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Abstract

Since the physical process of fluorescence resonance energy transfer (FRET) was elucidated more 

than six decades ago, this peculiar fluorescence phenomenon has turned into a powerful tool for 

biomedical research due to its compatibility in scale with biological molecules as well as rapid 

developments in novel fluorophores and optical detection techniques. A wide variety of FRET 

approaches have been devised, each with its own advantages and drawbacks. Especially in the last 

decade or so, we are witnessing a flourish of FRET applications in biological investigations, many 

of which exemplify clever experimental design and rigorous analysis. Here we review the current 

stage of FRET methods development with the main focus on its applications in protein studies in 

biological systems, by summarizing the basic components of FRET techniques, most established 

quantification methods, as well as potential pitfalls, illustrated by example applications.

1. Introduction

1.1 The concept of FRET

Fluorescence resonance energy transfer (FRET) is an electromagnetic phenomenon in which 

quantum energy is transferred non-radiatively from an excited donor fluorophore to an 

acceptor molecule within close proximity [1, 2]. The term “resonance energy transfer” refers 

to the fact that energy transfer is by means of intermolecular dipole-dipole coupling, that is, 

the process does not involve emission and reabsorption of photons. The donor fluorophore 

typically emits at shorter wavelengths that overlap with the absorption spectrum of the 

acceptor molecule (which may be a fluorophore or a non-fluorescent molecule). The rate of 

energy transfer, kT (r), falls off with the sixth power of the distance between the donor and 

acceptor molecules:
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Equation 1

where τD is the decay time of the donor in the absence of acceptor, r is the actual distance 

between the chromophores (the symbol “r” used here and in Equations 3a and 3b should not 

be confused with the same symbol used later for anisotropy), and R0 is the Förster distance 

or the distance at which the energy transfer efficiency is 50% [2]. R0 depends on the 

quantum yield of the donor, the extinction coefficient of the acceptor, the overlap of the 

donor emission and acceptor excitation spectra, and the relative orientation of the 

chromophores:

Equation 2

where κ2 is the orientation factor between donor and acceptor; n is the refractive index of 

the medium; QD is the quantum yield of the donor in the absence of the acceptor; J(λ) is the 

degree of spectral overlap between the donor emission spectrum and the acceptor 

absorbance spectrum [3].

The phenomenon of FRET is extremely useful for biomedical research for three major 

reasons. First, due to its exquisite sensitivity to molecular distance, FRET makes a great 

reporter for close proximity as well as very small perturbation in proximity. For this reason, 

FRET has been referred as a “spectroscopic ruler” [4]. FRET is most sensitive to distance 

changes when the donor and acceptor are separated by a distance near R0 (typically 20–60 

Å). The second reason FRET is particularly suitable for biomedical research is that the 

distance range at which FRET occurs matches well with the dimension of many biological 

molecules, such as the size of proteins and polynucleotides, the distance between sites on 

multi-subunit proteins and interacting molecules, the thickness of the cell membrane, etc. 

Furthermore, while the distance resolution of FRET is much lower than that of X-ray 

crystallography, FRET has the advantage of being applicable in living biological systems 

under physiological conditions and, in many cases, in real time. Indeed, since the physical 

process of FRET was elucidated more than six decades ago [1, 2], its application in 

biomedical research has exploded (Fig. 1).

1.2 FRET efficiency

The efficiency of FRET (EFRET), which is the fraction of the energy absorbed by the donor 

that is transferred to the acceptor, is given by the Förster equation (Equation 3). Similar to 

the rate of energy transfer, EFRET falls off with sixth power of the distance between the 

donor and acceptor molecules, leading to a large change in its value over the range of 0.5 R0 

to 1.5 R0. Below 0.5 R0, energy transfer efficiency remains 98–100%, and there would be 

not much change to see. Beyond 1.5 R0, the efficiency of energy transfer is very low (< 

8.1%) (Fig. 2A–B).
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Equation 3a

Equation 3b

EFRET is affected by all the factors in Equation 2. While most factors determining EFRET are 

straightforward and well-discussed in the literature, an important parameter for FRET that 

often causes confusion is the orientation factor κ2, which describes the relative orientation of 

the donor and acceptor transition dipoles and ranges from 0 to 4. When the donor and 

acceptor transition dipoles are aligned to each other, κ2 = 4, the orientation is ideal for 

energy transfer; whereas in a perpendicular orientation, κ2 = 0, preventing any energy 

transfer disregard of the distance (Fig. 2C). It is important to realize that κ2 matters only 

during the lifetime of the donor excited state when energy coupling is possible. For most 

fluorophores, this time is 1-to-10 ns. It means that if the fluorophores, or their chromophore 

part, or the molecules the fluorophores are attached to, move at frequencies significantly 

higher than 108–109 Hz, the fluorophore pair will experience varying orientation while 

FRET occurs. In biological systems, proteins labelled with fluorophores generally can adopt 

a variety of conformations, and the covalent linkage between the fluorophore and the host 

protein can rotate. All these lead to randomization of the orientation both spatially and 

temporally. Thus for most macromolecular interactions in solutions, κ2 value of 2/3 is often 

assumed.

Minor polarizations of donor and acceptor molecules will not lead to major variations in the 

determination of R0. But if one assumes that a range of static donor-acceptor orientations are 

present and do not change during the lifetime of the excited state, κ2 = 0.476 should be used 

instead [3, 5]. Nevertheless, under certain experimental conditions such assumption does not 

hold and more rigorous treatments of κ2 are called for [6, 7]. More detailed basic concepts 

of FRET could be found in classical reviews and textbooks [3, 8, 9].

1.3 The first key step for a FRET experiment: choose the right fluorophore pair

When designing a FRET experiment, the first key step of performing a successful 

measurement is to choose a suitable pair of donor and acceptor molecules based on their 

spectroscopic characteristics and experimental needs. Several fundamental conditions should 

be met: 1) sufficient separation in excitation spectra so that the donor could be selectively 

activated by the light source (perfect selectivity is almost never achievable, see below); 2) 

enough overlap between the emission spectrum of the donor and the excitation spectrum of 

the acceptor to ensure efficient energy transfer (Fig. 2D); 3) reasonable separation in 

emission spectra to allow selective measurement of the emitted fluorescence from the 

acceptor (again, exclusive measurement is hard to achieve in practice) [10]; 4) The choice of 

the donor and the acceptor fluorophores should also allow the distance between them, when 

attached to biomolecules, to be within 10–100 Å.
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There are plenty of choices when it comes to fluorophores, such as organic dyes (e.g., 

fluorescein, FITC (fluorescein isothiocyanate), rhodamine, Cyanine-dyes, Alexa-dyes and 

Atto-dyes), inorganic ions (e.g., lanthanide ions Eu3+, Tb3+, Yb3+, etc.), and fluorescent 

proteins (FP). The application of FRET technique in biomedical research really started to 

grow exponentially following the development of green fluorescent protein (GFP) from the 

jellyfish Aequoria victoria and its many derivatives (Fig. 1) [11]. Wild-type GFP (26.9 kDa) 

consists of a β-barrel structure in which the essential chromophoric moiety lies at the center 

and could form automatically under physiological conditions due to an autocatalyzed 

biosynthesis of imidazolinone from residues Ser65-Tyr66-Gly67 [12]. The same process 

occurs when the fluorescent protein is expressed in jellyfish, as an exogenous protein, or as 

part of a fusion protein [13, 14]. The β-barrel structure surrounding the tripeptide influences 

its fluorescent properties and protects the chromophore from environmental influences.

Following the discovery of GFP, many FPs from other species, such as the Anthozoan 

button polyp Zoanthus (ZsYellow), sea anemone Discosoma (DsRed) [15] and Anemonia 

majano (AmCyan1), were identified and isolated. Also, researchers have achieved great 

success in modifying FPs by mutagenesis to expand the color spectrum, narrow the emission 

peak, improve the photostability, or enhance the quantum yield (Table 1). As a result, FPs 

spanning the full visible spectrum have been available, and sparked a revolution in the 

FRET study in living cells (Fig. 1; Table 1).

The choice of FRET pair depends on the purpose of the FRET study, the microscopy setup 

and the quantification method to use. For example, EGFP is extensively used due to its high 

quantum yield and resistance to photobleaching. The nice separation of the ECFP emission 

spectrum and the EYFP excitation spectrum, as well as the high absorption and quantum 

yield of the latter have made them one of the most commonly used FRET pairs [14, 16]. 

Very recently, Shaner et al. reported a monomeric yellow-green fluorescent protein, 

mNeonGreen, the brightest monomeric green or yellow fluorescent protein available so far, 

which is much brighter than cyanine dyes or Alexa dyes and is of similar brightness as 

ATTO 550 (brightness calculated as the product of extinction coefficient and quantum 

yield), thus can serve as an excellent FRET acceptor for cyan fluorescent proteins [17]. 

Another exciting progress is that the Miyawaki group cloned a brand new fluorescent 

protein, UnaG, from a type of Japanese eel. When triggered by an endogenous chromogenic 

ligand, bilirubin, UnaG can produce bright oxygen-independent green fluorescence [18]. As 

the first FP from the vertebrate subphylum, UnaG is not only a great clinical tool for 

quantifying human bilirubin level [18], but also will be a brilliant FRET donor fluorophore 

candidate since it has much smaller size than GFP (139 aa vs 238 aa) and one can achieve 

conditional switch of its fluorescence emission.

1.4. Quantum-dots

Over the past decades, rapid evolution in bionanotechnology has led to the development of 

luminescent nanoparticles with outstanding physical and chemical properties that are 

unmatched by other fluorophores. Quantum dots (QDs) have emerged as exceptional 

representatives among them. QDs are inorganic fluorescent semiconductor nanocrystals, 

generally 2–10 nm in diameter, that are composed of elements in the periodic groups of II–
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VI, III–V or IV–VI [19]. The emission color of QDs, which depends on their size, chemical 

composition, and surface chemistry, can be tuned from ultraviolet to the visible and near-

infrared wavelengths. In general, the smaller the QDs are, the bluer the emission light is [20, 

21].

The general structure of a QD (Fig. 3) comprises an inorganic core semiconductor material 

(e.g. CdTe or CdSe), an inorganic shell of a higher band gap semiconductor material (e.g. 

ZnS), and an aqueous organic coating layer to which biomolecules of interest can be 

conjugated (e.g. antibodies, peptides, nucleic acids, etc.) [22]. The shell and coatings not 

only confer different photophysical properties to the QDs, but also form physical barriers 

that separate the nanocrystal core from the surrounding environment, thus making QDs 

resistant to photobleaching.

QDs have many advantageous features over traditional fluorophores, which make them 

attractive in imaging applications like FRET [20, 22–24]. First, as expected, QDs are 

extremely photostable. They can maintain high brightness even after repeated cycles of 

excitation and fluorescence for hours. Therefore, background signals from short-lived 

fluorescent species can be corrected by time-gating techniques, allowing QDs be used for 

long-term monitoring and cell-tracking studies [25, 26]. Second, each QD has a quite broad 

absorption spectrum and a narrow and symmetrical emission spectrum. This property makes 

extensive multiplexed imaging much easier, because a single light source can be used to 

excite multiple QDs simultaneously; and due to the narrow emission spectrum of each QD, 

there won’t be much overlap between different emission spectra [24]. On the practical end, 

broad absorption of QDs also leaves plenty of choices for the excitation source from simple 

voltaic arc lamps to most commercially available lasers (e.g. argon-ion, helium-cadmium 

and krypton-argon). For FRET applications, the broad absorption spectrum permits easy 

pairing with a donor fluorophore. However, due to cross-talk contamination, this also makes 

it problematic to engineer QDs as acceptors in QD-FRET. Third, as mentioned above, 

different QDs cover broad emission spectra from ultraviolet to near-infrared, which 

contributes to a better separation of donor and acceptor emission peaks, thereby avoiding 

donor bleed-through contamination effectively. Fourth, due to their particularly large 

extinction coefficients (> 106 M−1cm−1 vs < 105 M−1cm−1 for typical organic dyes and FPs), 

large absorbance cross-section and saturation intensity, QDs have exceptional brightness 

(about 10–100 times brighter than organic fluorogenic dyes). Fifth, QDs have slow excited-

state decay rates (lifetime 30-to-100 ns). This is valuable in overcoming the background 

autofluorescence, therefore improving signal-to-noise ratio.

Nevertheless, QDs are not perfect. The toxicity of QDs has limited their applications in 

biological studies [27, 28]. Their “blinking” behavior, i.e. rapidly alternating between an 

emitting and non-emitting state, may cause problems in single-molecule imaging or tracking 

[29]. In addition, QD “photobrightening” (increase in fluorescence intensity upon extended 

excitation) could be troublesome in fluorescence quantitation studies [20]. In terms of QD-

FRET, the proximity requirement for FRET determines that the major limitation for QDs is 

their large size. Practically, large (red/infrared emitting) QDs cannot be used [30]. 

Furthermore, unlike FPs, QD-protein fusions cannot be genetically coded and thus cannot be 

produced in living cells.
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Despite these restrictions, numerous QD-based FRET applications have been reported in the 

literature, the majority of which are in vitro studies using QDs as the donor and organic 

fluorophores as the acceptor [24, 31–36]. The continuous efforts in generating smaller, 

brighter, and non-blinking QDs may allow novel applications of QD-FRET techniques and 

significantly expand our ability to deal with challenging questions, such as dynamics of 

protein-protein interactions at a long time scale.

2. Potential pitfalls and practical considerations in FRET experiments

In order to minimize artifacts and maximize signal-to-noise ratio in FRET studies, it is 

critical to be aware of potential contamination sources, design effective controls as well as 

understand that FRET measurements are usually based on specific assumptions. In this 

section, we will go through some common problems and discuss useful strategies to deal 

with them.

2.1 Artifacts caused by orientation issue

As discussed above, FRET efficiency is dependent on both the distance and the relative 

orientation of the fluorophore pair. If the fluorophores do not have any preferential 

orientation, or are wobbling at rates comparable to fluorescence emission, the issue of 

orientation dependence should be negligible for the majority of FRET studies [3]. Many 

chemical fluorophores appear to fall into this category. Even covalently attached FP 

molecules are generally found to be highly mobile under physiological conditions [37]. 

Nevertheless, it is reassuring to confirm mobility of the fluorophores by measuring their 

anisotropy in the FRET experimental environment. For example, binding of Ca2+-

calmodulin was observed to decrease FRET efficiency between FPs attached to cyclic 

nucleotide-gated (CNG) channels, which was attributed to disruption of an inter-subunit 

interaction. An alternative possibility in the case was that Ca2+-calmodulin might 

immobilize the fluorescent proteins in unfavorable orientations. To rule out this possibility, 

anisotropy from eYFP attached to different channel sites was measured before and after 

Ca2+-calmodulin modulation, which showed no detectable difference. These results 

confirmed that binding of Ca2+-calmodulin per se did not affect the properties of the 

fluorescence [38].

2.2 Cross-talk

Ideally, there should be extensive overlap between the donor emission spectrum and the 

acceptor excitation spectrum, but no overlap in the excitation spectra or emission spectra 

between the FRET pair. Unfortunately, this is rarely true in reality as the Stoke’s shift (the 

wavelength difference between excitation and emission spectra) for most fluorophores is 

comparable or smaller than the width of the spectra. As a result of overlap in the excitation 

spectra, the acceptor can be excited directly by the donor excitation light, which would lead 

to contaminating fluorescence signals in FRET experiments. This type of error is often 

called “cross-talk”. The extent of cross-talk is determined by the extinction coefficient of the 

acceptor fluorophore at the donor excitation wavelength and the relative excitation light 

intensities for the donor and the acceptor. One way to estimate the extent of cross-talk is to 

measure the fluorescence intensity ratio of an acceptor-only sample excited with the donor 
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and the acceptor excitation light. Using this approach, the CFP-YFP pair measured under 

typical physiological conditions was found to exhibit a cross-talk contamination accounting 

for 15–25% of the YFP peak emission [39].

There have been several approaches developed to minimize or correct for cross-talk in 

FRET experiments. One approach is to separate the cross-talk emission spectrum of the 

acceptor from the total emission spectrum using spectral imaging techniques, such as linear 

unmixing and Spectra FRET (as discussed below) [40–42]. Other options, when possible, 

are to use an optimized excitation wavelength to minimize direct acceptor excitation [43] or 

to apply fluorescence lifetime measurement for FRET quantification (FLIM, see below). A 

different FRET-type approach, bioluminescence resonance energy transfer (BRET), uses an 

enzyme (typically luciferase, which emits light in the presence of its substrate) to generate 

donor light and a fluorophore (typically a fluorescent protein) as the acceptor for resonance 

energy transfer [44, 45]. Since in BRET the donor is excited chemically instead of optically, 

the problem of excitation cross-talk is eliminated; this is one of the advantageous features of 

this method.

2.3 Bleed-through

Another source of contamination from spectra overlap is often called “bleed-through”, 

which refers to fluorescence emission from the donor fluorophore that is detected within the 

range of acceptor fluorescence emission. The extent of bleed-through is determined by the 

relative fluorescence intensities of donor and acceptor within the detection wavelength 

range. Bleed-through could be a serious problem for some FRET pairs if not properly 

corrected. For example, the emission of CFP at the YFP peak emission wavelength (530 nm) 

could be as high as 50% of the CFP peak emission measured at 480 nm. Similar to cross-

talk, bleed-through can also be eliminated by subtracting it from the total emission spectrum 

using spectrum-based FRET techniques [46, 47].

2.4 Non-specific FRET

It is almost always desirable to have stronger fluorescence signals in FRET studies. With a 

fixed FRET pair, one way to achieve high fluorescence intensity is to increase the power of 

the excitation light, which has an upper limit and is always penalized by increased 

photobleaching. An alternative is to introduce more fluorophores into the FRET system by 

having higher densities of fluorophore-tagged molecules. However, this could cause 

problems of non-specific FRET. As the fluorophore density increases, the average distance 

between non-associated donor and acceptor fluorophores drops. As a result, the probability 

of finding a donor and an acceptor within the FRET distance increases. Fluorophore 

aggregation may also occur when clusters of fluorescently labelled molecules exist, for 

example, at the synapse or caveolae. A simple and often effective method to detect such 

non-specific FRET is to plot the measured FRET values against the fluorescence intensity of 

either the donor or the acceptor (assuming that association of the FRET pair is not affected 

by concentration). Since the fluorescence intensity represents roughly the fluorophore 

density, a detectable dependence of FRET efficiency on the fluorescence intensity may 

suggest that the fluorophore density is too high and non-specific FRET has occurred.
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An additional issue arising from high density of fluorophores is that the donor fluorescence 

emission could also be directly reabsorbed by the acceptor (as opposed to the non-radiative 

energy transfer of FRET). This non-FRET, re-absorption mechanism is normally assumed to 

be negligible at low fluorophore densities, but could be an issue when the fluorophore 

density is high or the sample volume is large.

2.5 Mixture of fluorophore populations

In FRET experiments, a general assumption is that there is a single donor and a single 

acceptor present as a FRET couple. This simple case scenario, unfortunately, is often not 

true in biological experiments. In case of one donor coupled to multiple acceptors, the most 

commonly used model is a simple kinetic model assuming that the donor interacts separately 

with each acceptor and the collective EFRET is calculated from the sum of all FRET transfer 

rates divided by the sum of all radiative and non-radiative energy release rates [3]. Used 

properly, this strategy could be applied to analyze rather complex questions quantitatively 

[46, 48]. Interestingly, Koushik et al observed anomalous surplus energy transfer with 

multiple acceptors [49]. The mechanism behind this phenomenon is not known yet, but the 

authors speculate that “either an additional energy transfer pathway exists when multiple 

acceptors are present, or that a theoretical assumption on which the kinetic model prediction 

is based is incorrect” [49]. It is important to realize that for the kinetic approach to work, the 

assumption of independent coupling between fluorophores has to be met, that is, at any 

moment, one donor can only be coupled to one acceptor independent of other fluorophores 

nearby. This assumption is only true at low excitation condition when the probability of a 

fluorophore being in the excited state is low.

In biological preparations, uncoupled fluorophores and pairs of like fluorophores are very 

likely to co-exist with paired donor-acceptors. Emission from these fluorophores contributes 

to the total fluorescence intensity but not to the FRET signal, thus reducing the apparent 

FRET efficiency. To illustrate this issue, one can consider a simple scenario in which the 

biological sample contains the donor-acceptor pair as well as the free donor and the free 

acceptor at concentrations of [DA], [D], and [A], respectively. This is the situation when 

donor and acceptor labelled molecules interact but do not form obligated complexes. 

Without FRET, the donor and acceptor fluorescence intensities can be calculated as:

Equation 4

Equation 5

in which SD and SA are constants reflecting the properties of the recording system and 

fluorophores, such as excitation light intensity, the transfer function of the fluorescence 

detector, extinction coefficient and quantum yield of fluorophores, etc. FRET causes a 

decrease in the donor intensity and an increase in the acceptor intensity. As will be discussed 

below, FRET efficiency E can be measured by either the fractional decrease in the donor 

intensity (Equation 6) or the fractional increase in the acceptor intensity (Equation 7). The 

apparent FRET efficiency, Eapp, of the system would be:
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Equation 6

Equation 7

As we can see from Equation 6 and 7, no matter how E is quantified, if singular 

fluorophores exist, the observed Eapp will be lower than the true efficiency E. If only half of 

the donors/acceptors can form FRET pairs, for example, the apparent FRET efficiency will 

be only one half of the true efficiency, Eapp = 0.5E.

Obviously, a straightforward strategy to minimize the error caused by mixed population in 

calculating Eapp is to make sure [DA]≫[D] in donor-based calculation or [DA]≫[A] in 

acceptor-based calculation [50]. If the system involves affinity binding between D and A as 

mentioned above, one may achieve the goal by ensuring [A] ≫ [D] or [D] ≫ [A]. This 

useful practice would yield much more reliable FRET measurements than a surprisingly 

common practice of picking cells with equal donor and acceptor intensities. However, the 

amount of labelled molecules is not always easily controllable. In a biological system 

involving co-transfection of donor and acceptor, for example, the expression levels of the 

donor and the acceptor fluorophores would vary greatly from one cell to another. If Eapp is 

calculated from the enhanced acceptor emission and is plotted against the fluorescence 

intensity ratio between the donor and acceptor, the figure can be divided into three regions 

(Figure 4I). In region I, there is a substantial amount of uncoupled acceptor molecules that 

do not contribute to FRET ([DA] ≪ [A]). As a result, Eapp would be much lower than the 

true efficiency if it is estimated from the acceptor enhanced emission. Region III, on the 

other hand, is ideal for acceptor-based estimation in that most of the acceptor fluorophores 

are coupled to a donor ([DA] ≫ [A]) and Eapp approaches the true value. Region II is where 

the donor intensity and the acceptor intensity are comparable and easy to measure, but Eapp 

depends strongly on the donor-to-acceptor ratio. Ideally, we want all the cells to be in region 

III. However, the high donor-to-acceptor ratio often translates into low acceptor intensities, 

which would be hard to quantify accurately and more prone to contaminations from 

autofluorescence and background light. Particularly in the presence of the high donor 

intensity, the calculated FRET efficiency tends to be inaccurate. Therefore, more accurate 

estimation of the intrinsic FRET efficiency is likely to be achieved by taking into account 

the variable donor-to-acceptor ratio and getting the real EFRET by fitting to data from all 

three regions [46, 51].

2.6 Change of fluorescence property upon the binding of labelled molecules

In an ideal experiment, the emission properties of the fluorophores should not be affected by 

interaction between the fluorescently labelled molecules per se. However, in practice, this is 

sometimes not true. For example, hybridization of an unlabelled strand of polynucleic acids 

was found to quench the fluorophore on a labelled complementary strand [52]. Interestingly, 

many factors could affect the extent of this type of quenching, including the number of 
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nucleotide pairs in the hybrid, the length of the hydrocarbon spacer between the terminal 

nucleotide and the fluorophore, the temperature, and the ionic strength of the solution [53]. 

The study suggests that unintended changes in fluorescence property may be more common 

than they were assumed. It is therefore helpful to determine the fluorescence property of the 

donor in the presence of the unlabeled complementary interacting molecule. This can be 

easily implemented for example in experiments using “donor-dequenching after acceptor 

photobleaching” quantification method (as discussed below), in which the donor 

fluorescence intensity in the absence of the acceptor is measured after the acceptor 

fluorophore is photobleached [54].

In addition to the potential pitfalls mentioned above, there are also other sources of 

contaminations that should draw our attention, such as autofluorescence and the 

“background” scattered light, which should always be minimized if possible, or to be 

quantified and subtracted from FRET measurements [3]. When fluorophores are tethered to 

biological molecules of interests, one should test whether the spectral properties of these 

fluorophores are unchanged [13].

3. FRET quantification techniques

Many FRET quantification techniques have been developed, and novel approaches are 

continuously being invented. On the basis of practical considerations, four general 

approaches are widely applied: (i) change in the fluorescence emission intensity of the 

donor; (ii) sensitized steady-state fluorescence emission intensity of the acceptor; (iii) 

decrease in the donor lifetime; and (iv) change of fluorescence polarization.

3.1 Change in donor fluorescence intensity – donor quenching upon FRET or donor de-
quenching after acceptor photobleaching

Quenching is a phenomenon by which interaction of a molecule (the quencher) with the 

fluorophore reduces the quantum yield or the lifetime of the fluorophore. In this sense, the 

acceptor in FRET works as a quencher for the donor, so the FRET efficiency can be 

quantified as the decrease of the donor emission fluorescence upon coupling with the 

acceptor. An interesting example of FRET measurement using this quantification method is 

“transition metal FRET” [55]. The idea behind this method is that transition metal ions such 

as Ni2+, Co2+ and Cu2+ are colored, and their absorbance spectra overlap with the emission 

spectra of fluorescent dyes such as fluorescein. Hence transition metals can serve as the 

acceptor to “quench” the donor fluorescence. Transition metals are not sensitive to the 

orientation problems usually associated with FRET and do not require long flexible linker as 

FPs do. Also, because the R0 value for Ni2+ or Cu2+ and fluorescein (12 Å and 16 Å 

respectively), for example, is much lower than standard FRET pairs such as CFP and YFP 

(50 Å), the fluorescein /transition metal ion FRET pair could be used to monitor short-range 

FRET changes. In this regard, it helps that the transition metals are much smaller than most 

fluorophores. The transition metals can form a metal bridge between two or more cysteines 

or histidines. To direct transition metal ions to a target site of protein, one could introduce 

two histidines spaced one turn away on an α-helix to minimize the backbone perturbation 

and ensure the spacing between the two sites. A donor fluorophore such as fluorescein can 

bind to a cysteine residue specifically introduced to the site of interest in the protein. FRET 
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efficiency can then be easily calculated by measuring fluorescence before (F) and after 

(Fmetal) the addition of metals [55–57]:

Equation 8

While transition metal FRET measures the decrease in donor emission upon addition of the 

acceptor, a more widely used approach for donor-based FRET measurement is to measure 

the increase in donor emission upon photobleaching the acceptor. When the acceptor is 

destroyed optically, its quenching effect on the donor is eliminated, which results in an 

increase in the fluorescence intensity of the donor. In a typical experiment using this 

method, often called “donor de-quenching” [58] or “acceptor photobleaching FRET” [23], 

the fluorescence intensities of the donor are measured before (FDA) and after photobleaching 

of the acceptor (FD) in a limited area. The FRET efficiency is calculated as [59]:

Equation 9

This is a relatively straightforward method and can be well adapted to any fluorescence 

microscope provided with a powerful light source to selectively bleach the acceptor. As 

donor de-quenching measures changes in donor fluorescence, it is less affected by either 

cross-talk (the excitation light used to bleach the acceptor usually bleach the donor much 

less efficiently) or bleed-through (donor emission can generally be well separated from the 

acceptor emission). It is also attractive because unlike the photobleaching process intrinsic 

to photoexcitation, an increase in fluorescence is generally hard to achieve unless FRET is 

present [60]. As expected, incomplete acceptor photobleaching, accidental donor bleaching, 

or mixtures of fluorophore populations can lead to underestimation of FRET [61].

Disadvantages of the donor dequenching method include: (i) The photobleaching process 

can cause photo-damage to the sample; (ii) For many live-cell studies where freely diffusible 

molecules are under investigation, this method is inappropriate because it is possible that the 

FRET measurement will be invalidated by recovery of the acceptor fluorophore [62]; (iii) 

There have been studies reporting the photoconversion artifacts (shift of the acceptor 

emission spectrum) in this method [63, 64]. A nice modification of this method 

demonstrated that the obscured artifacts in donor de-quenching analysis may be 

circumvented by measuring the donor intensity as a function of time during gradual acceptor 

photobleaching. In this way, both potential donor photobleaching and the presence of any 

background intensity can be detected without additional measurements [65].

3.2. An increase in the steady-state fluorescence emission intensity of the acceptor - 
donor sensitized acceptor emission

Instead of measuring donor fluorescence intensity change, one can quantify FRET by 

measuring the enhancement of acceptor emission, known as sensitized emission. In this 

method, the FRET efficiency is quantified as
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Equation 10

in which FA and F′A are the acceptor intensity in the absence and in the presence of the 

donor, respectively, and εD and εA are the molar extinction coefficient for the donor and the 

acceptor at the excitation wavelength range.

This is one of the simplest ways to measure FRET, especially when the donor and acceptor 

emissions can be cleanly separated. As discussed above, particular precautions must be 

taken to deal with potential problems like cross-talk and bleed-through. Several different 

methods have been designed to measure FRET in this way, such as “netFRET” [66, 67], 

“three-cube FRET” [68], and “Spectra FRET”[39]. These approaches share similar designs 

and handle potential contaminations with independent controls. A major difference in these 

approaches is the way of quantifying fluorescence intensities (point measurement versus 

range measurement). Here we will use the spectroscopy-based “Spectra FRET” as an 

example to explain in detail how to measure FRET in living cells and calculate EFRET from 

the enhanced acceptor emission.

The recording system for Spectra FRET could be built on an epifluorescence microscope 

equipped with a shutter-controlled excitation light source (e.g. mercury lamp, laser, or LED) 

to minimize photobleaching, as well as a spectrograph in conjunction with a cooled CCD 

camera for spectroscopic imaging. Two filter cubes (instead of three for three-cube FRET) 

are needed to excite the donor and the acceptor respectively. For example, when cerulean/

EYFP are used as the FRET pair, the excitation filter D436/20 and dichroic mirror 455dclp 

can be used for donor excitation, and the excitation filter HQ500/20 and dichroic mirror 

Q515lp would be appropriate for acceptor excitation. Unlike three-cube FRET, no emission 

filter is required as the fluorescence emission will be collected and separated 

spectroscopically. The spectrograph normally has an input slit with adjustable width and a 

grating allowing easy selection of the recording wavelength range. When the input slit is 

wide open and the grating set at a small angle, the cell image can be projected to the camera 

(Fig. 4A and 4D); whereas when a narrow slit is in the light path and the grating is rotated to 

the desired angle to record at a selected wavelength range, one can get the spectroscopic 

images from the cellular region visible through the slit (Fig. 4B and 4E). A fluorescence 

emission spectrum can then be constructed from each spectroscopic image using the 

fluorescence intensity values along a horizontal line whose position corresponds to the part 

of the cell to be measured (Fig. 4C and 4F) [42]. Like three-cube FRET and other methods 

based on enhanced acceptor emission, three samples are required in order to obtain FRET 

estimates: (i) cells expressing only the donor; (ii) cells expressing only the acceptor; and (iii) 

cells co-expressing both the donor and the acceptor - the actual FRET experiment sample.

To quantify FRET, first, an emission spectrum from the sample group (iii) is acquired after 

excitation by donor excitation light (Ftotal, Fig. 4G red curve). This is the total emission 

spectrum that contains three components: the donor bleed-through, the acceptor cross-talk 

and the real FRET signal. Second, get the emission spectrum from the sample group (i) with 

donor excitation light, and normalize it to the peak fluorescence in the donor emission 
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region of Ftotal (Fdonor, Fig. 4G blue curve). When Fdonor is subtracted from Ftotal, the 

contamination from donor bleed-through is eliminated (Ftotal − Fdonor, Fig. 4G green curve). 

Third, collect two emission spectra from the sample group (ii) using the donor and the 

acceptor excitation light respectively. The ratio between these two spectra, which is termed 

RatioA0, represents the percentage of cross-talk that is specific to this FRET pair and the 

recording system – hence the same as in Ftotal (Fig. 4H dotted red line). Multiplying RatioA0 

to (Ftotal−Fdonor) yields the amount of cross-talk signal (Fcross-talk, Fig. 4G, dotted yellow 

curve). The real FRET signal can be calculated as FFRET = Ftotal − Fdonor − Fcross-talk (Fig. 

4G the difference between the green curve and the yellow curve). Finally, record another 

emission spectrum from the sample group (iii) by acceptor excitation light (Facceptor, not 

shown). The ratio between (Ftotal − Fdonor) and Facceptor is defined as Ratio A (Fig. 4H, red 

line), and the apparent FRET efficiency Eapp can be calculated as:

Equation 11

Having the potential contamination from bleed-through and cross-talk taken care of through 

the processes described above, there are still potential errors due to mixed fluorophore 

populations and variable expression levels, which cannot be corrected in individual cell 

measurement. In the Spectra FRET method, Eapp measured from each cell is plotted against 

the ratio between the peak intensity of Fdonor (Fc) and the peak intensity of Facceptor (Fy) 

(defined as Fc/Fy, reflecting the relative expression level of the donor and the acceptor) of 

the same cell (Fig. 4I). As expected, as Fc/Fy increases, so does the Eapp, which eventually 

plateaus off at high Fc/Fy values. While the shape of the distribution depends on the 

biological system that yields the measurements, the plot should reach a plateau at high Fc/Fy 

ratios.

One advantage of the Spectra FRET method is that fluorescence signals from different parts 

of the cell can be conveniently identified and selected. This is particularly useful in studies 

of plasma membrane proteins, for which collecting signals from the surface membrane is a 

key for reliable FRET measurement [38, 39, 46, 47, 51]. Moreover, this method is more 

tolerant to low signal-to-noise ratios thus more reliable, because it provides built-in controls 

for system linearity (both RatioA and RatioA0 are expected to be wavelength-independent) 

and accurate subtraction of potential light contaminants (not only from bleed-through and 

cross-talk, but also from autofluorescence and background light) [58].

3.3 Change in donor fluorescence lifetime – FLIM FRET

After a fluorophore is excited, the fluorescence emission decays exponentially. The 

fluorescence lifetime (τ), the time needed for the fluorescence intensity to decrease to 1/e (= 

0.37) of its initial value, reflects the time that a molecule spends in the excited state. 

Fluorescence lifetime varies between 1 ns to 10 ns for most probes used in biological studies 

[69]. Kinetically, the lifetime equals the inverse of the sum of rate constants of all the 

mechanisms leaving the excited state, including the rate constant of emitting a photon (f), 

non-radiative decay (kNR), quenching (q), and FRET (kET):
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Equation 12

Since τ is shortened by kET, its change can be used to reflect the occurrence of FRET. Many 

potential artefacts intrinsic to intensity-based FRET quantification methods, such as signal 

cross-contamination, concentration dependence of the probes, variations in local excitation 

intensity and exposure duration, as well as moderate level of photobleaching, could be 

overcome by measuring the reduction in the donor fluorescence lifetime that results from the 

quenching effect of the acceptor using fluorescence lifetime imaging microscopy (FLIM). 

The lifetime of the donor fluorophore with (τDA) and without (τD) an acceptor can be 

directly measured from the fluorescence decay time course and the FRET efficiency can be 

calculated as

Equation 13

It is noteworthy that although the fluorescence lifetime is largely insensitive to the 

aforementioned potential problems, it is very sensitive to the local chemical environment 

such as changes in the ion concentration, oxygen, pH, polarity, refractive index of the 

medium and temperature [23]. Therefore, it is pivotal to control, as much as possible, these 

external factors during FLIM-FRET measurements to minimize non-FRET donor 

fluorescence lifetime relaxation. In practice, besides the experimental group, it helps to 

include good controls such as a positive control with donor fluorophore fused to acceptor 

fluorophore, a negative control with free donor fluorophore alone to calibrate the system, 

negative controls with co-existence of free donor fluorophore and free acceptor fluorophore, 

and a negative control with co-transfection of donor fluorophore-labeled target protein and 

free acceptor fluorophore.

FLIM requires specialized and expensive instrumentation, but besides the analysis of 

protein-protein interactions with high temporal specificity and protein conformational 

changes [70, 71], FLIM-FRET was also used to map the spatial distribution of probe 

lifetimes in vivo [72–74]. In addition, it has been used in ion concentration imaging, in 

measuring oxygen concentration as well as in various medical applications [75–77]. More 

information about time-resolved fluorescence technologies will be described in detail by Dr. 

Alarcon in this volume (REF).

3.4 Change of polarization of the fluorophore - fluorescence anisotropy

In section 1.2 the orientation of fluorophore dipole movement and its time-dependent 

changes are discussed. A unique FRET quantification method can be devised based on this 

phenomenon. When a pool of randomly oriented fluorophores are excited with polarized 

light, only those that have their transition dipole moments nearly aligned to the plane of 

applied polarization will be excited (a process called photoselection). This is because 

excitation involves the redistribution of electrons about the fluorophore. As a result, only 

when the electromagnetic field of a photon is oriented to a particular axis about the 
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fluorophore could its energy be captured. Release of the captured energy by fluorescence 

emission or by resonance coupling to another fluorophore is similarly polarized, that is, the 

fluorescence can be considered “anisotropic”. The intrinsic anisotropy of the fluorophore 

(denoted r0) can be measured by embedding the fluorophore in a frozen polyol. Hence 

photoselection of donors produces a pool of photoselected acceptors that would emit 

polarized fluorescence light. However, rotation of both donor and acceptor fluorophores 

during their lifetimes would reduce the polarization. The extent of polarization remaining in 

the fluorescence is called anisotropy (r, measured with respect to excitation polarization; the 

symbol “r” used here should not be confused with the same symbol used earlier for the 

distance between donor and acceptor), which depends on the ratio between the rotational 

lifetime constant (Φ) and the fluorescence lifetime (τ) of the fluorophore [78–80].

Equation 14

The slower the rotation of the fluorescent species, the higher the value of r would be. Since 

the depolarization of the acceptor originated from the compounding rotations of the donor 

and the acceptor, acceptor emission is expected to be more depolarized compared to the 

donor emission.

Measurement of fluorescence anisotropies can be performed using a vertically polarized 

excitation source and collect vertically (parallel to excitation) and horizontally 

(perpendicular to excitation) polarized emission respectively. Polarization (P) and 

anisotropy (r) are simply two different measures of the same phenomenon, defined as:

Equation 15

Equation 16

where Fparallel and Fperpendicular are the intensities of the emitted light parallel and 

perpendicular to the excitation source, respectively [3, 81, 82].

Since the most commonly used fluorophores in FRET, fluorescence proteins (FPs), are large 

in size and their fluorescence lifetime is much shorter compared to its rotational lifetime 

constant (2.9 ns vs 20 ns), they produce highly polarized emission when excited by 

polarized light [83]. In a FRET experiment, such as one using mCerulean as donor and 

mVenus as acceptor, the collected emission would contain both highly polarized cyan 

fluorescence and less polarized yellow fluorescence. The magnitude of decreased anisotropy 

is correlated to the amount of FRET collected in the acceptor channel. Even a small amount 

of FRET could generate strongly depolarized fluorescence.

A unique application of the anisotropy-based FRET is the homoFRET method, in which 

only one type of fluorophore is used. Since for most fluorophores the Stoke’s shift is not 

very large, the excitation and emission spectra overlap appreciably. Therefore when two 
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fluorophores of the same type are close to each other, FRET occurs just as when two 

different fluorophores are in close proximity. The depolarization process occurs in 

homoFRET as well. However, because there is only one type of fluorophore, there is no 

bleed-through or cross-talk to worry about. The stoichiometry/mixed population issue 

discussed above is also irrelevant [84, 85].

It has been reported that anisotropy-FRET can resolve FRET with 10-fold greater contrast 

than FLIM [86]. Moreover, with limited requirement for the microscopy setup, this method 

can be easily adapted to any imaging modality. Furthermore, accurate fluorescence 

anisotropy can be collected quickly thanks to the minimal image processing. So this 

approach is well suited for applications in high-throughput screening. Using more 

sophisticated equipment, picosecond time-resolved fluorescence anisotropy decay can be 

used to measure the molecular rotation time, dynamic oligomeric state and the relative 

orientation of two dimer subunits quantitatively [87].

On the other hand, this method also has its weaknesses. First, the very key facility for the 

measurement, the polarizer, would cause a significant reduction in the emission fluorescence 

intensity. Second, this approach is susceptible to polarization artifacts from elements in the 

optical path such as beam-splitters, filters, mirrors. Also, high numerical aperture objectives 

could reduce the polarization, so objectives with numerical apertures more than 1.0 should 

be avoided. Finally, this is an excellent method in qualitative study (FRET or no FRET), but 

does not have a high enough resolution for quantitative FRET measurement [23].

4. Biological applications of FRET

The advance in fluorescence microscopy techniques combined with the development of new 

FRET pairs has resulted in fast adoption of the FRET technique to a wide spectrum of 

biological studies, such as protein trafficking and co-localizations, protein-protein 

interactions, conformational rearrangements, nucleic acid studies, characterization of gene 

expression, real-time PCR assays and FRET-based bio-sensors [88–91]. Here we discuss 

several key applications of FRET using mostly examples from ion channel studies.

4.1 Intermolecular FRET to visualize protein-protein interactions

Protein-protein interactions govern a variety of biological processes. Numerous biochemical 

and molecular methods, e.g. co-immunoprecipitation, pull-down assays, yeast two-hybrid 

analysis, isothermal titration calorimetry (ITC), and surface plasmon resonance (SPR), have 

been developed to detect such interactions. Nevertheless, FRET has been an irreplaceable 

approach and gained its remarkable popularity due to its ability to detect interactions with 

very high temporal and spatial resolutions in a non-invasive way in living cells. It is also one 

of the most sensitive measurements because of its very small working distance (1–10 nm).

Good examples in this application are countless. In ion channel field, for example, FRET 

has witnessed the progress of knowledge in calcium store depletion-dependent dynamic 

interactions between store-operated calcium channel Orai1 and its calcium-sensing partner 

STIM1 [92–97]; how ATP dose-dependently inhibits membrane-bound SNARE protein 

syntaxin-1A (Syn-1A) binding to sulfonylurea receptors, which releases the inhibition of 

Ma et al. Page 16

J Mol Struct. Author manuscript; available in PMC 2015 November 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



K(ATP) channel activity [98]; the close spatial proximity between IP3 receptor 1 and TRPC3 

in arterial myocytes, leading to nonselective cation currents and vasoconstriction [99]; the 

interaction between TRPV4 and F-actin, which might play a role in sensing hypotonicity 

and the onset of regulatory volume decrease [100]; the association between actin-binding 

protein cortactin and potassium channel Kv1.2, thus providing a direct link between actin 

dynamics and membrane excitability [101]. Very recently, FRET also helped to set up the 

link between the tumor suppressor protein Numb and TRPV6, shedding light on another 

potential mechanism on the involvement of ion channels in tumorgenesis [102]. The 

relationship between two known players in Long QT syndrome-9, caveolin3 and Kir2.1 

channel, was established with the help of FRET as well [103].

4.2 Intramolecular FRET to decode the stoichiometry of protein complexes

Most proteins function as a multi-subunit complex in vivo. Ion channels, for example, are 

dimers (CLC Cl− channels, K2P K+ channels), trimers (P2X, ASIC), tetramers (Kv channels, 

TRP channels, iGluR), pentamers (cys-loop ion channel receptors). They often exist as 

heteromeric complexes (such as native CNG channels, NMDA receptors, GABA receptors). 

FRET is a convenient way to detect subunit composition of protein complexes. This is 

because FRET only occurs within 100 Å. When fluorophore-labeled proteins are found to 

position so closely, they are most likely to interact with each other. In the case when the 

total number of subunits is known, it may also be used to determine the subunit 

stoichiometry. For example, CNG channels in the rod photoreceptor neurons have been 

known to exist as tetramers composed of CNGA1 and CNGB1 subunits. For the FRET 

approach, it was predicted that if the subunit stoichiometry between CNGA1 and CNGB1 is 

2:2, then co-expression of CNGA1-CFP, CNGA1-YFP and CNGB1 should yield FRET 

[39]. Similarly, co-expression of CNGB1-CFP, CNGB1-YFP and CNGA1 should also yield 

FRET. However, if the subunit stoichiometry is 3:1 instead, only the first combination but 

not the second will yield FRET. Conversely, if the subunit stoichiometry is 1:3, only the 

second combination but not the first will yield FRET. Using this simple logic, it was 

determined that rod CNG channels are composed of three CNGA1 and one CNGB1 subunit 

[39].

The subunit stoichiometry of several other channels has been successfully determined using 

a similar method. For example, it has been confirmed that olfactory CNG channels are 

composed of two CNGA2, one CNGA4, and one CNGB1b [47]; NMDG receptors have two 

NR1 and two NR2 subunits in a dimer-of-dimers arrangement [104]. In multimeric channels 

with arbitrary subunit assembly, the total apparent FRET efficiency can be calculated from a 

binomial distribution, from which the real FRET efficiency can be derived. For example, 

this strategy has been used to investigate the relative arrangement of SUR1 and Kir 6.2 in 

KATP channels [105] and the assembly of heteromeric TRP channels [48].

While FRET reports the existence of multiple subunits in a protein complex, it is in general 

not an effective approach to determine the number of subunits. In this case, other 

fluorescence-based methods may be used, such as single-molecule photobleaching. In this 

method, target subunits labeled with FPs are expressed at low density in either mammalian 

cells or Xenopus oocytes, which are then imaged with total internal reflection fluorescence 
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(TIRF) microscopy to selectively detect fluorescence signals from the plasma membrane and 

effectively reduce the background fluorescence to increase the signal-to-noise ratio. The 

idea is that fluorophore photobleaching is a discrete process, so the number of fluorescently 

labelled subunits in a complex can be deduced by counting fluorophore photobleaching 

steps as long as only one complex exist in a single pixal (hence the need of a low expression 

level). This method is pretty straightforward and easy to adapt to different systems, but one 

should be aware that many versions of FPs tend to dimerize [106] and transiently switch to a 

nonfluorescent state (“blinking”). Depending on the derivative of FP, the expression system 

and the temperature, the rate of maturation can also vary. Generally speaking, the maturation 

rate decreases with increased incubation temperature [106–111]. Oocyte system is therefore 

preferable in this regard as the eggs are normally incubated at 18°C. Whereas for expression 

in mammalian cells, an optimized version of GFP for expression at higher temperatures 

called “superfolder” GFP may be used [109]. Due to partial labelling and photobleaching 

during sample preparation, even a complex with a fixed number of subunits usually has a 

binomial distribution of the ensemble photobleaching steps [112]. The probability of 

observing k photobleaching steps P(k) could be calculated as:

Equation 17

where N is the number of subunits, k is the number of steps observed and Pf is the fraction of 

mature FP.

When alternatively labeling different subunits in the protein complex, it is possible to 

deduce the subunit stoichiometry with single-molecule photobleaching. Using this method, 

Ulbrich and Isacoff showed that the subunit composition of the NMDA receptors composed 

of NR1 and NR3 subunits is 2:2 [113]; Demuro et al. found that both Orai1 and Orai3 

channels undergo a dimer-to-tetramer transition to be activated as a store-operated Ca2+ 

channel and Orai3 forms a dimeric nonselective cation pore upon activation by 2-APB 

[114], which confirmed similar observations previously made by Cahalan group [115]; and 

Coste et al. recently demonstrated that the newly identified mechanically activated ion 

channel family Piezo proteins homo-multimerize with four subunits [116].

4.3 Probing protein conformational changes with FRET

Due to its remarkable distance sensitivity and the capacity to be used in living cells, FRET 

has been extensively applied in probing real-time protein conformational changes during 

protein function under physiological condition. Examples can be found in elegant 

applications of FRET to understand how the voltage-sensor of voltage-gated cation channels 

move during the channel activation process. Bezanilla and colleagues applied lanthanide-

based resonance energy transfer (LRET), where lanthanide was used as a donor and organic 

fluorescent dye fluorescein was the acceptor, and recorded angstrom-scale relative “tilting” 

movements between S4 segments upon depolarization [117]. In the same year, Isacoff group 

used FM/TMRM pair (Fuorescein maleimide / tetramethylrhodamine maleimide) to 

stoichiometrically label (i.e. with different concentrations of donor and acceptor resulting in 

a biased binomial donor-acceptor distribution) the S3–S4 linker, and observed that S4 twists 

during the activation [118].
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A similar approach was applied to other voltage-gated channels such as Na+ channel 

NaChBac and K+ channel KvAP [119, 120]. Besides this small “tilting” movement, S4 

segments also make vertical movement relative to the plasma membrane, which was also 

detected by FRET studies. In this case, the FRET pair was formed by sulphorhodamine or 

ABD (7-fluorobenz-2-oxa-1,3-diazole-4-sulphonamide, donor) with DPA (dipicrylamine, 

acceptor) that can be dissolved in the plasma membrane [121]. The picture of S4 segments 

movements during voltage-sensing set up by these FRET studies was supported by later 

studies using other methods such as crystallization and molecular dynamics simulation 

[122–125].

Gating of ion channels always involves complex conformational changes, and FRET has 

been a very useful tool in monitoring these changes thus providing mechanistic insights into 

gating mechanisms. Thoughtfully designed FRET measurements have been applied in 

studies on voltage-gated Kv2.1 channels [126], voltage-gated Cav1.2 channels [127], CLC 

chloride channels [46, 51], ryanodine receptors [128], L-type Ca2+ channels [129], P2X 

channels [130], gramicidin channels [131, 132], Large-conductance voltage- and calcium-

dependent potassium channels (BK channels) [133], and store-operated calcium channels 

[134].

Study of another branch of protein conformational changes, protein folding, has also 

benefited greatly from FRET technique, particularly single-molecule FRET. This specific 

application of FRET is beyond the interest of this review, but details could be found in many 

interesting reviews [135–139].

4.4 FRET based biosensors

Biosensors based on the FRET principle have been rapidly developed in the past decade and 

have become powerful tools in monitoring and identifying cellular molecular dynamics, 

cellular physiology and cell-cell interactions. A FRET biosensor generally comprises an 

acceptor fluorophore, a donor fluorophore, a ligand domain, a sensor domain, and linkers in 

between. The sensor domain responds to a specific signal, such as phosphorylation, GTP 

loading, or phospholipid binding, by changing its conformation. The ligand domain would 

bind to the conformation-changed sensor domain, thereby changing the distance (perhaps 

also orientation) between the acceptor and donor fluorophores, which generates FRET 

changes.

There are generally two types of FRET biosensors: the intermolecular (bimolecular) and 

intramolecular (unimolecular) FRET biosensors. The former consists of two separate 

molecules, one comprised of a donor fluorophore and the sensor (or ligand) domain and the 

other comprised of an acceptor fluorophore and the ligand (or sensor) domain. This format is 

particularly useful for detecting protein-protein interaction within the cells, but the potential 

contaminations from cross-talk and bleed-through need to be well controlled. In 

intramolecular FRET biosensors, all the components are combined into a single molecule, 

therefore the order of these components needs be optimized [140]. Fundamentally three 

approaches are commonly applied to the design of FRET-based biosensors:
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i. Interaction between the sensor domain and the ligand domain upon a cellular 

stimulation results in an increased FRET signal due to shortening of the distance 

between donor and acceptor. In this design, the distance-dependence of FRET 

development should ideally not be disturbed by change of orientations between the 

two fluorophores. Note that GFP-based fluorophores tend to dimerize which causes 

high FRET efficiency to start with, so the binding between the sensor and the 

ligand might cause a relative rotation of the FRET pair and reduce the FRET 

efficiency instead of increasing it. One reported approach to overcome this problem 

is to introduce a very long linker between the ligand domain and the sensor domain 

to eliminate the FRET pair dimerization, thus rendering the FRET efficiency 

mostly dependent on distance [141].

ii. When the FRET pair are simultaneously attached to one molecule at close positions 

and generate positive FRET continually, proteolysis of this intramolecularly 

labeled biomolecule triggered by a cellular process would lead to separation of the 

donor and the acceptor and loss of FRET signal [142].

iii. Alternatively, an intramolecularly labeled biomolecule, which has two fluorophores 

labeled at a distance beyond FRET sensitivity, could undergo a conformational 

change upon stimulation, resulting in the initiation of FRET [143].

An example of a very widely used FRET biosensor is the intracellular Ca2+ indicator 

“cameleon”, which is composed of a calmodulin as the sensor domain, a M13 (containing a 

calmodulin-binding sequence) as the ligand domain, and CFP/YFP as the FRET fluorophore 

pair. With an increase in the Ca2+ concentration, calmodulin is prompted to bind to M13, 

bringing CFP and YFP closer to yield an increased FRET signal. The Ca2+ sensitivity range 

of cameleons can be tuned by mutations in the Ca2+-binding sites of calmodulin [144].

FRET biosensors are great tools for kinase inhibitors screening in live cells, or as 

biomarkers in early cancer detection, cancer prognosis, and therapeutic efficacy monitor. In 

one successful application of FRET biosensor, Mizutani et al. engineered an intramolecular 

FRET biosensor with CrkL, a major substrate of the BCR-ABL kinase (a kinase that plays a 

critical role in the pathogenesis of chronic myeloid leukemia, CML), sandwiched between 

Venus and ECFP, so that when the BCR-ABL kinase is active, the phosphorylated tyrosine 

site on CrkL can bind to its intramolecular SH2 domain to cause a conformational change 

and subsequently increase FRET efficiency. The final version of this FRET biosensor 

displayed an impressive 80% increase of FRET ratio in vitro upon stimulation by BCR-

ABL. This FRET biosensor showed remarkable sensitivity not only in screening the efficacy 

of CML specific drugs, but also in detecting rare drug-resistant cancer cells from a large cell 

population. This is particularly interesting, because these drug-resistant cells likely 

constitute the main reason for CML therapeutic failure and relapse; this biosensor, therefore, 

can be used as a powerful tool to assess the biopsy samples from patients and to predict the 

probability of drug resistance and prognosis [145]. Success has also been gained in FRET 

biosensors developed to detect other oncogene-related kinase activities including Src, FAK, 

PKA, EGFR, and ABL [146, 147] and of other molecules important for migration and 

cancer invasion [148].
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There is still plenty of room to improve FRET biosensors. For example, there are needs for 

more efficient methods to deliver biosensors to live cells, particularly primary cells, since 

currently available methods, including liposome-based delivery, electroporation, virus 

infection and “cell-loading” techniques, only have ~20–30% efficiency [149]. FRET 

biosensors with the capacity to simultaneously visualize multiple molecular events in the 

same cell would also be very valuable. Indeed, the future of FRET biosensors is quite 

promising, particularly in clinical research with applications to visualize subcellular 

molecular signaling events in real time and to identify novel targeting molecules and 

pathways.

4.5 Single-molecule FRET for nucleic acid and protein dynamics study

FRET measurement from a population of molecules has two major drawbacks: first, it 

generally reports an ensemble average of the behavior of individual molecules due to a lack 

of synchronization; second, it is often impractical to detect transitional conformations. These 

drawbacks can be remedied by single-molecule FRET (smFRET), which detects structural 

changes in individual biological molecules in real time and discriminate the distribution of 

several conformations, including those short-lived and low-populated ones [150–152].

smFRET requires a high signal to noise ratio, so background fluorescence needs be 

minimized and the signal maximized. To achieve this, on the one hand, objectives with high 

numerical aperture and detectors with high quantum efficiency and low noise are required. 

Though some studies used confocal microscopy [153, 154], smFRET time trajectories are 

most commonly acquired by imaging surface immobilized molecules with TIRF microscopy 

combined with a highly sensitive electron-multiplying charge-coupled device (EM-CCD) 

camera [155, 156]. On the other hand, it is pivotal to choose the right fluorophores. Ideally, 

the fluorophore for single molecule studies should be bright (extinction coefficient, ε > 

50,000 M−1 cm−1; quantum yield, QY > 0.1), small, photostable, and water-soluble with 

different forms of bio-conjugation chemistries available [157]. Additionally, to form a 

powerful FRET pair for smFRET, besides the general requirements for FRET pair as 

mentioned earlier, comparable emission quantum yield and detection efficiencies for donor 

and acceptor are preferred, because this facilitates anti-correlated intensity changes in donor 

and acceptor. Among various dyes being used in smFRET studies, Cy3 and Cy5 have been 

the most popular donor and acceptor pair due to their superior photophysical properties, 

such as the large spectral separation (~100 nm), good photostability, comparable quantum 

yields (~0.25) and commercial availability of various reactive forms (amino-, thiol-, etc) 

[112, 158].

The first key step in a smFRET experiment is to label the target molecule with fluorescent 

dyes. Nucleic acids are best labeled during synthesis or by introducing amine-modified 

bases to a specific site and labeling with the NHS-ester form of a dye that react with the 

amine group, which can then be separated from unlabeled molecules by polyacrylamide gel 

electrophoresis. For proteins, a popular approach is to use the maleimide form of a dye 

which would specifically react with a thiol group (-SH) on cysteines [158]. No matter 

whether smFRET will be conducted in a sealed sample chamber or in a flow cell, the next 
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critical step is to clean up the binding surface and immobilize the fluorophore-labeled 

samples to the surface for imaging. Detailed protocols can be found in [159].

Similar as in single-channel recordings, single-molecule fluorescence data also follow the 

stochastic fluctuations as single proteins switch between different conformations. 

Accordingly, similar quantification/analysis methods can be used, such as amplitude and 

dwell-time histograms analysis and Hidden Markov modellings [155, 158, 160–165].

As a strong tool for detecting the conformational diversity and dynamics of nucleic acids/

protein molecules and their interactions, smFRET has been widely applied to various 

biological systems [155, 166–170]. It is a useful complementary strategy to other atomic-

level structural techniques, such as X-ray crystallography, NMR or cryo-electron 

microscopy, which cannot provide dynamic structural information in real time. Moreover, 

interesting developments of traditional smFRET are rapidly springing up, such as detailed 

structural determination of DNA and RNA molecules [171] and smFRET with multi-

fluorophores [172–176].

8. Conclusion

Being a highly sensitive reporter for intermolecular/intramolecular distances in living cells, 

FRET has gained tremendous popularity in life sciences, drug development, and clinical 

medicine. It is promising that some of the current problems associated with FRET 

measurement may be solved in the near future; meanwhile, we must keep in mind that FRET 

imaging, like any experimental measurement, requires both a sound understanding of the 

theory and careful attentions to practical details, such as the target system used for imaging, 

choice of fluorophore pair and microscopy instruments, quantification method to be used, 

controls for appropriate corrections, etc. Progress in this field has never stopped. Research 

into new fluorescent molecules continues to generate improved donor-acceptor pairs. 

Enhancements in the optical instrumentation, such as new light sources, faster shutters, more 

sensitive CCD cameras, will undoubtedly continue to enable novel FRET applications. 

Developments in quantitative high-throughput FRET screening arrays, and improvements in 

algorithms to better manage variables in FRET experiment will make this technique a more 

and more useful “molecular ruler”.
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Highlights

• FRET is a highly distance-sensitive measurement that is compatible with protein 

studies

• Choosing the right fluorophores is a key for the designing of successful FRET 

experiment

• It is important to be aware of potential pitfalls and practical considerations in 

FRET experiments

• There are a wide variety of FRET quantification techniques that are suitable for 

specific experimental designs.
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Figure 1. 
Explosive increase of FRET applications in biomedical research. The number of FRET 

papers published each year is determined by a Pubmed search with keywords combination 

“fluorescence resonance energy transfer” or “Förster resonance energy transfer” or “FRET”.
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Figure 2. 
Basic concepts in FRET. (A) Schematic diagram illustrating the proximity requirement of 

FRET to occur. Two target proteins are labelled with a donor FP and an acceptor FP 

respectively. Energy transfer between the two FPs occurs when the two target proteins 

interact, which shortens the distance between FPs from beyond 1.5 R0 (top) to within 1.5 R0 

(bottom). (B) FRET efficiency as a function of the distance between the donor and the 

acceptor fluorophores with R0 = 54 Å (an R0 value similar to that for the Cerulean/Venus 

pair or the EGFP/Alexa Fluor 568 pair). At R = R0, FRET efficiency = 0.5. The range 

between 0.5 R0 to 1.5 R0, indicated by the blue shade, is where FRET changes can be 

reliably measured. Notice the linearity of the FRET efficiency values at distances near R0. 

(C) Schematic representation of the orientation factor κ2 between the transition dipole 

moments of the two fluorophores. There is no FRET when κ2 = 0. (D)Absorption and 

emission spectra of Cerulean (donor, cyan) and Citrine (acceptor, green). The overlap 

between Cerulean emission spectrum and Citrine absorption spectrum is highlighted by 

green shade.

Ma et al. Page 31

J Mol Struct. Author manuscript; available in PMC 2015 November 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. 
Schematic structure of a quantum dot. These inorganic fluorescent semiconductor 

nanocrystals often have a diameter of 2–10 nm.
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Figure 4. 
Spectra FRET. (A–F) The collection of spectral information. A single HEK 293 cell co-

transfected with chloride channel subunits CLC-0-CFP and CLC-0-YFP is shown with CFP 

(A) or YFP (D) excitation light. The formation of CLC-0 dimeric channels is expected to 

bring CFP and YFP together. Spectroscopic images from the cellular region under the slit 

(indicated by rectangles) are shown in B and E, in which the y axis represents the position of 

the cell, the x axis represents the wavelength. Using line-scanning measurement of the 

fluorescence intensity values along the upper membrane region (red arrows) of the 

spectroscopic images, the emission spectra of CFP (C) and YFP (F) are constructed. (G&H) 

FRET quantification. To remove the bleed-through and cross-talk contaminations, a CFY 
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emission spectrum (blue curve in G) is normalized to the CFP peak of an emission spectrum 

from a cell expressing CFP-YFP tandem dimers (red curve). The difference between the red 

curve and the blue curve (green curve) contains both the FRET component and the cross-

talk component (yellow curve, measured from CFP excitation light). The difference between 

RatioA (solid line in H) and RatioA0 (dotted line in H) indicates the existence of a FRET 

signal. Note that RatioA0 corresponds to the zero FRET efficiency level (right axis). (I) An 

example of the Spectra FRET measurement showing the dependence of apparent FRET 

efficiency on the donor-to-acceptor fluorescence ratio. Measurements from a number of 

cells (square symbols) were fitted to a model for the dependence of the apparent FRET 

efficiency on the donor-to-acceptor fluorescence intensity ratio (red curve). The dotted blue 

line represents the expected FRET efficiency. The figure was divided into three regions 

depending on the donor-to-acceptor ratio (I to III). Only at high donor-to-acceptor ratios 

(Region III), the apparent FRET efficiency approaches the true FRET efficiency. This figure 

is modified from Fig. 2 in [58] with permission from Elsevier.
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