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Alternating-laser excitation: single-molecule FRET
and beyond

Johannes Hohlbein,*a Timothy D. Craggsb and Thorben Cordesc

The alternating-laser excitation (ALEX) scheme continues to expand the possibilities of fluorescence-

based assays to study biological entities and interactions. Especially the combination of ALEX and single-

molecule Förster Resonance Energy Transfer (smFRET) has been very successful as ALEX enables the

sorting of fluorescently labelled species based on the number and type of fluorophores present. ALEX also

provides a convenient way of accessing the correction factors necessary for determining accurate

molecular distances. Here, we provide a comprehensive overview of the concept and current applications

of ALEX and we explicitly discuss how to obtain fully corrected distance information across the entire

FRET range. We also present new ideas for applications of ALEX which will push the limits of smFRET-

based experiments in terms of temporal and spatial resolution for the study of complex biological systems.

Introduction

The study of physical and biological processes on the molecular
level relies on the continuous development and improvement
of sophisticated instrumentation and analytical methods.
Whereas X-ray crystallography and Nucleic Magnetic
Resonance (NMR) were, and still are, essential for resolving

the atomic structure of biomolecules, they are less suited for
studying the complex and often dynamic interactions within
and between those molecules. During the past twenty years, a
wide range of fluorescence-based methods have been developed
with the prospect of probing molecular structure, dynamics and
interactions at unprecedented spatial and temporal resolution.1–9

A hallmark of many of these methods is the possibility to over-
come the ensemble- and time-averaging inherent to conventional
biochemical techniques, which often obscure the identification
and interpretation of asynchronous reactions, transient
conformational states, and rare sub-species. This review will
focus on a technique known as alternating-laser excitation
(ALEX),10 which was initially developed as an extension of
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single-molecule Förster Resonance Energy Transfer
(smFRET).11 Besides providing an ideal framework for FRET-
based, accurate monitoring of distances between two fluoro-
phores in the 2–10 nm range, the ALEX scheme can also be
used in applications which do not necessarily require the
presence of FRET such as biosensing.12

Theory and methodological background
Single-molecule FRET (smFRET)

FRET describes a distance-dependent and non-radiative energy
transfer from a high-energy fluorophore (donor) to a lower-
energy chromophore (acceptor), which is often also a fluorophore.
FRET can occur if three conditions are fulfilled: (1) the emission
spectrum of the donor overlaps with the absorption spectrum of
the acceptor, (2) both fluorophores are in close proximity, i.e., at a
distance of 2–10 nm, and (3) the dipole moments of both
fluorophores are not perpendicular to each other.13–15

The FRET efficiency E can be expressed in terms of two rate
constants. These relate to the fluorescence lifetime of the donor
in the absence of the acceptor (kD = tD

�1) and the energy
transfer rate between the donor and the acceptor (kT). E is
hence easily determined by comparing the fluorescence life-
times tD of the donor-only species and tT

�1 = kD + kT = tD
�1 + kT

for the donor–acceptor species. Förster showed that the transfer
efficiency E is inversely proportional to the sixth power of the
distance R between the two dipoles

E ¼ kT

kT þ kD
¼ 1� tT

tD
¼ 1

1þ R=R0ð Þ6
: (1)

Here, R0 is the Förster radius which describes the donor-to-
acceptor distance at which the FRET efficiency equals 50%. We
calculate R0 using

R0
6 ¼ 9000 ln 10 FDk2

128p5Nn4

ð1
0

fDðlÞeAðlÞl4 dl; (2)

where FD is the donor quantum yield in the absence of an
acceptor, N is Avogadro’s number, n is the refractive index of
the intervening solution, and k2 is the orientation factor describing
the orientation of the two dipoles with respect to each other. The
orientation factor is often a matter of debate and can only be set to
k2 = 2/3 for the special case of unrestricted rotational freedom of at
least one of the fluorophores.16,17 The overlap integral is a function
of the wavelength l and is calculated using eA as the molecular
extinction coefficient of the acceptor and fD as the wavelength-
dependent emission spectrum of the donor.18

The definition of FRET given above is not limited to single-
molecule studies but rather includes ensemble-based studies.
By using the term smFRET, however, we are specifically
referring to techniques that measure FRET on a molecule-by-
molecule basis. This approach allows us to look beyond the
dynamic and static heterogeneity that may be present in
complex (biological) samples but is often averaged out in
standard bulk assays.

To experimentally realize smFRET, it is crucial to obtain a
sufficiently high signal-to-noise ratio (SNR) to detect a single
fluorescent molecule against the background created by a vast
excess of solute molecules. Even though the first detection of
smFRET was reported using a near-field scanning optical
microscope,11 the simplicity and high SNR of either confocal
microscopy19,20 or total internal reflection fluorescence (TIRF)
microscopy1,21,22 has allowed smFRET to flourish.9,23–26

In diffusion-based confocal microscopy, which is a major
focus of this review, a femto-litre-sized excitation volume is
created by focusing laser light with an objective of high
numerical aperture into a sample containing a low, typically
picomolar, concentration of fluorescently labelled and freely
diffusing species (Fig. 1A). A combination of epi-fluorescence,
i.e., excitation and detection via the same objective, with a
micrometer-sized pinhole creates a diffraction-limited detection
volume around the excitation focus where the background signal
is efficiently suppressed. After the pinhole, the fluorescence is
divided into a donor and an acceptor detection channel using
suitable spectral filtering (e.g., bandpass filters) adapted to the
properties of the donor and acceptor fluorophores. Each transit of
a labelled molecule through the confocal volume will lead to the
detection of a fluorescent burst as depicted in Fig. 1B and C. This
allows determining the photon counts in a given detection
channel. By recording the arrival time for each single photon,
we can identify fluorescent ‘‘bursts’’ related to a molecular transit.
Identification of this burst is done via a threshold criterion that
detects the number of photons in a given time window, which is
normally shorter than the mean diffusion time of the fluorescent
species through the confocal volume.27,28 Throughout this
manuscript, we will continue to use this picture of bursts for all
our considerations. We should emphasize, however, that all of the
following relations and equations are also applicable for cases
where, instead of using bursts, we measure a certain number of
photons in a given time interval (binning). This approach
represents a common strategy for surface-based confocal scanning
microscopy and especially TIRF microscopy (Fig. 1D–F), in
which single arrival times of photons are currently not accessible
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(for a review on recent developments in camera-based, fluorescence-
lifetime-resolved imaging, see ref. 29).

Photon counts derived from time-binning or burst searches are
then used to determine FRET efficiencies according to established
methods from ensemble-based studies.30,31 For smFRET the two
important ones are (i) the calculation via ‘‘FRET-sensitized’’ emission
by comparing the measured fluorescence intensities in the donor

and the acceptor channel after donor excitation fDem
Dex

and f Aem
Dex

,
respectively, and (ii) by using the decrease in the fluorescence
lifetime of the donor in the presence of an acceptor (see eqn (1)).
Here, we will focus on the first option, which does not require
expensive instrumentation to measure fluorescence lifetimes.

For extensive reviews on smFRET and different experimental
realizations, we refer the reader to ref. 2, 9, 23, 25 and 32.

Fig. 1 Implementation of the alternating-laser excitation scheme in confocal and TIRF microscopy. (A) Confocal microscopy. The laser box in the excitation
pathway contains two modulatable lasers in order to provide well-defined sequences of red (r) and green (g) illumination. After collimating the laser light with a
lens and reflecting the laser by a polychroic mirror, an objective with high numerical aperture is used to generate a diffraction limited excitation spot in the
sample volume. Fluorescence, originating from fluorescent dyes attached to biomolecules diffusing through the confocal spot, is collected by the same
objective and spatially filtered with a pinhole before it is spectrally split into a green and a red detection channel. (B) During the transit of a single biomolecule
through the focus, the periods of green (g) and red (r) excitation alternate much faster than the corresponding diffusion time. Upon direct excitation of the
donor, some energy can be transferred to the acceptor via FRET. The existence of the acceptor is probed during red excitation. (C) As a result, every burst is
characterised by three photon numbers: First, the number of photons in the donor channel after donor excitation fDem

Dex

� �
; second, the number of photons in

the acceptor channel after donor excitation f Aem
Dex

� �
; and third, the number of photons in the acceptor channel after direct acceptor excitation f Aem

Aex

� �
. (D) TIRF

microscopy. In contrast to a confocal microscope, the laser light is focused onto the backfocal plane of the objective, the image is spatially filtered with a
rectangular aperture, and both detection channels (for donor and acceptor) are imaged onto a camera. (E) Schematic frames after donor excitation (top, green)
and direct acceptor excitation (bottom, red). Individual particles are linked across the field of view and individual point spread functions (PSF) are fit to Gaussian
distributions yielding positions of single species; the fluorescence intensity at these positions on the camera over time gives fluorescent time traces (F).
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smFRET and alternating-laser excitation (ALEX)

For each burst, we calculate apparent FRET E*, which is used to
reveal relative distance changes rather than exact distances as
the photon counts are not yet corrected for background,
spectral cross-talk of the donor into the acceptor-emission
channel and detection efficiencies of the dyes (see section
‘ALEX for accurate smFRET’)

E� ¼ f Aem
Dex

.
fDem
Dex
þ f Aem

Dex

� �
: (3)

Spectral cross-talk is a major problem in standard smFRET
experiments that use only a single laser for excitation of the
donor and rely on recording the emission from both donor and
acceptor to calculate the FRET efficiency. This is because the
emission spectrum of donor fluorophores is often so broad that
some of the emitted donor photons are actually detected in the
acceptor-emission channel. This has the severe consequence
that the attribution of calculated transfer efficiencies to particular
species is sometimes impossible, e.g., in case of an indistin-
guishable convolution of donor-only and low-FRET species.
Alternating-laser excitation (ALEX) solves this problem. This
excitation scheme uses direct excitation of the donor fluoro-
phore that is alternated with direct excitation of the acceptor
fluorophore (see Fig. 1 and ref. 10 and 33–35). For diffusion-
based confocal microscopy, in which the diffusion time of the
fluorescent species is in the lower millisecond range, an

alternation frequency of around 20 kHz is sufficient to directly
excite the donor and the acceptor several times during the
passage of a doubly labelled molecule through the confocal
volume (Fig. 1B). In TIRF or confocal scanning microscopy
lower alternation frequencies are used that are typically found
in the millisecond time range.

Using the ALEX scheme, we gain access to an additional

photon number for each burst f Aem
Aex

, which represents the

fluorescence detected in the acceptor-emission channel after
direct excitation of the acceptor. (A fourth existing photon

stream fDem
Aex

is ignored as it does not contain a significant

number of photons.) The three photon streams provide a way of
verifying the presence of the acceptor in a fluorescently active
form. Moreover, by defining the raw stoichiometry, we can
relate the total fluorescence recorded after donor excitation to
the total fluorescence after direct donor and acceptor excitation34

Sraw ¼ fDem
Dex
þ f Aem

Dex

� �.
fDem
Dex
þ f Aem

Dex
þ f Aem

Aex

� �
: (4)

To understand the meaning of stoichiometry, it can be helpful to
think of E* and Sraw in terms of chromaticity: whereas E*
represents the detected chromaticity after excitation of the donor,
which shifts to longer wavelengths (e.g., red) with increasing FRET
efficiency, Sraw represents the chromaticity after exciting both
donor and acceptor (Fig. 2A). For a donor-only species, the
chromaticity of Sraw is determined mainly by the excitation of

Fig. 2 Fluorescence-aided sorting using alternating-laser excitation. (A) Conventional single-colour laser excitation solely reports on the transfer
efficiency E*, which is here shown as the detected chromaticity after donor excitation representing the range from low-FRET species on the left to high-
FRET species on the right. Using the alternating-laser excitation scheme, the stoichiometry S allows one to separate species based on their chromaticity
after direct excitation of the donor and the acceptor: a donor-only sample (I), here shown as a doubly labelled DNA hairpin with a bleached acceptor, will
show a high S value, whereas a acceptor-only sample (V) will appear with low S. Molecules bearing, for example, one acceptor and at least one donor dye
will show an intermediate stoichiometry (II–IV). A two-dimensional ES histogram is generated by plotting the transfer efficiency versus the stoichiometry
for each single burst (confocal detection) or for each molecule (camera-based detection). (B) Simulated data of five different species diffusing through a
confocal volume using solution-based ALEX. The parameters used for the simulation were adjusted to mimic experimental conditions as closely as
possible. Whereas the two-dimensional ES histogram allows differentiating all species unambiguously, the one-dimensional histogram of the transfer
efficiency after single-colour excitation would have been too convoluted to separate species II and III. The one-dimensional bar histograms represent the
data as defined by the red box.
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the donor and Sraw B 1 (as f Aem
Aex
� 0). For acceptor-only species, the

chromaticity is therefore given by the colour of acceptor excitation

and Sraw B 0 (as f Aem
Dex
þ fDem

Dex
� 0). The crucial point is now to tune

the relative laser intensities for direct-donor and direct-acceptor
excitation in such a way that species bearing both fluorophores
exhibit a stoichiometry that is clearly distinguishable from the
donor-only and acceptor-only species. In summary, knowledge of
Sraw allows us to determine the labelling stoichiometry of the
fluorescent species (Fig. 2A). By calculating both a FRET value and
a stoichiometry value for each burst, we can plot the data in a two-
dimensional ES histogram, which enables us to separate low FRET
species from donor-only species based on their respective stoichio-
metry, thus extending the usable FRET range to very low values.

Having the stoichiometry as an additional parameter for
sorting FRET data, one can increase the complexity of the
samples12 as is briefly demonstrated in a simulation of five
fluorescent species freely diffusing in solution (Fig. 2B). Whereas
species III and IV represent a donor–acceptor labelled molecule
interconverting between two FRET states, a new independent
species (II) with a higher stoichiometry can be identified. This
second donor molecule shifts the chromaticity of the stoichiome-
try towards the colour of the donor excitation. It should be noted
that this additional species would have severely complicated the
analysis of a FRET histogram taken after single-laser excitation.

So far, we required the frequency of alternation to be faster
than the related diffusion time of a molecule through the focus
(20 kHz versus 1 ms), but several publications suggest the use of
pulsed lasers to modulate the alternation in the nanosecond
range (nsALEX/PIE) as we will discuss below.36,37 However, slow
alternation frequencies provide a convenient way to determine
molecular distances from histograms of transfer efficiencies
with affordable and simple experimental setups.

ALEX for accurate smFRET

ALEX-based smFRET detection allows sorting species based on
their FRET efficiency and their (labelling) stoichiometry.

However, even if we can identify various species using the
two-dimensional ES histogram, we still face the challenge of
translating transfer efficiencies into molecular distances. The
major obstacles that we have to overcome are (1) the back-
ground intensity contributing to all three photon streams

f Aem
Dex

, fDem
Dex

, and f Aem
Aex

, arising from impurities, inelastic Raman

scattering of the water molecules, and dark counts in the
detectors, (2) the two cross-talk terms, (i) the leakage Lk of the
donor-emission into the acceptor-detection channel and
(ii) the direct excitation Dir of the acceptor fluorophore by
the laser used for exciting the donor, and (3) the overall
photon-detection efficiencies in the detection channels (repre-
sented by g). A detailed discussion of accurate FRET is given by
Lee et al.34

Here, we present a concise method for the sequential
determination and application of all the correction parameters
needed for measuring accurate FRET distances using ALEX-
spectroscopy (Fig. 3). With a typical sample, the cross-talk
correction terms are determined from the same data as would
normally be collected for standard analysis, i.e., distance
measurements in a sample, while gamma can be determined
by the comparison of two or more such data sets on constructs
with different FRET efficiencies.

Correction 1: background

The background intensities (counts per unit time) in confocal
microscopy can be estimated either by determining the count
rate between bursts or by calculating the mean count rate in
each channel. The latter method is often sufficiently accurate,
given that the concentration of fluorescent molecules in
solution is below 100 pM – a requirement which is already
met in order to observe single molecules in the confocal
volume. Thus for each burst, the background-corrected photon
counts c f i

j for the three photon streams are calculated by
subtracting the background count rate (for each stream) multi-
plied by the length of the burst.

Fig. 3 Three steps towards accurate FRET. In the first step, the background intensity is subtracted from the detected photon streams. In the second step,
the position of the donor-only and acceptor-only FRET species in the ES histogram allows determining the contributions of the leakage from the donor
into the acceptor detection channel (Lk) and the direct excitation of the acceptor upon donor excitation (Dir). In the third step, the slope between the
peaks of a low-FRET and a high-FRET species is fitted to determine the correction factor gamma. Note that applying each correction factor leads to a
shift of the positions of each species in the ES histogram. After all corrections E can be determined from the DA population using, e.g., Gaussian fitting.
This accurate FRET value is then used to determine intramolecular distances with the knowledge of the Förster radius according to eqn (14).
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In accordance with the above considerations we calculate the
proximity ratio E raw

PR , which is not yet corrected for spectral cross-talk

Eraw
PR ¼ c f

Aem
Dex

.
c f

Dem
Dex
þ c f

Aem
Dex

� �
: (5)

Correction 2: cross-talk

In the presence of both donor and acceptor dyes and the
possibility of FRET occurring between them, there are up to
three contributions to the donor-excitation acceptor-emission
photon stream

c f
Aem
Dex
¼ LkþDirþ FFRET: (6)

Lk and Dir were defined above and F FRET represents the number
of photons arising from acceptor emission after energy transfer
from the donor fluorophore. By selecting donor-only or acceptor-
only populations from a background-corrected ES histogram
(populations I and V, respectively, in Fig. 2A), it is possible to

determine the contributions from Lk and Dir to the c f
Aem
Dex

photon

stream and thus calculate F FRET for each individual burst.
The donor-only species, which may be present in our sample

due to incomplete labelling or acceptor photobleaching, gives

direct access to the leakage contribution. We obtain c f
Aem
Dex
¼ Lk

as there can be no photons arising from either direct excitation of
the acceptor (Dir = 0) or FRET (F FRET = 0). As the leakage Lk is
proportional to the total number of donor photons detected in the

donor channel, we write Lk ¼ l � c fDem
Dex

and thus c f
Aem
Dex
¼ l � c fDem

Dex

for donor-only molecules using l as the leakage coefficient.
Continuing with donor-only molecules, we find that eqn (5) now
simply reads ED-only = l/(l + 1), which represents the peak of the
apparent transfer efficiencies of the donor-only molecules and is
therefore used to determine the leakage coefficient

l = ED-only/(1 � ED-only). (7)

Applying a similar line of reasoning to acceptor-only molecules
yields c f

Aem
Dex
¼ Dir. We can use the direct-excitation coefficient

d to define Dir ¼ d � c f Aem
Aex

and thus c f
Aem
Dex
¼ d � c f Aem

Aex
. Substi-

tuting into the equation for the stoichiometry (eqn (4), but
using the background-corrected photon counts) gives SA-only =
d/(d + 1) from which we calculate d as

d = SA-only/(1 � SA-only). (8)

In summary, by fitting the peaks of the donor-only and
acceptor-only species to obtain all correction factors, we calcu-
late F FRET for each individual burst

FFRET ¼ c f
Aem
Dex
� Lk�Dir ¼ c f

Aem
Dex
� l � c fDem

Dex
� d � c f Aem

Aex
:

(9)

We can now calculate the cross-talk-corrected proximity ratio EPR

EPR ¼ FFRET
.

c f
Dem
Dex
þ FFRET

� �
(10)

and the cross-talk-corrected stoichiometry S

S ¼ c f
Dem
Dex
þ FFRET

� �.
c f

Dem
Dex
þ FFRET þ c f

Aem
Aex

� �
(11)

Correction 3: gamma

The last step towards fully corrected transfer efficiencies E is
the determination of the correction factor g, which itself
represents the ratio of the quantum yields and the detection
efficiencies of donor (without an acceptor nearby) and acceptor,
respectively. A gamma factor of g a 1 causes the stoichiometry
of species with different FRET values also to be different. To
determine g we have to use (at least two) peak positions Si and
EPR,i of two FRET samples to plot 1/Si versus EPR,i. We obtain the
intercept O and the slope S from a linear fit and we calculate g
according to

g = (O � 1)/(O + S � 1). (12)

With that information we can re-calculate E as

E ¼ FFRET
.

gc f
Dem
Dex
þ FFRET

� �
(13)

and we gain access to the molecular distances with

R = R0((1 � 1/E) � 1)1/6. (14)

The crucial parameter in converting accurate FRET efficiency to
molecular distance is the Förster radius, R0 (see eqn (2)).
Because this parameter may be affected by the microenvironment
of the fluorophores, it is advisable to determine the R0 experi-
mentally, rather than rely on theoretical values. The quantum
yield of the donor dye can be determined using a donor-only
labelled construct, by comparison to a dye with a known quantum
yield.38 Equally, the overlap integral (eqn (2)) can be calculated
from the donor emission spectrum and the acceptor absorbance
spectrum. However, the determination of the orientation factor is
less straightforward. If the measured steady-state ensemble aniso-
tropies of donor-only and acceptor-only species are low (0.1–0.25),
thereby indicating rotational freedom of the dyes over the lifetime
of the excited state, the assumption of k2 = 2/3 is reasonable and
possible errors arising from this are generally small (B10%).39 A
more sophisticated approach takes account of the orientation
factor by simulating possible values of R0 based on the steady-
state ensemble anisotropies of donor and acceptor dyes and the
R0 in the isotropic (k2 = 2/3) case.40 Another alternative method
uses the measured FRET efficiencies between donor and acceptor
dyes attached to a rigid protein domain, in conjunction with the
calculated fluorophore separation from the crystal structure, to
calculate an empirical R0.41

It should be noted that the correction process for accurate
FRET described above can be applied directly to data from TIRF
measurements, where the detected intensities from single
molecules are imaged onto a camera (Fig. 1D–F). The intensity
traces are obtained by fitting a two-dimensional Gaussian
across the molecule and we obtain binned photon counts

f Aem
Dex

; fDem
Dex

and f Aem
Aex

� �
for each particle,42 similar to confocal

data. Interestingly, with TIRF data, it is actually possible to
determine many of the correction parameters on a molecule-by-
molecule basis. A comparison of the relative merits of this with
other approaches to accurate FRET would be a useful next step
in standardising these methods for wider use.

Review Article Chem Soc Rev

Pu
bl

is
he

d 
on

 1
6 

Se
pt

em
be

r 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
G

ro
ni

ng
en

 o
n 

20
/0

2/
20

14
 1

4:
05

:3
0.

 
View Article Online

http://dx.doi.org/10.1039/c3cs60233h


1162 | Chem. Soc. Rev., 2014, 43, 1156--1171 This journal is©The Royal Society of Chemistry 2014

Applications of solution-based ALEX
microscopy

The introduction of ALEX in 2004 enabled researchers to
reconsider the design of smFRET-based assays. ALEX made it
possible to utilise transfer efficiencies smaller than 0.4, without
having to worry about potential convolutions of low-FRET and
donor-only species. This created the possibility for the develop-
ment of interesting biophysical assays to assess (static) protein
structures and their working mechanisms using ALEX-type
experiments, some of which are highlighted here. The
examples include processes directly associated with the central
dogma of molecular biology (transcription, replication) but also
other vital processes such as molecular transport.

Bacterial transcription

In 2006, Kapanidis et al. used a variety of fluorescently labelled
DNA constructs, partially in conjunction with a labelled sigma
factor, bound to bacterial RNA polymerase (RNAP), to investigate
the mechanism of transcription initiation complexes in RNA
polymerases.43 Transcription initiation is the first and most
highly regulated process in gene expression, and several competing
mechanisms had been discussed in the literature.43–48 Using ALEX-
spectroscopy, the authors found direct evidence for a ‘‘scrunching’’
mechanism, in which the polymerase remains fixed on promoter
DNA and downstream DNA is pulled into the polymerase itself.
The mechanism was supported by another study where bubble
formation was observed directly. It was detected using quenchable
FRET in which closely spaced fluorophores acting as the donor and
the acceptor quench each other until RNA polymerase opens the
DNA thereby unquenching both fluorophores.49

The group also demonstrated conformational dynamics
within the catalytically active RNAP–DNA open complex with
ALEX.50 This study provided the first direct observation of
conformational dynamics in the transcription bubble of the
open complex. These results also led to the important conclusions
that the mechanism of active search for transcription start sites
provides an alternative route for gene regulation.50

ALEX-based smFRET was also used to show directly opening
and closing of the RNA polymerase clamp at each step in
transcription initiation and elongation51 (Fig. 4A). The figure
shows 2-colour ALEX data of the RNAP holoenzyme (RNAP and
transcription factor s70) in solution which adopts multiple
conformational states: open (E = 0.15, 8.1 nm), closed
(E = 0.28, 6.9 nm) and collapsed (E = 0.40, 6.4 nm) with a
predominant occurrence of the open state (>50%). The same
behaviour was found for the core enzyme (RNAP) rendering this
mix of conformations as an intrinsic property of the core rather
than the holoenzyme. Upon addition of DNA, the closed state is
populated with 100% (E = 0.31, 6.9 nm). No further changes are
observed for addition of nucleoside triphosphate subsets: Both
the initial transcribing complex with nascent RNA (RPitc, 4–7 nt
of RNA) and early elongation complexes (RDe, 14 nt of RNA)
show similar FRET distributions indicating that no change in
the clamp structure occurs upon scrunching and promoter
escape.

This work required the labelling of different sites using
unnatural amino acids.52–54 Conventionally, proteins are
fluorescently labelled using maleimide dyes reacting with
naturally occurring or, more often, artificially introduced
cysteines. However, as many enzymes have conserved cysteines,
labelling strategies using cysteines are often limited and new
strategies have to be employed.

Identifying dynamics

So far, the presented analysis of FRET distributions only made
use of their mean values, which are at least for static FRET
species straightforward to obtain and to interpret. However, the
situation is more complicated for mixtures of multiple, static
FRET species or species interconverting between multiple FRET
states. Therefore, several groups started developing a statistical
framework, with the aim of analysing the width and the overall
shape of FRET distributions.28,55–59 These approaches can be
summarised as Probability Distribution Analysis (PDA)
methods, as they aim at recapitulating FRET distributions based
on the experimentally obtained distributions of photon counts.
These PDA based methods can also be used to determine the
number of subspecies and eventually disentangle them.60

In the context of applying ALEX, Nir et al. presented an
algorithm for the calculation of a shot-noise limited proximity
ratio histogram.28 The publication also introduced a variety of
different methods for ALEX-based burst detection and
demonstrated how effects like fluorophore bleaching and
blinking (see also ref. 61 for a discussion of photobleaching
pathways), the coincident events of different species diffusing
simultaneously through the focus, and detection volumina
mismatches can be identified in a ES histogram. The paper
proved to be essential for the development of Burst Variance
Analysis (BVA)62 and dynamic Probability Distribution Analysis
(dPDA),63 two methods which allow the identification and
characterisation of dynamic changes in the transfer efficiency.
In BVA, the transfer efficiency is calculated for every five
photons detected after excitation of the donor.62 Every single
burst will contain many of these five-photon windows and the
standard deviation calculated over all windows of one burst will
indicate whether the system is likely to be dynamic beyond the
value expected for a pure shot-noise based photon distribution
in one of the two channels for donor or acceptor detection,
respectively. Similar approaches have been described else-
where.60,64 Dynamic PDA on the other hand calculates how a
histogram of transfer efficiencies would look for a species
interconverting between two FRET states.63 Comparison of
the simulated histograms to experimental data allows the
determination of the rates by which the dynamic systems
change their conformation.

DNA repair

Both BVA and dynamic PDA were applied to characterise the
conformational dynamics of the bacterial DNA polymerase I
(Klenow fragment, KF).63,65,66 The work on KF was initiated by
the existence of two crystal structures; the first showed the
binary complex formed by DNA and the enzyme in an open
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conformation, and the second showed the ternary complex
formed by DNA, a complementary nucleotide and the enzyme
in a closed conformation.67 After labelling the thumb sub-
domain with an acceptor and the fingers subdomain with a
donor fluorophore, the authors could identify both open and
closed conformations (Fig. 4B). The smFRET assay also revealed
the previously unknown existence of an intermediate FRET
state,65 which was later identified and further characterised
as a partially closed state of the polymerase which is an
essential fidelity checkpoint of the polymerase.66,68 Even
though the smFRET assay used a rather conventional
range for the transfer efficiencies (>0.4), ALEX helped to build
confidence in the data given that the change in the inter-
fluorophore distance between the open and the partially closed
conformation is only around 0.2 nm. Another important result
of these studies was the observation that the unliganded

polymerase populated both the open and the closed conforma-
tions, interconverting between them on the single-digit milli-
second time scale, thereby demonstrating the high degree of
conformational flexibility in the absence of any ligand.65,66

The feature of unliganded enzymes populating conforma-
tional states along the reaction pathway has also been demon-
strated for Aquifex adenylate kinase using a smFRET assay in
which the lids for AMP and ATP were fluorescently labelled.69

Membrane transport

Membrane proteins are key players in all three kingdoms of life
and are involved in nearly every cellular process. They regulate
ion gradients, facilitate energy conversion, control cell properties
and more generally orchestrate molecular transport. Despite
their importance, numerous questions about the working
mechanism are unclear, including conformational states and

Fig. 4 Biophysical applications of ALEX-based smFRET. (A) ALEX-based study of the RNAP clamp conformation in s70-dependent transcription initiation
and elongation (adapted from ref. 51 and reprinted with permission from AAAS). Histograms and Gaussian fits show observed accurate FRET values E
(at left) with mean E, mean distance between probes R, and percentage P for each subpopulation. The inferred structural states of the RNAP clamp and
the extent of closure are indicated next to the structure on the right. See the main text for more details. (B) Conformational landscapes of DNA
polymerase 1 (Klenow fragment) (adapted from ref. 66). The unliganded enzymes show a dynamic equilibrium between an open and a closed
conformation of the fingers subdomain (shown in blue in the crystal structures based on ref. 67). Addition of DNA (with A as the templating base) shifts the
equilibrium towards the open state. The ternary complex with correct nucleotides (1 mM dTTP) shows most molecules in the closed conformation,
whereas the ternary complex formed with incorrect nucleotides (1 mM rUTP or 1 mM dGTP) adopts a partially closed conformation. Nucleotide titrations
were used to verify the subtle peak shifts from the open to the partially closed conformation.66 (C) Cartoon model of conformational changes in LacY
detected by smFRET/ALEX including experimental data supporting the model for wild-type (wt) and C154G mutant (adapted from ref. 70, copyright
(2007) National Academy of Sciences, U.S.A.). See the main text for more details.
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protein stoichiometry that occur during transport and the
central question of how energy utilization (ATP-hydrolysis,
co-transport of ions) is coupled to conformational changes that
drive transport.

A model system was recently investigated using ALEX-
spectroscopy, i.e., lactose permease (LacY) of E. coli.70 It actively
drives the transport of galactopyranosides using an electro-
chemical gradient of protons in a symport mechanism. It was
hypothesized that an outward-facing cavity opens during
symport with simultaneous closing of the inward-facing cavity
so that the sugar-binding site is alternately accessible to either
face of the membrane. The authors used ALEX spectroscopy to
study the conformational states of this transporter and to
characterize ligand-induced changes in the cytoplasmic and
periplasmic sides in detergent. In the absence of a ligand
(sugar, S) the protein is in a protonated state with an inward-
facing hydrophilic cavity. This gives rise to intermediate
apparent FRET E* of B0.5 (see gray FRET distributions from
ALEX measurements on the right side of Fig. 4C). Without a
ligand, both proteins (wt, C154G) have multiple conformations
on the cytoplasmic side as well as the periplasmic side (arrows).
Binding of a ligand (4-nitrophenyl-a-D-galactopyranoside, NPG)
induces a global conformational change in both wild-type LacY
and the C154G mutant resulting in closing of the inward-facing
hydrophilic cavity (see the cartoon model and red
E*-distribution with increased mean E* for wt/C154G on the
cytoplasmic side). A cavity opens on the periplasmic side in
wild-type LacY allowing the substrate to be released (see red
decreased E*-distribution with decreased mean E* for wt), and
conformational heterogeneity increases after sugar binding. In
contrast, the periplasmic cavity in the C154G mutant does not
form easily after sugar binding, corresponding to a reduced
number of conformers in the ligand bound state and restricted
access for the sugar from the periplasmic side (see unchanged
red E* distribution for the periplasmic side for sugar addition).
Control experiments with a non-binding sugar (4-nitrophenyl-
a-D-glucopyranoside, NPGlc) support the interpretations of
ligand-induced FRET changes.

These results provide strong evidence that wild-type LacY,
bound to galactopyranoside, but not to glucopyranoside, has a
decreased distance on the cytoplasmic side and an increased
distance on the periplasmic side (Fig. 4C). In a mutant protein,
a more pronounced decrease in distance is observed on the
cytoplasmic side with no accompanying change on the periplasmic
side. The results are fully consistent with the widely accepted
alternating access model.

Technical advances of ALEX and resulting possibilities

To validate the broad applicability of solution-based ALEX we
briefly mention the following examples where reversible con-
formational changes of DNA nanostructures,71 the magnesium
dependent conformational equilibrium of the human
mitochondrial lysine transfer RNA,72 the DNA unwrapping in
nucleosomes,73 and the structural dynamics of an autonomous
bipedal DNA motor74 were monitored. In this section we show
how ALEX was advanced from a technical viewpoint to allow

easier data acquisition or to get more information about the
system of interest.

The diffusion-based part of the work on Aquifex adenylate
kinase69 used a variation of ALEX in which a laser operating in
a continuous-wave mode for donor excitation is used in con-
junction with a pulsed laser for direct excitation of the acceptor.
The photons after red excitation are then identified and filtered
with a setup suitable for measuring fluorescence lifetimes as
the majority of photons will be detected within a few nano-
seconds after the red laser pulse. This technique is also known
as periodic acceptor excitation spectroscopy.75

If both lasers are being modulated in the nanosecond range,
we refer to it as nsALEX36 or Pulsed Interleaved Excitation
(PIE).37 Especially the use of two pulsed lasers offers intriguing
new possibilities. First, the transfer efficiencies for the different
species can be calculated using their fluorescence lifetimes.
Second, as the alternation is now several orders of magnitude
faster than the corresponding diffusion time of the species
through the focus, the calculation of auto- and cross-correlation
functions within and between the different detection channels
is not affected as in the case of slow alternation speeds and can
be used to determine diffusion coefficients and interactions
between donor and acceptor labelled species.37,76,77 For example,
a setup capable of PIE has been used to study the conformational
dynamics of chaperones78 and by combining PIE with the multi-
parameter fluorescence detection (MFD) scheme, introduced by
the Seidel group a decade ago,79,80 a solid framework for
diffusion-based confocal experiments has been established as
recently summarised.32,81 For pulsed-interleaved excitation, super-
continuum lasers have been employed to provide a convenient
and relatively affordable way of exciting fluorophores at user-
selectable wavelengths.82

So far, we have discussed ALEX between a donor and an
acceptor fluorophore. A number of authors, however, suggest
the use of more fluorophores to measure multiple distances
and interactions at the same time. Three-colour ALEX83 and
even four-colour ALEX84,85 (Fig. 5A) have been demonstrated for
diffusion-based confocal microscopy, but the complexity of
data analysis and the demanding requirements on the labelling
efficiencies for each component increase the experimental
complexity tremendously and limit the range of possible
applications.

Interestingly though, this highlights one of the drawbacks of
confocal microscopy which is the limited throughput achiev-
able with this technique. To avoid the case of having two non-
interacting species in the confocal focus, the concentration of
the fluorescent species has to be kept very low (pM range).
Before we continue discussing camera-based approaches in the
next sub-section, one publication should be mentioned which
reported on the combination of a confocal microscope with a
microfluidic-based device for titration experiments.86 Here, the
RNAP activity of transcribing poly(dA) was measured as a
function of potassium glutamate concentration by hybridising
a doubly labelled poly(dT) probe, which decreased its transfer
efficiency upon forming a double-stranded RNA. The key
aspect of the work is to provide a turnkey solution, in which
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multi-dimensional (e.g., salt-) dependencies can be investigated
with a minimum of hands-on time and the highest possible
mixing accuracy.

Up to this point, we have considered ALEX as an extension of
smFRET. In the limit of FRET values close to zero, however,
the stoichiometry becomes a reporter of coincidence between a

donor labelled and an acceptor labelled entity in an, often
diffraction limited, excitation and detection volume similar to
coincidence spectroscopy.87–89 This is especially interesting for
the development of biosensors, which do not necessarily
require energy transfer between donor and acceptor fluorophores
for their successful implementation.12,35 Lymperopoulos et al.

Fig. 5 Technical advances in ALEX-spectroscopy. (A) The top part shows the arrangement of fluorophores on a rectangular DNA origami and
visualization of alternative energy-transfer pathways with a ‘‘jumper’’ dye guiding the light from the blue input to either the red or the IR output (reprinted
with permission from ref. 85, American Chemical Society, copyright 2011). The other panels show the corresponding data from 4-colour ALEX
measurements for the following scenarios: (i) co-localization between the donor (blue) and the two final acceptors (red and near-infrared) but no energy
transfer indicated by Ebr* = 0 and Ebir* = 0; (ii) directed energy transfer ‘‘to the left’’ by inserting a green transmitter increasing Ebr* to 0.34 and (iii) directed
energy transfer ‘‘to the right’’ by inserting a green transmitter (‘‘jumper’’) increasing Ebir* to 0.25. (B) Switchable FRET with two acceptors (reprinted with
permission from ref. 103, Macmillan Publishers Ltd, copyright 2010). DNA molecules labeled with a single donor and two acceptors are immobilised on a
glass surface. The chemically induced blinking of the individual acceptors can be monitored via direct excitation and the corresponding fluorescence
ratios E* and S allow resolving the individual contributions in an ES histogram. (C) Dark quencher chromophores as nonfluorescent acceptors (reprinted
from ref. 105 with permission from Biophysical Society, copyright 2012). The DNA was labelled with a donor –G– and two acceptors, one of which was
fluorescent –R– and the other one a dark quencher –Q–. Depending on the position of the dark quencher between the two fluorophores, the ES
histogram is modulated which effectively allows determining the proximity of the quencher to either fluorophore. Note that for modulation of the
stoichiometry by the G–R–Q species, FRET between the fluorophores is not required.
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showed by a change in stoichiometry that transcription factors
stabilise the binding of two double-stranded DNA fragments
containing fluorescently labelled single-stranded complementary
overhangs without significant FRET between the donor and the
acceptor.12

ALEX-based smFRET in imaging-based
microscopy

A major limitation of solution-based approaches, including
ALEX-spectroscopy, is the limited observation time (o1 ms)
dictated by the duration of diffusion through the confocal
volume. In contrast, imaging-based microscopy such as TIRF
and wide field microscopy allows monitoring hundreds and
even thousands of single fluorescent, surface-immobilized
molecules in parallel,90 while also giving access to the history
of each molecule for an extended period of time. Inevitably,
ALEX was quickly adapted for TIRF and the first publication in
2006 demonstrated the abortive initiation and promoter escape
of RNA transcription complexes.91 Of utmost importance for
surface-based single-molecule detection was the development
of additives for oxygen scavenging and triplet quenching which
nowadays allow the detection of millions of photons from
single fluorescent emitters,92,93 as recently reviewed in ref. 94.
These developments enabled ALEX to be successfully expanded
to multicolour excitation and detection schemes. Three-colour
ALEX was demonstrated,95 and extensions allow for up to
four-colour FRET detection.96–98 However, several methods
were suggested to measure more than one distance quasi-
simultaneously using a two-colour excitation and detection
scheme. The first method, switchable FRET, uses the
chemically induced stochastic blinking99–101 of several acceptor
fluorophores102 on either a DNA (Fig. 5B) or a CAP binding
protein to measure several distances from a single donor
fluorophore to one of the particular acceptors which is
currently in its active, non-dark state.103,104

The second technique uses a non-fluorescent dark
quencher, which, depending on its distance relative to the
donor and the acceptor fluorophore, modulates the detectable
intensities of both fluorophores.105–107 Note that in an ALEX
scheme the quencher can modulate both the apparent FRET
efficiency and the apparent stoichiometry105 (Fig. 5C). A great
advantage of using quencher-labelled enzymes is that they can
be used in TIRF experiments at concentrations of 1 mM or more
(compared to a maximum of B100 nM for fluorophore-labelled
species) without introducing a significant background,
enabling the study of interactions of moderate-to-low affinity.

Holden et al. determined the achievable spatial and
temporal resolution in ALEX-based smFRET experiments in
TIRF microscopy by analysing the influence of major sources
of noise.42 The authors concluded that photophysics and focal
drift are the main limiting factors for FRET resolution, but that
single-basepair resolution is indeed obtainable at the single
molecule level for short integration times (20 ms, 60 photons
per ms per molecule).

In addition to using the direct acceptor excitation for acces-
sing the stoichiometry and reporting on the photophysics of the
acceptor fluorophore, a recent publication added the fitted
width of the 2D Gaussian representing the acceptor emission
after direct excitation as an additional parameter, which in that
case reported on the diffusional freedom of the fluorophore
attached to a long, surface-immobilised DNA molecule.108 The
experiment showed that after successful site-specific recombi-
nation of a Cre–loxP complex, an acceptor fluorophore, which
was initially far away from a donor fluorophore, ended up
closer to the donor fluorophore. This was concluded by
monitoring the decrease in the width of the associated point
spread function of the acceptor and the occurrence of FRET
from the donor to the acceptor.

Imaging-based ALEX has been used further to study the
translational dynamics of ribosomes109–111 and the mechano-
chemical cycle of the heat shock protein HSP90.112

ALEX: looking ahead
ALEX for structural biology

Single-molecule fluorescence techniques have traditionally
focused on elucidating mechanistic details, with assays
developed to monitor the kinetics and equilibria of many
important processes, some of which are discussed above.
However, recent efforts have extended the single-molecule
toolkit for applications in structural biology.113 While X-ray
crystallography and NMR spectroscopy have been used to
generate the bulk of high-resolution structures, large, multi-
component, transient or dynamic complexes remain a challenge
for these methods. Many of these difficulties can be overcome by
single-molecule approaches, which remove ensemble averaging,
and enable the detection and structural characterisation of
various subspecies in dynamic equilibrium.

The general approach to defining a FRET-restrained struc-
ture involves the measurement of multiple pair-wise distances
between donor and acceptor fluorophores, attached to specific
sites on separate structural elements of a complex.
These distances are then used as restraints for molecular
modelling, in conjunction with any known structural information
(e.g., X-ray data for the individual structural elements), to produce
a three-dimensional model, often using rigid body docking. A
detailed discussion of these methods is presented in ref. 114.

Using this approach with ensemble FRET, Mekler et al. were
able to define three-dimensional structures of the bacterial
RNA polymerase (RNAP) holoenzyme and the RNAP-promoter
open complex in solution.115 Details of the eukaryotic RNA
polymerase II elongation complex have also been elucidated
using smFRET restraints derived from immobilised
molecules.116

One of the challenges encountered with FRET-restrained
structural determination is how to relate interdye distances to
biomolecular structure. Because of the flexibility of the linker,
the dyes populate a range of positions relative to their attachment
points. Modelling these distributions is essential for the accuracy
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of FRET as a quantitative structural tool. A popular method is to
use molecular dynamics (MD) simulations to obtain the mean dye
position, using an atomic model of the dye and linker attached to
the specific atom in the biomolecule.41,117–119 However, this
approach is computationally expensive, so a simpler way to
determine mean dye positions was developed by Muschielok
et al. as a part of their probabilistic data analysis approach known
as the nano-positioning system.40,120 This method calculates the
accessible volume (AV) of a dye (modelled as a sphere), attached to
a specified atom by a flexible linker of certain effective length and
width (Fig. 6A). A geometric search algorithm finds all dye
positions within the linkage length from the attachment point,
which do not cause steric clashes with the biomolecule. For dyes
attached to DNA, the results from this approach were found to be
consistent with those obtained by MD calculations. However, for
more sterically demanding local environments, for example in
RNA, Sindbert et al. found that it was important to perform three
separate AV calculations, using three different radii to more
accurately take into account the three quite different dimensions
of the fluorophore.121 Kalinin et al. combined this approach with

a rigid body docking algorithm in their FRET positioning and
screening software.39 Measured donor–acceptor distances were
modelled as springs with equilibrium length, Rmp and a strength
(spring constant) derived from the corresponding measurement
error (Fig. 6B). Using this method the authors produced a
structure of the human immunodeficiency virus reverse transcrip-
tase–DNA complex that agreed remarkably well with an X-ray
structure of the same complex. This work provided a benchmark
for the accuracy of FRET-derived structures, and confirmed
smFRET as a useful tool for quantitative structural biology.

Interdye distances derived from the accurate FRET treatment
of ALEX data (described above) can be used as restraints in the
molecular modelling methods detailed here. ALEX is an attractive
method for obtaining these distances, as it does not require
expensive equipment or complicated analysis techniques.
DNA–protein complexes are particularly promising targets for
FRET-restrained structural determination. Multiple fluorophore
positions can be introduced on DNA molecules with ease, thus
reducing the need for extensive mutagenesis on the protein in
order to obtain sufficient numbers of distance restraints.

In summary, smFRET-restrained molecular modelling
provides a complementary method to crystallography and NMR
for the structural determination of large, dynamic complexes,
which often pose challenges to conventional approaches.

Protein-induced fluorescent enhancement (PIFE) and ALEX:
PIFE-ALEX

PIFE is an assay in which the emission intensity of a single
fluorescent dye attached to a DNA molecule provides informa-
tion on the proximity or the conformational state of a protein
interacting with DNA on the single-molecule level.122 This is an
attractive technique as dye conjugation to DNA is both simpler
and more efficient than protein labelling, which requires many
more complex steps for labelling and purification.

PIFE relies on using an environmentally sensitive dye, such
as those from the cyanine series.123 A common choice for
single-molecule studies is Cy3, whose environmental sensitivity
arises from the presence of a non-radiative relaxation pathway
involving torsional motions of double bonds in the excited state
(Fig. 6C). Constraints on this motion, due to either solvent
viscosity (as was initially investigated123) or the close proximity
of a protein,124 increase the energy barrier to the non-radiative
pathway (dashed line in Fig. 6C) and therefore increase the
fluorescence quantum yield of the dye. Thus, binding and
unbinding of a protein to a labelled nucleic acid can result in
an increase and then a decrease in fluorescence intensity,
respectively.

An early single-molecule application of this technique inves-
tigated the DNA binding of T7 DNA polymerase and subsequent
conformational changes induced by the addition of a comple-
mentary nucleotide.124 Fluorescence intensity histograms
exhibited three distinct peaks, which were attributed to the
unbound substrate and T7 bound in an open or closed
conformation, respectively.

Hwang et al. investigated the distance dependence of the
PIFE effect, using three different protein–nucleic acid systems,

Fig. 6 New methods for ALEX. (A) A B-DNA duplex (black) with donor
(green) and acceptor (red) showing mean dye positions (spheres) and their
related accessible volumes (AVs) calculated using software from the Seidel lab
and displayed using pymol.39 (B) Rigid body docking schematic. Mean dye
positions of all the donors (green) and acceptors (red) are determined by AV
models and then fixed with respect to the corresponding labelled macro-
molecules, which are treated as rigid bodies. The experimentally determined
distances are introduced as springs between these mean dye positions, for
example between D2 and A3 (dark blue line), and the system is allowed to
relax. (C) Chemical structure of the fluorophore Cy3 (Inset) and its potential
energy surface (adapted from ref. 124, copyright (2007) National Academy of
Sciences, U.S.A.). The dark blue arrows indicate a non-radiative relaxation
process which is inhibited by the close proximity of a protein, presumably by
increasing an energy barrier (dashed black line). (D) The effects of PIFE on the
positions of various species in an ES histogram, unbound-unkinked DNA (I),
unbound-kinked DNA (II), bound-unkinked DNA (III) and bound-kinked DNA
(IV). The increased brightness of the donor due to PIFE is indicated by the
concentric circles (species III and IV).
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BamH1, RIG-I and RecA.122 Their results indicated that for
these systems the PIFE effect exhibited a linear dependence on
protein–dye distances in the 0 to 4 nm range, highly comple-
mentary to the FRET range. However, other systems appear to
demonstrate less distance dependence, instead exhibiting an
‘‘all or nothing’’ effect, for example the binding of DNA
polymerase I (Klenow fragment) to primer-template DNA.125

What can be gained from the combination of PIFE with
ALEX smFRET? Let us consider the effect of PIFE on the
position of species in the ES histogram arising from a DNA
molecule labelled with an environmentally sensitive donor
(Cy3) and a normal acceptor fluorophore (Fig. 6D – species I).
Upon protein binding, the quantum yield of the donor

increases, thereby increasing both fDem
Dex

and f Aem
Dex

. The f Aem
Aex

count, however, will be unaltered. Thus we will observe an
increase in the stoichiometry (eqn (4)) and we obtain a ratio-
metric measure of PIFE, calculated relative to the fluorescence
emission of the acceptor dye (Fig. 3D – species III). If a
conformational change is also induced upon protein binding,
a population with both increased E and S will be observed
(Fig. 3D – species IV). This assay is therefore able to differenti-
ate between the binding of a protein to a DNA substrate and any
subsequent conformational change induced. It should be noted
that there will also be an effect on the FRET efficiency even in
the absence of any change in the inter-dye distance, due to the
R0 of the dye pair being dependent on the donor quantum yield
(eqn (2)). Thus we would not recommend trying to determine
accurate FRET distances with this assay. However, this method

does open up the advantages of PIFE to confocal experiments,
in which changes in the relative brightness of subspecies are
often difficult to detect, but where changes in stoichiometry are
more easily observed.

Stroboscopic ALEX (sALEX)

The two standard schemes for smFRET detection, solution-
based confocal microscopy and TIRF microscopy, are ultimately
limited in their ability to combine the parallel detection of
many molecules with obtaining data at sufficiently high time
resolution. The unliganded DNA polymerase I, as discussed
above, exhibits fast conformational changes in the low milli-
second time range.62,63,65,66 These dynamics are too slow to
directly resolve them using diffusion-based confocal microscopy
and too fast to monitor them with conventional imaging-based
microscopy, where the limit is imposed by the achievable frame
rate of commercially available cameras with high sensitivity (as of
2013, the frame rate for full-frame detection is around 60 Hz for
emCCD and 100 Hz for sCMOS devices). As a result, the apparent
detectable FRET efficiency would represent an average of the
underlying conformational dynamics. Faster frame rates can only
be achieved by decreasing the active detection area or with
additional pixel binning, thereby compromising the ability to
monitor as many molecules as possible in parallel. To overcome
these limitations, we propose a generalised scheme for imaging-
based smFRET detection, sALEX, which combines the concepts of
ALEX and stroboscopic illumination126–128 to achieve a significant
improvement in time resolution without sacrificing the highly
parallelised detection (Fig. 7A). Instead of exciting the fluoro-
phores for the full duration of a camera frame given by 1/(60 Hz) =
20 ms, the fluorophores in sALEX are excited for a short interval
of, for example, 2 ms (Fig. 7B). Effectively, we take FRET-resolved
snapshots of the enzyme conformation similar to the burst data
obtained with diffusion-based confocal microscopy, but with
hundreds of molecules in parallel. A requirement for sALEX is
to surface-immobilise the molecules of interest. This is achieved
using standard methods including using a biotin-streptavidin
linkage to biotinylated PEG crafted on the glass surface,129 by
vesicle incapsulation130,131 or by using a biotinylated, anti-His5/
His6-tag antibody.132 The achievable time-resolution is limited by
the stability of the fluorophores and the excitation intensity, but
we expect sub-millisecond time resolution to be feasible.

Conclusions

The last decade has seen tremendous advances in the field of
single-molecule spectroscopy. More importantly, the develop-
ment and refinement of the fluorescence-based toolkit is far
from being over. Recent combinations of smFRET and
computer-aided modelling will pave the way for elucidating
biological structure and mechanism on the molecular level
with the necessary time resolution to study dynamic processes
within and between biological entities. In that respect, ALEX-
based approaches offer important measures to monitor photo-
physics and to obtain the correction coefficients necessary for

Fig. 7 Stroboscopic alternating-laser excitation (sALEX). (A) The achievable
time resolution in imaging-based microscopy is limited by the frame rate of
the camera (here emCCD). Whereas in conventional ALEX the fluorophores
are excited for the entire time it takes to record a frame with the camera
(ignoring the frame transfer time of the camera), the photons detected after
excitation of the donor using the sALEX scheme represent a short snapshot
from the underlying FRET behaviour here represented by a low or high FRET
state. (B) As a result, the histogram of FRET values using sALEX allows
resolving dynamic processes, which would have been averaged out in
standard ALEX mode.
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the accurate determination of molecular distances. Additionally,
we have suggested two new experimental variations of ALEX,
which provide new ways to study multi-component interactions
(PIFE-ALEX) and resolve faster dynamics using camera-based
single-molecule detection (sALEX).
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