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Application of Single Molecule Förster Resonance
Energy Transfer to Protein Folding

Benjamin Schuler

Summary
Protein folding is a process characterized by a large degree of conformational heterogeneity. In

such cases, classical experimental methods yield only mean values, averaged over large ensembles
of molecules. The microscopic distributions of conformations, trajectories, or sequences of events
often remain unknown, and with them the underlying molecular mechanisms. Signal averaging can
be avoided by observing individual molecules. A particularly versatile method is highly sensitive
fluorescence detection. In combination with Förster resonance energy transfer, distances and con-
formational dynamics can be investigated in single molecules. This chapter introduces the practical
aspects of applying this method to protein folding.

Key Words: Protein folding; fluorescence spectroscopy; single molecule detection; Förster
resonance energy transfer; FRET; diffusion; folding trajectories.

1. Introduction
The direct investigation of the folding of single protein molecules has only

become feasible by means of new methods such as atomic force microscopy
(AFM) (1,2) and optical single molecule spectroscopy (3–9). These techniques
offer a fundamental advantage beyond mere fascination for the direct depiction
of molecular processes: they can resolve and quantify the properties of individual
molecules or subpopulations inaccessible in classical ensemble experiments,
where the signal is an average over many particles. Fluorescence spectroscopy is
a particularly appealing technique, owing to its extreme sensitivity and versatility
(5,10,11). In combination with Förster resonance energy transfer (FRET)
(12–14), it enables us to investigate intramolecular distance distributions and
conformational dynamics of single proteins. Time-resolved ensemble FRET can
also be used to separate subpopulations and to obtain information on distance
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distributions (15), but data interpretation is typically less model independent
(16). For kinetic ensemble studies, the reactions need to be synchronized, which
is often difficult. An impressive example for the power of single molecule stud-
ies is single channel recording, which now dominates the study of ion channels
and has revealed countless mechanisms that could not be obtained from ensem-
ble experiments (17).

Currently, the two most common single molecule methods to study protein
folding are AFM and single pair FRET (18). The first observations of the
unfolding of single protein molecules were made using AFM (1) and laser
tweezers (19). Soon the first experiments using fluorescence followed (20–22),
which demonstrated the potential of single molecule spectroscopy for separat-
ing subpopulations and for obtaining dynamic information. Since then, single
molecule spectroscopy has been used to identify the equilibrium collapse of
unfolded protein under near-native conditions (23), to study folding kinetics
(24), the dimensions of denatured proteins (25), and to investigate previously
inaccessible parameters of the free energy surface of protein folding (23). Work
on immobilized protein molecules has also allowed the study of reversible fold-
ing (26), and has even enabled the direct observation of folding and unfolding
trajectories (27,28). For a recent review of the progress, concepts and theory of
single molecule spectroscopy of protein folding, see ref. 29.

The basic idea of a protein folding experiment using FRET is very simple
(Fig. 1): a donor dye and an acceptor dye are attached to specific residues of a
protein. If a folded protein molecule resides in the volume illuminated by the
focused laser beam, excitation of the donor dye results in rapid energy transfer
to the acceptor dye because the dyes are in close proximity. Consequently, the
majority of the fluorescence photons are emitted by the acceptor. Upon unfold-
ing of the protein, the average distance between the donor and acceptor dyes
will typically increase. As a result, the energy transfer rate is decreased, and the
fraction of photons emitted by the acceptor is lower. The changes in fluores-
cence intensity from donor and acceptor can thus be used to distinguish
between different conformational states of a protein. 

1.1. Förster Resonance Energy Transfer

The quantitative relationship between the probability of transfer—the trans-
fer efficiency—and the inter-dye distance is given by a theory developed by
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Fig. 1. (Opposite page) Schematic structures of folded and unfolded protein
labeled with donor (Alexa 488) and acceptor (Alexa 594) dyes. (A) Folded CspTm, a five-
stranded, 66-residue β-barrel protein (PDB-code 1G6P) (75), (B) unfolded CspTm. 
A blue laser excites the green-emitting donor dye, which can transfer excitation energy
to the red-emitting acceptor dye.
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Theodor Förster in the 1940s (12). According to Förster’s theory, the transfer
efficiency, E, for the dipole–dipole coupling between a donor and an acceptor
chromophore depends on the inverse sixth power of the inter-dye distance, r:

(1)

where R0 is the Förster radius, the characteristic distance that results in a trans-
fer efficiency of 50% (Fig. 2). Because of the strong distance dependence of the
efficiency, FRET can be used as a “spectroscopic ruler” on molecular length
scales, typically between 2 and 10 nm. R0 is calculated as (see Note 1)

(2A)

where J is the overlap integral, QD is the donor’s fluorescence quantum yield, n
the refractive index of the medium between the dyes, and NA is Avogadro’s
number (12,30). The orientational factor is defined as κ2 = (cos ΘT – 3 cos ΘD
cos ΘA)2, where ΘT is the angle between the donor emission transition dipole
moment and the acceptor absorption transition dipole moment, ΘD and ΘA are
the angles between the donor–acceptor connection line and the donor emission
and the acceptor absorption transition moments, respectively. κ2 varies between
0 and 4, but complete averaging of the relative orientation of the chromophores
during the excited state lifetime of the donor results in a value of two-thirds the

R
Q J

n N
D

A
0
6

2

5 4

9000 10
128

=
ln κ
π

E
R

R r
=

+
0
6

6
0

6

118 Schuler

Fig. 2. Distance dependence of the transfer efficiency according to Förster theory
(Eq. 1). The Förster radius R0 is calculated according to Eq. 2. Owing to the character-
istic 1/r6 dependence, the transfer efficiency is most sensitive for distance changes in
the vicinity of R0.
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value most frequently used in practice (however, see Subheading 3.3.). QD and
n need to be measured (see Note 2), and J is calculated from the normalized
donor emission spectrum fD(λ) and the molar extinction coefficient of the
acceptor εA(λ) according to:

(2B)

The accuracy of the calculation is ultimately limited by n, which is often
nonuniform and difficult to estimate for a protein (but probably very close to n
of the solvent for an unfolded protein), and εA, which cannot easily be deter-
mined independently and is provided by the manufacturer with an uncertainty
of at least a few percent. Fortunately, the influence of such uncertainties is mod-
erated by the fact that R0 depends only on the sixth root of n–4 and J respec-
tively, of these quantities (Eq. 2A).

Experimentally, transfer efficiencies can be determined in a variety of ways
(30), but for single molecule FRET, two approaches have proven particularly
useful. One is the measurement of the number of photons (31) emitted from the
donor and the acceptor chromophores, nD and nA, respectively, and the calcula-
tion of the transfer efficiency according to:

(3)

where the numbers of photons are corrected for the quantum yields of the dyes,
direct excitation of the acceptor, the detection efficiencies of the optical system
in the corresponding wavelength ranges, and the crosstalk between the detec-
tion channels (see Note 3). A second approach to measure E, which can be
combined with the first (32), is the determination of the fluorescence lifetime
of the donor in the presence (τDA) and absence (τD) of the acceptor, yielding the
transfer efficiency as:

(4)

Frequently, we have to consider a distance distribution instead of a single
distance, especially in unfolded proteins. If information about the distance dis-
tribution is available from simulations or independent experiments, it can be
included in the analysis (33). In general, it is important to be aware of the dif-
ferent averaging regimes, because the time-scales of both conformational
dynamics of the protein and re-orientational dynamics of the dyes influence the
way the resulting transfer efficiency has to be calculated (30,33).
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1.2. Outline of the Procedures

Performing a single molecule FRET experiment on protein folding requires
several steps. First, protein samples have to be prepared for labeling, either by
chemical synthesis or by recombinant expression in combination with site-
directed mutagenesis. After identifying a suitable dye pair with the Förster
radius in the desired range, the fluorophores need to be attached to the protein
as specifically as possible to avoid chemical heterogeneity. The equilibrium and
kinetic properties of the labeled protein should then be measured in ensemble
FRET experiments and compared directly to unlabeled protein to ensure that
the folding mechanism is not altered. For control experiments, it is helpful to
prepare reference molecules, such as polyproline peptides or double-stranded
DNA, with the same chromophores as the protein. After customizing the instru-
ment for the sample, data can either be taken on freely diffusing molecules, or
on immobilized molecules if observation times greater than a few milliseconds
are desired. Finally, the data need to be processed to distinguish signal from
background, to identify fluorescence bursts in diffusion experiments, and to cal-
culate transfer efficiencies and the resulting distance changes.

2. Materials
2.1. Instrumentation

Considering that most molecular biologists or biochemists will not attempt
to build their own single molecule instrument, it will be assumed in the follow-
ing that a suitable system is already accessible, and instument design will not
be described. The details of single molecule instrumentation can be found in
several recent reviews (5,10,34,35). An important development for the wide
application of single molecule methods to the study of biomolecules is the
recent availability of comprehensive commercial instrumentation (36). 

Experimental setups for single molecule FRET typically involve either con-
focal excitation and detection using a pulsed or continuous wave (cw) laser and
avalanche photodiodes (APDs), or wide-field microscopy with two-dimensional
(2D) detectors, such as intensified or electron-multiplying CCD cameras. Wide-
field imaging allows the collection of data from many single molecules in parallel,
albeit at lower time resolution and signal-to-noise ratio than in a confocal
experiment using APDs. Imaging can be performed either via epi-illumination,
where the exciting laser light is directed to the sample through the epi-illumination
port of a conventional fluorescence microscope, or via evanescent field excitation,
typically by total internal reflection of the excitation light at the water/glass
interface, where the sample molecules are located. 

Figure 3 shows a schematic with the main optical elements for confocal
epifluorescence detection. A laser beam is focused with a high numerical aper-
ture objective to a diffraction-limited focal spot that serves to excite the labeled
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molecules. In the simplest experiment, the sample molecules are freely diffus-
ing in solution at very low concentration, ensuring that the probability of two
molecules residing in the confocal volume at the same time is negligible. When
a molecule diffuses through the laser beam, the donor dye is excited and fluo-
rescence from donor and acceptor is collected through the objective and gets
focused onto the pinhole, a small aperture serving as a spatial filter. A dichroic
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Fig. 3. Schematic of a confocal single molecule experiment on freely diffusing mole-
cules (molecules not to scale). In this example, the signal is separated by wavelength into
two detection channels corresponding to emission from donor and acceptor chromophores.
With additional dichroic mirrors or polarizing beam splitters, the system can be extended
to monitor polarization and/or emission from more dyes in parallel. In combination with a
xy-stage, the system can be used for confocal imaging by sample scanning.
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mirror finally separates donor and acceptor emission into the corresponding
detectors, from where the data are collected with multichannel scalers or suit-
able counting cards. The setup can be extended to sorting photons by additional
colors, e.g., if more than two chromophores are used (37,38), or by both wave-
length and polarization (32,39). The system can be coupled to a piezo xy flex-
ure stage for sample scanning, which allows the acquisition of fluorescence
images and the reproducible positioning of the laser beam on individual mole-
cules immobilized on the surface. Even better spatial separation than with con-
focal one-photon excitation can be achieved by two-photon excitation (40).

The advantage of observing freely diffusing molecules is that perturbations
from surface interactions can largely be excluded, but the observation time is
limited by the diffusion times of the molecules through the confocal volume.
Typically, every molecule is observed for no more than a few milliseconds in
the case of proteins. Alternatively, molecules can be immobilized on the surface
and then observed for a more extended period of time, typically a few seconds,
until one of the chromophores undergoes photodestruction. The complications
in this case are interactions with the surface that can easily perturb the sensitive
equilibrium of protein folding.

For sample design, especially for choosing the chromophores, it is important
to be aware of the characteristics and limitations of the instrument, such as the
laser lines available for excitation or the time resolution and signal-to-noise
ratio achievable with the detectors. The lasers typically used range from simple
cw systems with a single fixed wavelength to large, tunable, pulsed lasers that
make a broad range of wavelengths accessible. With a pulsed source, fluores-
cence lifetimes become available in addition to intensities, which can provide
additional information (39,41). 

2.2. Chemicals

Obviously, single molecule fluorescence experiments make great demands
on buffer preparation and sample purity. Even though a single molecule is
always pure, researchers rarely have the means to distinguish sample molecules
unequivocally from contaminants. Some solutes, e.g., denaturants or osmolytes,
may be present at concentrations of several molar. Highest purity buffer sub-
stances are therefore strictly required. Common buffers, such as phosphate salts
and Tris, can be obtained in excellent purity from most major suppliers as spec-
trophotometric grade chemicals, other substances only from more specialized
sources (e.g., GdmCl and Tween-20 [Pierce Biotechnology, Rockford, IL]). As
a general rule, all solutions have to be tested in the single molecule instrument
for fluorescent impurities prior to use. Quartz-bidistilled water is recom-
mended; water from ion exchanger water purification systems (“MilliQ”) is
usually suitable, but needs to be monitored more regularly for contaminations.
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Fluorophores for protein labeling can be obtained with a variety of reactive
groups from several manufacturers, such as Molecular Probes/Invitrogen
(Alexa Fluors), Amersham Biosciences (cyanine dyes), and others.

2.3. Chromatography

Purification of labeled proteins proceeds very much the same way as any other
protein purification, but again, buffers should have very low fluorescence back-
ground. High-performance liquid chromatography (HPLC) or fast protein liquid
chromatography (FPLC) systems with fluorescence and diode array absorption
detectors can greatly simplify the identification of correctly labeled species.

3. Methods
3.1. Choosing the Fluorophores

Several criteria must be met by chromophores for single molecule FRET:

1. They must have suitable photophysical and photochemical properties, especially a
large extinction coefficient (~105 M–1cm–1 or greater), a quantum yield close to 1,
high photostability, a low triplet state yield, and small intensity fluctuations (which
can result from intermittence, i.e., transitions between bright and dark states).

2. The absorption maximum of the donor chromophore must be close to a laser line
available for excitation.

3. Good spectral separation of donor and acceptor emission is necessary to minimize
direct excitation of the acceptor and to reduce crosstalk between the detection
channels.

4. Acceptor absorption and donor emission spectra must give an overlap integral that
results in a suitable Förster radius (calculated from Eq. 2). Keep in mind that the
best sensitivity for distance changes can be obtained for distances close to R0.

5. The dyes must be available with suitable functional groups for specific protein
labeling (typically succinimidyl esters for amino groups or maleimides for
sulfhydryl groups).

6. The dyes must be sufficiently soluble in aqueous buffers, otherwise they may
induce protein aggregation, a problem that has been minimized by the introduc-
tion of charged groups in many of the popular dyes (42,43).

Note that some of the fluorophores’ properties may change on attachment to
the protein. In many cases, it is thus advisable to screen a series of dye pairs. The
most commonly used dyes are organic fluorophores developed specifically for
sensitive fluorescence detection. Examples of common dye pairs are Cy3/Cy5
and Alexa 488/Alexa 594. Semiconductor quantum dots (44,45) are promising
candidates because of their extreme photostability, but they are not yet available
with single functional groups, so far they can only be used as donors because of
their broad absorption spectra, and they are themselves of the size of a small protein,
which increases the risk of interference with the folding process. As of today,
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tryptophan, the amino acid most commonly used for fluorescence detection in
proteins, is not suitable for single molecule detection (unless the molecule contains
a very large number of tryptophan residues [46]) owing to the low photostability of
the indole ring.

3.2. Protein Labeling

To our misfortune, protein chemistry has not made it easy for us to investi-
gate polypeptides in single molecule experiments (with the exception of the
family of fluorescent proteins [47,48]). Specific placement of fluorophores on
the protein ideally requires groups with orthogonal chemistry. For simple sys-
tems, such as short peptides, sequences can be designed to introduce only sin-
gle copies of residues with suitable reactive side chains (23,33). In chemical
solid-phase peptide synthesis, protection groups and the incorporation of non-
natural amino acids can be used to increase specificity, but for longer chains,
chemical synthesis becomes inefficient and shorter chains have to be ligated
(49) to obtain the desired product (22).

The production of proteins of virtually any size and sequence by heterologous
recombinant protein expression is the method of choice to obtain very pure mate-
rial in sufficiently large amounts for preparative purposes. But the number of
functional groups that can be used for specific labeling is then very limited.
Sufficiently specific reactivity in natural amino acids is only provided by the
sulfhydryl groups of cysteine residues, the ε-amino groups of lysine side chains,
and the free α-amino group of the N-terminal amino acid. However, except for
small peptides, the statistical and, therefore, often multiple occurrence of cysteine
and especially lysine residues in one polypeptide prevents the specific attachment
of labels. Increased specificity can be achieved by removing unwanted natural
cysteines by site-directed mutagenesis or introducing cysteines with different
reactivity owing to different molecular environments within the protein (50).
Labeling is usually combined with multiple chromatography steps to purify the
desired adducts. Alternative methods (51) are native chemical ligation of recom-
binantly expressed and individually labeled protein fragments or intein-mediated
protein splicing (52), the specific reaction with thioester derivatives of dyes (53),
puromycin-based labeling using in vitro translation (54), or introduction of non-
natural amino acids (55). Most of the latter methods are not yet used routinely, are
not openly available, or must be considered under development. 

Currently, the most common approach is to rely on cysteine derivatization. An
outline for labeling a small protein with a FRET pair is given in the following:

1. Based on the three-dimensional structure of the protein, remove all solvent-accessible
cysteine residues by site-directed mutagenesis and introduce two surface-exposed
cysteines with a sequence separation resulting in a clear difference in FRET effi-
ciencies for folded and unfolded protein, respectively.
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2. Express the protein, purify it under reducing conditions, and concentrate it to at
least 200 µM.

3. Remove the reducing agent and adjust the pH by passing the protein over a desalt-
ing column equilibrated with 50 mM sodium phosphate buffer, pH 7.0. Ensure that
the resulting protein concentration is at least 100 µM.

4. React the protein with the first chromophore (see Note 4) by adding the maleimide
derivative of the dye at a 1:1 M ratio, incubate 1 h at room temperature or at 4°C
overnight.

5. Separate unlabeled, singly labeled, and doubly labeled protein by chromatogra-
phy, e.g., by ion exchange chromatography, taking advantage of the negative
charge on many common chromophores. In favorable cases, this method even
allows the separation of labeling permutants (23). Including low concentrations of
detergents such as Tween-20 can reduce protein losses resulting from non-specific
adsorption to the column material.

6. Concentrate singly labeled protein to at least 100 µM and react with the second
chromophore as in points 3 and 4. Make sure that the pH is adjusted properly.

7. Separate singly and doubly labeled protein as in point 5.

Interactions of the dye with the protein surface can interfere both with the
photophysics of the chromophores and the stability of the protein. This needs to
be taken into account both for the design of the labeled variants and the control
experiments. Because of the substantial size of the fluorophores, they can usu-
ally only be positioned on the solvent-exposed surface of the protein if the
folded structure is to be conserved. Even then, the use of hydrophobic dyes can
lead to aggregation of the protein, and interactions with the protein surface can
cause a serious reduction in fluorescence quantum yield. Important control
experiments are equilibrium or time-resolved fluorescence anisotropy measure-
ments (22,23,33), which are sensitive to the rotational flexibility of the dyes and
can therefore provide indications for undesirable interactions with the protein
surface. It is also essential to ensure by direct comparison with unmodified pro-
tein that labeling has not substantially altered the protein’s stability or folding
mechanism (22,23).

3.3. Controls

Several factors can complicate single molecule fluorescence experiments, for
instance optical saturation and photobleaching, the influence of diffusion, pos-
sible interactions of the chromophore with the polypeptide (resulting in a reduc-
tion of quantum yields or lack of fast orientational averaging of the dyes), or a
change of solvent conditions, which can affect the refractive index and the pho-
tophysics and photochemistry of the dyes. A suitably labeled control molecule
that essentially provides a rigid spacer between the dyes, and whose conforma-
tion does not change under denaturing conditions can thus be valuable for
avoiding misinterpretation of the results.
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Two suitable types of molecules are double-stranded DNA (13) and
polyproline peptides (33). DNA dupleces are very stiff (persistence length of
about 50 nm) and can simply be generated by annealing complementary
oligonucleotide strands, which are commercially available with fluorophores
already attached. For FRET experiments on proteins, however, it is desirable
to use a polypeptide-based reference molecule because the type of attachment
chemistry and the characteristics of the immediate molecular environment can
influence the photophysical properties of the fluorophores (56–58). Additionally,
under some conditions used for protein denaturation, a DNA duplex will disso-
ciate. Oligomers of proline in water form a type II helix with a pitch of 0.312 nm
per residue and a persistence length of about 5 nm, providing a reasonably stiff
spacer (33,59–61). By including an amino terminal glycine residue and a car-
boxy terminal cysteine residue in the synthesis, the resulting α-amino group and
the cysteine’s sulfhydryl group can be labeled specifically with derivatives of
suitable reactive dyes, such as succinimidyl esters and maleimides, respectively
(23,33). Polyproline peptides are therefore suitable reference molecules, but
their chain dynamics have to be taken into account, especially for higher
oligomers (33).

Another issue that frequently complicates the quantitative analysis of FRET
experiments is the orientational factor κ2 (see Subheading 1.1.). Routinely,
labeled protein samples should be analyzed with equilibrium or time-resolved
fluorescence anisotropy measurements. Low anisotropy values are indicative of
freely rotating chromophores; from time-resolved measurements, the rotational
correlation time of the dyes can be determined directly (62).

In general, it is always essential to compare the results from single molecule
experiments quantitatively with ensemble data (see Note 5). Even though it may
be tempting to analyze only the results from a few selected molecules, the over-
all result must agree with the ensemble measurement, and the criteria for singling
out molecules for analysis have to be as objective and clearly defined as possible.

3.4. Other Technical Details

3.4.1. Filters

Customizing the single molecule instrument will involve the installation of
suitable filters specific for the dye pair used. A compromise between maximum
collection efficiency, minimal background from scattering, and cross-talk
between the channels (especially donor emission leakage into the acceptor
detector) has to be established. At least two dichroic mirrors are required, but the
signal-to-noise ratio can usually be improved by additional filters, e.g., long-pass
filters to reject scattered laser light, a laser line filter, and band-pass or long-pass
filters for the individual detection channels. A broad range of filters and dichroic
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mirrors is available from companies such as Chroma or Omega Optical. Other
variables involve the choice of excitation intensity and laser pulse frequency
(which should be optimized carefully by systematic variation), the objective
used (e.g., water immersion vs oil immersion [see Note 6]) and the size of the
pinhole in a confocal setup.

3.4.2. Cover Glasses

Cells for single molecule measurements are usually assembled using glass
cover slides with a thickness corresponding to the optical correction of the
objective. Generally, fused silica results in lower background because of the
high purity of the material. Impurities on the surface of cover slides can give
rise to background, especially in experiments on immobilized molecules close
to the surface of the glass. It can thus be crucial to clean them carefully. A wide
variety of cleaning methods for cover slides are applied, e.g.,

1. Rubbing the glass carefully with acetone or isopropanol and rinsing.
2. Heating to 500°C or more with a flame or in a suitable oven.
3. Sonicating in a 1:1:5 mixture of 30% ammonium hydroxide, 30% hydrogen 

peroxide, and water.
4. Etching with a 10% solution of hydrofluoric acid in water for 5 min. (Hydrofluoric

acid needs to be handled very carefully. The surface of the polished glass is
degraded by etching, and the cover slide can usually not be reused, which is a dis-
advantage especially for expensive fused silica cover slides.)

3.4.3. Oxygen

The observation time of immobilized single molecules is ultimately limited by
photobleaching, an intrinsic property of all organic dyes. Photobleaching is typi-
cally a result of excited state (probably triplet state) reactions with highly reactive
molecules in solution, such as singlet oxygen. At the same time, oxygen is an effi-
cient quencher of triplet states, whose population at excitation close to optical sat-
uration can strongly decrease the overall fluorescence intensity. However, it may
still be advantageous for some experiments to reduce the oxygen concentration.
The popular combination of glucose oxidase and catalase in the presence of glu-
cose (63) can obviously not be used under most denaturing conditions, but other
methods for generating anaerobic conditions are available (63).

3.5. Free Diffusion Experiments

Arguably the simplest single molecule experiment involves diluting a labeled
protein sample to a concentration of about 10–100 pM and observing the signal
from the confocal excitation and detection volume. In this concentration range,
the probability of two protein molecules residing in the confocal volume at the
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same time is very small, and the signal bursts observed (Fig. 4) arise from indi-
vidual molecules, provided aggregation can be excluded. As the molecules are
only observed for about a millisecond each, bursts from hundreds to thousands
of individual molecules are typically collected in several minutes to hours,
depending on the protein concentration and the statistics required. The simplest
way of analyzing the data is by binning them in intervals approximately equal to
the average burst duration, typically about 1 ms. Photon bursts are then identified
by a simple threshold criterion, and the counts from contiguous bins above the
threshold are summed (31). A slightly more sophisticated approach identifies the
beginning and end of photon bursts with higher time resolution, using the corre-
sponding increase and drop in the photon arrival frequency. The counts of a sin-
gle burst are integrated, and a second threshold for the total number of photons
is used to discriminate signal from noise and to select the largest bursts, which is
particularly important if fluorescence lifetimes are to be computed from individ-
ual bursts (32). Typically, burst sizes between 20 and 200 counts are reached.

Prior to further analysis of the identified bursts, several corrections need to
be made. The background must be subtracted from the raw intensities, and the
different quantum yields of donor and acceptor, the cross-talk between the
channels, and direct excitation of the acceptor need to be taken into account. In
the literature, it is common practice to address all of these corrections individ-
ually and simply add and subtract the corresponding contributions from each
channel. Even though this is sufficient for most practical purposes, it neglects
that some of these corrections are interdependent. A more general scheme for
the correction of the raw signals is given in Note 3. If all parameters are cali-
brated correctly, the results from the number of emitted photons (Eq. 3) and flu-
orescence lifetimes (Eq. 4) should be in agreement.

The lifetimes and corrected photon counts obtained from the individual bursts
can then be analyzed in histograms of transfer efficiencies, distances, polarization,
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Fig. 4. (Opposite page) Example of data from an experiment on fluorescently labeled
CspTm molecules (23) freely diffusing in a solution containing 1.5 M guanidinium
chloride conditions close to the unfolding midpoint. One second of a fluorescence
intensity measurement (total acquisition time 600 s) is shown, with large bursts of pho-
tons originating from individual molecules diffusing through the confocal volume. A
histogram of transfer efficiencies calculated for the individual bursts from the entire
measurement is shown in the inset. The histogram shows transfer efficiencies of E ~~ 0.9
for folded and E ~~ 0.4 for unfolded molecules. This allows changes in transfer efficien-
cies to be analyzed individually for the two subpopulations (see Note 7 for the peak at
E ~~ 0 and Note 8 for the width of the distributions). The measurement was done on a
MicroTime 200 time-resolved fluorescence microscope (PicoQuant) with an excitation
wavelength of 470 nm.
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or burst size distributions, to name just a few examples (Fig. 4). In many cases, it is
helpful to investigate the relation between several of these parameters, for instance
in 2D histograms of fluorescence lifetime vs the transfer efficiency calculated from
Eq. 3. As a type of 2D spectroscopy, this can lead to better separation of subpopu-
lations or the identification of unique signatures for certain conformational states.

3.6. Experiments on Immobilized Proteins

An approach to observing individual proteins for an extended period of time
is their immobilization on a surface. However, nonspecific interactions with the
surface can easily disturb the folding reaction (21). Strategies for minimizing
such interactions include the optimization of surface functionalization (26,64) or
the encapsulation of individual protein molecules in surface-tethered lipid vesi-
cles (27,28,65). Both methods have allowed the observation of single molecule
protein folding reactions. The absence of binding to the surface can be tested by
single molecule polarization measurements (27,28,65) or by quantitative com-
parison with experiments on freely diffusing molecules.

For immobilization experiments it can be helpful to prepare a small flow cell
that allows rapid buffer exchange, the deposition of materials on the surface, and
washing steps. Such flow cells can be assembled from two clean cover slides
(see Subheading 3.4.2.) with double-sided tape, forming a channel several mil-
limeters wide and about 100-µm deep. The following procedure outlines the
deposition of labeled protein encapsulated in lipid vesicles (65):

1. Sonicate a 500-µL suspension of 10 mg/mL egg-phosphatidylcholine (PC) and
0.2 mg/mL biotinylated phosphatidylethanolamine in the buffer to be used for the
experiment to create multilamellar vesicles.

2. Extrude part of the suspension through a polycarbonate membrane with 100-nm
pores (66) to create large unilamellar vesicles (LUVs), and repeat the procedure
with the remaining sample, with about 1 µM of the protein to be encapsulated
added to the suspension. This will result in statistical trapping of protein mole-
cules, with the majority of vesicles being empty, and some vesicles containing one
and only rarely two or more molecules.

3. Flow empty LUVs into the flow cell and incubate for a few minutes. The vesicles
will form a supported bilayer on the surface. Wash the flow cell with buffer.

4. Introduce a solution of 1 mg/mL avidin into the flow cell, which will bind to the
biotinylated lipid, and incubate for a few minutes. Wash the flow cell with buffer.

5. Flow in a dilute suspension of the LUVs with encapsulated protein. The vesicles
will bind to the surface-adsorbed avidin, unbound vesicles and free protein can be
removed by rinsing the flow cell.

Immobilized molecules prepared in this or other ways can be observed either
with a confocal system in combination with sample scanning, or by wide field
detection with evanescent field excitation. In the former case, the surface is first
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scanned to identify individual molecules, which are then targeted by the laser
individually and observed sequentially. In the latter case, the information of all
molecules in the field of view is obtained simultaneously, albeit with lower time
resolution, and usually with an inferior signal-to-noise ratio. In both cases, tra-
jectories of fluorescence intensities are obtained, terminated by photobleaching
of a chromophore, which typically occurs after several milliseconds to seconds,
depending on the exciting laser intensity. Transfer efficiencies or other para-
meters are calculated from the trajectories and corrected in a similar way as for
the bursts from freely diffusing molecules (see Subheading 3.5.). An important
criterion for identifying transitions between states is the anticorrelated signal
change between donor and acceptor channels (Fig. 5), which is expected for a
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Fig. 5. Example of data from an experiment on fluorescently labeled, vesicle-encapsu-
lated CspTm molecules immobilized on a surface (28). The experiment was performed at
2.0 M guanidinium chloride, the denaturation midpoint of CspTm. Under these condi-
tions, the protein would be expected to remain in the folded and unfolded states for
extended periods of time, with rapid, intermittent jumps across the barrier between the
two corresponding free energy minima. The top panel shows the fluorescence intensity
trajectories recorded from the donor and acceptor chromophores of an individual protein.
The anticorrelated changes in their emission intensities result in clear jumps of the transfer
efficiency (bottom panel), reflecting the expected behavior of a two-state protein.
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change in distance between the chromophores. The resulting trajectories of
transfer efficiencies can potentially be analyzed by a wide range of methods
pioneered in the field of single channel recording (17).

3.7. Limitations of Single Molecule FRET

The number of photons that can be detected from an individual fluorophore
is limited by photobleaching to some 105 (under ideal conditions). Roughly 100
photons are needed for a signal-to-noise ratio of 10, which means that on the
order of up to 1000 observations can be made, in principle sufficient to observe
many conformational transitions of a protein. The observation time can be
extended by periodically interrupting the laser excitation.

In the other extreme, time resolution is ultimately limited by the photon emis-
sion rate, which cannot be greater than the decay rate of the electronically exited
state of the chromophores, typically on the order of 109 per second. Together
with other complications, such as the population of triplet states or low photon
collection efficiencies, resolving processes on time-scales of a few microseconds
and faster is currently hardly feasible from single events. A possible solution is
to make full use of the photon emission statistics from many events, as in fluo-
rescence correlation spectroscopy (FCS) (67) and similar experiments, which
have the potential to resolve dynamics on microsecond time-scales (68) and
below (69). FCS is a powerful complementary method for studying protein fold-
ing dynamics, and as the setup is essentially identical to that of a confocal sin-
gle molecule instrument, correlations can often be obtained from the same type
of measurements as described in Subheading 3.5.

How accurately can distances be measured by single molecule FRET?
According to Eq. 1, the transfer efficiency is most sensitive for distance changes
close to R0. Theoretically, the precision of a transfer efficiency value determined
from a single molecule is only limited by shot noise, i.e., the variation of count
rates owing to the quantization of the signal (31,70). For instance, from 100 photons,
the standard deviation of E at a distance r = R0 = 5 nm would then be approx 5%,
corresponding to an uncertainty in distance of approx 0.2 nm. If more photons are
collected or if the signal from many molecules is averaged, a correspondingly
higher precision would be achievable. In practice, the presence of background will
limit the signal-to-noise ratio and impair the precision—even more so, if the trans-
fer efficiencies are not close to R0. In view of the possible systematic errors, espe-
cially the uncertainties in the calculation of R0 (see Subheading 1.1.), FRET is
currently more powerful for detecting distance changes than for accurately meas-
uring absolute distances. However, important advances of the technique are still
being made (71,72), and together with a wider variety of reference molecules (33),
the accuracy of single molecule FRET measurements will probably be improved
further. The study of protein folding will certainly benefit.
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4. Notes
1. Note that the equation for R0 given in the popular textbook of Cantor and

Schimmel (73) is not correct.
2. The quantum yield of a chromophore can change upon attachment and must there-

fore be determined from a protein sample labeled with only one dye.
3. The relation between the raw photon counts nA,0 and nD,0, as measured in the two

detection channels for acceptor and donor emission, respectively, and the corrected
values n′A and nD can be expressed by the matrix equation

where the matrix aij describes the cumulative effect of the differences in quantum
yields, the different collection efficiencies of the detection channels, and cross-
talk (“bleed-through”), i.e., acceptor emission detected in the donor channel and
donor emission detected in the acceptor channel. bA and bD are the background
count rates in the acceptor and the donor channel, which can be estimated from a
measurement on blank buffer solutions. 

The elements of matrix aij can be determined for a specific single molecule
instrument (except for a scaling factor α) from a measurement of two samples
containing donor and acceptor dye, respectively, with a concentration ratio equal
to the ratio of their extinction coefficients at the excitation wavelength (ensuring
that, at identical laser power, the same mean number of excitation events take
place per unit time in both samples). By inverting the resulting matrix, the correc-
tion matrix cij = a-1

ij is obtained, which transforms the background-corrected raw
counts nA,0–bA and nD,0–bD into the corrected values n′A and nD. Note that the fac-
tor α remains unknown, but cancels if intensity ratios are computed, as in the case
of the transfer efficiency. Also note that this correction procedure can easily be
extended to more than two channels by using a matrix of higher rank. Finally, n′A
has to be corrected for direct excitation of the acceptor according to, nA = n′A –
(n′A + nD)/(1 + εD/εA), where εD and εA are the extinction coefficients of donor and
acceptor, respectively, at the excitation wavelength. Ideally, these corrections
should already be taken into account for burst identification.

4. Adhere to the labeling instructions given by the manufacturer, especially the notes
provided by Molecular Probes that are very detailed and helpful.

5. These experiments will take up the great majority of the labeled protein samples,
which should be taken into account for the preparation scale.

6. With oil immersion objectives, the focal volume must be positioned very close to
the cover slide surface to minimize chromatic aberration. In this case it is parti-
cularly important to use fused silica cover slides to reduce background from glass
luminescence.

7. The signal from molecules with a transfer efficiency of zero is a notorious phenom-
enon in free diffusion experiments, which can of course be from incomplete labeling
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or impurities, but may also be caused by light-induced inactivation of the acceptor,
as suggested by experiments where the sample is flowed (24), but the exact origin
of this component of the signal is still a matter of debate. There is no problem if the
transfer efficiency of the intact molecules under study is sufficiently different from
zero (as in the example of Fig. 3), or if the intact molecules can be separated from
the zero transfer events in combination with other observables, such as lifetime or
polarization. An elegant general solution is the alternating excitation of donor and
acceptor (72,74), which independently probes the acceptor chromophore and allows
all molecules with an inactive acceptor to be excluded from the analysis.

8. The width of the transfer efficiency histogram has often been found to be greater
than expected from shot noise. This observation has been made on a variety of
molecular systems (22,23,33), indicating that additional, unidentified instrumen-
tal or physical factors may contribute to the width. Note that a distribution of
transfer efficiencies does not necessarily imply a distribution of distances. In this
type of measurement, subpopulations with different distances can only be sepa-
rated if their dynamics are slow on the observation time-scale (in this example
milliseconds).
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