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Abstract

Despite the explosive growth in the biological applications of single molecule methods over the
last decade, these techniques have thus far been practiced mostly by researchers who are
biophysically oriented. This is partly because of the lack of commercial instruments in many cases
and also because of the perceived steep learning curve and need for expensive equipments. We
wish to provide a practical guide to using Förster (or Fluorescence) Resonance Energy Transfer
(FRET) at the single molecule level, focusing on the study of immobilized molecules that allow
measurements of single molecule reaction trajectories from about 1 millisecond to many minutes.
An instrument can be built at a reasonable cost using various off-the-shelf components and
operated reliably using current well-established protocols and freely available software.

The future holds the promise of personalized DNA sequencing and high throughput
screening for pathogens at affordable cost and viable time. These promises are riding high
on a surge of single-molecule based technologies that enable us to manipulate and probe
individual molecules. Using this approach, several important biological riddles that have
intrigued scientists for a long time are coming under the microscope. As Feynman famously
said “It is very easy to answer many of these fundamental biological questions; you just look
at the thing!”1. Single-molecule methods are allowing us to do just that2, 3. They may one
day become an elementary tool for characterizing proteins, signaling pathways or any
biological phenomenon. In the hopes of facilitating this objective, we provide a brief, but
practical guide for single-molecule FRET4 measurements (smFRET)5-7, one of the most
general and adaptable single-molecule techniques. Since its humble beginning under non-
aqueous conditions in 19968, smFRET has rapidly developed to answer fundamental
questions about replication, recombination, transcription, translation, RNA folding and
catalysis, non-canonical DNA dynamics, protein folding and conformational changes,
various motor proteins, membrane fusion proteins, ion channels, signal transduction, to
name just a few, and the list keeps growing at a fast pace. Since it is not the purpose of this
review to survey the vast literature on such studies, we refer the reader to reviews in the
field and the references therein6, 9-13.
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In FRET measurements, the extent of non-radiative energy transfer between two fluorescent
dye molecules, termed donor and acceptor, reports the intervening distance which can be
estimated from the ratio of acceptor to total emission intensity (Fig. 1)4, 14, 15. This
efficiency of energy transfer, E is given as E = [1 + (R/R0)6]−1, where R is the inter-dye
distance and R0 is the Förster radius at which E = 0.5 (Fig. 1a). Conformational dynamics of
single molecules can be observed in real-time by tracking FRET changes (Fig. 1b). The
advantage of the FRET technique lies in being a ratiometric method enabling us to measure
the internal distance in the molecular frame rather than in the laboratory frame and hence
making it largely immune to instrumental noise and drift. FRET measurement of freely
diffusing single molecules is simpler to implement (commercial solutions are also available
e.g. MicroTime200 from PicoQuant) and powerful in revealing population distributions of
inter-dye distances16-19. However, the ability to monitor individual molecules for long
stretches of time adds a whole new dimension with dynamic information ranging from
milliseconds to minutes. Though confocal microscopy can be employed20, 21, smFRET time
trajectories are most commonly acquired by imaging surface immobilized molecules with
the aid of total internal reflection (TIR) microscopy that allows high throughput data
sampling5, 22. TIR setups have been successfully adapted by numerous groups and can be
assembled easily following a step-by-step guideline7 by using off-the-shelf components that
cost about as much as an ultracentrifuge. Here, we review this FRET method and also
provide a list of vendors for various reagents and equipment used in our laboratory
(Supplementary Tables 1 and 2 online; Listed items and vendors are not sole options and
one may find other alternatives). All data acquisition and analysis programs are freely
available online (http://bio.physics.uiuc.edu) and instructions on preparation of polymer-
passivated surface and a web link to demonstration movies are included in Supplementary
Protocol online. Though we mainly discuss the two color FRET scheme in this review,
higher order FRET schemes can also be applied to probe multi-component interactions or
spatiotemporal relationships between different conformational changes in large molecular
complexes (Box 1).

Experimental design

Single molecule fluorescence dyes

An ideal fluorophore for single molecule studies must be bright (extinction coefficient, ε >
50,000 M−1cm−1; quantum yield, QY > 0.1), photostable with minimal photophysical/
chemical and aggregation effects, small and water soluble with sufficient forms of bio-
conjugation chemistries. In addition, an excellent smFRET pair should have (1) large
spectral separation between donor and acceptor emissions and (2) similar quantum yields
and detection efficiencies. While fluorescent proteins have been used for smFRET studies23,
low photostability and photo-induced blinking have hindered further applications.
Semiconductor quantum dots (QDs) have also been employed as a smFRET donor24 by
suppressing their blinking chemically25, but the large size (> 20 nm diameter for commercial
QDs) and lack of a monovalent conjugation scheme limit their use. Consequently, the most
popular single-molecule fluorophores are small (< 1 nm) organic dyes26. We have compared
three FRET pairs with absorbance from 500-700 nm from different vendors (Cyanine,
Alexa- and Atto-dyes) in Table 1. While cyanine dyes (Cy3 and Cy5; donor and acceptor
respectively) have long been the favorites, their counterparts seem to be comparable in their
relevant properties. None of the bluer dyes, for example those that can be excited at 488 nm,
were as photostable. A Cy3 replacement for custom RNA synthesis, Dy547, is even more
photostable than Cy3 (Sua Myong, personal communication). Tetramethylrhodamine is a
viable alternative and has an almost identical spectrum to Cy3 but with a lower extinction
coefficient. However, it has the tendency to change its intensity between three different
levels spontaneously (unpublished observations). Near infrared dyes like Cy5.5 and Cy7
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also serve as efficient single molecule dyes and can be used in multi-color schemes
(discussed later).

Enhancing photostability

Molecular oxygen is an efficient quencher of a dye's triplet state, but is also a source of a
highly reactive oxygen species that ultimately causes photobleaching27. While oxygen
removal reduces photobleaching, it prolongs the residence time in the triplet dark state28

causing millisecond or longer fluorescence intermittency or an early onset of signal
saturation. A vitamin E analog named Trolox (2 mM; 100× stock prepared in dimethyl
sulfoxide (DMSO), pH adjustment and filtration required) is an excellent triplet state
quencher which suppresses blinking and stimulates long lasting emission of the popular
cyanine dyes in combination with an enzymatic oxygen scavenging system28. Trolox should
also provide a major improvement in time resolution as it delays the onset of emission
saturation with increasing laser intensity. The reductant β-mercaptoethanol (βME;142 mM)
is a less efficient triplet state quencher and it induces long-lived dark states of Cy528, a side
effect which has been exploited for super-resolution photoswitching imaging applications29.
A plethora of other triplet state quenchers or anti-fade agents exist that may prove beneficial
for non cyanine dyes30.

The most popular enzymatic oxygen scavenging system31 is a mix of glucose oxidase (165
U/ml), catalase (2170 U/ml), and β-D-glucose (0.4% w/w) (or 0.8% w/w dextrose
monohydrate). Glucose oxidase must be added just prior to imaging and the sample kept
isolated from air such that the solution pH does not drop significantly due to gluconic acid
production, a byproduct of the reaction. Other options could be the protocatechuic acid/
protocatechuate-3,4-dioxygenase combination32 which provides ～40% improvement over
the previous method (Nils Walter, personal communication). If highly purified forms of
these enzymes are not commercially available, care must be taken to ensure the absence of
contaminating activity, especially that of ribonucleases.

Conjugation

If structural information is available, the labeling sites should be chosen so that, the inter-
dye distance changes from less to greater than the R0 value (or vice versa) for maximal
sensitivity. Some guidelines exist for the FRET values33 expected for labeled nucleic
acids34, 35. Common conjugation strategies for nucleic acids and proteins are summarized in
Table 2. Nucleic acids are best labeled during synthesis or with amine modified bases that
can be separated from unlabeled molecules by poly-acrylamide gel electrophoresis. For
nucleic acid-protein interactions, it is advantageous to label nucleic acids because of the ease
of conjugation, handling, purification, and flexibility in dye placement. In studies involving
protein interactions with the DNA backbone, dyes should be conjugated internally using
linker groups to prevent backbone disruption. It is economical to distribute the modifications
to two or more strands of DNA (or RNA) and anneal them to generate the final construct. As
a general approach to label proteins site-specifically, we have tried to label an unnatural
amino-acid containing a ketone group36 genetically encoded in a E. coli Rep helicase using
Cy3 or Cy5-hydrizide.

Even with acceptable protein yields, the fluorescence labeling yield was poor. The
extremely low yield of ketone group labeling on proteins larger than 100 residues even
under denaturing conditions seems general (Richard Ebright, personal communication). The
low occurrence of cysteine (cys) residues in most proteins compared to lysines makes them
ideal for specific labeling. Therefore, labeling of cysteine residues (introduced via site-
directed mutagenesis37, 38) with maleimide based reactions remains the most popular
labeling scheme, though there are recently developed but less general alternatives26, 39.
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While labeling choices have the largest impact on the success or failure of smFRET
experiments, the choice of equipment used to detect smFRET is also important.

Single molecule detection

Total Internal Reflection Spectroscopy

In TIR microscopy40, 41, one creates an evanescent field of excitation light that extends only
～ 100-200 nm from the surface the sample is bound to, which greatly reduces background
fluorescence (Fig. 2a,b). A solid-state laser at 532 nm (～50 mW) is suitable for the FRET
pairs discussed here and a HeNe laser at 633 nm (～30 mW) or diode lasers of similar
wavelengths can be added for checking the presence of the acceptor. The laser intensity is
attenuated using a half-waveplate and a polarizing beam splitting cube (or with neutral
density filters). By exciting a large area (～0.05 mm2 in size) and using camera based
detection, hundreds of molecules are imaged in parallel. A laser table with air-floated legs is
typically used, but a ～25 mm thick breadboard with uniformly spaced threaded holes
mounted on a regular laboratory bench or desk is stable enough for TIR smFRET. There are
two types of TIR, prism type (PTIR) and objective type (OTIR) (Fig. 2a,b).

In PTIR, an inverted microscope is adapted to hold a fused silica prism on top of the sample
channel and the fluorescence is collected from the objective below40, 41 (Fig. 2a). After the
incident laser beam is focused using a long focal length lens, it enters the prism, passes
through refractive index matching oil and is internally reflected at the quartz-water interface
(Fig. 2a,b and Supplementary Methods online). The fluorescence signal is collected using a
long working distance water immersion objective (60×, 1.2 numerical aperture (NA)). A
PTIR is necessary for fluid injection experiments because its imaging surface, made of a 1
mm thick slide, does not bow upon pressure change during flow. Expensive (but recyclable)
quartz slides are needed to minimize fluorescence background, and the prism needs to be
reassembled every time a new sample is loaded. The need to readjust the illumination path is
minimized if the prism is reproducibly placed on the same location relative to the
microscope body.

OTIR relies on using a high NA oil objective to create an evanescent field. Focusing the
beam at the back focal plane generates a parallel beam exiting the objective and then
translating it to the periphery of the objective produces TIR at the glass/water interface40, 41

(Fig. 2a,b). Fluorescence from the molecules tethered to the coverslip surface is collected
using the same objective. OTIR has higher photon collection efficiency, frees up the space
above the sample for additional sample control, and has commercial options. Aided largely
by the use of a low fluorescence objective, UPlanSApo (100×, 1.4 NA, Olympus), we can
acquire smFRET data of Cy3/Cy5 pair with signal-to-noise ratio and imaging area
comparable to that of prism-type (unpublished results).

Emission Detection

TIR Microscopy has gained popularity partly spurred by the new wave of highly sensitive
and fast frame transfer electron-multiplying charged couple device (EM-CCD) cameras3, 42.
smFRET setups usually employ EM-CCDs that have high quantum efficiency (85-95%) in
the 450 – 700 nm range, low effective read out noise (< 1 electron rms) even at the fastest
readout speed (≥ 10 MHz), fast vertical shift speeds (≤ 1 μsec/row; to achieve faster frame
rates) and a low multiplication noise. Using a 512 × 512 pixel EM-CCD, we can acquire
data at 33 Hz (at full frame) to 125 Hz (with 2×2 binning).

The scattered light of the excitation laser is rejected from the fluorescence collected with the
objective using a long pass filter. A vertical slit is introduced at the imaging plane just
outside the microscope side port to limit the image area such that the final image incident on
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the CCD is half the size of the CCD chip (Fig. 2a). Donor and acceptor fluorescence
emission is then split using a dichroic mirror. By adjusting an offset with the dichroic and an
additional mirror, both donor and acceptor emission can be imaged side by side on the CCD
camera (Fig. 2a inset). This optical layout maps the imaging area of ～75 μm × 37 μm on the
CCD chip. A straightforward extension using a narrower slit corresponding to a third of the
CCD area enables three-color FRET detection (Fig. 2c). Without additional bandpass filters,
there is a sizeable crosstalk between the detection channels (for example, 40% of Cy5
emission leaks into the Cy5.5 channel if Cy5.5 is used as a second acceptor), but careful
calibration and correction can recover the original intensities43. Our recent test indicates that
Cy7 is a promising fluorophore which can replace Cy5.5 in the original single-molecule
three-color FRET scheme; photostability and brightness of Cy7 were comparable to those of
Cy5.5 while Cy7's emission can be better discriminated against Cy5 emission. A relatively
low detection efficiency of EMCCD camera at the Cy7 emission wavelength is currently an
issue, but this should not be a problem for confocal measurements because the silicon
avalanche photodiode maintains high quantum yield of detection at these wavelengths.
Reduced transmission in this spectral region can be alleviated to some degree with infrared
optimized objectives and optics.

Sample Preparation to Data acquisition

Surface immobilization

While quartz slides are absolutely necessary for PTIR, a thin coverslip forms the imaging
surface of OTIR and regular glass coverslips are usually adequate for single-molecule
fluorescence imaging in OTIR. For stable and specific, yet non-perturbing immobilization of
the sample to the slide or coverslip, a biotin-strepavidin linkage is commonly used5, 22, 44.
An effective method for studies involving only nucleic acids employs biotinylated bovine
serum albumin (biotinBSA) which adsorbs to glass/quartz surfaces and binds the
biotinylated molecules through the multivalent streptavidin protein (neutravidin is a less
expensive alternative) (Fig. 3a). For protein studies, non-specific binding to the surface must
be suppressed via an additional passivating agent, the most popular being polyethylene
glycol (PEG)45. A precleaned surface-activated slide is aminosilanized and reacted with the
N-hydroxysuccinimide (NHS) ester modified PEG which also includes a small fraction of
biotin-PEG-NHS ester for specific tethering (Fig. 3b)44 (Supplementary Protocol online).
Adhesion of nucleic acids to the PEG surface at pH < 7.0 can be reduced by further
passivating the surface with sulfodisuccinimidyltartrate46. Strong interaction between
denatured protein and linear PEG can be eliminated using branched PEG instead and they
may serve as better passivating agents47, 48. Histidine-tagged proteins can also be attached to
the surface using chelated Ni2+ or Cu2+ groups49 however, optimal orientational positioning
and elimination of surface artifacts might sometimes require a spacer between the histidine-
tag sequence and the protein (Fig. 3c). Several of these PEGylated options are commercially
available also (http://www.proteinslides.com/index.html). More stringent rejection of
nonspecific binding can be achieved by repeating the PEGylation reaction two or three times
(Yuji Ishitsuka, personal communication).

Encapsulation of single molecules inside surface-tethered phospholipid vesicles50-52 mimic
cellular entrapment, reduces perturbation to the system, and does not require tether
attachment to the molecule. With the adoption of semi-permeable vesicles53, this approach
enables the study of repeated collisions between the same set of weakly interacting
molecules under different solution conditions without suffering from high background (Fig.
3d).
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The sample chamber

An air-tight sample chamber is created by sandwiching double sided tape or parafilm
between a pre-cleaned slide and a coverslip (see Supplementary Protocol online) and by
applying epoxy as necessary. Simple pipetting or pumping through two holes pre-drilled in
the slide allows exchange of solution without drying (Fig. 4). The assembled chamber is
checked for non-specific binding before application of streptavidin by imaging the surface in
the presence of 1 nM labeled DNA and/or protein. If the non-specifically bound fluorescent
spot density is < 10% of specifically tethered molecules (typically, specific attachment with
‘good’ density provides ～ 0.1-0.2 spots/μm2), the slide preparation is deemed acceptable.
After streptavidin, biotinlyated biomolecules are added in low concentrations (20-100 pM in
buffer containing 0.1 mg/ml BSA to reduce loss of molecules to other surfaces) to achieve
immobilization at the desired single molecule density. Higher density increases the chance
of overlapping neighboring molecules. Movies of such tethered molecules are acquired and
saved on the hard disk directly using a custom program written in Visual C++.

Calibration

Crosstalk between the detection channels needs to be corrected before estimating the true
FRET efficiency. With donor-only and acceptor-only molecules excited at donor excitation
wavelengths, we determine the leakage of donor emission into the acceptor channel(s) and
direct excitation of acceptor(s) respectively. With acceptor only molecules excited directly
(close to its absorption maximum), we determine the leakage of acceptor emission into the
donor detection channel.

Mapping between donor and acceptor images is made with an image of surface-tethered
fluorescent microspheres with substantial emission in all detection channels. We manually
select 3-4 fluorescence peaks in the donor image and their corresponding peaks in the
acceptor image and an automated algorithm generates a linear transformation between the
two images that corrects for offset, rotation, rescaling and distortion.

Data processing and analysis

Data processing algorithms

To convert the movie files into single-molecule time trajectories, we first identify isolated
single molecule peaks from a composite image of donor and acceptor channels (average of
first ten frames) built using the mapping generated (vide supra). Donor and acceptor spots
that co-localize are selected for final analysis to eliminate partially labeled molecules. Next,
the local background is subtracted from the peaks and intensities from 7 × 7 pixels
(depending on overall magnification) surrounding the peak (corresponding to ～ 1 μm2 area)
are integrated to recover donor and acceptor intensities for each single molecule for every
frame. In experiments where only transient presence of the donor labeled molecule is
anticipated54, the first step can be carried out for each set of ten successive frames.

FRET efficiency

After correcting for the cross talk and background (determined from intensity traces after
dye photobleaching) in both channels, apparent FRET efficiency is calculated as Eapp = IA/
(IA + ID) where IA and ID represent acceptor and donor intensities, respectively. Eapp
provides only an approximate indicator of the inter-dye distance because of uncertainty in
the orientation factor κ2 between the two fluorophores and the required instrumental
corrections. As a rule of thumb, if fluorescence anisotropy r of both fluorophores is less than
0.2, κ2 is close to 2/334, 55. We found that in general r > 0.2 for popular smFRET
fluorophores conjugated to nucleic acids or proteins so care must be taken in extracting the
absolute distance information. Nevertheless, in every case we tested, apparent FRET was a
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monotonic function of distance. In order to determine actual FRET efficiency, one has to
determine the correction factor, γ, which accounts for the differences in quantum yield and
detection efficiency between the donor and the acceptor. γ is calculated as the ratio of
change in the acceptor intensity, ΔIA to change in the donor intensity, ΔID upon acceptor
photobleaching (γ = ΔIAIΔID)21, 56. Corrected FRET efficiency is then calculated using the
expression,

(1)

Proteins can change the photophysical properties of a fluorophore. For example, we and
others have observed that the fluorescence of DNA-conjugated Cy3 increases when a
protein binds nearby57, 58. This effect changes the FRET efficiency through a change in γ.
Similarly, photoinduced electron transfer between DNA bases and dye can quench dyes and
this phenomenon can be influenced by protein binding in the vicinity59-61.

Interpreting data: pitfalls and tips

High throughput TIR based experiments help us acquire statistically significant amounts of
data rapidly. The main challenge then is the data analysis and interpretation that can
sometimes be baffling due to potential artifacts or ambiguities. Here are some pointers on
what to watch out for.

1. Do not dwell on ‘interesting’ effects observed in a small fraction (< 5%) of
molecules because at that level, many artifacts cannot be distinguished from real
events. Instead, improve the biological constructs and assay conditions so that the
majority of the molecules function similarly.

2. If the correction factor γ is close to 1, the total fluorescence signal (sum of donor
and acceptor intensities), I total, should remain constant. Continual changes in Itotal
may be a sign of non-specific attachment. Additional sources for intensity noise
include transient binding of fluorescent impurities, changes in dye properties due to
interaction with proteins or the surface, or gradual loss of focus.

3. Long movies that show single step photobleaching events should be acquired to
ascertain that the signal acquired is indeed from single molecules.

4. Reversible switching off (termed blinking) of Cy5 (or similar dyes)62 is a well-
known artifact (see Fig. 1b) that has been frequently misinterpreted as a large
conformation change to a state with very low FRET, for example macromolecular
unfolding. The rule of thumb is that if FRET drops instantaneously to the level of
donor only (Eapp = 0), consider it blinking. If a very low FRET state shows up even
in the presence of blinking suppressants like Trolox, and if a direct excitation of
acceptor confirms its activity, one can rule out blinking. Photophysical
phenomenon like blinking can also be distinguished by their known dependence on
excitation intensity28.

While the analysis of single molecule data is system dependent, some commonly used tools
are worth mentioning. Information on equilibrium properties is best gleaned through the
smFRET histogram generated by averaging each molecule's FRET efficiency over the first
3-10 data points. We typically obtain 10-20 short (～5 s) movies of different areas of the
sample for an unbiased overview of population distribution. Time trajectories of individual
molecules (from long movies) in equilibrium convey valuable kinetics information of the
system via dwell times in each conformational state. For example, for a two state system
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undergoing stochastic transitions, the transition rates are determined from exponential decay
fits to the dwell time distribution of each state63 or by performing the autocorrelation
analysis combined with equilibrium determination if the transitions are too fast for reliable
dwell time determination64. For more complicated transitions between distinctly identifiable
multiple states, a Hidden Markov Model (HMM) analysis can be used for an unbiased
estimate of the number of FRET states populated, to estimate the rates of interconversion
among them and to determine the most likely time evolution of each state65 (available for
download at http://bio.physics.uiuc.edu/HaMMy.html). A transition density plot of initial to
final FRET values for each transition obtained from HMM (or other) analysis provides a
visually attractive and objective compilation of the data57, 65-67. Other information theory
based approaches are also available for confocal single molecule data obtained photon by
photon68-70. The advantages of single molecule experiments become more obvious in non-
equilibrium conditions where one can follow, for example, the reaction pathway of a single
enzyme undergoing a series of transitions to achieve its catalytic cycle. A powerful, visual
method of presenting the non-equilibrium smFRET data of many molecules was developed
for ribosome studies71.

Limitations of smFRET

It is crucial to point out some of the limitations of the technique before one designs a first
smFRET experiment. (1) smFRET requires attachment of at least two extrinsic dyes to the
molecule(s) of interest since (semi-) intrinsic chromophores such as 2-aminopurine and
tryptophan are not sufficiently bright or photostable for single-molecule measurement. In
some cases site-specific labeling is not trivial, especially for large RNA molecules72, 73 and
many proteins74, 75. Note that smFRET is relatively insensitive to incomplete labeling. If the
donor is missing, the molecule is simply not observed; if the acceptor is missing, this donor-
only species shows up as a zero-FRET population. (2) Since single-molecule detection is
achieved via spatial separation, weakly interacting fluorescent species are difficult to study
(but not always, vide supra). (3) FRET is insensitive to distance changes outside the 2 - 8 nm
inter-dye distance range for R0 = 5 nm. However, distance changes as small as 0.3 nm can
be detected from single-molecules between 0.6R0 and 1.5R0 where FRET is almost a linear
function of R. (4) To achieve adequate signal-to-noise ratio, ～100 total photons need to be
detected. Considering that more than 105 photons can be collected from single dye
molecules before photobleaching, more than 103 data points can be obtained. (5) Time
resolution is limited by the frame rate of the CCD camera (in best case = 1 ms). (6) Absolute
distance estimation is challenging due to the dependence of the fluorescence properties and
energy transfer on the environment and orientation of the dyes. So, smFRET has been
employed mostly for problems where precise distance information is not vital. Nevertheless,
reasonable estimates of orientation factors can be made76 and control experiments with each
dye can provide good approximations of the inter-dye distances77, 78. Concerns about these
issues could be further alleviated by using a redundant number of distance constraints in
triangulation studies79, 80.

Advanced smFRET techniques

Some of the new and exciting technical developments still at the proof-of-principle stage are
summarized below.

As the system under study becomes complex, additional information is needed to resolve
ambiguities. For this purpose, three-color smFRET was realized by using Cy3 (donor), Cy5
(acceptor 1), and Cy5.5 (acceptor 2) as three distinct fluorophores and optimizing confocal
detection optics and developing a new data analysis scheme43. Using this technique,
correlated motions of different segments of a DNA four-way (Holliday) junction were
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detected. The three-color smFRET also works on a TIRF-based setup and led to a direct
observation of protein motion on single stranded DNA (unpublished results). Three-color
single molecule detection was also used to distinguish multiple species and to observe
interactions among three different molecules81, 82. A multi-color excitation scheme for
further distinguishing different molecular species83, 84 has recently been extended to three-
color FRET85. Promise has also been shown for extending FRET further with several
fluorophores on single DNA molecules86.

As the importance of mechanical factors in biology is recognized, a missing dimension of
controlled manipulation with force is being added to smFRET, with the ultimate goal of
measuring conformational changes via fluorescence as a function of force applied by
techniques such as optical and magnetic tweezers. Optical tweezers have been combined
with single molecule fluorescence dequenching87 and FRET88 to report on the force-induced
unzipping of DNA hairpin. Magnetic tweezers were used to build a FRET vs. force
calibration curve for an entropic spring made of a single stranded DNA89. More recently, the
low-force response of single Holliday junctions was tracked using a hybrid instrument
combining FRET and optical tweezers to map out the 2D folding landscape90. smFRET was
also combined with the single channel recording of a simple dimeric gramicidin
channel91, 92.

Final Notes

We have discussed practical issues on the well-established TIR-based smFRET and also
briefly mentioned more futuristic technical developments. Two areas that are still lacking in
development are measurements in living cell, which probably requires substantial
improvements of probes, and analysis of membrane protein dynamics, which is already
challenging at the ensemble level. Nevertheless, smFRET is one of the powerful tools at
hand for ‘looking’ at real-time dynamics and interactions of single biomolecules. All we
need now is to open our ‘single-molecule’ eyes to the vast array of biomolecular interactions
that demand careful scrutiny.

Supplementary material

Refer to Web version on PubMed Central for supplementary material.
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Box 1

FRET schemes

Single pair FRET (Box Fig. 1a) is a powerful technique, however it is important to
realize that global conformational changes during biomolecular interactions, whether
protein folding or protein-nucleic acid interactions are seldom one dimensional. In the
absence of crystal structures, interpretation of inter-dye distance changes can be
reconciled with several different yet not necessarily mutually exclusive models. There is
hence, an ever increasing interest in extending the reach of FRET to three dimensions.
Here we discuss some of the FRET schemes in elementary or developmental stages.

Three color cascade scheme: Limited distance range of FRET has prompted researchers
to use cascades of energy transfer cassettes to extend the effective R0 values. For
example, in a three color cascade, an intermediate energy acceptor relays the energy
gained from the donor to a lower energy acceptor (Box Fig. 1b). This scheme can be
beneficial in probing changes in large complexes like ribosomes or nucleosomes.

Three color bifurcate scheme: One dye can act as the donor for two independent
acceptors that can be spectrally separated (Box Fig. 1c). Depending on its proximity from
either of the acceptors, the donor quenches with increase in corresponding acceptor
emission. A reverse approach would be with two independent donors (spectrally
separable yet excitable by the same wavelength of light) that can selectively quench
depending on which one is in vicinity of a single acceptor.

General three color scheme: A general case of the above two would be when energy
transfer between the three dyes is not restricted and hence detailed calculations must be
carried out to estimate the three inter-dye distances (Box Fig. 1d). This allows one to
explicitly define an unambiguous reference plane in the 3D conformational space of the
biomolecule.

Two FRET pair scheme: For large complexes, employment of two independent FRET
pairs can report on conformational changes in separate regions of the macromolecule in
real time (Box Fig. 1e). Realization of such schemes will depend on the development of
bluer dyes that can act as efficient single molecule donors.
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Box Figure 1.
Single molecule FRET schemes.
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Figure 1.
Single molecule FRET. (a) FRET Efficiency, E as a function of inter-dye distance (R) for a
R0 = 50 Å. Donor dye directly excited with incident laser either fluoresces or transfers
energy to acceptor dye depending upon its proximity. At R = R0, E = 0.5 while at smaller
distances, it is > 0.5 and vice versa according to the function shown by the blue line. Notice
the linearity of the E values adjacent to R0. (b) Example of a two color smFRET data. Data
is acquired in the form of intensities of donor and acceptor (top panel) from which apparent
FRET efficiency (bottom panel) is calculated. A mutant hairpin ribozyme93 which carries
the donor and acceptor on different arms of the same molecule undergoes transitions
between three FRET states (E1, E2 and E3). The anti-correlated nature of the donor and
acceptor signal indicates that these intensity changes are due to energy transfer. Dye
molecules also show transitions to dark states e.g. acceptor intensity transiently drops to zero
(～9 s) or completely photobleaches (～18.5 s).
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Figure 2.
Schematic for smFRET spectroscopy. Labels - M, mirror; DM, dichroic mirror; L, lens;
CCD, charge coupled device camera; BE, beam expander; PBS, polarizing beam splitter; λ/
2, half waveplate (a) TIR excitation and single FRET pair emission detection. Tethered
single molecules are either excited by PTIR or OTIR. Fluorescence is collected using the
objective and the slit generates a final imaging area that is half of the CCD imaging area.
The collimated image is split into the donor and acceptor emissions and imaged side by side
on the CCD camera (see camera image in inset). (b) TIR excitation schemes (enlarged view
of the box in (a)). In PTIR, laser beam focused at a large incident angle (θc > 68°) on the
prism placed on the top of the sample creates an evanescent field (EF) at the quartz/water
interface on the slide. Alternately in OTIR excitation, the focused laser beam strikes at the
periphery of the objective back focal plane causing TIR at the glass/water interface on the
coverslip close to the objective. (c) Emission detection for three color scheme. Image is
framed using a slit such that final image size covers one-third of the CCD chip. A set of
dichroics allow separation of the individual emissions from the three fluorophores and
imaging them simultaneously.
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Figure 3.
Surface immobilization strategies for smFRET experiments. (a) Biotin-BSA proteins bound
non-specifically to the surface tether biotinylated molecules with the aid of multivalent
avidin proteins (e.g. neutravidin). (b) Mixture of biotin-PEG and PEG is covalently attached
to amino silanized slide surface. Biotins on the PEG can bind DNA (or protein) engineered
with a biotin moiety with the help of a sandwiched neutravidin protein. PEG coating
prevents the non-specific binding. (c) PEG coated surfaces can be engineered to carry Ni2+

or Cu2+ chelated on iminodiacetic acid (IDA) (or nitrilotriacetic acid (NTA)) groups that
bind efficiently to 6× His-tagged proteins while retaining functional activity. (d) Using
dimyristoyl phospatidylcholine (DMPC) at room temperature, vesicles selectively permeable
to small molecules can be used to trap biomolecules. A fraction of biotinylated lipid allows
specific tethering of the vesicles to the biotin-PEG surface. D and A labels stand for donor
and acceptor dyes.
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Figure 4.
Sample Chamber. (a) A sample chamber is made by sandwiching a microscope slide and a
coverslip with double-sided tape and by sealing with epoxy. The holes on the slide are used
for the inlet and outlet of solution exchange. (b) A syringe is connected to the chamber
through tubing and a pipette tip that contains a solution is snugly plugged into an inlet hole.
When the syringe is pulled, the solution is introduced into a chamber. Reproduced from ref.
7 with permission from Cold Spring Harbor Laboratory Press.
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Table 1

Comparison of single molecule FRET dyes

Dye Excitation λmax (nm) Emission λmax (nm) Brightnessa Photostability (s) b (in Trolox/βME)

Donors

Cy3 550 565 1.0 91/50

ATTO550 554 577 1.9 72/27c

Alexa555 555 567 0.8 65/35

Acceptors

Cy5 655 667 1.0 82/25

ATTO647N 644 664 1.3 62/31

Alexa647 650 667 1.2 58/20c

a
Intensity at emission λmax compared to Cy3 for donors (excitation at 532 nm) and compared to Cy5 for acceptors (excitation at 633 nm) while

conjugated to DNA under same excitation power.

b
Average photobleaching time constant in 10 mM Tris-HCl (pH 8.0), 50 mM NaCl, oxygen scavenging system (as in text) with 2 mM Trolox or

142 mM βME at 200 W/cm2 CW incident excitation (532 nm or 633 nm) tethered to BSA-biotin surface. Corresponding dye pairs (Cy3 - Cy5, R0

～ 60 Å35 ; ATTO550 - ATTO647N, R0 ～ 65 Å (http://www.atto-tec.com/ATTO-TEC.com/Products/documents/R(0)-Values.pdf) ; Alexa555-

Alexa647, R0 ～ 51 Å94) are labeled on duplex DNA with a 15 base pair separation.

c
Dye displays severe dark state formation (blinking) in this solution condition.

Nat Methods. Author manuscript; available in PMC 2013 September 10.

http://www.atto-tec.com/ATTO-TEC.com/Products/documents/R(0)-Values.pdf


N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Roy et al. Page 21

Table 2

Conjugation strategies for dyes or biotin

Chemistry/Method Reactive Group Remark

DNA/RNA

Phosphoramidite or acetoxyethoxy methyl
(ACE) solid support synthesis

Direct incorporation into the backbone

Amine reactive (-NH2) succinimidyl (NHS) ester Amino C6- dT/dC (for internal labeling without backbone
disruption)

Thiol reactive (-SH) Maleimide Thiol modifier on 3′or 5′ end

Proteins

Amine reactive (-NH2) succinimidyl (NHS) ester N-terminal or Lysine amine groupa

Thiol reactive (-SH) Maleimide Cysteine thiol groupb

Ketone reactive (=CO) Hydrazine Unnatural amino acid with ketone groupc

a
Achieving high selectivity and specificity with amine labeling is usually complex in proteins since they naturally carry multiple lysine residues.

b
Double cysteine mutant proteins can also be labeled with equimolar ratios of donor and acceptor dyes simultaneously where molecules carrying

the right dye pair can be identified by their FRET signature79. Other double labeling strategies have also been attempted for better

specificity75, 95, 96.

c
Incorporation of the ketone group using an orthogonal tRNA-synthase pair that exclusively recognizes the amber codon can be used36.
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