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Abstract Forster resonance energy transfer (FRET) is a powerful spectroscopic
technique to study conformational changes of nucleic acids and proteins and their
molecular interactions. When combined with a single-molecule approach, FRET has
the distinct advantage that it can monitor the conformational heterogeneity and
dynamics of individual molecules and enable the observation of short-lived molec-
ular intermediates usually hidden in ensemble experiments. This in turn makes
single-molecule FRET an interesting tool for dynamic structural biology.

This chapter presents the principles of single-molecule FRET spectroscopy and
the added information it gives compared to ensemble FRET spectroscopy. We
describe different experimental implementations, primarily focusing on intensity-
based approaches. Fluorescence from single molecules requires careful experimental
procedures to maximize the inherently low signal intensity, and meticulous data
analysis, which is introduced in this chapter, to quantify FRET detection. We
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comment on advantages and limitations of the technique, and its strength is illus-
trated by two application examples.

Keywords Conformational dynamics - Fluorescence microscopy - FRET
spectroscopy - Quantitative FRET - Single-molecule FRET (smFRET)

1 Introduction

Life is dynamic and understanding its inner workings is a central scientific challenge.
The cellular machinery is driven by interactions between DNA, RNA, proteins, and
their environment. Molecular structure, binding affinity, and dynamics are each
important regulators of these biochemical processes. A full view of this molecular
dance, which allows resolving different molecular conformations, how they inter-
convert, and how molecules interact with each other, would greatly improve our
mechanistic understanding of biology. It is unfortunately not currently possible to
capture biological processes with atomistic spatial resolution and sub-millisecond
time resolution. However, several techniques, alone or in combination, are striving
to obtain high spatial and temporal resolutions toward dynamic structural biology
[1]. They include, but are not limited to, X-ray crystallography, nuclear magnetic
resonance (NMR), electron microscopy, molecular dynamics simulations, and For-
ster resonance energy transfer (FRET) approaches. The FRET mechanism describes
non-radiative energy transfer through dipole—dipole coupling between a donor
(D) and an acceptor (A) molecule [2, 3]. The energy transfer therefore strongly
depends on the distance between the particular donor and acceptor pair typically in
the range of 2—10 nm (Fig. 1). This approach is powerful in the context of dynamic
structural biology as it allows distance measurements well below the optical diffrac-
tion limit, which can be used to identify and/or refine biomolecular structures.
Furthermore, the coupling of FRET with single-molecule microscopy enables an
exquisite quantification of dynamics.

In this chapter, we present an overview of smFRET principles and outputs and
compare them to ensemble FRET experiments. We discuss experimental implemen-
tation basics focusing on intensity-based approaches and data analysis procedures so
that the reader is introduced to the advantages and limitations of smFRET. Finally,
we illustrate sSmFRET results by highlighting case studies in nucleic acid folding and
protein—nucleic acid interactions.
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Fig. 1 (a) Illustration of the FRET mechanism. The donor (D) molecule is excited (blue arrow) and
can relax from the excited state D™ by several channels: radiationless relaxation (dashed gray
arrow), fluorescence (photon emission with a radiative rate kp) (green wavy arrow), or energy
transfer to the acceptor (A) molecule at rate kgggr. The acceptor molecule can return to the ground
state by emitting a photon with a radiative rate k4 (red wavy arrow) and/or by radiationless
relaxation (dashed gray arrow). The FRET efficiency (E) is given by the rate of energy transfer
between the donor and the acceptor, krrgr, divided by the sum of all radiative and non-radiative
relaxation rates of the donor. Often both the donor and the acceptor are fluorescent molecules;
however, only the donor needs to be fluorescent. (b) Distance dependence of FRET efficiency (E).
R is the distance between the donor (colored green) and the acceptor (colored red). Ry, the distance
where the transfer efficiency is 50%, is the Forster radius specific for the donor—acceptor pair. The
three different molecular conformations shown in the plot are illustrative of short, intermediate, and
long donor—acceptor distances, respectively. The size of the glow around each D/A molecule is
illustrative of the relative contribution of the green donor and the red acceptor for those
conformations

2 Principles of Ensemble FRET

Most biomolecules are not intrinsically fluorescent and are typically modified by the
addition of organic dyes to serve as FRET reporters on conformations. The dyes in a
FRET pair are characterized by their chemical properties (molecular structure, size,
charge distribution, hydrophobicity) and their electronic properties (spectral overlap
of the emission spectrum of the donor and the absorption spectrum of the acceptor,
extinction coefficients, quantum yields, and fluorescence lifetimes). The selection of
suitable fluorophores for FRET depends on the nature of the biomolecule and
experiment.

FRET spectroscopy at the ensemble level has been successfully used for many
years to assess conformational changes, molecular interactions, and the average
distance between fluorophores [3, 4]. A typical experimental approach based on
measuring fluorescence intensities is illustrated in Fig. 2. The FRET efficiency, E,
can be obtained by a number of experimental strategies, including quantifying the
amount of donor fluorescence in the presence and absence of the acceptor, or by
measuring the relative fluorescence of both the donor and the acceptor [5].
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Fig. 2 Illustration of the contrast between ensemble measurements and single-molecule FRET. (a)
An illustration of the ensemble example where many molecules are averaged over both conforma-
tions and time. This approach gives information about donor and acceptor chromophore emission
using fluorescence spectroscopy yielding an average FRET value for the entire population of
molecules. (b) An illustration showing how temporal and conformational heterogeneity in a sample
can be resolved using smFRET. FRET time traces (called single-molecule trajectories) yield
information about the distribution of molecules in different conformational states as well as the
kinetics of state-to-state transitions. Conformational distribution information for a population of
molecules is illustrated in the smFRET efficiency histogram revealing three subpopulations. The
black and dashed lines illustrate Gaussian fits to the underlying conformational distribution
smFRET data. The dotted red line marks the average FRET efficiency (E) from the histogram,
which can be compared to the value derived from ensemble experiments depicted in panel a

Ensemble FRET experiments can yield information on the rate of conformational
changes by making use of fast-mixing techniques before equilibrium is established
[6]. FRET efficiencies can also be determined by using lifetime measurements, and
in certain cases, this can enable obtaining the distribution of molecular distances in
solution [7, 8].

Ensemble measurements are inherently limited to averaging molecular properties
because an ensemble measurement reports on many molecules at once. This limita-
tion is overcome with single-molecule microscopy.

3 Principles of smFRET: Beyond the Ensemble Average

Since most biological reactions happen via the action of single enzymes, DNA
molecules, or RNA molecules, the biomolecular dynamics are inherently stochastic
and unsynchronized. The ability to directly follow single-molecule fluorescence
enables the observation of biological reactions in a manner that is typically not
accessible through the use of conventional ensemble techniques [9]. While an
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ensemble FRET measurement often yields an average FRET value for the entire
population of molecules, smFRET probes each molecule individually over time,
resulting in heterogeneous FRET distributions in both time and conformational
space (Fig. 2b). There are a number of ways to determine FRET efficiencies at the
single-molecule level [10, 11]; it is often advantageous to use both donor and
acceptor fluorescence intensities. From the first demonstration on dehydrated sam-
ples in 1996 [12], smFRET was developed, to allow solution-based in vitro studies
of biomolecular interactions and conformational dynamics of nucleic acids and
proteins [13—17]. More recently, smFRET investigations in cells have become
possible [18, 19].

3.1 Biomolecular Conformations and Dynamics

Biomolecular dynamics cover a wide timescale (Fig. 3). smFRET offers the ability to
track conformational changes of an individual molecule or biomolecular complex as
a function of time (Fig. 2b) covering a sub-microsecond to hours-long timescale.
This approach enables the investigation of chain dynamics and domain motion
taking place in the sub-microseconds and microseconds range, nucleic acid and
protein folding in the microseconds to minutes range, and processes that can take
hours or longer, such as protein aggregation [24-26]. Assigning conformational
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Fig. 3 Range of biomolecular dynamics. Dynamic processes [14, 20-22] (top) and photophysical
processes [23] (bottom) correlated with their respective time intervals. smFRET can report on
processes occurring over timescales from sub-microseconds to several hours resolving a broad
spectrum of dynamics from nucleic acid conformational changes to protein folding and molecular
interactions
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states to each of the experimentally identified FRET efficiency states enables the
identification of important short-lived transient states, unraveling reaction and
dynamic exchange pathways [20], and coupling dynamic and structural information
with biochemical functions [27, 28]. Intermediate structures and the allowed path-
way dynamics are crucial for understanding the overall mechanism of molecular
folding and biomolecular interactions.

3.2 Quantitative FRET

The concept of using FRET quantitatively to determine intermolecular distance was
first described in 1967 by Stryer and Haugland as the “spectroscopic ruler” and
applied at the ensemble level [3]. For many applications, sSmFRET is often used to
report on conformational changes and their dynamics without determining absolute
FRET efficiencies. Quantitative smFRET distances are essential for FRET-based
structural studies. They yield quantitative information on the conformations of large,
heterogeneous, and dynamic biomolecules and their complexes [29].

Converting smFRET measurements to absolute distances requires a number of
critical steps that include the determination of absolute FRET efficiencies that are not
instrument-dependent (see Sect. 4.3) and modeling of fluorophore dynamics
[11, 30-32]. A study involving 20 laboratories around the world investigated the
precision and accuracy of smFRET measurements [11]. The quantitative assessment
of smFRET intensities matched well with the expected structural distances using
several double-stranded DNA constructs. Thus, smFRET is an interesting tool for
structure determination and validation of flexible and dynamic large structures,
which are difficult to solve with other approaches.

4 Experimental Considerations for snFRET

The choice of the smFRET modality, microscope, and experimental schemes, as
well as data analysis, depends on several factors including the type of molecule
being studied, the nature and scale of the intermolecular interaction, the timescale of
the dynamics, and the available equipment. SmFRET requires the molecules of
interest to be labeled with fluorophores that are typically separated by distances
in the range of 2-10 nm and thus relies on robust and site-specific labeling
[33-36]. FRET pairs with high extinction coefficients and high quantum yields are
a suitable choice for smFRET experiments. An understanding of the intrinsic
photophysical properties of fluorophores is also important as they can affect exper-
imental results [37]. If the interaction involves only two molecules, a single-FRET
pair may be sufficient. If the interaction has three or more simultaneous interactions,
a three- or four-color FRET scheme may be more appropriate [38].
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4.1 Microscope Configurations: Confocal and Widefield
Microscopy

There are two general types of single-molecule FRET experimental modalities:
confocal microscopy and wide-field total internal reflection fluorescence (TIRF)
microscopy (Fig. 4a, c). Confocal geometries allow studying molecules freely
diffusing in solution, one at a time (Fig. 4a, b). They are fundamentally limited to
an observation time window corresponding to the time it takes for molecules to
diffuse through the femtoliter volume excited by a laser, generally in the order of
10 ms or less [39].

If a chemical process or mechanism occurs over longer timescales, the molecules
can be immobilized on a surface allowing for prolonged observation of many hours.
Some commonly used methods to attach molecules to a microscope slide involve a
biotin—streptavidin linkage [40]. If desired, the slide surface can be passivated to
make it resistant to non-specific binding by molecules in the solution, for example,
by the use of polyethylene glycol (PEG) [41, 42]. To image these surface-
immobilized molecules, scanning confocal microscopy or wide-field microscopy
can be used, the latter having the advantage to measure many molecules simulta-
neously. To selectively excite the molecules on the surface and not others in
solution, and thus decrease background fluorescence, the phenomenon of total
internal reflection (TIR) is utilized (Fig. 4c, d). TIRF can be implemented in a
prism-based geometry and a microscope objective-based geometry.

4.2 Excitation Schemes and Multiplexed Detection

There are various ways to implement smFRET experiments that yield different
information on conformational changes and dynamics. The techniques vary both
in how the molecules are excited and in what signals are detected. The most common
and simplest method for smFRET is single-pair (sp) FRET [12], which is compatible
both with confocal and wide-field microscopy. spFRET uses single-color excitation
of the donor molecule and simultaneous detection of the emission intensity of both
donor and acceptor molecules. The absolute FRET efficiency, E, is given by Eq. 1.

IrreT
_ _MRBl 1
Irrer + 71D, D\ (1)

where Irrgt is the background-corrected fluorescence intensity of the acceptor dye
resulting from energy transfer from the donor (see Sect. 4.3 for details of Igrgr
determination). Ip, p,, and 4, |p, are detected to determine FRET efficiencies
(Fig. 5a) and denote the intensity of the donor or acceptor emission, respectively,
upon donor excitation. y is a normalization constant that accounts for differences in
chromophore quantum-yield (&) and detector-efficiency (1) and is given by Eq. 2.
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Fig. 4 Single-molecule FRET experimental schematics. (a) Example of a confocal microscope.
The laser enters the back-end of the objective and is focused to a femtoliter volume inside the
sample. Freely diffusing molecules are excited as they pass through the laser focal spot. Fluores-
cence from the molecules is collected through the same objective, focused through a pinhole to
reduce out-of-plane background, and sent to point detectors. (b) Sample data from confocal FRET
microscopy. Bursts of photons are collected by the donor detector (colored green) and the acceptor
detector (colored red). All events with fluorescence intensity above a user-defined threshold (dashed
black lines, 1 l')“i“ and / X‘i") are interpreted as real events; from left to right: a high FRET, low FRET,
acceptor-only, intermediate FRET, and donor-only signal. The yellow lines represent FRET values
that make it into the final analysis after removing the low-intensity donor-only and acceptor-only
subpopulations. (¢) Example of a TIRF wide-field microscope: to perform prism-based TIRF, the
incident light from a laser passes from the prism through index matching oil, into the quartz slide,
and ultimately enters the sample at a super-critical angle. Alternatively, wide-field TIRF can be
accomplished by exciting molecules bound to the bottom surface of a sample chamber in an
objective-based geometry. The fluorescence from the sample is collected with an inverted
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where 774 and 7 are the detector efficiencies for the acceptor and the donor, and @,
and @p, are the quantum yields for the acceptor and the donor [11, 43-45].

spFRET is often used to report on conformational changes through relative FRET
efficiencies. Using two lasers to excite both the donor and acceptor molecules yields
additional information. One of these approaches is alternating-laser excitation
(ALEX) [46, 47], which can be implemented both with confocal and wide-field
microscopy. This technique allows superior detection of the low FRET efficiency
subpopulation, which can be difficult to distinguish from the donor-only population
that is often a dominant contribution around E~0 using spFRET. Donor-only single
molecules are created due to acceptor photobleaching. Furthermore, ALEX enables
directly identifying eventual acceptor photophysical effects and separating those
from conformational changes. With the direct excitation of the acceptor molecule
made possible, one can measure two additional quantities compared to spFRET:
the intensity of the donor after acceptor excitation, Ip_, 4,,, and the intensity of the
acceptor after direct acceptor excitation, I, 4., (Fig. 5a). These quantities allow the
determination of the stoichiometry ratio, S, which quantifies the ratio of donor to
acceptor molecules and is given by Eq. 3.

IFRET + yIDem |Dex

3)

 Irrer +7Ip, i, F g

The stoichiometry ratio allows the set of single-molecule data to be categorized
into subpopulations based on the amount of actively fluorescent donor and acceptor
molecules present in a single-molecule measurement (Fig. 5b). A value of § =1
indicates that the smFRET measurement has only a donor present and/or active,
S = 0.5 means both donor and acceptor are present/active, and S = 0 means that only
the acceptor is present/active. The subpopulation at S = 0.5 is the relevant distribu-
tion of FRET values in a sample.

Another way to implement excitation of both the acceptor and the donor is by
using pulsed interleaved excitation (PIE), which is essentially a much faster version
of ALEX using pulsed lasers. In PIE, laser pulses of different wavelengths are

<
Y

Fig. 4 (continued) microscope and sent to a sensitive camera. The microscope slide is often
attached to a nanometer-precision XY-stage that can move the slide to new positions to collect
more data as immobilized molecules photobleach. (d) Sample data from TIRF FRET microscopy. A
split-screen image of immobilized donor and acceptor molecules and an example single-molecule
trajectory. The green-colored spots are the molecules visible only in the donor channel, and the
red-colored spots are the molecules visible only in the acceptor channel. The yellow spots are
molecules where the signal is observed in both channels; these are used to determine the FRET
efficiency. Donor and acceptor photobleaching is indicated in the single-molecule trajectories by a
non-white background
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Fig. 5 (a) The four types of measurements in an ALEX experiment. Sequential donor and acceptor
excitations give rise to the four detectable fluorescence signals, from top to bottom: Ay, | Dex (accep-
tor emission upon donor excitation), Dey | Dex (donor emission upon donor excitation),
Aem | Aex (acceptor emission upon acceptor excitation), and Dep, | Aex (donor emission upon
acceptor excitation), (b) E-S histogram. E (FRET efficiency) versus S (stoichiometry) histogram
illustrating the division of measurements into three different categories: D-only (S = 1), distinct
FRET populations (S = 0.5), and A-only (S = 0)

interleaved at a MHz rate such that the fluorescence emission caused by one
wavelength laser is complete before the next pulse arrives [48]. This approach is
used in combination with confocal microscopy and enables the mapping of each
emitted photon to the laser which caused the excitation. PIE naturally enables
obtaining fluorescence lifetimes of single molecules as the difference in time
between the short laser pulse and the detected photon is measured. The simultaneous
collection of fluorescence intensities and lifetimes enables increasing the informa-
tion content of single-molecule experiments and even more parameters can be
collected in an experiment including polarization anisotropy and fluorescence quan-
tum yields [49, 50].

An additional way to increase the information content is to use additional
fluorophores. SmFRET with one donor and acceptor pair reports on one distance.
Multi-color FRET is a way to monitor several distances simultaneously by incorpo-
rating more than two spectrally distinct fluorophores capable of transferring energy
between them (Fig. 6). Three-color and four-color FRET is especially interesting for
monitoring correlated changes in complex molecular dynamics or multi-component
binding interactions. Single-molecule three-color FRET enabled the independent
monitoring of the dynamics of two arms of a single DNA Holliday junction molecule
[51], the conformation of a ligand and its binding to a target [52], and more. Four-
color single molecule FRET has been demontrated [53]; at the time of this writing,
there are only a few examples. Although information rich, the technical difficulty of
executing a three- or four-color smFRET experiment is much higher than a two-color
experiment. Multi-color FRET experiments typically make use of ALEX and require
the spectral separation of the fluorescence from multiple chromophores.
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Fig. 6 Illustration of four-, three-, and two-color FRET. The four different colored spheres
represent four spectrally distinct fluorophores with different excitation and emission spectra. The
donor fluorophore is excited and can transfer energy to all other fluorophores either directly or via a
chain of FRET events (colored lines in between spheres). The thickness of the line is proportional to
the spectral overlap between fluorophores). Three- and four-color FRET experiments utilize
multiple lasers consecutively to directly probe all the fluorophores and check for photobleaching

4.3 Data Analysis of Conformational Distributions
and Dynamics

smFRET experiments yield data allowing the experimenter to follow conformational
changes in a time-resolved manner. A qualitative view of conformational heteroge-
neity is obtained by determining the proximity ratio, directly using the measured
signals Ip and Iy, p,. in Eq. 1, where Igrer is given by I, p. and y = 1
(Fig. 7a).

Corrected smFRET data is necessary to obtain structural information about the
different FRET populations. In order to transform the raw fluorescence-detected data
into apparent and quantitative FRET measurements, various factors need to be
accounted for (Fig. 7b, c). The fluorescence intensity of the FRET signal is given by:

em ‘IDex

IFRET - IAexmlDex - aIDleDCX - 5IACH\‘A6X (4)

as the data is corrected for crosstalk, i.e., leakage (spectral bleed-through) of the
donor into the acceptor channel, with the parameter a, and contributions from direct
acceptor excitation with the d-factor [45]. The a- and 8-factors can be experimentally
extracted and shift the donor-only population to E = 0 and S = 1 and the acceptor-
only populations to £ = 1 and S = 0 yielding apparent FRET efficiencies (Fig. 7b)
[11]. Quantitative FRET efficiencies can be obtained, using Eq. 1, after determining
the y-factor. In multi-color experiments an additional correction factor, the S-factor,
corrects the S ratio [11].
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Fig. 7 Correction of single-molecule FRET data. Each panel shows the various correction param-
eters applied to single-molecule data sets following the procedure outlined in [11]. (a) First,
background subtraction is performed yielding a proximity ratio distribution. (b) Next, donor
leakage corrections (@) and indirect acceptor excitation corrections (J) are performed yielding an
apparent FRET distribution. (¢) Lastly, detection normalization correction (y) and excitation
normalization correction (/) are applied to yield quantitative FRET distributions that can be turned
into a distance distribution

If these corrections are implemented, the FRET efficiency goes from describing
qualitative information about relative distances to reporting on quantifiable distances
between fluorophores. Quantitative FRET can be used to obtain novel structural
information that can be difficult to obtain with other techniques.

Knowledge of the conformational dynamics of a molecular system and the
network of state-to-state transition rates inform on the molecule’s free energy
landscape. The outcome of such an analysis of SmFRET data is a detailed model
of relevant conformational transitions that a molecule can undergo in various
conditions. The appropriate technique to analyze single-molecule conformational
dwell times depends on the timescale of the measurements.

Fast timescale measurements performed on the sub-millisecond level are typi-
cally analyzed by calculating time-correlation functions of the signal. The rate and
manner the time-correlation function decays from its initial value are related to
molecular parameters such as the diffusion constant, the rate of conformational
transitions, and the number of conformational macrostates [54, 55]. A maximum
likelihood method used to analyze the photon-by-photon arrival times of sSmFRET
experiments [56] has been shown to provide unique insights into conformational
transitions of biomolecules, such as elucidating the time of protein folding transi-
tions [24]. Additionally, different methods allow evaluating FRET distributions for
the presence of dynamic heterogeneity and determining dynamics. They include the
burst variance analysis (BVA) and photon distribution analysis (PDA) methods
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[57, 58]. For fast dynamics, it is important to consider photophysical phenomena
such as photoblinking [10, 59] and fluorescence enhancement due to steric hin-
drances induced by other molecules, such as protein-induced fluorescence enhance-
ment (PIFE) [60, 61].

Hidden Markov modeling (HMM) is typically used for relatively slower mea-
surements occurring on the millisecond to second timescale regime [62, 63]. HMM
analysis ultimately will give an estimate of the number of distinct FRET states in a
sample, the connectivity of states, and the transition rate between the states. For
example, in the case of an intermolecular binding event, HMM analysis will yield
on/off rates and can be used to calculate a binding constant. In more complex
systems, dwell-time distributions (a histogram of the length of time spent in a
macrostate) constructed from the HMM are fit with single-exponential decays to
indicate the approximate rate constant of a state-to-state transition [64, 65].

The appropriate type of smFRET analysis ultimately depends on the nature and
timescale of the experiment.

5 smFRET Application Examples

smFRET is a powerful approach for studying the function of biomolecules in
heterogeneous mixtures and distinguishing subpopulations of conformers and the
dynamics of their inter-conversion. Its application to nucleic acids and proteins has
given important mechanistic insights to a number of areas of biological research
recently reviewed in [13, 15, 66] and also within nanotechnology [67]. Here, we give
an example from nucleic acid folding and DNA—protein interaction to illustrate how
smFRET can be used to obtain molecular information in heterogeneous mixtures on
reaction pathways and free energy landscapes.

DNA can form a range of secondary structures [68, 69]. A study by Aznauryan
et al. focused on the complex folding pathway of the G-rich DNA sequences found at
the telomeres [70], which can form specific types of non-canonical DNA secondary
structures called G-quadruplexes. These structures can be very stable and are
believed to participate in a number of biological processes [71]. By studying the
DNA’s conformational dynamics using TIRF-based smFRET, Aznauryan et al.
identified the co-existence of several conformations with closely related stabilities
and relatively slow conformational changes (Fig. 8a, b) and compiled a view of the
folding energy landscape (Fig. 8c). The obtained thermodynamic and kinetic
description of the folding process revealed parallel folding pathways through kinetic
partitioning and trapping of the most stable conformation. Studies of this folding
process using other biophysical techniques complement this view of the folding free
energy landscape [72, 73]. DNA conformations, which are detectable by smFRET,
can also be very transient [74].
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Fig. 8 DNA conformation dynamics with smFRET. (a) A smFRET trajectory illustrating confor-
mational changes within a G-quadruplex-forming ssDNA strand. The trajectories were fit with a
hidden Markov model using the variational Bayesian inference technique which selects the most
likely N-state model. (b) A FRET efficiency histogram constructed from the smFRET trajectories of
many molecules. The colored regions describe a four-Gaussian fit to the data, and the black line is
the sum of the underlying fits. (¢) One-dimensional free energy surface of G-quadruplex folding
pathway constructed from smFRET data. The rate constants were extracted from single-exponential
fits to the dwell-time distributions. Each structure represents a different G-quadraplex conformation.
Adapted with permission from [70]

Proteins are capable of recognizing both specific nucleic acid sequences and
structural conformations through direct and indirect readout mechanisms
[75]. smFRET has had an enormous impact on the study of these interactions by
uncovering key intermediates and important subpopulations not visible by ensemble
measurements. A study by Hohlbein et al. used confocal single-molecule FRET to
investigate protein/nucleic acid interactions involved with DNA replication in
Escherichia coli [76]. The work showed that DNA polymerase I, the enzyme
responsible for adding new nucleotides during DNA replication, has three distinct
conformations: an open and closed conformation (corresponding to distinct FRET
species observed before and after the correct insertion of a complementary nucleo-
tide) and an intermediate conformation observed upon the incorporation of an
incorrect nucleotide. These distinct conformations are important for the fidelity of
DNA replication (Fig. 9). Later work by the same group used smFRET to obtain
accurate distances for refining the structure of a DNA polymerase complex and in
this way unveil a novel solution structure exhibiting a sharply bent DNA substrate
[27]. The use of smFRET, and its combination with all-atomistic molecular dynam-
ics simulations, is a very promising technique for quantifying structural dynamics.
The bent DNA structure was also observed in live bacteria and a mechanism for
substrate recognition was proposed [27]. In cellulo smFRET is complicated by the
higher background from the crowded cellular environment and labeling difficulties,
but is emerging as an exciting approach for studying molecular processes in cells
[18, 19].
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Fig. 9 Polymerase conformations and interactions with DNA studied with smFRET. (a) The
structure of the polymerase-I enzyme around double-stranded DNA. The open and closed confor-
mations are observed before and after the correct addition of a nucleotide. The proposed structure of
the partially closed conformation is adopted when an incorrect nucleotide is added to the nascent
DNA strand. (b) The FRET efficiency histograms corresponding to the correct base pair and
incorrect base pair. The dotted lines represent the open and closed states observed when the correct
base pair is added, and the dashed line is the partially closed state only observed upon the addition
of the incorrect nucleotide. (¢) Proposed free energy landscapes which show that binding of a
nucleotide stabilizes the polymerase complex with the partially closed conformation, either weakly
(incorrect base pair A-dGTP) or strongly (correct base pair A-dTTP), and that equilibration to the
fully closed conformation is favored when the correct nucleotide is incorporated. Panels a and ¢ are
adapted with permission, and panel b is redrawn using data from [76]

6 Concluding Remarks

Single-molecule fluorescence enables investigating molecular processes and biolog-
ical events while minimizing both temporal and conformational averaging. Over two
decades of smFRET applications have given rise to unprecedented views into
interaction mechanisms and conformational heterogeneities and dynamics.

Combining SmFRET with other techniques can be used to increase the informa-
tion content of experiments. For example, smFRET can be used in tandem with PIFE
and stacking-induced fluorescence enhancement (SIFI) to increase sensitivity at
close distances [61, 77]. Molecular dynamics simulations can be used in conjunction
with smFRET for novel structure determination. SmFRET can also be combined
with force manipulation techniques, such as optical and magnetic tweezers, to
monitor local conformational rearrangements amid global molecular
manipulation [78].

On its own or in combination with other techniques, SmFRET is a very powerful
approach. We have given here an introduction to this method for investigating
biomolecular structural dynamics.
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