
  

  
 

Abstract— Förster resonance energy transfer 
(FRET) spectroscopy is a powerful tool for 
structural analysis of proteins. Over the last 
decade it has become one of the frequently used 
techniques for studying the conformational 
changes of membrane proteins. Here we focus on 
the use of FRET spectroscopy in studies of 
structural rearrangements involved in the gating of 
ion channels that function as gated membrane 
pores in numerous cellular processes essential for 
the physiology of living cells. 
 

Index Terms — BRET, electrophysiology, FLIM, 
fluorescence, FRET, mutagenesis. 

1. INTRODUCTION 
The existence and survival of living 

organisms, be it microbes, plants, animals or 
humans, are dependent on sensing the 
surrounding environment and responding to 
changes within it. Sensations of touch, hearing, 
sight, taste, smell or pain are all manifestations of 
interactions between a living organism and the 
outside world, which otherwise would apparently 
cease to exist. The life, as we know it, is thus 
inherently and intricately linked to the sensory 
input, whose importance for the existence of life, 
itself, justifies the efforts made to understand its 
molecular origins. 
 

All biological cells are surrounded by a 
plasma membrane separating the inside of a cell 
from the surrounding environment. This cellular 
boundary is the major target for physical and 
chemical stimuli exerted on a living cell by the 
outside world. Most of the receptors of 
environmental stimuli, be it mechanical, electrical, 
chemical, thermal or electromagnetic (light), are 
membrane ion channels functioning as molecular 
sensors that convert these stimuli into a cascade 
of intracellular signals and thus contribute to 
changes in electrical, chemical or osmotic activity 
within living cells. These membrane proteins are 
gated pores, which exist in two basic structural 
conformations, i.e. closed and open. Opening  
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and closing of ion channels regulate the transport 
of ions and other solutes, which by entering or 
exiting living cells affect their activity. 
 

The last three decades have been 
exceptionally exciting for the ion channel 
research field starting with early 1980’s, the 
heyday of the patch–clamp recording technique, 
which revolutionized the field by enabling 
electrophysiologists to measure ionic currents 
through single ion channels [1]. By using this 
technique its inventors Erwin Neher and Bert 
Sakmann were able for the first time to 
demonstrate directly the existence of ionic 
channels in living cells [2]. Later, many other 
techniques have been applied to study the 
relation between the structure and function in ion 
channels, which led to a significant progress in 
solving molecular structure of a large number of 
ion channels, and greatly contributed to a better 
understanding of the role ion channels play in 
various aspects of cell physiology. Some of the 
milestones of this multidisciplinary approach 
include: (i) molecular cloning of a number of 
voltage-gated, ligand-gated and mechano-
sensitive ion channels; (ii) site-directed 
mutagenesis, such as cysteine or alanine 
scanning mutagenesis, giving researchers the 
means to investigate the effect of point mutations 
on the function of ion channels; (iii) X-ray and 
electron crystallography, which have provided 
structural snapshots of a number of ion channel 
molecules at near atomic resolution, (iv) electron 
paramagnetic resonance (EPR) spectroscopy, 
and (v) fluorescence spectroscopy, both of which 
have made it possible to access the structural 
dynamics of ion channel molecules, as well as 
(vi) computer-assisted molecular modeling that, 
by using the structural and functional information 
obtained experimentally, has brought ion 
channels to life by visualizing on the computer 
screen the structural rearrangements underlying 
their function. This multidisciplinary approach has 
to date brought an unprecedented wealth of 
information and new knowledge about the 
structure and function of ion channels. Excellent 
and comprehensive reviews on these subjects 
are available elsewhere [3-13]. 
 

This review focuses briefly on the Förster 
resonance energy transfer (FRET) microscopy 
and spectroscopy that has, since the late 1990s, 
become important techniques used in studies of 
ion channel structure and dynamics. Interested 
readers can find additional information on FRET 
microscopy and spectroscopy in the references 
listed below [14-16]. 
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2. PRINCIPLES OF FRET SPECTROSCOPY AND 
MICROSCOPY  

2.1 BASIC THEORY 
 As a technique FRET can provide 

information as to the proximity and orientation of 
molecules in relation to each other over a 
distance ~ 1 - 100Å [14, 16]. As the words that 
make up the acronym FRET suggests, the 
process involves the transfer of energy from one 
molecule to another. The molecule donating its 
energy is usually referred to as the donor. Donor 
molecules are chromophores which by light or 
chemical stimulation can go into an excited state. 
This excited state energy can then be transferred 
to a neighboring quencher molecule if certain 
conditions conducive to resonance transfer are 
met. FRET is known as a radiationless process 
because the energy between a donor and a 
quencher is transferred through dipole-dipole 
interactions (Fig. 1), and not by an emitted 
photon. If the quencher in this regard is itself a 
fluorescent molecule, FRET will cause it to 
become excited, and it can then emit its own 
photon, albeit of a lesser energy at a longer 
wavelength. Because FRET quenchers can also 
be emitters, a more general term of acceptor is 
often used to describe them. As a consequence 
of this type of energy exchange between a donor 
and acceptor, FRET efficiency (E), or the fraction 
of energy transferred per donor excitation event, 
depends on the donor-to-acceptor separation 
distance r with an inverse 6th power relation: 
 
 E = 1/[1+ (r/R0)6]  (1) 
 
where R0 is the Förster distance of the donor-
acceptor pair which corresponds to the distance 
at which the energy transfer efficiency is 50%. 
The separation distance r at which the energy 
can be transferred from a donor to an acceptor is 
typically ≤10 nm. R0 depends on the overlap 
 

Fig. 1. Basic principle of 
FRET spectroscopy. A donor 
fluorophore (D) is excited and 
transfers this energy in a 
distance- and orientation- 
dependent manner (r/R0) to an 
acceptor molecule (A). The 
energy transfer between an 
excited donor to an acceptor 
occurs through non-radiative 
dipole-dipole coupling (E). 
This process is called "Förster  
resonance energy transfer".  

 
integral J(λ) of the donor emission spectrum with 
the acceptor absorption spectrum and their 
mutual molecular orientation, i.e. the dipole 
orientation factor κ2, as follows: 
 
                      9Q0 ln(10) κ2 J(λ) 
             R0

6 =  ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ (2) 
                            128 π5 n4 NA 
 

where Q0 is the fluorescence quantum yield in the 
absence of the acceptor, n is the refractive index 
of the medium in which fluorescence is 
measured, and NA is Avogadro’s number. κ2 = 
2/3 is the usually assumed value for the 
orientation factor because this value applies to a 
freely rotating pair of dyes, which are isotropically 
oriented during the lifetime of the excited state. 
The spectral overlap integral J(λ) can be 
calculated from the following expression: 
 
 J(λ) = ∫ fD(λ) εA(λ) λ4 dλ  (3)    
 
where fD(λ) is the normalized donor emission 
spectrum, and εA(λ) is the acceptor molar 
extinction coefficient, and λ is the wavelength. 
Calculating the FRET efficiency (E) is typically 
accomplished by measuring the donor 
fluorescence in the presence of the acceptor and 
in the absence of the acceptor. This is a 
frequently used method because FRET efficiency 
can be relatively easily determined from the 
following expression: 
 
  E = 1- (IDA/ID)   (4) 
 
where IDA and ID is the fluorescence intensity of 
the donor in the presence and the absence of the 
acceptor. When the donor and acceptor are both 
fluorophores, the quickest and easiest method to 
measure FRET is to use the 2 colour ratiometric 
method. Here, the fluorescence is collected in 
select bands of the donor and acceptor regions of 
the spectrum upon excitation of the donor, and by 
some simple mathematics the FRET efficiency 
can be calculated. The problem with this method 
can be significant spectral bleed through of the 
donor fluorescence into the acceptor band, so 
accuracy is compromised. A preferred method, 
that eliminates spectral bleed through, is instead 
to measure fluorescence in the donor channel 
emission band only, before and after 
photobleaching or destroying the acceptor.  
 
Once a FRET efficiency value is obtained, the 
distance between the donor and acceptor, can be 
calculated by a variation of Eq (1): 
 
  r = [(1/E) -1]1/6 R0  (5) 
 
Because of the difficulties in establishing the 
Förster distance (R0) and accurately measuring 
the FRET efficiency, FRET is most often used as 
a tool for comparing intra- and inter-molecular 
distances, as distinct from actually measuring 
them. If accuracy is the key though, then 
determining FRET efficiencies using fluorescence 
measured in the time-domain is often preferred. 
A fluorophore’s fluorescence lifetime is 
independent of its concentration, the illumination 
strength, and optical scattering. Fluorescence 
lifetimes are only dependent on the intrinsic 
properties of the fluorophore and its interaction 
with its environment. For these reasons, 
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measuring FRET using fluorescent lifetime 
imaging (FLIM) and spectroscopy techniques are 
often preferable to steady state fluorescence 
imaging and spectroscopy  methods, even 
though they require more complicated 
instrumentation and analysis. Fluorescent 
lifetimes are defined as the average time a 
fluorophore’s stimulated electron will spend in the 
excited state before returning to the ground state. 
For most fluorophores this period is typically in 
the nanosecond range. The quenching of a donor 
fluorophore’s fluorescence due to FRET will lead 
to a decrease in the fluorescence lifetime. This 
being the case, the relationship between donor 
fluorescence and FRET efficiency, as described 
in Equation 4 above, can simply be re-written in 
terms of fluorescence lifetimes (τ): 
 
  E = 1- (τ DA/ τ D)   (6) 
 
where τ DA and τ D are the donor fluorescence 
lifetimes in the presence and absence of the 
acceptor respectively [14, 16, 17]. 
 
 Another closely related spectroscopic 
technique, a variant of FRET, is Bioluminescence 
Resonance Energy Transfer (BRET), which is 
predominantly used for studies of protein-protein 
interactions [18]. The advantage of BRET over 
FRET in the usage of a bioluminescent luciferase 
from the sea pansy Renilla reniformis as a donor. 
Because it is bioluminescent, no light excitation 
source is necessary to promote emission, only 
the addition of a substrate. This results in 
reduction of the background noise due to direct 
excitation of the acceptor, as well as a reduction 
of photobleaching due to the absence of external 
illumination. 

2.2 PREREQUISITES AND METHODS 
 
 The methods of labeling of biomolecules for 
FRET studies need considerable deliberation. 
There are a number of ways in which a FRET 
pair can be inserted or added into a protein 
molecule. One requires genetic engineering such 
that the DNAs of 2 fluorescent proteins are 
themselves inserted into the host protein 
nucleotide sequence. When this chimera is 
expressed in cells the result is a fusion protein 
consisting of the host protein and the fluorescent 
proteins.  
 
 Another method of labeling is by attaching 
organic fluorescent dyes to the host protein by 
chemical modification of reactive amino acid 
residues like cysteine. If needs be, these reactive 
residues can also be introduced into the protein 
by mutagenesis. This method has an advantage 
in that it allows attachment of fluorescent dyes at 
individual sites of interest within the host protein. 
If a host protein contains native reactive residues, 
these can typically be replaced by another non-

reactive amino acid (such as serine), to avoid 
unwanted labeling. 
 
 Many proteins contain amino acid residues 
that are themselves fluorescent. These amino 
acids, such as tryptophan, can then be used as 
the donor fluorophore in FRET pair. Artificial 
fluorescent amino acids can also be incorporated 
into proteins that are able to function as 
acceptors. This means proteins and peptides can 
be synthesized to incorporate their own FRET 
pair, which is especially useful in studying protein 
conformational changes [19-21]. 
   
 In past times, one of the most popular FRET 
donor-acceptor pair for studies of biological 
molecules was cyan fluorescent protein (CFP) 
and yellow fluorescent protein (YFP). CFP and 
YFP are both color variants of the green 
fluorescent protein (GFP) [22-24]. However, as 
YFP has a significant pH and Cl- dependence, 
and displays UV induced photochromism, many 
researchers have turned to other fluorescent 
proteins such as venus that are more dependable 
over a range of environmental conditions. Care 
must also be taken that one’s DNA constructs are 
designed in such a way, and that the choice of 
fluorescent protein mutants is such, that 
dimerization between the fluorescent proteins 
cannot occur [25]. Fluorescent proteins can be 
readily attached to the host protein by genetic 
engineering as mentioned above.  
 
 A typical FRET pair of organic fluorescent 
dyes is the AlexaFluor maleimide pair AF488 and 
AF568, where 488 and 568 stand for the 
excitation wavelengths (in nanometres) for donor 
and acceptor respectively. The maleimide group 
enables the fluorophore to chemically bind to 
designated cysteine residues in the protein. For 
monitoring protein structural rearrangements, the 
target protein is either labeled with a donor and 
an acceptor at two loci, or at one locus only 
provided that the target protein is multimeric and 
consists of identical subunits, which is frequently 
the case with ion channels. FRET is observed 
when the distance and/or relative orientation of 
the donor, relative to acceptor, changes due to 
conformational changes in the protein. Hence the 
change in distance and/or orientation of the two 
fluorophores bound to unique amino acid 
residues in the protein can be measured. This in 
turn provides information about conformational 
changes of the host protein. One of the 
advantages of fluorescent dye labelling is their 
relatively small size. This enables labelling of ion 
channels at a greater variety of loci whilst 
maintaining overall channel function, which would 
otherwise be impossible with the incorporation of 
fluorescent proteins. 
 
Using a lanthanide metal such as europium or 
terbium as the donor fluorophore has a couple of 
advantages. Firstly, their fluorescence decays 
are in the millisecond range (0.5-3ms). This long-



 

 

 

lifetime means that if fluorescence intensities are 
measured only after small lag period following a 
pulsed excitation, any interfering background 
fluorescence, which is typically in the order of 
nanoseconds, can be eliminated, so improving 
the accuracy FRET efficiency measurements.  
Secondly, lanthanide emissions are isotropic. 
This means that the value for the orientation 
factor, κ2 in equation (2) above, can more 
accurately be assigned a value of 2/3 which 
might not ordinarily be the case using other 
FRET pairs. The main drawback with lanthanides 
is that they are very poorly excited, and so 
require the presence of a chelator with a similar 
absorption spectrum in order to increase their 
signal [14, 16, 26]. 

3. UNRAVELING MOLECULAR DYNAMICS OF ION 
CHANNELS BY FRET SPECTROSCOPY 

To date FRET has been used to detect 
conformational changes associated with gating in 
a number of ion-channel types. Here, we 
describe several examples illustrating the power 
of FRET spectroscopy in unraveling the details of 
structural dynamics of ion channels that would be 
difficult, if not impossible, to study using other 
methods. 

3.1 SHAKER K+ CHANNEL 
 
Among the first ion channels examined by 

FRET was the Shaker potassium channel, a 
voltage-gated potassium-selective channel 
sensitive to the cellular membrane potential [27-
30]. These channels play a crucial role in 
returning the cell membrane potential from a 
depolarized state to a resting state. This channel 
was studied using the acceptor photobleaching 
method [29] and by measuring fluorescence 
lifetimes [27-30]. In latter case, because they 
used a lanthanide ion terbium as the donor, 
fluorescence lifetimes were of the order of 
milliseconds instead of the usual nanoseconds. 
The FRET analysis on the channel ensemble 
revealed microscopic movements of the S4 
voltage-sensing transmembrane region, and 
showed a 2 Å vertical displacement of S4 during 
the channel voltage-dependent gating [31]. A 
more recent study has shown there is little 
translocation of the S4 region through the 
membrane as a result of an induced 
electromagnetic field. This conclusion was based 
on the fact that donor fluorophores attached to 
various loci of the S4 region did not exhibit any 
transient change in fluorescence when the 
channels were open in the presence of non-
fluorescent lipophilic acceptor molecules 
distributed in the lipid bilayer [32]. 

3.2. MECHANOSENSITIVE CHANNELS 
 
Mechanosensitive channels act as molecular 
transducers of mechanical force exerted on the 
membrane of living cells. These channels open in 

response to membrane bilayer deformations that 
occur in numerous physiological processes 
including touch, hearing, micturition, blood 
pressure regulation as well as muscle and bone 
development. In bacteria these channels regulate 
cellular turgor by preventing bacterial cell death 
upon sudden change in environmental osmolarity 
(i.e. hypo-osmotic shock) [11]. 
 
3.2.1 MscL 
 
FRET spectroscopy has been used to determine 
the open channel structure of MscL, the bacterial 
mechanosensitive channel of large conductance 
[33, 34]. As in the case of the Shaker potassium 
channel, ensemble analysis was also used to 
examine MscL transition from the closed to the 
open conformation. This was done by analyzing 
the intensity of light emitted by Alexa-Fluor-
labeled cysteine mutants of MscL reconstituted 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Determination of the MscL open channel 
structure using FRET. (A) FRET efficiency for 
individual liposomes in closed channels (solid circles) 
and open channels (open circles), and average values 
(blue) are shown in the inset. The curve relating 
pentamer size to transfer efficiency is plotted with the 
data from the experiments shown by blue lines with 
error margins in red. (B) Schematic diagram 
indicating the scale of conformational change 
involved in channel gating. (Reproduced from [25], 
with permission). 
 
into artificial liposomes. This allowed 
determination of the structural rearrangements of 
the protein in its natural lipid environment by 
modifying the lateral pressure distribution via the 
lipid bilayer. FRET efficiency was measured 
using the FRET acceptor photobleaching 
method. The diameter of the protein was found to 
increase by ∼16 Å upon channel opening using 
this method (Fig. 2) [33, 34]. 
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3.2.2 MscS 
 
 MscS, the mechanosensitive channel of small 
conductance [35, 36], is another mechano-
sensitive channel that was investigated by FRET. 
The channel has a characteristic large 
cytoplasmic (CP) domain, which is essential for 
its stability and activity [37]. FRET was used to 
determine the structural changes that occur in the 
CP domain during the channel opening [38]. The 
change in the diameter of the CP domain was 
monitored by FRET at several positions along the 
domain. This allowed for a 3D computational 
reconstruction of the structural changes that 
occurred during channel opening. The 3D view 
shows that the CP domain of MscS swells during 
channel opening. The swelling of the CP domain 
is presumably mediated by the electrostatic 
interaction between the TM and CP domains. 

3.3 GRAMICIDIN 
  

An important advancement in the usage of 
FRET was made by extending FRET to the single 
molecule level [39, 40]. The advantage of single-
molecule FRET for studies of ion channels 
consists in detecting motions within a single 
channel, rather than motions which are not 
correlated between different ion channels in an 
ensemble. A very recent example of LeuT, a 
prokaryotic homologue of neurotransmitter/Na+ 
symporters (NSSs), shows how single-molecule 
FRET can give very detailed structural and 
dynamic information about the functioning of a 
membrane protein [41]. While this study is on a 
transporter rather than an ion channel, it 
demonstrates the potential of this technique and 
how it can be applied in future ion channels 
studies. 

 
A simultaneous fluorescence imaging and 

electrical recording of single ion channels in 
planar bilayer membranes was carried out on 
fluorescently labeled derivatives of gramicidin A 
(gA) [42]. gA is a hydrophobic peptide whose 
individual monomers reside in each monolayer of 
the lipid membrane, and form cationic channels 
when dimerisation links them into a membrane 
spanning protein. [43]. gA has proven to be a 
popular model for studying the effects of protein 
inclusions on lipid acyl chain order and dynamics. 
In this study, one peptide was labeled with a 
donor Cy3 dye, and the other with an acceptor 
Cy5 dye. Two different gramicidin peptides were 
used. One of them forms channels of low 
conductance and the other of high conductance. 
Electrical recordings detected gramicidin 
homodimer (Cy3/Cy3, Cy5/Cy5) and heterodimer 
(Cy3/Cy5) channels, characterized by an 
intermediate conductance. Given that gramicidin 
heterodimers could be simultaneously identified 
structurally and functionally by single molecule 

FRET spectroscopy and electro-physiology, this 
indicates that the combined optical and electrical 
approach could be used to uncover gating 
mechanisms in a wide variety of ion channels. 
This is demonstrated in the following example of 
TRPV ion channels. 

3.4 TRPV CHANNELS 
 

TRPV1 through TRPV4, members of the TRPV 
subfamily of the superfamily of TRP-type 
tetrameric cation channels, form the major 
cellular sensors for detecting temperature 
increases [44, 45]. Homomeric TRPV1-4 
channels exhibit distinct temperature thresholds, 
with TRPV4 being activated by temperatures 
above 27°C, TRPV3 by temperatures within 
31°C-39°C range, TRPV1 by temperatures above 
43°C, and TRPV2 by noxious temperatures 
above 52°C. Single molecule FRET combined 
with the patch-clamp recording from single TRPV 
channels was used to investigate the co-
assembly of TRPV channels [46]. Fluorescently 
labeled subunits of TRPV1, TRPV2, TRPV3 and 
TRPV4 were co-expressed in HEK293 cells. 
Interestingly, FRET was measured most 
frequently between different subunits rather than 
the ones of the same type, which indicated that 
the substantial fraction of TRPV channels in the 
membrane of co-transfected HEK293 cells were 
heterotetramers made of, for example, TRPV3 
and TRPV2 or TRPV1 and TRPV4 monomers. 
Similar to gramicidin, the heteromeric TRPV 
channels exhibited in single channel experiments 
intermediate conductance levels and gating 
kinetic properties. Since TRPV1-4 monomers are 
widely co-expressed in different cells and tissues 
including sensory neurons, the heart and the 
brain, formation of heteromeric TRPV channels 
might contribute to their greater functional 
diversity. 

4. CONCLUSION 
 
 The use of FRET to gain detailed structural 
information for multimeric membrane proteins 
such as ion channels, presents a major 
advancement in studies of protein structural 
dynamics. Although it has required different 
approaches to protein labeling, control of the 
protein state, as well as careful analysis of the 
orientations, geometries, and number of 
fluorescent probes, the FRET methodology 
described here provides an excellent tool for 
studying the structures of membrane proteins in 
in vitro and in vivo. 
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