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Definition

Single-molecule fluorescence resonance energy trans-
fer (smFRET) is a technique used to measure nanome-
ter-scale distances between specific sites on an
individual molecule, usually as a function of time.

Introduction

In this article, we review smFRET, a powerful tech-
nique for measuring distances and monitoring dynam-
ics at the molecular scale. In this technique, the
researcher monitors distances between two or more
individual fluorescent labels by measuring how effi-
ciently electronic energy is transferred between them,
a phenomenon known as » Forster resonance energy
transfer (FRET). Its power lies in its ability to detect
distance changes as small as ~0.3 nm in individual
molecules (or pairs of molecules) within
a heterogeneous population (Roy et al. 2008).
Although it requires a specialized fluorescence micro-
scope, SmFRET is employed in many laboratories
worldwide and has been used to address questions
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about topics ranging from intermolecular interactions
to macromolecular folding and catalysis.

Although smFRET has only been technically pos-
sible since the mid-1990s, its theoretical foundations
were laid much earlier through the pioneering work of
Theodor Forster in the 1940s and through others who
elucidated the distance dependence of FRET and its
use as a molecular ruler (Stryer 1978). A separate
branch of inquiry, the first single-molecule measure-
ments of ion channels using the » patch clamp tech-
nique, already established some of the core aspects of
analyzing time-lapsed recordings from individual mol-
ecules in the 1970s and early 1980s (Sakmann and
Neher 2009). By the mid-1990s, improvements in
fluorescence detection brought about by » total inter-
nal reflection fluorescence microscopy made it possi-
ble to measure the weak emission of single organic
fluorophores under ambient conditions and, soon
thereafter, SmFRET was realized (Ha et al. 1996).

We begin with a discussion of the theory of FRET
as it applies to single-molecule experiments, followed
by a brief description of a typical smFRET experiment,
including the necessary equipment and materials. We
then discuss some of the major insights gained from
smFRET, as well as some of its strengths and limita-
tions. Finally, we conclude by commenting on recent
and ongoing developments in the field.

Photophysical Basis of smFRET

In 1948, Forster developed the theory governing the
non-radiative transfer of energy from one electroni-
cally excited molecule to another nearby molecule.
When a fluorescent molecule (fluorophore) is excited
by a photon of the proper energy, it returns to the
ground state via one of several possible pathways: It
can dissipate its energy by emitting a photon, by trans-
ferring energy to other molecules without emitting
a photon (non-radiatively), or by reacting chemically
(Fig. 1). In FRET, one form of non-radiative energy
transfer, the excited “donor” fluorophore transfers its
excitation energy to a nearby “acceptor” fluorophore
through an electronic dipole—dipole interaction. The
excited acceptor may then return to its ground state
via one of various pathways, including by emitting
a photon (fluorescence).

For FRET to occur efficiently, the fluorescence
emission spectrum of the donor must overlap
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Transfer, Fig. 1 Simplified electronic diagram of FRET.
Solid lines represent rapid electronic transitions, and dashed
lines represent slow transitions. A FRET donor can be excited
from its ground state (G) to an excited state (E) by a photon of
energy hv (blue). The excited donor can then return to the ground
state, emitting a photon of lower energy (i.e., it can fluoresce,
green); enter a nonfluorescent triplet state (T); permanently
photobleach (B); or donate its energy to a nearby acceptor
molecule by FRET. The excited acceptor can then similarly
emit a photon (red), enter a triplet state, or photobleach
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Single-Molecule  Fluorescence  Resonance Energy
Transfer, Fig. 2 Desirable spectral properties for a FRET
donor—acceptor pair. For specific fluorescent excitation and
detection, the absorption spectra (solid curves) of the donor
and acceptor should overlap little, as should their emission
spectra (dashed curves). However, for efficient FRET to occur,
the emission spectrum of the donor should overlap considerably
with the absorption spectrum of the acceptor

considerably with the absorption spectrum of the
acceptor, i.e., the fluorophores must be in resonance
(Fig. 2); the two molecules must be within a certain
distance of one another (typically <10 nm); and their
transition dipole moments must be in (partial) align-
ment. At the same time, their absorption spectra should
be separate enough that the donor can be excited with
high specificity, and their emission spectra sufficiently

separate to ensure specific detection of both donor and
acceptor.

Since FRET is a dipole—dipole interaction, its effi-
ciency E depends on the sixth power of the separation r
between the donor and acceptor as:

E=r"°/(r"°+R,°) (1)
where the Forster radius R, corresponding to the sep-
aration at which energy transfer is 50% efficient, is:

204 —4\1/6 3 A
Ry = (JK Qon ) x 9.7 x 10°A 2)

The value E, which can be calculated from the
relative fluorescence of the donor and acceptor (see
Data Processing and Analysis, below) thus reports on
the distance between the two fluorophores. The value
of Ry depends on the overlap integral J between the
donor emission and acceptor excitation spectra, the so-
called orientation factor x* describing the relative ori-
entations of the donor and acceptor, the quantum yield
Qo of donor fluorescence in the absence of acceptor,
and the refractive index n of the medium in which the
interaction takes place. If the fluorophores are freely
rotating at a rate faster than the excited state lifetime of
the donor, K2 = 2/3, and R, is constant for a given
donor—acceptor pair in aqueous solution. This can be
confirmed for a particular system by measuring the
fluorescence anisotropy of both fluorophores.

Experimental Design and Data Acquisition

In order to use smFRET to measure conformational
changes or interactions between molecules, the mole-
cule(s) of interest are labeled, usually at specific sites,
with donor and acceptor fluorophores that report on
a distance of interest. The ideal fluorophore is stable
under high photon flux, has high molar absorptivity
and fluorescence quantum yield, and undergoes mini-
mal “p blinking” (spontaneous excursions into
nonfluorescent states). The fluorophores used are gen-
erally small (<1 nm) organic molecules, the two most
common being the cyanine dyes Cy3 and Cy5, though
the Alexa Fluor and ATTO series of dyes appear com-
parable. Quantum dots and fluorescent proteins can
also be used in SmFRET, but their use has been more
difficult to implement because they are larger and,
in the case of fluorescent proteins, less photostable
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Transfer, Fig. 3 Distance dependence of FRET. Efficiency of
energy transfer (E) is a steep function of distance at values
near R

(Roy et al. 2008). Positions of the fluorophores should
ideally be chosen such that the distance r between them
is close to the Forster radius since that is where FRET
efficiency is most sensitive to changes in r (Fig. 3).

All organic fluorophores eventually photobleach, per-
manently losing their fluorescence  properties
through reaction with molecular oxygen (Figs. 1 and 4).
This is useful because the instantaneous loss of fluores-
cence signal upon bleaching is evidence that the fluores-
cence originates from a single molecule. However,
because photobleaching also reduces the time window
of observation, it is often desirable to delay it as much as
possible. So-called oxygen scavenging systems reduce
the concentration of oxygen in solution by catalyzing its
reaction with substrates other than the FRET donor and
acceptor. The most common systems use either: (1) the
enzymes glucose oxidase and catalase in combination
with the substrate glucose, or (2) the enzyme
protocatechuate dehydrogenase and its substrate,
protocatechuic acid. A related problem is blinking,
a term used for temporary nonfluorescence caused by
excursions to kinetically trapped triplet states (Fig. 1).
When oxygen, a good triplet state quencher, is removed
from solution using a scavenger system, other additives
(Trolox, B-mercaptoethanol) are often employed to dra-
matically reduce blinking.

Observation of the weak fluorescence signal from
single molecules requires: (1) high-powered illumina-
tion, (2) means of reducing or rejecting background
fluorescence that would otherwise greatly diminish the
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signal-to-noise ratio, and (3) sensitive detection. To
meet requirement (1), the illumination is almost
always provided by the high-powered, monochromatic
light of lasers. Requirement (2), the reduction of back-
ground fluorescence, is usually achieved by exciting
only a small volume of the sample by means of one of
the following illumination schemes: » total internal
reflection fluorescence (TIRF), confocal, highly
inclined, and laminated optical sheet (HILO), near-
field scanning optical (NSOM), or zero-mode wave-
guides (Walter et al. 2008). Most common of these
illumination schemes is total internal reflection fluo-
rescence (TIRF), which reduces background fluores-
cence by illuminating only that part of the sample that
is within ~100 nm of the surface of the microscope
slide or coverslip. This requires immobilizing the mol-
ecules of interest at the illuminated interface, which is
usually achieved using specific, high-affinity binding
such as the streptavidin—biotin interaction. To resolve
single molecules, they must be immobilized from
a very dilute (~100 pM) solution, resulting in
a surface density no larger than about 0.2 um ™. Sur-
face immobilization has the added benefit of allowing
one to observe the same molecule over several sec-
onds, minutes, or even hours. Finally, requirement (3),
sensitive detection, is usually provided by an electron
multiplying charge-coupled device (EMCCD) camera
in the case of wide-field illumination, such as TIRF, or
avalanche photodiodes in the case of point-detection
schemes like confocal microscopy.

An smFRET experiment also requires optics for
filtering out stray excitation light and directing fluores-
cence from the donor and acceptor into separate detec-
tion channels. Scattered excitation light is removed
from the detection path using high-optical density fil-
ters that only transmit certain frequency bands. Sepa-
ration of donor and acceptor signals is accomplished
using dichromatic (dichroic) mirrors, which reflect
specific frequencies of light and transmit others. Addi-
tional mirrors are then used to direct the emission
signal onto the detector(s) so that the donor and accep-
tor emission can be measured simultaneously.

Data Processing and Analysis
Processing of smFRET data from raw camera movies

involves: (1) locating and matching corresponding
donor and acceptor signals in the field of view,
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Transfer, Fig. 4 Simulated typical FRET time trace of a single
molecule. The fluorescence intensity counts of the donor and
acceptor change in a discrete, anticorrelated fashion, reporting
on underlying molecular distance changes that are detected as
transitions between high and low FRET efficiency (E,,,). Upon
photobleaching, the donor and acceptor intensity counts instan-
taneously fall to ~0, evidence that the signal originated from
a single FRET pair

(2) matching each donor signal with its acceptor signal
(channel registration), and (3) determining the FRET
efficiency as a function of time for each molecule
throughout the movie (Fig. 4). Since the donor and
acceptor channels of the CCD image do not typically
have a linear correspondence, they are generally
mapped using a higher-order polynomial transforma-
tion to ensure correct assignment of donor—acceptor
pairs. Usually so-called fiduciary markers (such as
fluorescent beads) that are visible in both channels
are used to establish this mapping.

The apparent FRET efficiency E,,, can be calcu-
lated as:

Iy

_ 3
Iy +1p xvy ©)

Eqpp =

where I, and 14 are the total number of photons emitted
per movie frame by the donor and acceptor, respec-
tively. The parameter vy, which depends on the relative
quantum yields and detection efficiencies of the donor
and acceptor, can be calculated as y = ﬁTIZ , where Al
and Alp are the changes in intensity of the acceptor and
donor intensity upon photobleaching of the acceptor. If
the Forster radius is known and if anisotropy of both
fluorophores can be ruled out (see Strengths and limi-
tations, below), E,,, can be related to absolute dis-
tances according to equation (1). If not, E,,, still

gives an estimate as to the relative distances between
donor and acceptor in different FRET states (Roy et al.
2008).

Analysis of the E,,, versus time data varies greatly
depending on the behavior of the sample. The typically
low signal-to-noise ratios of single-molecule detection
often make it challenging to determine the number and
values of different FRET states in a given molecule. To
facilitate the assignment of FRET states, » hidden
Markov modeling (HMM) or nonlinear filters may be
applied. Histograms of FRET efficiency are usually
generated from the time traces of hundreds of mole-
cules under the same conditions and can often be fit
with multiple Gaussian distributions to estimate the
number of states and their values of E,,, (Fig. 5),
thus providing information about the equilibrium prop-
erties of the system (Roy et al. 2008).

If the molecules show transitions between discrete
E,,, values over time (i.e., dynamics), either HMM or
analysis of the time spent in each state (dwell times)
can be used to estimate the underlying kinetics of the
system (Fig. 5). Genuine FRET transitions are charac-
terized by inversely proportional changes in acceptor
and donor signal intensity, or anticorrelation (Figs. 4
and 5), a property that can be used to filter out spurious
transitions due to other photophysical phenomena such
as changes in the local environment of one of the
fluorophores. Transition density plots, which simulta-
neously display the probability of all possible transi-
tions between different FRET states, are often
compiled based on HMM to provide a global view of
the observed dynamics. If certain transitions have slow
kinetics or appear only infrequently in time traces,
evidence of them may be suppressed by faster (more
frequent) transitions; in this case, the probability that
a transition occurs at least once within a given mole-
cule may instead be plotted (Blanco and Walter 2010).

Insights, Strengths, and Limitations

Single-molecule FRET has several strengths. First, the
steep distance dependence of E,,, near R, and speci-
ficity of the energy transfer between donor and accep-
tor make it possible to monitor very specific
interactions and events. Second, the ratiometric prop-
erty of smFRET renders it one of the most sensitive
and robust single-molecule techniques. Third, when
using appropriate oxygen scavengers, blinking
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suppressants, and acquisition hardware, smFRET can
be used to monitor molecular events occurring on
timescales ranging from ~1 ms to hours. Because of
these properties, SmFRET is particularly well-suited to
monitoring  conformational changes in single
immobilized molecules over long periods of time, but
has been used to study phenomena ranging from the
dynamics of motor proteins and RNA enzymes to
structural transitions in DNA nanomachines and tran-
sient intermolecular interactions.

Perhaps the greatest advantage of smFRET, as with

single-molecule spectroscopy in general, lies in its
ability to discern heterogeneous behavior within
a population of molecules at equilibrium without the
need for rapid mixing or other synchronization. In
studies of conformational dynamics in protein and
RNA enzymes, sSnFRET has repeatedly revealed het-
erogeneous behavior; that is, the kinetics of conforma-
tional transitions varies over time or from molecule-to-
molecule. Some molecules even appear to have multi-
ple native states with the same activity but subtly
different structures that do not interconvert. This
stands in contrast with the classical view of macromol-
ecules as having a unique native state with a single,
well-defined structure and behavior (Hwang et al.
2009).

There are also several limitations to consider with
smFRET. First, and perhaps most fundamentally,
this technique generally reports on only a single
dimension of interest, though strides have been made
toward extending it to two or more dimensions (see

Recent Developments and Extensions of smFRET,
below). Due to this fact, data from smFRET experi-
ments must be carefully interpreted in light of all
available structural and functional information about
the system, such as that obtained by X-ray crystallog-
raphy, mutational studies, and structural footprinting.
Second, the millisecond time resolution is too slow to
detect some important molecular dynamics. Third,
only ~10° photons can be collected from even very
stable organic fluorophores before photobleaching
occurs so that a finite number of observations can be
made on a given molecule. Furthermore, even with the
addition of anti-blinking agents such as Trolox, the
acceptor may occasionally enter a dark state, giving
the appearance of an excursion to a state with £, = 0;
such dark states should be excluded from analysis or
their influence quantified using controls (Benitez et al.
2010).

Single-Molecule Fluorescence Resonance Energy Transfer

Another concern is that rotational constraint of the
donor or acceptor fluorophore can interfere with accu-
rate distance measurements; for instance, common
organic fluorophores have been shown to stack at the
ends of nucleic acid duplexes, influencing the apparent
FRET efficiency. To reduce the likelihood of such
interactions, a short flexible organic linker (generally
an alkyl moiety) can usually be added between the
molecule of interest and each fluorophore. Still, if
accurate absolute distance information is required,
fluorescence anisotropy measurements are needed to
ensure that the anisotropy values of the donor and
acceptor are acceptably low (generally <0.2). If only
relative distance information is needed, higher anisot-
ropy values are tolerable since E,,, is still generally
a monotonic function of distance (Roy et al. 2008).
Finally, it is important to verify that the surface immo-
bilization, if used, does not perturb the behavior of
interest; this can be done by comparing results with
those of ensemble FRET assays in solution, conducting
single-molecule activity assays, or comparing results
using different immobilization strategies.

Recent Developments and Extensions of
smFRET

As the complexity and heterogeneity of molecular
dynamics becomes more apparent, efforts are in pro-
gress to extend the capabilities of smFRET and com-
bine it with other techniques for a more comprehensive
real-time picture of molecular events. For instance,
three-color smFRET has been developed to simulta-
neously monitor the distances between a single donor
and two distinct acceptor fluorophores (Roy et al.
2008). A challenge in extending such approaches to
measure a larger number of distances is finding multi-
ple acceptors whose emission spectra are sufficiently
distinct to resolve their signals. To partially bypass this
issue, switchable smFRET was developed to monitor
energy transfer from one donor to multiple acceptors
by photochemically switching each acceptor on and off
in succession (Uphoff et al. 2010).

Recently, smFRET has also been used in conjunc-
tion with other single-molecule techniques, as pro-
posed by Shimon Weiss (Weiss 1999). For example,
a combination of smFRET and electrical recording was
used to monitor dimerization of single ion channels,
thus  simultaneously providing structural and
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functional information. Optical or magnetic trapping
has been used to manipulate single molecules while
monitoring their dynamics by smFRET (Hwang et al.
2009).

Finally, efforts are in progress to perform smFRET
measurements in vivo to study the behavior of mole-
cules in their native environment. Such efforts are
complicated by the significant background
autofluorescence within the cell, as well as the limited
ability to control the photophysics of fluorophores
in vivo, as is done in vitro through oxygen scavenging
and additives. Nevertheless, smFRET has been
employed to study a small number of intracellular
systems, including protein—protein interactions at the
cell membrane, where TIRF illumination can signifi-
cantly reduce background fluorescence.

Summary

Single-molecule FRET is a powerful technique with
the unique ability to monitor dynamic processes in
single molecules over distances of <10 nm and time-
scales of milliseconds to hours. It exploits the steep
distance dependence (~r°) of Forster energy transfer
and high sensitivity of ratiometric fluorescence detec-
tion to measure the distance between specific molecu-
lar sites over time in single molecules. Although it
requires some specialized equipment, SmFRET is
now widely used and has revealed kinetics, mechanis-
tic details, and heterogeneous behaviors that are
masked in traditional assays by ensemble averaging.
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