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Do-it-yourself guide: how to use the modern
single-molecule toolkit

Nils G Walter, Cheng-Yen Huang, Anthony ] Manzo & Mohamed A Sobhy

Single-molecule microscopy has evolved into the ultimate-sensitivity toolkit to study
systems from small molecules to living cells, with the prospect of revolutionizing the
modern biosciences. Here we survey the current state of the art in single-molecule
tools including fluorescence spectroscopy, tethered particle microscopy, optical

and magnetic tweezers, and atomic force microscopy. We also provide guidelines for
choosing the right approach from the available single-molecule toolkit for applications
as diverse as structural biology, enzymology, nanotechnology and systems biology.

In late 1959 the visionary Richard Feynman gave his
now classic talk suggesting that “there’s plenty of room
at the bottom,” which forecast that in the future “we
could arrange the atoms one by one the way we want
them,” and that high-resolution microscopes would
allow a direct look at single molecules in biological sam-
ples'. Nearly 50 years later, this prediction has spawned
the fields of nanotechnology and single-molecule
microscopy. In the 1980s so-called scanning probe and
near-field microscopes were developed that use sharp,
nanoscale tips to image, probe and manipulate individ-
ual atoms or molecules? . Pioneering efforts in the late
1980s and early 1990s realized optical single-molecule
detection in wide-field microscopes®=%. Although at
first limited to the observation of single chromophores
embedded in a crystalline matrix at low temperatures,
imaging of single molecules under ambient conditions
soon became possible®~!!, enabling the envisioned
broad applications of single-molecule tools in biology.

Many reviews have described the unprecedented
insights into complex biological processes provided by
the observation and manipulation of single molecules
(for recent reviews see refs. 12-19). Briefly, according
to the ergodicity hypothesis from statistical mechanics,
a sufficiently long time-average (or a sufficient number
of observations) from a single molecule is equivalent
to a standard population-averaged snapshot, suggest-
ing that, in principle, a single-molecule experiment
contains all information of the molecular ensemble.

Additionally, single-molecule approaches: (i) reveal
heterogeneity and disorder in a sample, albeit in a finite
observation window (typically seconds to hours), which
seem to contradict the ergodicity hypothesis but are
commonplace in biological systems; (ii) afford precise
localization (with nanometer accuracy) and counting
of molecules (up to 10° molecules/tm?) in spatially dis-
tributed samples such as a living cell; (iii) work at the
low numbers observed for most specific biopolymers
(proteins, nucleic acids, polysaccharides) in a living cell
(typically 1-1,000), eliminating the need for artificial
enrichment; (iv) enable the quantitative measurement
of the kinetics (microseconds to minutes) or statistics
of complex biological processes without the need for a
perturbing synchronization of molecules to reach a suf-
ficient ensemble-averaged signal; (v) reveal rare and/or
transient species along a reaction pathway, which are
typically averaged out in ensemble measurements; (vi)
enable the ultimate miniaturization and multiplexing of
biological assays such as single-molecule sequencing®%
(vii) facilitate the direct quantitative measurement of
mechanical properties of single biopolymers and their
assemblies, including the forces (1072 to 104 pN) gener-
ated by biological motors; and (viii) provide a way to
“just look at the thing,” as Feynman suggested!, as one
can argue that seeing single-molecule behavior is believ-
ing. In combination, these features lead to the profound
intellectual and scientific appeal of single-molecule
tools and their imminent potential to revolutionize all
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Figure 1 | Simplified schematics of single-
molecule fluorescence microscopes. (a) In
wide-field epi-fluorescence microscopy, a

laser (green) illuminates an area several
micrometers in diameter and fluorescence
(orange) from single molecules is detected
through the same light path. In narrow-field
epi-fluorescence microscopy, a pinhole (dashed
disc) is additionally placed into the excitation
path to reduce the excitation volume, therefore
increasing the signal-to-noise ratio. In LCM

and FCS, the excitation laser is focused to a
diffraction-limited Gaussian beam waist. Pinholes
are placed into both the excitation and emission
paths (dashed discs), which greatly decreases the
background from out-of-focus fluorescence and
thus increases the vertical spatial resolution. In
FCS single molecules usually diffuse into and out
of the confocal ellipsoid, giving rise to stochastic
fluorescence bursts (enlarged). (b) Prism-based
TIRFM couples a laser beam into a prism above
the critical angle to achieve TIR. (c) Objective-
type TIRFM is created by moving the excitation
laser beam from the optical axis of the objective

to exceed the critical angle for TIR. (d) Close-up comparisons between epi-fluorescence microscopy (center light path), objective-type TIRFM and HILO
microscopy (light green). (e) NSOM uses a glass fiber, drawn to a sharp tip, to optically probe single molecules on flat surfaces with a spatially constrained
evanescent field that is smaller than the wavelength of light. (f,g) The space available to single molecules can be reduced by confinement in a microfluidic
channel of smaller width than the diffraction limit (f) or in capillaries with inner diameters of 15-100 nm (g).

aspects of the biosciences including structural biology, enzymology,
nanotechnology and systems biology. However, the capabilities of
existing single-molecule techniques also have limitations, especially
in the accessible measurement accuracies, time resolutions and time
windows, as posed by the weak signal and potential for loss of the
observed molecule.

Although many studies attest to the unique information gained
from single-molecule observation (a conservative estimate places
the number of relevant publications at ~2,000, with an exponen-

g tially increasing trend over the past four decades'*), two bottlenecks

@

=" have impeded an even more rapid and widespread incorporation

of this approach into the biological sciences. The first bottleneck
derives from the perceived requirement for expansive experience
and expensive equipment. The accompanying review by Ha and
coworkers seeks to encourage researchers to overcome this hurdle
by building their own affordable single-molecule fluorescence
microscope!®. A complementary solution is the implementation
of open-access resource centers, much like existing structural biol-
ogy centers'>, or other forms of collaborations with specialists. The
second impediment to a broader application of single-molecule
tools in biology stems from the need to identify the most suitable
technique from the toolkit and develop the corresponding assay
to solve the scientific question at hand. In this review we aim to
provide practical ‘do-it-yourself’ guidelines for choosing the opti-
mal single-molecule tool for any number of research problems. The
best choice will depend on the observable of interest, so for several
categories of observables we provide examples for successful single-
molecule assays as well as a discussion of data analysis, limitations
and possible future advances. First, however, we survey the rapidly
expanding optical and force microscopy toolkit available to the sin-
gle-molecule microscopist (electrophysiology techniques as applied
to single membrane-bound ion channels are beyond our scope).

476 | VOL.5 NO.6 | JUNE 2008 | NATURE METHODS

METHODS BASED ON OPTICAL OBSERVATION

An essential basis for making single-molecule observations is to
dilute the molecule of interest to low (typically less than nanomo-
lar) concentrations. The optical, mostly fluorescence-based, detec-
tion of single molecules has therefore been likened to finding the
proverbial needle in the haystack, particularly if the signal-to-noise
ratio is not carefully optimized?"?2. Several optical configurations
stack the deck in one’s favor and routinely achieve single fluorescent
molecule sensitivity (Fig. 1 and Table 1). The basic components
for these configurations are the microscope, light source(s), optical
detector(s), probe(s) and sample?3.

Experimental configurations

Microscope designs. A microscope for single-molecule studies
needs to efficiently reject background, such as autofluorescence
as well as elastic Rayleigh and inelastic Raman scattering of the
medium surrounding the target molecule, by optically isolating the
desired Stokes- (red-) shifted fluorescence signal. A common way
to decrease background while retaining signal is to decrease the
excitation volume to where the molecule is expected, which can be
accomplished by following four basic principles (Fig. 1).

First, the excitation volume can be confined using conventional
optics. In wide-field epi-fluorescence microscopy the illumina-
tion and detection volumes are constrained by focusing light to
illuminate an area several micrometers in diameter and using the
same optics to detect fluorescence with an area detector. If desired,
the excitation beam waist can be further narrowed with a 200-500
um pinhole (narrow-field epi-fluorescence?*; Fig. 1a). Another
approach, termed highly inclined and laminated optical sheet
(HILO) microscopy (Fig. 1d and Table 1), uses a highly inclined
beam near the objective edge that refracts into a thin optical sheet
to penetrate the sample at a shallow angle?>.
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Table 1 | Common terms in single-molecule microscopy

Term Acronym Technique description Reference
Single-molecule fluorescence microscopy
Burst-integrated fluorescence lifetime BIFL Uses a confocal geometry with time-correlated single-photon counting to detect 34
microscopy microscopy  photons with arrival times for lifetime measurements
Fluorescence (cross-) correlation F(C)CS Uses a confocal geometry to probe freely diffusing molecules by calculating the 44
spectroscopy signal auto- (or cross-) correlation
Fluorescence intensity distribution FIDA Similar to photon-counting histogram but with a more elaborate description of the 131
analysis excitation/detection volume
«» Highly inclined and laminated optical HILO Uses a thin, laminated excitation sheet formed by displacing the excitation laser 25
B sheet microscopy microscopy  beam from the optical axis
% Laser confocal microscopy LCM Uses a confocal pinhole to reject out-of-focus fluorescence and thus achieve a 132
g diffraction-limited focal detection spot that is raster-scanned over the sample
% Near-field scanning optical microscopy NSOM Uses a sharp glass fiber tip to excite molecules with a spatially constrained 133
£ evanescent field while raster-scanning over a surface
E Objective-type total internal reflection OTIRFM Uses an evanescent field generated at the interface by TIR through the microscope 28
@ fluorescence microscopy objective
% Photon-counting histogram PCH Uses fluorescence brightness and concentration of the molecules to calculate the 134
S probability of observing m photons during integration time
% Prism-type total internal reflection PTIRFM Couples a laser beam into a prism above the critical angle to achieve TIR and 28
E_ fluorescence microscopy generate an evanescent field at the interface
£ Ultrahigh-resolution imaging techniques
Fluorescence imaging with one- FIONA Localizes and tracks single-molecule emitters by finding the center of their 37
nanometer accuracy diffraction-limited PSF
Nanometer-localized multiple NALMS Uses a similar principle as single-molecule high-resolution imaging with 54
single-molecule photobleaching (see below) to measure distances between identical fluorescent
probes that overlap within a diffraction-limited spot
Point accumulation for imaging in PAINT Uses continuous specific or nonspecific binding of diffusing fluorescent probes to an 58
nanoscale topography object for high-resolution imaging
Photoactivatable localization microscopy PALM Serially photoactivates and photodeactivates many sparse subsets of 56

photoactivatable fluorophores to produce a sequence of images that are combined
into a super-resolution composite
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PALM with independently running PALMIRA Records non-triggered spontaneous off-on-off cycles of photoswitchable fluorophores 112
acquisition without synchronizing the detector to reach faster acquisition
Reversible saturable optical fluorescence  RESOLFT Generalized name for techniques such as STED and SPEM 115
transitions

5Y9), Single-molecule high-resolution SHREC Two-color version of FIONA 52
colocalization
Single-molecule high-resolution imaging  SHRImP Uses the strategy that upon photobleaching of two or more closely spaced identical 53
with photobleaching fluorophores their position is sequentially determined by FIONA starting from the

last bleached fluorophore

Saturated pattern excitation microscopy ~ SPEM Wide-field technique that uses saturating standing-wave exciting light patterns 135
together with the nonlinear dependence of fluorescence on the excitation intensity
to make high-resolution information visible in the form of moiré fringes

Single particle tracking PALM SptPALM Combines PALM with live-cell single fluorescent particle tracking 114

Saturated structured illumination SSIM Alternative name for SPEM 136

microscopy

Stimulated emission depletion STED Uses overlapping light beams to stimulate the surrounding emitters to reduce the 137
effective focal detection spot in size

Stochastic optical reconstruction STORM Uses photo-switchable fluorophores to image a stochastically different sparse subset 55

microscopy in each switching cycle and combine all images into a super-resolution composite

Force microscopy

Atomic force microscopy AFM Uses a sharp tip mounted at the end of a flexible cantilever to image single 3
molecules by raster scanning over a surface

Magnetic tweezers MT Uses an external magnetic field to exert force on a superparamagnetic bead that is 71
tethered to a surface by a single molecule

Optical tweezers ) Uses light to exert force on a transparent bead that is tethered to a surface by a 59
single molecule

Tethered particle microscopy TPM Tracks the Brownian motion of a microsphere tethered to a surface by a single 61
molecule
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Second, light from outside the focal volume can be eliminated
using a small detection pinhole on the microscope side of the objec-
tive to keep out-of-focus light from reaching the detector (Fig. 1a).
This method, called laser confocal microscopy (LCM), has several
different implementations, as discussed elsewhere?®. In fluores-
cence correlation spectroscopy (FCS) and fluorescence cross-cor-
relation spectroscopy (FCCS; Table 1), target molecules of one and
two fluorophore colors, respectively, either freely diffuse through a
fixed confocal volume or are immobilized?’, giving rise to stochas-
tic fluorescence fluctuations that are temporally autocorrelated and
cross-correlated, respectively, or otherwise statistically analyzed.
Without immobilization the temporally autocorrelated molecules
are not the same because new ones continuously pass through the
confocal volume, leading effectively to ensemble averaging and a
limited ability to interrogate or track individual molecules.

Third, total internal reflection (TIR) at a glass-solution (or quartz-
solution) interface can be used to generate a standing wave (‘eva-
nescent field’) that penetrates the solution to a depth of ~50-150
nm, depending mostly on the incident angle and relative refractive
indices at the interface?®. Practical implementations of total internal
reflection fluorescence microscopy (TIRFM; Table 1) use either a

quartz prism (Fig. 1b) or the microscope objective (Fig. 1¢) to gen-
erate the evanescent field and illuminate surface-immobilized or
surface-constrained molecules. The excitation beam paths for epi-
fluorescence microcopy, HILO microscopy and objective TIRFM
are relatively similar so that the same microscope can be switched
between them (Fig. 1d). Finally, in near-field scanning optical
microscopy (NSOM; Table 1), a metal-coated optical fiber with a
tapered aperture of sub-wavelength diameter (~80 nm) generates a
focused evanescent field that is scanned closely over a surface with
immobilized target molecules and imaged using the same fiber or a
high-numerical aperture objective (Fig. 1e). Although NSOM has
found widespread applications in nanotechnology, it has proven dif-
ficult to apply to biological samples because of the need for a flat,
stable sample surface and the fragility of the fiber tip.

Fourth, the detection volume can be physically restricted by, for
example, using photophysics to silence neighboring molecules. More
specifically, spatial resolution and signal-to-noise ratio are improved
in stimulated emission depletion (STED) microscopy (Box 1 and
Fig. 2) by depletion of out-of-focus fluorescent molecules or in pho-
toactivated localization microscopy (PALM) and stochastic optical
reconstruction microscopy (STORM) by stochastic photoswitching

BOX 1 SUPER-RESOLUTION IMAGING BY ‘HARDWARE'-BASED METHODS

resolution limit of RESOLFT techniques is given by:
A

21 sin oAl 1+ I /T,

Ax, Ay =
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where A is the wavelength, o the semi-aperture angle of the lens, n the refractive index,
the maximum of the light intensity outside of the center position and I . the

Imax

light intensity to saturate the spectroscopic transition to be imaged!!®. This equation

Reversible saturable optical fluorescence transitions (RESOLFT) techniques reduce

the size of the point-spread function (PSF) by the use of sophisticated excitation
configurations?4115, Implementations include stimulated emission depletion (STED)!15-131
and saturated pattern excitation microscopies!32. In STED microscopy a diffraction-limited
laser beam excites a focal sample volume and is followed (in pulsed STED) or accompanied
(in continuous-wave STED''?) by a donut-shaped stimulated emission beam that depletes
the excited states of all fluorophores except those in the very center of the originally
excited region (Fig. 2). Only molecules in the center of the focal volume remain in the
excited state so that they are detected and imaged. Similarly to scanning laser confocal
microscopy, the imaging beams are raster-scanned across the sample. The theoretical

o ma

sat

differs from Abbe’s law by introducing I, . /I .., which in principle can lead to infinite

resolution, but at the cost of very high excitation intensities that may damage living

cells or other light-sensitive samples.

Saturated pattern excitation microscopy!32133 or saturated structured illumination

Figure 2 | STED narrows the PSF (blue) by
depleting excited states around the very center
of the excitation focus (orange).

microscopy'?? is a wide-field, non-scanning super-resolution technique that projects

excitation patterns on a fluorescent sample, rendering otherwise unresolvable high-resolution information visible in the form of
low-resolution moiré fringes. Saturated structured illumination microscopy builds up higher resolution by using many different
patterns'4. Images require computational construction from the raw data, with the practical resolving power determined by the

signal-to-noise ratio.

4Pi is a confocal fluorescence microscopy that increases the axial (z-axis) resolution of laser confocal microscopy by a factor of
~3-7 through the use of two opposing lenses with high numerical aperture to illuminate a single focal spot; the two wavefronts of
the opposing beams interfere constructively at the focal point to narrow the focal maximum along the axial dimension. Interference
of the spherical wavefronts above and below the focal plane creates side lobes in the image that are mathematically removed. I°M is
a wide-field, nonconfocal method that implements the same opposing lens aperture enhancement in the detection of fluorescence
but uses plane-parallel standing waves for excitation. Even though 4Pi and I°M are also ‘hardware’-based methods that alter the PSF
of the imaged fluorophore(s), they differ from the RESOLFT techniques, which rely on nonlinear effects from optical saturation of the

emitters to shape the PSE.
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of neighboring fluorophores (Table 1). Alternatively, a small nano-
fluidic channel (Fig. 1f), capillary (Fig. 1g) or other compartment
can be used to contain the target molecule in a volume smaller than
the excitation volume, often in combination with other approaches
to create a decreased excitation volume. In TIRFM, for example,
the detection volume of single molecules can be physically further
restricted by partially blocking the evanescent field with nanofab-
ricated zero-mode waveguides®®3° or in partially etched optical
fiber-bundle arrays>!. Such physical containment strategies often
lend themselves to integration with micro- and nanofluidic sample
handling, which reduces the required sample volume and gives the
opportunity to precisely control environmental conditions such as
the timed release and mixing of reagents, fluid flow (shear force),
and transient exposure to nanoscale manipulation and sensing
devices? (for a detailed discussion, see the accompanying review
by Brewer and Bianco®?).

Light sources and optical detectors. In most cases lasers are used
for single-molecule detection owing to their intense, coherent and
collimated excitation light with well-defined wavelength. Lasers are
either continuous or, if additional information such as an excited
state lifetime is sought, pulsed®*. The most common detector for
the single-point measurements performed in confocal fluorescence
microscopy is the single photon—counting avalanche photodiode
(SPAD or APD)?? of nanosecond response time>>. A photomul-
tiplier tube has a larger detection area, but offers lower quantum
efficiency and requires higher operating voltage, which produces
noticeable dark counts even when cooled??. For detection of single
molecules in a wide-field microscope, a specialized charge-coupled
device (CCD) is the area detector of choice. A CCD camera does not
count single photons per se but integrates photoelectrons over time
with good quantum efficiency. The noise in each pixel of a cooled
CCD chip does not notably increase with integration time, so lon-
ger integration leads to improved signal-to-noise ratio. Modern
CCD cameras that reach single-fluorophore detection sensitivity
with 1-100 ms integration times use image intensifier tubes with

#ha photocathode, microchannel plate and phosphor screen (in an

@

= intensified CCD) or on-chip multiplication of photoelectrons (in

an electron-multiplied CCD). The CCD imaging of the diffrac-
tion-limited spot of a single fluorescent molecule described in the
implementation section below has recently become very popular
because it enables measurement of the molecule’s position at nano-
meter precision and can be used to visualize position changes over
time that report on molecular-scale movement!'+3¢-3%, The time
resolution of a single fluorescent molecule detected by an APD is
mostly limited by the photon count rate, which can be enhanced up
to the excitation saturation level of the fluorophore at the expense
of faster photobleaching, whereas detection by a CCD is primarily
limited by the frame readout rate and quantum yield.

Probes. Fluorophores suitable for single-molecule detection
fall into several categories: fluorescent organic dye molecules
(including nonlinear optical chromophores), semiconductor
nanocrystals also known as quantum dots, fluorescent proteins,
fluorescent microspheres and gold nanoparticles. A suitable fluo-
rophore needs to have: (i) high brightness, which is the product
of the extinction coefficient of the fluorophore at the wavelength
of excitation (should be >20,000 M~! cm™') and the fluorescence
quantum yield (ratio of emitted to absorbed photons) at the

REVIEW |

wavelength of emission (should be >10%); (ii) a relatively short
excited-state lifetime (of a few nanoseconds) to quickly replenish
the ground state; (iii) a large Stokes shift to facilitate rejection of
scattered excitation light; and (iv) stable photophysical properties
(rare photobleaching, low probability of dark states).

A widespread and powerful single-molecule fluorescence appli-
cation is to measure intra- or intermolecular distances. For sensitive
distance measurements by fluorescence resonance energy transfer
(FRET) between two fluorophores, the detected distance(s) should
fall within a range of 0.5- to 2-fold of the so-called Forster distance,
which is the characteristic distance of half-maximal FRET efficiency
of a specific fluorophore pair!®#0, To observe single fluorophore
quenching by electron transfer, the electron transfer partner should
be within a distance of ~10 A. For a more in-depth discussion of
the criteria for selecting fluorophores suitable for single-molecule
measurements and strategies for their conjugation to a biopolymer
see reviews by Kapanidis and Weiss*! and the accompanying review
by Ha and coworkers!®.

The sample. In single ‘molecule’ fluorescence microscopy the tar-
get may either be a covalently bonded molecule or a molecular
assembly, which can be freely diffusing, spatially constrained or
completely immobilized. Techniques that use an evanescent field
for excitation and/or seek an extended observation time window
require partial or full immobilization of the target molecule. Several
approaches (discussed in ref. 42 and the accompanying review by
Ha and coworkers!'®) have been successfully implemented to accom-
plish containment of the target molecule under conditions where it
retains its native (solution-state) behavior. Recent additions to this
arsenal are dielectrophoretic and electrokinetic trapping of freely
diffusing molecules'. Which method is most suitable for a given
problem depends on the stringency of surface passivation necessary
to suppress nonspecific adsorption in the biological context.

Implementation and general considerations

Imaging. Both scanning and stationary modes of LCM can be used
on spatially distributed biological samples, yet they yield different
types of information. Scanning LCM can, for example, be used to
obtain three-dimensional images of a live cell, but the quality of
the image depends heavily on the scanning rate, which limits its
ability to observe dynamic processes. ‘Parking’ an LCM focus on
an imaged, immobilized biomolecule can then capture localized
dynamic processes on a fast (microsecond) timescale. Spinning-
disc confocal imaging uses a pattern of slits on a disk that spins at
typically 3,000 r.p.m. to create virtual pinholes for confocal detec-
tion from a larger area®*. By comparison, confocal FCS analysis of
diffusing molecules is suitable for determining the bulk concentra-
tion (nanomolar and below), diffusive properties and brightness as
well as fast to intermediate dynamics (millisecond) and is limited by
the photon count rate and focal residence time. New FCS detection
schemes therefore aim to more directly access slower biological pro-
cesses as well as higher target concentrations, whereas dual-color
FCCS was developed to probe multiple components assembling
into complexes**>, The spatial resolution of scanning LCM can
be improved by incorporating ‘hardware’-based high-resolution
techniques (Box 1). Epi-fluorescence— and TIRF-based techniques
are suitable to study intermediate to slow dynamics (=1 ms), lim-
ited by the CCD frame rate and image intensity requirements. In
conjunction with ‘software’-based high-resolution techniques,
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Figure 3 | Simplified schematics of single-molecule force microscopes. (a) Tethered-particle microscopy (TPM) monitors the restricted Brownian motion of an
(often fluorescent) microsphere tethered to a surface by a single molecule. A directional force can be applied to the microsphere by a laminar solution flow.
(b) Optical tweezers use light to levitate a transparent bead of distinct refractive index. The trapped bead is suspended at the waist of the focused (typically

infrared) laser beam. The displacement of the bead from the focal center results in a proportional restoring force and can be measured by interferometry or

back-focal plane detection. A single biopolymer can be suspended between two beads or a bead and a motorized platform. (c) Magnetic tweezers use an
external, controllable magnetic field to exert force and/or torque on a superparamagnetic bead that is tethered to a surface via a single molecule. (d) AFM
uses a sharp tip mounted at the end of a flexible cantilever to image single molecules bound on an atomically flat surface by raster scanning in the x-y plane
(and often simultaneously tapping in the z dimension). AFM-based force spectroscopy exerts pulling force on a single attached molecule by retraction of the

tip in the z direction. Cantilever bending is detected by the deflection of a laser beam onto a position-sensitive detector such as a quadrant photodiode. A

piezoelectric actuator stage is used to control the positioning of the sample relative to the tip.

http://www.nature.com/naturemethods

© 2008 Nature Publishing Group

epi-fluorescence and TIRF have developed into valuable tools for in
vitro and live cell imaging as well as particle tracking.

Single-particle localization and tracking. Many methods are
available and are continuously being refined to allow biologists
to probe the positions and distributions of particles in dynamic
samples at high spatial and temporal resolutions, with wide-field
optical microscopy as the major workhorse. Ernst Abbe intuitively
postulated over 120 years ago that optical resolution is impossible
below ~200 nm (referred to as ‘Abbe’s law’ or ‘Rayleigh’s resolution
limit’)*®. Beginning in the late 1980s, however, light microscopy
of fluorescent beads and metallic nanoparticles attached to bio-
logical specimens allowed the localization and tracking of features

Q)
‘:ywith spatial resolutions of tens of nanometers and time resolu-

tions of tens of milliseconds, resulting in related techniques such
as nanovid microscopy?’, single-particle tracking*® and tethered-
particle microscopy*® (Fig. 3). As early as 1996, tracking of diffu-
sive motions of membrane-constrained, dye-labeled single mol-
ecules was reported®’. A recent theoretical analysis showed that the
resolution of optical microscopes is in fact not limited by Abbe’s
law and can be improved by increasing the number of detected
photons®!. Current ultrahigh-resolution fluorescent microscopy
tools can be classified either as techniques that use mathematical
processing of the acquired diffraction limited image, in which the
point-spread function (PSF) of an imaged fluorophore is analyzed
using a priori knowledge about its shape (‘software’-based solu-
tions, discussed below); or as techniques that take advantage of
unique optical hardware configurations to suppress the PSF size
through the use of specific sample illumination patterns'# (‘hard-
ware solutions’; Box 1).

Recent ‘software’-based particle tracking of single fluores-
cent emitters has advanced to resolutions of up to 1.5 nm!®37,
Fluorescence imaging with one-nanometer accuracy (FIONA)
localizes and tracks single-molecule emitters over time by find-
ing the centers of their diffraction limited PSFs in a sequence of
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wide-field images. This is typically done by approximating the
diffraction-limited Airy disk as a two-dimensional Gaussian func-
tion37>38 (Fig. 4a). Because fitting is a post-measurement, ‘soft-
ware’-based manipulation of wide-field images, it can be applied
in conjunction with a broad range of microscope configurations
including TIRFM, epi-fluorescence microscopy and LCM. Most
typically, images are recorded with a CCD and are thus pixilated.
The accuracy with which the center position of a PSF can be local-
ized is then given by the standard error of the mean:

s.e.m. i/iz +. @ 4 8no'b?
N 12N a’N?

To first approximation, s.e.m. is the standard deviation (o) of the
Gaussian fit, divided by the square root of the total number of col-
lected photons (N) (first term), revealing how important total pho-
ton count is for high accuracy. The effective pixel size of the camera,
a, and the noise from background signal and detector, b, also have
arole (second and third terms).

Multiple-particle localization and tracking. Several ultrahigh-res-
olution techniques build upon FIONA to expand their applicability
to larger numbers of fluorophores. Single-molecule high-resolution
co-localization (SHREC) is a two-color version of FIONA that uses
fiduciary markers to measure the registration between two detec-
tion channels of separable spectral range®?. Single-molecule high-
resolution imaging with photobleaching®® and nanometer-local-
ized multiple single-molecule fluorescence microscopy® can be
used to measure distances between identical fluorescent probes that
overlap in a diffraction-limited spot. Upon stochastic photobleach-
ing, the position of the last bleached fluorophore is determined by
FIONA. This PSF is then subtracted from the previous image con-
sisting of two overlapping PSFs from two proximal fluorophores,
and FIONA is applied to define the PSF location in this difference
image (Fig. 4b). This process may continue for an arbitrary number
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Figure 4 | Ultrahigh-resolution imaging with ‘software’-based solutions. (a)
The pixelized PSF of a single imaged fluorophore can be modeled by a two-
dimensional Gaussian to determine its position with nanometer accuracy.
The three-dimensional peak (left) shows the recorded intensity for each
pixel as a colored surface, and the two-dimensional Gaussian intensity fit
as a colored mesh. A corresponding contour map is shown (right). (b) Two
fluorophores with a separation shorter than the diffraction limit can be
individually localized by subtracting the PSF of one fluorophore from the
initial overlapping image after the other fluorophore is photobleached or has
adopted a dark state. (c) An aggregate reconstruction of images with many
overlapping fluorescence emitters is possible from sub-images produced

by either sequentially photoactivating and photobleaching or cyclically
photoswitching sparse stochastic subsets of fluorophores.

of fluorophores, with decreasing precision of centroid localization
of each additional dye molecule.

STORM?>> uses single photoswitchable fluorescent emitters that
are turned on and off by excitation light sources. A stochastically
different subset of proximal fluorophores is activated with each
imaging cycle, allowing for a higher chance of sufficiently separated
PSFs for FIONA-type localization (Fig. 4c). Similarly, in PALM?®
and fluorescence PALM (F-PALM)>7 sparse subsets of photoactivat-
able fluorescent protein molecules within a sample with a high den-
sity of such probes are photoactivated and subsequently bleached.
FIONA is applied to each image, and the aggregate position infor-
mation is assembled into an ultrahigh-resolution image with as
many as 10° PSFs/im? and separations of localized molecules
resolved to ~10-60 nm. Finally, point accumulation for imaging
in nanoscale topography is based on continuous transient (specific
or nonspecific) binding of low concentrations of otherwise freely
diffusing single fluorophores to an imaged object; once bound and
imaged, the fluorophores are bleached to repeat the process®®. The
centroids of the PSFs from these transient fluorescent signals are
determined by FIONA and used to assemble a composite image of
relatively large objects such as unilamellar vesicles.

19 METHODS BASED ON MECHANICAL INTERACTION

€

=l The ability to apply force to or measure forces generated by a sin-

gle biopolymer opens up new avenues for manipulating biomol-
ecules and interrogating cellular processes'>!713, Three forms of
force microscopy are commonly used to study single molecules
(Fig. 3)—optical tweezers, magnetic tweezers and atomic force
microscopy (AFM)—and are described in detail in the accom-
panying review by Neuman and Nagy'8. In addition, we discuss
a fourth technique, tethered-particle microscopy (TPM). These
forms of microscopy share some common features including that
they typically operate chromophore- (label-) free as they extend a
long biopolymer between two attachment sites (handles).

Experimental configurations

Optical tweezers (also known as optical traps) have been developed
since the 1970s (ref. 59) and use the radiation pressure exerted by
a focused laser beam on an object (usually a transparent spherical
bead) of distinct refractive index to levitate it (Fig. 3b). The equi-
librium position of the bead is close to the center of the laser focus
(a slightly downward displacement is due to scattered light). Any
displacement from this equilibrium position will produce a restor-
ing force proportional to the displacement (as in a linear spring). In
magnetic tweezers, the optically transparent plastic bead is replaced
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by a superparamagnetic bead that is controlled by magnetic forces
(Fig. 3¢). Magnetic tweezers are an intrinsic force clamp device
because the magnetic field gradient exerts a constant force on the
superparamagnetic bead owing to the small size of the bead com-
pared to the magnet. An atomic force microscope uses a sharp tip
mounted at the end of a flexible cantilever as a scanning probe or
force transducer (acting as a linear spring) and can be operated
in either an imaging or force mode. TPM (Fig. 3a) can be viewed
as a related technique because the restricted Brownian motion of
a biopolymer tethered bead is tracked over time by CCD-based
video microscopy, and used to calculate spring constants and other
mechanical properties of the tethering biopolymer® or to moni-
tor changes in its length upon mechanical extension in a laminar

ﬂow61,62

Force generation. In optical tweezers, an applied force can

be generated by either changing the intensity of the laser (the
trapped bead experiences a force proportional to the gradient of
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the laser intensity used to trap it) or displacing the trapped bead
away from the equilibrium position (following Hooke’s spring
law). Permanent-magnet magnetic tweezers act like a constant
force clamp. By contrast, in electromagnet magnetic tweezers the
applied force can be varied by changing the current through the
electromagnet. A force-mode AFM uses a flexible cantilever as a
linear spring while pulling back from the surface to exert forces on
a single molecule that is bound to the imaged surface and becomes
physi- or chemisorbed to the tip (Fig. 3d). Finally, in TPM it is
possible to apply defined forces to the tethered biopolymer by
introducing laminar flow®3.

Single-molecule manipulation. In a typical optical tweezers
experiment a single biopolymer is suspended between two beads
or a bead and a flat surface (the latter is typically controlled by a
motorized stage), and a force extension curve is measured as the
biopolymer ends are pulled apart or, conversely, the biopolymer
length changes during a biological process and the bead is displaced
from the trap center. In addition to a linear force, magnetic tweezers
can be used to apply controlled torsional twist (torque) on a single
molecule by simply rotating the magnetic field. Optical tweezers
have also been demonstrated to have the ability to apply torque to
the sample using nonspherical trapped microparticles and linearly
polarized trapping beams®*%°, although the implementation is not
as straightforward as in magnetic tweezers. In AFM, the bending of
the flexible cantilever is readily amplified and detected by deflection
of a laser beam onto a quadrant photodiode to generate a force-
extension curve.

The sample. In force spectroscopy, the biomolecule of interest usu-
ally needs to be tethered to a bead or other surface through specific
binding or a covalent linkage. Therefore, the surface immobiliza-
tion strategies used in optical microscopy are equally applicable in
force spectroscopy. Surface attachment is simplified by the com-
mercial availability of functionalized polystyrene beads, superpara-
magnetic beads and AFM tips!>1718, To sufficiently separate its two

$hattachment sites, the target molecules often have to be extended

@

= with stiff handles (such as double-stranded DNA). Although non-

specific adsorption to the tip is to be avoided in AFM imaging to
ensure minimal disturbance of the sample, it is often desirable and
sufficient in AFM force mode as long as the adsorption is strong
enough to withstand the applied force. The yield of single biopoly-
mers properly suspended between the two surfaces for force mea-
surements may have to be further increased by careful sorting of the
obtained force-extension curves and/or biochemical protocols that
minimize incomplete assembly or nonspecific binding.

Implementation and general considerations

AFM imaging. The bending of the flexible cantilever in the AFM
imaging mode generates a surface contour map representing the
morphology of the molecules. The surface density of single molecules
as well as their surface contour map and changes thereof over time
are directly available from such AFM images®®. Consequently, confor-
mational changes resulting from ligand binding or complex forma-
tion can be detected®”. Owing to their often random surface binding,
the shape of identical molecules in AFM images may vary notably
from one another as well as from their solution structure so that
proper controls and a shape classification scheme may be necessary.
If desired, additional single-molecule properties can be measured
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or manipulated using related techniques such as scanning electro-
chemical microscopy®® and scanning tunneling microscopy®.

Force measurement. Optical tweezers are arguably the most sen-
sitive single-molecule tool for linear force and motion measure-
ments. They can exert forces of 0.1-300 pN with high time resolu-
tion (down to 100 us). Dual-trap dumbbell optical tweezers have
the lowest mechanical noise that can be reduced by passing the
trapping laser beam through a gas of low refraction index such as
helium. Angstrom-level displacements can thus be measured in real
time over long timescales from minutes to hours and at time resolu-
tions as high as milliseconds'>7%. Magnetic tweezers are most suit-
able for measuring slow molecular processes that require both force
and torque!>7!, Magnetic tweezers do not suffer from the sample
heating and photodamage observed with optical tweezers, but they
have limited spatial resolution (as low as only 10 nm compared to
0.1 nm with optical tweezers) and do not allow full three-dimen-
sional manipulation. The applied linear forces can be 0.05-20 pN,
with a torque of up to ~1,000 pN/nm, depending on the properties
and dimensions of the paramagnetic bead attached to the biopoly-
mer!2, The measurement of rotations and torque generation in
biology with magnetic tweezers can be impeded by the rather large
torque exerted by this method. AFM in the force spectroscopy mode
can affect large forces, in the range of 10-10,000 pN, combined with
large biopolymer extensions of 1-10,000 nm!2. This wide range of
forces makes AFM suitable for probing ligand-receptor interactions
as well as covalent bond strengths’?. However, the high stiffness
of the cantilever (10-10° pN/nm) results in a lower bound on the
applied force and a force resolution limit of ~10 pN.

CHOOSING THE RIGHT TOOL

How does one choose a suitable technique from the bulging single-
molecule toolbox? Given the substantial effort that goes into devel-
oping an assay to answer the biological question(s) at hand, careful
consideration needs to be given to the possible choices and their
individual scope and limitations. We present a flowchart to aid in
making an initial choice (Fig. 5). Additional refinement requires a
consideration of scope and limitations in the context of the desired
observable(s) as well as examples of successful applications.

Measuring target molecule count (concentration)
Scope and limitations. Single-molecule assays can detect minute
sample amounts and typically work at low (nanomolar and below)
target concentrations, a feature that becomes critical when it is chal-
lenging or impractical to produce the larger quantities needed for
ensemble experiments. The ability to precisely count the number of
molecules present is one of the most immediate benefits of all single-
molecule tools except for those focusing on mechanical properties.
The advantage of imaging and counting single molecules by AFM
is that it is a label-free method because imaging is based on the
physical interaction of a scanning stethoscopic tip with the sample.
However, the target molecules need to be bound to a flat mica or
glass surface, and it may be necessary to increase their molecular
weight by attachment to a larger feature or handle, if they are other-
wise too small (less than ~14 kDa) to be visualized”?. In addition to
the surface density of molecules, basic information on their shape
at nanometer resolution is readily obtained from an AFM image®®,
although there is a substantial risk that the AFM tip mechanically
perturbs the sample.
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If at least one suitable intrinsic or extrin-
sic fluorophore is available, single-molecule
fluorescence tools allow one to detect the
number of target molecules both in vitro
and in living cells. Recent reviews have dealt
with strategies for extrinsic fluorescent
probe attachment’47>, Once that is accom-
plished, the most straightforward approach
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Figure 5 | Flowchart to select a suitable single-molecule technique to study a given biological problem.

of photobleaching steps to zero signal”®7°.
Overcoming such limitations, a recently
described scheme for in vitro label-free opti-
cal detection of single molecules uses a sophisticated surface-func-
tionalized whispering-gallery silica microcavity to capture target
molecules, resulting in a resonant wavelength shift?’. Microfluidic
sample handling and particle trapping methods have the poten-
tial to be used to count small numbers of molecules in large vol-
umes?!. Although future developments are likely to provide more
label-free tools for the detection of single molecules, fluorescence
offers observables outlined in the following that are less likely to be
replaced anytime soon.

Measuring intramolecular distances

Scope and limitations in biopolymer folding and conforma-
tional dynamics. The determination of intramolecular distances
using FRET between a donor-acceptor fluorophore pair has found

widespread applications in structural biology to characterize the
multidimensional conformational landscapes and dynamics of
biopolymers!>131682_ A a through-space interaction between two
dipoles (the transition dipole moments of the two fluorophores), the
efficiency of energy transfer falls off with a 1/(1 + (R/R,))®) depen-
dence on the inter-dye distance R. The characteristic Forster distance
R, ranges between 30 and 80 A for most fluorophore pairs, making
FRET a suitable biomolecular ruler at the low-nanometer scale?’. As
discussed in the accompanying review by Ha and colleagues'?, the
single-molecule version of FRET can be used to quantitatively dis-
sect the temporal sequence of events in folding transitions, includ-
ing the adoption of rare and transient intermediates that may exist
under either equilibrium or non-equilibrium conditions, which is
rarely possible with ensemble-averaging techniques.
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Single-molecule FRET measurements are performed on site-
specifically doubly labeled proteins or nucleic acids that either are
freely diffusing or are immobilized on carefully passivated glass or
quartz surfaces. Absolute distances are difficult to calibrate®?, so
that typically relative distance changes or differences are measured
with a resolution of down to a few Angstroms'. Notably, opposite
changes in donor and/or acceptor signal resolve biopolymer dynam-
ics to an extent that is influenced by the finite averaging window of
the time gated observation®4. A fast detector such as an APD in the
single-point measurements of LCM or FCS is therefore optimal for
observing conformational changes at the sub-millisecond and pos-
sibly nanosecond timescale, whereas a slower area detector such asa
CCD camera can be used to observe more molecules in parallel and
rapidly build reliable single-molecule statistics at millisecond time
resolution. Processes slower than the detector resolution give rise
to separate FRET histogram distributions, whereas faster processes
lead to FRET signal averaging into a single distribution.

Fluorescence microscopy using single-pair FRET on surface-
constrained or -trapped target molecules allows for the observa-
tion of structural dynamics over long periods of time. Time-lapse
experiments with intermittent excitation can, in principle, preserve
fluorophores over many hours before they photobleach. Control
experiments need to be performed to ensure that the double label-
ing and immobilization of the target molecule has negligible effect
on its biological properties. Although FRET is sensitive over a dis-
tance range of ~2—-8 nm, photoinduced electron transfer (PET)
reactions between an excited fluorophore and a redox-matched
electron donor or acceptor can probe distances on the scale of a
few Angstroms. This was demonstrated in the reversible electron
transfer between flavin and a tyrosine residue in the catalytic core
of a single flavin enzyme molecule, where a 1 A distance change
manifests in a several-fold change in flavin fluorescence lifetime
and intensity®. Several non-electron or non—energy transfer tech-
niques have recently been used to study processes with slightly
longer length scales (10-100 nm) that are not yet the domain of
electron microscopy, among them the optical super-resolution

‘fﬁtecbniques (Box 1) as well as the plasmon coupling of pairs of gold

=P nanoparticles®. Besides detecting internal motions, single-mol-

ecule FRET is also sensitive to changes in the rotational confor-
mation as demonstrated by experiments on the ATP-dependent
dynamics of F,-ATPase®”.

Scope and limitations in enzymology. An enzyme’s turnover rate
often depends on conformational fluctuations. Conversely, con-
formational changes often accompany and facilitate enzymatic
turnover. In these cases, single-molecule tools allow one to quanti-
tatively dissect an enzymatic mechanism by monitoring the dwell
times of diverse conformational states as defined by their FRET
levels and/or dwell time constants'>8,

Single-molecule enzymology where the enzyme is surface-
immobilized and the substrate is diffusing, or vice versa, may be
carried out using LCM, epi-fluorescence microscopy or TIRFM.
The temporal resolution of LCM is bound in the lower limit by
the time needed to detect a single photon and in the higher limit
by the diffusion time of the sample molecule in the detection
region, which can be expanded by (partial) sample immobiliza-
tion. Epi-fluorescence microscopy or TIRFM can provide higher
throughput as a result of observing a large number of molecules
simultaneously.
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Among successful examples for single-molecule enzymology are
the experiments carried out on the small hairpin ribozyme, one of
the simplest catalytic RNAs, to determine the multistep enzymatic
reaction pathway!?. Single-molecule probing in combination with
mechanistic modeling®’, direct measurement of the dwell times
associated with catalytic events®® and kinetic fingerprinting by
FRET®! have all been used to uncover the constituent elementary
steps in the catalytic reaction. The challenges associated with these
approaches naturally increase with the complexity of the enzymatic
mechanism!,

Doubly labeling proteins site-specifically for single-molecule
FRET is often difficult because of the limited number of labeling
chemistries; complementary genetically encoded fluorophores of
satisfactory photophysical properties for single-molecule detection
are only slowly emerging’47>. The problem is simplified for nucleic
acid-binding motor proteins if the nucleic acid can be labeled, as
has been the case, for example, in studies that dissected the mech-
anism of an RNA polymerase and a DNA helicase by confocal®?
and TIR fluorescence microscopy”?, respectively. Most naturally
occurring intrinsic fluorophores do not have sufficient quantum
efficiency and/or photostability for current single-molecule detec-
tion tools. An exception is the enzyme cofactor flavin adenine dinu-
cleotide (FAD) that has allowed Xie and coworkers to observe the
conformational dynamics of single cholesterol oxidase molecules
by monitoring the emission from the enzyme’s fluorescent active
site FAD%, In a separate approach, a fluorogenic or fluorescent sub-
strate may be used such that enzymatic action changes or localizes
the fluorescence to a detectable extent?>*>=7_ If multiple turnover is
involved in the latter approach, successive products may have to be
photobleached”® or otherwise kept from saturating the detector®”.
Single-molecule enzymology without the need for fluorophores but
instead using force spectroscopy can be pursued if the substrate is
a biopolymer such as a long DNA molecule whose length or helical
twist is affected by the enzymatic reaction'>%,

Scope and limitations resulting from heterogeneity. Since their
introduction®+9%1%0, single-molecule tools have often revealed
heterogeneous behavior within a population of molecules, termed
dynamic or static disorder (or memory), depending on the
exchange rate between behaviors. A single enzyme molecule, for
example, often exhibits large fluctuations of its folding and/or turn-
over rate constant at a broad range of time scales (from milliseconds
to many hours®®9¢101) Such heterogeneity, which may or may not
have biological relevance, is best delineated using single-molecule
techniques, but makes the acquisition and sorting of large datasets
a necessity to ensure statistical significance of the conclusions. One
approach to increase the data richness of a single-molecule FRET
experiment is to use three-color alternating-laser excitation, which
allows for the simultaneous determination of three intramolecular
distances'%.

Measuring intermolecular distances
Scope and limitations. Self-assembly of macromolecular com-
plexes is a process of fundamental importance in biology as well as
much of modern nanotechnology. Most single-molecule tools that
are suitable to measure intramolecular distances can also be applied
to obtain intermolecular distances within complexes.

Successful applications of single-molecule tools to complex
assemblies include studies of the signaling pathway involving the
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calcium-binding protein calmodulin (CaM) by single-molecule
FRET and fluorescence polarization using confocal microscopy'?.
Moreover, the assembly of fluorophore-labeled tRNAs on immo-
bilized ribosomes has been studied using FRET-based TIRFM®>.
In these cases, double-labeling for FRET is facilitated because the
interaction partners only need to be site-specifically labeled with
one fluorophore each. Directed self-assembly, such as the hybrid-
ization of a complementary strand to an RNA molecule, can also be
exploited using the site-specific attachment of fluorophores in cases
where the assembly itself is not of interest'9419%, A careful choice of
the labeling pattern usually depends on the system of interest. For
example, attaching the donor to a DNA-binding protein in solution
and the acceptor to its surface-immobilized DNA partner facilitates
TIRFM detection of their interaction as a transition from negligible
fluorescence signal to high FRET.

A ‘holy grail’ in biology is the quantification of molecular inter-
actions in living cells, ideally at the single-molecule level, a chal-
lenge that only recently has started to be met. Dual-color FCCS
can be used to detect two spectrally distinguishable, (ideally) non-
interacting fluorophores within living cells in separate channels
and cross-correlates their signals in real-time. FCCS therefore has
been used to detect, for example, intracellular protein-protein and
DNA-protein interactions without the need to measure actual dis-
tances*»196, TIRFM!?7 and spinning-disc confocal imaging*? have
been used to detect the association of membrane bound proteins in
live and fixed cells, respectively, by single-molecule FRET. However,
fluorophore labeling and rapid cellular diffusion are still the limit-
ing factors for single-molecule studies of interaction partners in
living cells*?. A recent approach has taken advantage of the slowed
diffusion of a fluorescent protein—labeled transcription factor when
bound to its (large) DNA target, as wide-field imaging with a long
CCD integration time leads to localization enhancement of bound
transcription factor and severe blurring of unbound transcription
factor!%8, Conversely, stroboscopic imaging can be used to virtu-
ally suppress diffusion of intracellular single molecules'%°, Recently
ultrahigh-resolution imaging techniques have provided indepen-

= s dent access to the relative positioning, and thus information on the
= association, of interacting biopolymers.

Ultrahigh-resolution molecule localization

Scope and limitation in biological imaging. An ultimate goal in
the biosciences is arguably to detect the dynamic positioning (and
functional state) of each single molecule in a biological specimen !,
Single-molecule imaging techniques such as FIONA are now capa-
ble of tracking biopolymers labeled with single organic dye fluo-
rophores in vitro at low-nanometer precision and 1-500 ms time
resolution'*38, In living cells the resolution may be slightly lower,
but single-molecule imaging holds the promise to reveal biologi-
cal processes in situ and in real-time to reach a true systems-level
understanding.

Single-molecule imaging resolution improves with the photon
count, which can be enhanced by using longer detector integration
times or brighter emitters such as quantum dots or nanoparticle
scatterers. Quantum dots, for example, can be tracked in the sub-
millisecond time range, even in vivo, but are often plagued by low
labeling efficiency, large size and non-uniform shape, non-uniform
excitation and emission characteristics, and blinking®®*°, Using two-
color FIONA,or SHREC, a better than 10-nm distance between static
fluorophores was determined®?, and a real-time analysis of the tens-
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of-nanometer steps of motor proteins on an immobilized substrate
followed?®3. SHREC uses the same setup as single-molecule FRET
and hence can be applied in conjunction. Using single-molecule
high-resolution imaging with photobleaching or nanometer-local-
ized multiple single-molecule fluorescence microscopy analysis of
sequential photobleaching events on static samples (Table 1), 10-
nm distances between multiple identical fluorophores attached to
a single target molecule (or complex) can be measured®®3°. These
techniques allow for the localization of overlapping PSFs with
similar spectral emission (that is, from identical fluorophores), but
become more difficult and noisy with increasing photobleaching
steps. As the analysis starts from the last photobleaching event, com-
plete bleaching is necessary for the analysis, limiting the analysis to
non-moving targets. Excitation intensities for any of these methods
can be as low as a few W/cm?, reducing photodamage in living cell
samples. An application of these high-resolution imaging tools to
nanotechnology has also been suggested!1°.

Stochastic imaging techniques are rapidly evolving. STORM gives
very high resolution images (20-30 nm in the lateral and 50-60 nm
in the axial dimension!!!) as a result of the capacity to collect a large
number of photons from each molecule, but is currently limited to
the analysis of fixed samples because a reducing agent is required.
By comparison, PALM and F-PALM are well-suited to studying liv-
ing samples because they rely on fluorescent proteins, but presently
available fixation methods may make them less suitable for analysis
of fixed samples because of possible perturbation of fluorescence
activity. Conventional PALM permanently bleaches each molecule
after imaging, so each molecule is only counted once, whereas
STORM, F-PALM and PALM with independently running acquisi-
tion (PALMIRA)!? work by repeated activation and inactivation of
probe subsets that may overlap with one another (Fig. 4c). PALMIRA
thereby achieves ~100-fold faster collection times compared to PALM
and, in combination with its single excitation laser requirement for
activation and readout of the probes, results in lower background
noise without the need for using TIRF imaging and preparing thin
samples! 12, Two-color PALMIRA has successfully been used to image
an intracellular microtubule network of whole fixed cells at image
acquisition times of 40—60 s and position precisions of 10-15 nm,
showing that two-color imaging and protein colocalization in cells
is possible with precision on the macromolecular scale! 3. The sto-
chastic imaging technique combining single-particle tracking and
PALM has been used to image membrane proteins at 20 frames/s in
living cells, to map single-molecule diffusion of up to thousands of
molecules in the plasma membrane and to create a spatially resolved
map of single-molecule diffusion coefficients!!4.

An orthogonal approach to reaching ultrahigh resolution (often
collectively referred to as super-resolution techniques) is to shape
the PSF through the nonlinear effect that space-selective satura-
tion has on emitter molecules surrounding the center of the excited
region!®!15 Tt is expected that in the future the resulting ‘hard-
ware’-based ultrahigh-resolution techniques, generalized as revers-
ible saturable optical fluorescence transitions (RESOLFT; Table 1
and Box 1), will be applied to a greater extent to single molecules.
RESOLFT techniques such as STED (Table 1 and Box 1) can be
used to image dynamical processes with ~20 nm resolution, even
at two colors!'®117, The combination of STED with 4Pi microscopy
(Table 1 and Box 1) is expected to further improve resolution in the
axial dimension, and parallelization with multiple foci will allow
larger areas to be examined faster!!>. Suitable combinations of both
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‘hardware’- and ‘software’-based techniques may be envisioned to
ultimately yield real-time measurements of the dynamic locations
and nanoscale distances of large ensembles of single molecules, with
broad applications in complex mixtures including living cells.

(Un)folding of target biopolymers

Scope and limitations. Single-molecule force manipulation and
measurement techniques have been recognized as uniquely effec-
tive tools for characterizing the forces and motions that biopoly-
mers can affect or withstand!>!8. The reconstruction of folding free
energy landscapes of biopolymers is one focus of single-molecule
force spectroscopy'®18. Inter- and intramolecular interactions such
as the unfolding of proteins and nucleic acids, the dissociation of
molecular complexes and even the breaking of single chemical
bonds can be induced and characterized through external mechani-
cal force. The application of force along a specific (un)folding direc-
tion enforces a defined reaction pathway and can be related to the
reversible work done (the free energy change), even under partially
irreversible conditions, by repeatedly performing both folding and
unfolding reactions and applying the Crooks fluctuation theorem
to the observed work distributions!!3.

For such applications, available tools include optical tweezers, mag-
netic tweezers, AFM and flow-extension TPM (Fig. 3 and Table 1),
which can be used to measure conformational changes on length
scales both larger and smaller than FRET. In addition, they can be
applied when labeling with fluorophores is challenging or not fea-
sible. Force is transduced through a biopolymer-tethered dielectric
or magnetic bead in the case of optical tweezers, magnetic tweezers

and TPM or through the AFM tip. Tight specific attachment of the
biopolymer to its force transducer and suppression of nonspecific
binding are important requirements for force spectroscopy.

AFM is often used to unfold proteins with tandem repeats, which
can either be naturally occurring (as in the case of the muscle protein
titin) or artificially introduced, leading to a characteristic zig-zag
pattern that effectively multiplexes the observation and facilitates
identification of properly attached biopolymer chains!!®. In addi-
tion, by chemical modification of the AFM tip, various specific and
nonspecific biological interactions can be directly probed”2.

Measuring mechanochemical force generation

Scope of optical and magnetic tweezers. Force generation by cou-
pling movement with NTP hydrolysis is essential in several biologi-
cal processes, including the transport of cellular cargo via molecular
motors and the enzymatic action of polymerases and helicases. The
detailed characterization of kinesins!?>!2! and myosins'2? by opti-
cal tweezers—based force spectroscopy to determine step size, stall
force and processivity highlight the breadth of information that can
be obtained using single-molecule tools.

Because long DNA can be readily attached to beads, force spec-
troscopy has also been used to study mechanochemical processes
involving nucleic acid-binding proteins. For example, optical
tweezers assays have been used to identify the bacteriophage ®29
portal motor as one of the strongest biological motors with a stall
force of nearly 60 pN during packaging of viral DNA into the cap-
sid!23. A particularly challenging biological question that optical
tweezers probing has been able to address is that of the mechanism

BOX 2 NEW DEVELOPMENTS INVOLVING SINGLE-MOLECULE FORCE MICROSCOPY

Multidimensional reaction landscapes underlie most bhiological
processes, making it unlikely that a one-dimensional reaction
coordinate can fully delineate them. Manipulating multiple
interacting molecules in parallel and monitoring multiple
observables in one molecule are among the emerging concepts
involving force-based single-molecule techniques.

A quad-trap instrument can be generated by first splitting
a laser beam into two orthogonally polarized beams, one of
which is used to form a continuous trap while the other beam
is time-shared over three trap positions using acousto-optic
deflectors. The continuous trap is monitored by back-focal-
plane interferometry, whereas the other three are used to
manipulate trapped biopolymers such as two entangled DNA
molecules!?®, Alternatively, holographic images can be used
to generate up to 200 optical traps that can be positioned in
three dimensions!3.

Many molecular machines in cells not only generate linear
but also rotational force. Measuring torque using optical
tweezers can be achieved by using magneto-optical tweezers!38
or by introducing a small ‘rotor’ bead to the biomolecule!’. An
asymmetric shape or birefringent properties of the trapped
particle induce torque upon changing the angular momentum
of the trapping light®4. Hybrid methods can allow the
simultaneous measurements of force and torque or force and
displacement along multiple axes?’.

Combinations of force with optical single-molecule detection
techniques have been realized in several ways. One example is
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the merger of atomic force microscopy (AFM) with fluorescence
single-molecule microscopy. For combining AFM imaging with
confocal microscopy, an infrared light source (850 nm) can be
used to detect the position of the cantilever, which minimizes
interference with optical detection. A tip-assisted optics
system with two scanners facilitates the positioning of the

tip within the optical focus'3?. With an AFM-total internal
reflection fluorescence microscopy (TIRFM) combination, it is
possible to mechanically manipulate a single molecule while
monitoring its fluorescence4C.

Hybrids of optical tweezers and single-molecule
fluorescence microscopy have recently started to emerge.
The intense near-infrared trapping beam of optical tweezers
poses as challenges that the much weaker fluorescence
emission is overpowered and multiphoton photodamage
occurs. To mitigate the problem, three basic solutions have
been demonstrated. First, the simultaneous monitoring of
mechanical and ligand-binding events in a single myosin
molecule has been achieved by physically separating the
locations of two trap beams and the TIRFM-generated
evanescent field'?%. Second, the unzipping of single 15-base-
pair DNA molecules has been induced using optical tweezers
and simultaneously has been observed using TIRFM by careful
selection of fluorophores and optical filters!?6. Perhaps the
most elegant approach is to interlace in time the optical
tweezers and TIRFM laser beams to prevent the simultaneous
exposure of fluorophores to both lasers'?’.



by which enzymes such as RNA polymerase couple their chemi-
cal and mechanical cycles'>70. Furthermore, the incorporation of
rotational control into optical or magnetic tweezers has begun to
address the question of how biomolecular motors including F,F,
ATP synthase, topoisomerases and polymerases generate torque'”.

Scope and limitations of TPM. Prominent applications of TPM
have arisen from the single-molecule observation of motor enzymes

that shorten or lengthen a tether over time

61,62 Tn a variation of

TPM, rotational motions can be visualized through attachment of

http://www.nature.com/naturemethods

abead!?* or actin filament®’, although it is difficult to calibrate the
drag forces exerted by the latter. TPM is a rather passive technique
as it relies on the Brownian motion of a microscopic bead at the end
of an invisible single-molecule tether. Artifacts from the presence
of multiple tethers can be minimized by using sufficiently small
biopolymer:bead ratios and by sorting out beads with asymmet-
ric radial position distributions. Additional challenges arise from
spurious tethering and can only be avoided by careful controls and
systematic comparisons of samples®.

FUTURE TOOLS

The technical advances in single-molecule tools over the past two

decades have been staggering. Consequently, whole new fields of

© 2008 Nature Publishing Group

biological inquiry have opened up, bringing to life Feynman’s vision
from half a century ago'. One remaining limitation of single-mole-
cule tools is the fact that they typically access only a limited number
of observables at a time, making an understanding of complex bio-
logical processes tedious because many assays have to be developed.
The future of single-molecule microscopy will thus increasingly see
applications that combine tools, for example, to measure and exert
mechanical forces while monitoring in real-time the structural
response by single-molecule fluorescence!>!” (Box 2). Such combi-
nations will be synergistic because optical tweezers, for example, do
not reveal precisely where in a macromolecular complex a force is
exerted, and single-molecule fluorescence is a passive technique as
it cannot favor and probe a specific reaction coordinate. Pioneering
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‘fﬁefforts that exploit such synergisms to correlate mechanical force

=" with molecular (re)action are still sparse

and may need com-

mercialization of instrumentation to reach mainstream biology.

Another route to increased information content and experimen-

tal control in single-molecule experiments can be expected from
further improvements of individual single-molecule tools. For

example, optical tweezers can be multiplexed by controlling arrays
of beads through splitting the trapping beam
puter-generating holograms with arbitrary three-dimensional light
patterns'3° (Box 2). Similarly, single-molecule fluorescence imaging
can be multiplexed by the use of improved, narrow-emission fluo-
rophores combined with high-content screening approaches as cur-
rently used at the ensemble level in drug discovery. Such approaches
may eventually enable ‘single-molecule systems biology’. The future
of the biosciences is thus illuminated by single-molecule micros-
copy, a field that is ready for more widespread use.
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