binding
sites of using fluorescently labeled EcoRV and λ-DNA. We deduced the
position and the orientation of the λ-DNA by tracking the bead location
and size and by using their extremities to infer the actual λ-DNA attach-
ment points. Figure 28 represents an example in which we compare the
location of known EcoRV binding sites (dotted lines) with the fluorescence
image obtained from three individual EcoRV enzymes bound to the DNA
(see inset). The Gaussian fits clearly coincide with known binding sites.Sequence-specific

binding of EcoRV
detected using

Optical Tweezers
combined with

Fluorescence
Microscopy

From our measurement the average deviation between fit and sequence
location is 14±7 nm, demonstrating that sequence-specific interactions can
be detected with high precision. We have demonstrated that combining
optical trapping with fluorescence microscopy allows simultaneous mon-
itoring and controlling the mechanical state of a single dsDNA molecule
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Figure 28.: Detection of specific binding of restriction enzyme EcoRV. Gaussian
fitting of the fluorescent spots corresponds to known binding sites of
EcoRV along λ-DNA with a precision of 14±7 nm. EcoRV binding
sites are represented with dotted lines. A series of fluorescent images
is stacked and displayed in the inset.

at the sub-pN level, while the position of individual organic-dye-labeled
proteins, using our illumination conditions, can be determined with an
accuracy of 8 nm using integration times of 1 s. The high flexibility of
dsDNA requires that a tension of more than 1 pN is applied in order to
suppress dsDNA conformational fluctuations and allow localization accu-
racies below 10 nm. This accuracy is highly relevant to many biological
problems in the realm of DNA-protein binding, since it is approximately
equivalent to the typical binding size of proteins.

3.4 discussion

To address complex DNA-protein interactions displaying a high level of
complexity in a well-controlled manner, it is important to develop inno-
vative techniques able to probe the reaction in a multi-faceted, versatile
fashion. One of such approaches is combining DNA manipulation and
single-protein visualization. With this combination, information on DNA-
protein interactions can be obtained far beyond the capabilities of the indi-
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vidual techniques.
In the past years, several different routes have been successful in in-Different routes for

integrating DNA
manipulation with

fluorescence
visualization

tegrating optical trapping and single-molecule fluorescence microscopy.
Harada et. al [67], in their pioneering work, positioned the optically ma-
nipulated dsDNA in proximity of a glass-etched pedestal, therefore ob-
taining efficient fluorescence excitation and background rejection via Total
Internal Reflection (TIR). While possible, this approach suffers from the re-
quirement of a custom-fabricated glass flow-cell, applicability only to long
dsDNA-tethers, and the obligation of low-protein concentration for achiev-
ing single-molecule sensitivity.
A second approach is to attach an optically trapped bead on a surface-
anchored dsDNA fragment while applying TIR fluorescence illumination
[21, 92, 163]. While it has been shown that some organic dyes (TAMRA)
can be used in this configuration, the same cannot be said for commonly
used chromophores (Cy3, Alexa555) due to the enhanced photobleaching
rate caused by the proximity of the high-power trapping light [171, 91, 92].
To circumvent this problem, the trapping and the fluorescence excitation
beams are alternately modulated at high frequency (50 kHz) to avoid their
simultaneous presence in the sample [21, 163]. Using this strategy, flu-
orophore lifetimes of tens of seconds were obtained. This approach, al-
though generalizable to different situations, presents some disadvantages:
i) it is technically demanding ii) it is impossible to directly localize the
fluorescent probe. In fact, without a priori knowledge of its position, the
only readout is the actual intensity count. A second possibility to avoid the
enhanced photo-bleaching consists in using quantum-dot labeling [17, 26].
Quantum dots exhibit superior photo physical properties in terms of num-
ber of emitted photons and resistance to photo-damage. Quantum dots,
however, are rather large and might influence the enzymatic process un-
der study [133].
Our results show that by using long DNA tethers (16.4 µm) and common
organic-dye fluorophores (Alexa555 and Cy5) single-molecule fluorescence
sensitivity with long fluorophore lifetimes (approximately 60 frames at 1

sec/frame) can be achieved while retaining the capability to perform high-
resolution force measurements. The concurrent use of a laminar flow-cell
system and of a computer-controlled microscope stage, allows an efficient
use of this approach for protein-DNA interaction studies, as the interaction
time can be controlled with a resolution in the sub-second domain while
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the actual fluorescence imaging takes place in a background-free environ-
ment.
While this work focused on the organic-dye labeled proteins, we have also
routinely used eGFP as a fluorescent probe and achieved single-molecule
sensitivity with similar localization accuracies as presented here for or-
ganic dyes. While eGFP-labeling of proteins is more straightforward and
better controlled, a severe limitation in particular in complex in vitro ex-
periments, is its inferior brightness and mediocre photostabilityc [147].
Visualizing single proteins along a single dsDNA molecule can neverthe-
less be achieved using different single-molecule assays. Single-optical-trap
and surface-based dsDNA flow-stretching, for example, have repeatedly
been applied to directly image individual DNA-bound proteins. While
it has been shown that fluorescent centroid localization is possible with
a precision of 1 nm [186], this level of accuracy has never been obtained
for protein movement on dsDNA. This limitation can be explained by the
large mechanical fluctuations of the dsDNA due to Brownian motion. The
presence of these fluctuations affects the spatial resolution, as the localiza-
tion accuracy depends on the width of the fluorescent spot [164].
Our approach exploits optical manipulation to confine the dsDNA motion The importance of

Optical Tweezers for
achieving high
localization accuracy

to achieve ideal imaging conditions (diffraction-limited fluorescence spots).
According to our observations, a mild longitudinal force (F=1 pN) is suf-
ficient to achieve high resolution and high localization accuracy (8 nm) in
single-protein tracking, therefore putting forward combined optical trap-
ping and fluorescence microscopy as a powerful solution for visualizing
single proteins along a single dsDNA molecule.
Our results represent a first step towards the integration of more sophisti-
cated fluorescence approaches within the optical tweezers platform.
Among the vast and mostly unexplored alternatives, combining multi-
color fluorescence microscopy with optical trapping represents a straight-
forward improvement that could greatly advance our understanding of
protein-protein interactions, providing the means to address biological
problems of high complexity. In fact, by using spectrally separated flu-
orescent labels it will be possible to directly visualize individual compo-
nents of multi-proteins processes and understand the mechanism of their
concerted action. Another interesting evolution is represented by the incor-
poration of Forster Resonance Energy Transfer (FRET) spectroscopy. This
approach will allow monitoring the relative movement of individual pro-
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tein domains and studying the coupling between the mechanical, chemical
and structural rearrangements during the enzymatic cycle. New scenarios
for DNA-protein binding studies could be opened once optical trapping
and confocal fluorescence microscopy are integrated into a single instru-
ment. The confocal approach efficiently rejects out-of-focus fluorescence
and allows excitation only within a very limited volume. In this way the
dynamic proteins-DNA interactions can be followed in real time even at
relatively high protein concentration.
Ultimately, a goal in the continuous road of technological advancement isFuture application of

super-resolution
fluorescence to

Optical Tweezers

to integrate super-resolution microscopy (STED, PALM and STORM for
example) with optical trapping. This technology will allow observing
the local structure of DNA-protein complexes with unprecedented detail.
The capability of monitoring the tension along a single dsDNA molecule
at the pN level together with ability to detect the presence, the number,
the conformation and the position of individual fluorescent proteins with
ultra-high accuracy will allow to perform innovative and exciting single-
molecule experiments and decipher the details of DNA-protein interaction
in a quantitative and precise fashion.

.


