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Förster Resonance Energy Transfer
FRET

Some of these slides were prepared by Pierre Moens

I should note before we start that the Merriam-
Webster online dictionary defines “FRET” as:

“to cause to suffer emotional strain”
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Milestones in the Theory of Resonance Energy Transfer

1925  J. Perrin proposed the mechanism of resonance energy transfer
1928 H. Kallmann and F. London developed the quantum theory of 
resonance energy transfer between various atoms in the gas phase.  The 
dipole-dipole interaction and the parameter R0 are used for the first time

1932  F. Perrin published a quantum mechanical theory of energy transfer 
between molecules of the same specie in solution. Qualitative discussion 
of the effect of the spectral overlap between the emission spectrum of the 
donor and the absorption spectrum of the acceptor

1946-1949 T. Förster develop the first complete quantitative theory of 
molecular resonance energy transfer

1924 E. Gaviola and P. Pringsham observed that an increase in the 
concentration of fluorescein in viscous solvent was accompanied by a 
progressive depolarization of the emission. 

1922  G. Cario and J. Franck demonstrate that excitation of a mixture of 
mercury and thallium atomic vapors with 254nm (the mercury resonance 
line) also displayed thallium (sensitized) emission at 535nm.

This sentence appears in a 2006 book!
Let’s correct this mistake!
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5π

From Förster’s famous book
“Fluoreszenz Organischer Verbindungen”;

which everyone references, but few read,

Thanks to Bob Clegg for this slide
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FRET applications in life sciences (from Valeur, 2002)

• Ligand-receptor interactions
• Conformational changes of biomolecules
• Proteins: in vivo protein-protein interactions, protein folding 

kinetics, protein subunit exchange, enzyme activity assay, 
etc…

• Membranes and models: membrane organization (e.g. 
membrane domains, lipid distribution, peptide association, 
lipid order in vesicles, membrane fusion assays, etc…)

• Nucleic acid structure and sequences: primary and secondary 
structure of DNA fragments, translocation of genes between 
two chromosomes, detection of nucleic acid hybridization, 
formation of hairpin structure, interaction with drugs, DNA 
triple helix, DNA-protein interaction, automated DNA 
sequencing, etc…

• Nucleic acid-protein interaction
• Immunoassays
• Biosensors
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What is FRET ?

FRET results in a decrease of the fluorescence intensity and
lifetime of the donor probe, It enhance the fluorescence of the
acceptor probe when the acceptor is fluorescent.

When the donor molecule absorbs a photon, and there is an
acceptor molecule close to the donor molecule, radiationless
energy transfer can occur from the donor to the acceptor.

PM
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FRET

Tuning fork analogy for 
resonance energy transfer

TV
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D*
A*

A

Coupled transitions

Simplified FRET Energy Diagram Suppose that the energy 
difference for one of these 
possible deactivation processes in 
the donor molecule matches that 
for a possible absorption 
transition in a nearby acceptor 
molecule. Then, with sufficient 
energetic coupling between these 
molecules (overlap of the 
emission spectrum of the donor 
and absorption spectrum of the 
acceptor), both processes may 
occur simultaneously, resulting in 
a transfer of excitation from the 
donor to the acceptor molecule

D* A* The interaction energy is of a dipole-
dipole nature and depends on the 
distance between the molecules as well 
as the relative orientation of the dipoles

PM
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Dipole-dipole interaction

D* A*

The rate of transfer (kT) of excitation energy is given by:

6
0 ))(1( rRk dT τ=

Where τd is the fluorescence lifetime of the donor in the 
absence of acceptor, r the distance between the centers 
of the donor and acceptor molecules and R0 the Förster
critical distance at which 50% of the excitation energy is 
transferred to the acceptor and can be approximated from 
experiments independent of energy transfer.
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Förster critical distance

n is the refractive index of the medium in the wavelength range 
where spectral overlap is significant (usually between 1.2-1.4 for 
biological samples) 

Qd is the fluorescence quantum yield of the donor in absence of 
acceptor (i.e. number of quanta emitted / number of quanta absorbed) 

κ2 (pronounced “kappa squared”) is the orientation factor for the dipole-
dipole interaction

J is the normalized spectral overlap integral [ε(λ) is in M-1 cm-1, λ is in nm 
and J units are M-1 cm-1 (nm)4]
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Where λ is the wavelength of the 
light, εA(λ) is the molar absorption 
coefficient at that wavelength and 
ID(λ) is the fluorescence spectrum of 
the donor normalized on the 
wavelength scale:
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Where FD λ(λ) is the donor 
fluorescence per unit wavelength 
interval

The overlap integral J is defined by:
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Intensity decrease due to FRET 

Steady state method: Decrease in donor fluorescence. the 
fluorescence intensity of the donor is determined in absence and
presence of the acceptor. 

Determination of the efficiency of energy transfer (E)
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Determination of the efficiency of energy transfer (E)

Time-resolved method: Decrease in the lifetime of the donor

If the fluorescence decay of the donor is a single exponential 
then:

0

D

D1E
τ
τ

−=

Where τD and τD
0 are the lifetime of the donor in the 

presence and absence of acceptor, respectively
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Determination of the efficiency of energy transfer (E)

If the donor fluorescence decay in absence of acceptor is not a single 
exponential (probably resulting from heterogeneity of the probe’s 
microenvironment) , then it may be modeled as a sum of exponential 
and the transfer efficiency can be calculated using the average decay 
times of the donor in absence and presence of acceptor:
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Where <  > is the amplitude-average decay time and is defined as:
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Where r is the distance separating the donor 
and acceptor fluorophores, R0 is the Förster
distance.

Many equivalent forms of this equation is found in the literature, such as:
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The distance dependence of the energy transfer 
efficiency (E)
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The distance dependence of the energy transfer 
efficiency (E)

The efficiency of transfer varies with 
the inverse sixth power of the 
distance.
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R0 in this example was set to 40 Å.  
When the E is 50%, R=R0

Distances can usually be measured between 0.5 R0 and ~1.5R0. Beyond 
these limits, we can often only say that the distance is smaller than 0.5 
R0 or greater than 1.5R0. If accurate distance measurement is required 
then a probe pair with a different R0 is necessary. 
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JACS 87:995(1965)

How was FRET theory tested experimentally? 
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PNAS
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r-6 distance dependence?

donoracceptor

6
0 ))(1( rRk dT τ=

PNAS
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More to the story???
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More to the story???
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Distributions
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Distributions
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Distributions
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An impressive example of the use of FRET methodologies to study protein 
systems is given by the work of Lillo et al.  (“Design and characterization of 
a multisite fluorescence energy-transfer system for protein folding studies: a 
steady-state and time-resolved study of yeast phosphoglycerate kinase”
Biochemistry. 1997 Sep 16;36(37):11261-72 and “Real-time measurement 
of multiple intramolecular distances during protein folding reactions: a 
multisite stopped-flow fluorescence energy-transfer study of yeast 
phosphoglycerate kinase” Biochemistry. 1997 Sep 16;36(37):11273-81)

Site-directed mutagenesis was 
used to introduce pairs of 
cysteine residues in the 
protein at the positions shown 

The pairs studied were:

135 – 290;    75 – 290

290 – 412;   412 – 202

135 – 412;   412 - 75

David Jameson

Principles of Fluorescence Techniques 2009



The donor was IAEDANS and the acceptor was IAF (iodoacetamindo-fluorescein). 
The various labeled protein products were separated by chromatography!

Lifetime 
measurements 
were carried 
out on all 
samples
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The intramolecular distances for the six 
energy transfer pairs are recovered for the 
each intermediate formed during the 
GuHCL induced unfolding of PGK 

The authors proposed a specific structural 
transition associated with the unfolding  of 
PGK from the native state (left) to the first 
unfolded state (right).

The C terminal domain (on the right of the monomer) is twisted by 
approximately 90º relative to the N-terminal domain resulting in an 
increase in the distances A,E and F and a shortening of the distance D.
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for the choice of 2/3 for κ2

The orientation factor κ2
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Where θT is the angle between 
the D and A moments, given by

ADADT θθφθθθ coscoscossinsincos +=

In which θD, θA are the angles between the separation vector R, 
and the D and A moment, respectively, and φ is the azimuth 
between the planes (D,R) and (A,R)

The orientation factor κ2
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The orientation factor κ2

The limits for κ2 are 0 to 4, The value of 4 is only obtained when 
both transitions moments are in line with the vector R. The value 
of 0 can be achieved in many different ways.

D

A

A

A

A κ2 = 4

κ2 = 0

κ2 = 0

κ2 = 1

If the molecules undergo fast isotropic motions (dynamic 
averaging) then κ2 = 2/3 
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From Eisinger and Dale in:“Excited States of Biological 
Molecules” Edited by John Birks (1976)
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What if the system is static but randomly oriented?

Then κ2 = 0.476

For example for a system in a highly viscous solvent or in general if the 
fluorescence lifetimes are very short relative to any rotational motion.

But don’t ask me to prove it!
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Except in very rare cases, κ2 can not be 
uniquely determined in solution.

We can assume fast isotropic motions of the probes and 
value of κ2 = 2/3, and verify experimentally that it is indeed 
the case.

So how do we determine κ2?

We can calculate the lower and upper limit of κ2 using       
polarization spectroscopy (Dale, Eisinger and Blumberg 1979).

What value of κ2 should be used ?

David Jameson
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Assuming κ2 = 2/3

By swapping probes: The micro-environment of the probes 
will be different. Therefore, if the micro-environment affect 
the probes mobility and, κ2 is not equal to 2/3, once 
swapped, the value of κ2 will changed and hence the 
distance measured by FRET.

Trp AEDANS AEDANS Trp

We can test this assumption experimentally:

By using different probes: If the distance measured 
using different probe pairs are similar (taking into account 
the size of the probes) then the assumption that κ2 is 
equal to 2/3 is probably valid.
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We can calculate the lower and upper limit of κ2 using 
polarization (Dale, Eisinger and Blumberg 1979).

Transfer

x
Dd

x
Ad

DxDi

Ax

Aj

Lets consider that the each 
probe are rotating within a cone 
of axes Dx and Ax for the donor 
and acceptor, respectively, then 
3 depolarization steps occurs 
after the absorption of the 
excitation energy by the donor: 
An axial depolarization of the 
donor, a depolarization due to 
transfer  and an axial 
depolarization of the acceptor

Lower and upper limit of κ2
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In the Dale-Eisinger-Blumberg approach, one measures the 
ratio of the observed polarizations of donors and acceptors to 
their limiting polarizations and then uses the calculated contour 
plots to put limits on κ2
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FRET occurs between DAPI 
and TNP-GTP bound to tubulin
– a heterodimer protein

This approach was used in:
Arbildua et al., 
Fluorescence resonance energy transfer and molecular 
modeling studies on 4',6-diamidino-2-phenylindole (DAPI) 
complexes with tubulin.
Protein Sci. (2006) 15(3):410-9. 
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But DAPI is bound non-covalently - hence has no local motion 
so its polarization is high (~0.42)

And, TNP-GTP is also non-covalently bound and has a short 
lifetime and hence a high polarization (~0.48)

Assuming a κ2 value of 2/3, one would calculate the DAPI-
TNP-GTP distance to be ~43 Angstoms

These observed polarization values are close to the limiting 
polarization values for these probes:  93% and 100% 
respectively, for DAPI and TNP-GTP
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Using the Dale-Eisenger-Blumberg plot one can then 
estimate that κ2 can be anywhere between 0.02 and 3.7! 

In fact the authors concluded, based on other information, that 
the distance between DAPI and TNP-GTP bound to tubulin was 
likely to ~ 30 Angstroms.
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~77Å
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Quantitative distance determinations using FRET – i.e., as a 
true “spectroscopic ruler” - remain difficult at best 

But FRET can be very powerful when used to detect 
changes in a system, such as alterations in distance and or 
orientation between donor and acceptor attached to 
biomolecules, i.e., due to ligand binding or protein-protein 
interactions 
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42Å

24Å

The development of Fluorescent Proteins has led to a 
significant increase in FRET studies 

The GFP is fused to the protein of interest and 
expressed in the organism under study.

Fluorescent proteins with the 
appropriate absorption and 
emission properties are 
chosen as donors and 
acceptors.  Such systems 
can be used in vitro as well 
as in vivo

David Jameson
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Fluorescent indicators for Ca2+based on green 
fluorescent proteins and calmodulin: 
A. MIYAWAKI, J. LLOPIS, R. HEIM, J. M. MCCAFFERY, 
J. A. ADAMS, M. IKURA  & R. TSIEN: Nature (1997) 388, 882 -
887  

Calmodulin binding
peptide

“Cameleon Proteins”

David Jameson
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Fig. 1. Imaging by FRET of induced protein-protein interaction in individual live cells. Cyan-GFP-
labeled calmodulin (CFP-CaM) and yellow-GFP-labeled calmodulin-binding peptide (M13-YFP) 
were coexpressed in HeLa cells (14). Pseudocolor hues from blue to magenta indicate increasing 
ratios of yellow to cyan emissions, resulting either from increased FRET (see overlaid 
schematic) or excess of YFP over CFP. The left panel shows two cells before stimulation, while 
the right panel shows the same cells after elevation of cytosolic Ca2+ by 0.1 mM histamine. 

Seeing the Machinery of Live Cells
Roger Y. Tsien and Atsushi Miyawak

Science 19 June 1998:
Vol. 280. no. 5371, pp. 1954 - 1955
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First application of FRET using of Fluorescent Proteins 
David Jameson
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« …L’existence de transferts d’activation est expérimentalement prouvée pour de telles molécules 
par la décroissance de la polarisation de la lumière de fluorescence quand la concentration 
croit… »
(F. Perrin Ann de Phys. 1932)

…The existence of transfer of activation is proven experimentally for such 
molecules by the decrease in polarization of the fluorescent light when the 
concentration is increased…

« Il suffit qu’un transfert d’activation puisse se produire entre deux molécules voisines d’orientation 
différentes, c’est a dire portant des oscillateurs non parallèles, pour qu’il en résulte en moyenne une 
diminution de l’anisotropie de distribution des oscillateurs excites et par suite de la polarisation de la 
lumière émise. »
(F. Perrin Ann de Phys. 1929)

It suffices that a transfer of activation can occur between two neighboring 
molecules with different orientations, that is with non-parallel oscillators, in order 
to have, on average, a decrease in the anisotropy of the distribution of excited 
oscillators, and therefore a decrease of the polarization of the emitted light.

So far, we considered the donor and acceptor molecules to be 
different.However, if the probe excitation spectrum overlaps its 
emission spectrum, FRET can occur between identical molecules.

Homo-transfer of electronic excitation energy
David Jameson
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Electronic energy transfer between identical fluorophores was 
originally observed by Gaviola and Pringsheim in 1924.

(note: uranin is the sodium salt of fluorescein)
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Energy transfer

hν

*F1

Emission

Rotation

A. B.

F1
*F1

Emission

F2

A. Depolarization resulting from rotational diffusion of the fluorophore. The 
excited fluorophore (F1*) rotates then emits light.  B. The excited fluorophore
(F1*) transfer energy to another fluorophore F2 which in turn emits light. 

“…Excitation transfer between alike molecules can occur in repeated 
steps. So the excitation  may migrate from the absorbing molecule over 
a considerable number of other ones before deactivation occurs by 
fluorescence or other process. Though this kind of transfer cannot be 
recognized from fluorescence spectra, it may be observed by the 
decrease of fluorescence polarization…” (Förster, 1959)

Homo-transfer of electronic excitation energy
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In 1970 Weber and 
Shinitzky published a 
more detailed examination 
of this phenomenon.  They 
reported that in the many 
aromatic residues 
examined, transfer is 
much decreased or 
undetectable on excitation 
at the red edge of the 
absorption spectrum . 

In 1960 Weber was the first to report that homotransfer among indole
molecules disappeared upon excitation at the red-edge of the absorption 
band - this phenomenon is now known as the “Weber red-edge effect”.

Weber’s Red-Edge Effect

David Jameson
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The efficiency of transfer can be calculated from a knowledge of the 
polarization in the absence and presence of energy transfer. 

The steady state expression for the efficiency of energy transfer (E) as 
a function of the anisotropy is given by

)/()(2 add rrrrE −−=

Where rd and ra are the anisotropy decay of the donor and acceptor 
only, respectively and 〈r〉 is the observed anisotropy in presence of 
both donor and acceptor. If κ2 =2/3 then ra = 0 and 

dd rrrE /)(2 −=

Distance determination using homotransfer

David Jameson

Principles of Fluorescence Techniques 2009



An example of homo-FRET used to study protein interactions is the work by 
Hamman et al (Biochemistry 35:16680) on a prokaryotic ribosomal protein
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L7/L12 is present as two dimers in the ribosome.  An X-ray 
structure of monomeric C-terminal domains led to the speculation 
that the C-terminal domains of L7/L12 interacted through 
hydrophobic surfaces as shown below

David Jameson
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To study this protein fluorescence probes were introduced at 
specific locations along the L7/L12 peptide backbone.

To introduce these probes 
at specific locations site-
directed mutagenesis was 
used to place cysteine 
residues in different 
locations

Sulfhydryl-reactive 
fluorescence probes 
were then covalently 
attached to these 
cysteine residues

David Jameson
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Subunit exchange experiments allowed the preparation of singly labeled dimers

F FF F

C-33-F2
wildtype

David Jameson
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The presence of homoFRET was evident in the excitation polarization 
spectrum  as shown by the Weber Red-Edge Effect.

C33 – singly labeled

C33 – doubly labeled

Monomeric C33 labeled

David Jameson
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The polarization values, before and after subunit exchange, indicate which 
residues undergo homoFRET.  The polarization data below are for  fluorescein
labeled constructs before (violet) and after (magenta) subunit exchange
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These changes in polarization due to 
homoFRET allow us to assign maximum 
proximity values for the C-terminal 
domains.  

The conclusion is that the C-
terminal domains are well-
separated – contrary to the 
original model from the X-ray 
studies and the usual 
depictions in the literature
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Other examples of homo-FRET in vivo can be found in:  Tramier et al., 2003 “Homo-FRET 
versus hetero-FRET to probe homodimers in living cells” Methods Enzymol. 360:580-97.

Biophys J, June 2001, p. 3000-3008, Vol. 80, No. 6 

David Jameson
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To summarize this lecture is not intended to prepare you to 
start FRET measurements immediately but rather to make 
you aware of the salient principles and pitfalls 

Several books on 
this topic are 
available as well 
as MANY articles 
in the primary 
literature

David Jameson
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Fluorescence Probes

In vitro
Will be discussed in this course by Ewald Terpetschnig
from ISS, Inc.

In vivo 
Will be largely restricted to a brief discussion of 
Fluorescent Proteins

(or In Silico)

(or more accurately in cells)

David Jameson

Principles of Fluorescence Techniques 2009



David Jameson

Principles of Fluorescence Techniques 2009



Green Fluorescent Protein

Aequorea victoria jellyfish Osamu Shimomura

Shimomura O, Johnson F, Saiga Y (1962). "Extraction, purification and properties 
of aequorin, a bioluminescent protein from the luminous hydromedusan, 
Aequorea". J Cell Comp Physiol 59: 223-39. 
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“The jellyfish Aequorea and its light-emitting organs”
O. SHIMOMURA:Journal of Microscopy, Vol. 217, Pt 1 January 2005, pp. 3–15

David Jameson
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70 mgs of purified GFP were obtained.
The 30,000 jellyfish weighed about 1.5 tons

The outer ring of the jellyfish had 
to be isolated.  Intially scissors 
were used but then a “ring-
cutting” machine was built

David Jameson
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Crystallized GFP

David Jameson

Principles of Fluorescence Techniques 2009



The GFP chromophore is formed via a posttranslational cyclization reaction 
involving the three amino acids serine 65, tyrosine 66 and glycine 67

David Jameson
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This scenario was proposed in the paper that first presented the primary 
seqeunce of GFP
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Ryuzo Yanagimachi

David Jameson
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A number of new GFP proteins have been made using site directed 
mutagenesis to alter the amino acids near the chromophore and thus alter 
the absorption and fluorescence properties.  

Tyr-66 replaced by His

David Jameson
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Another increasingly popular fluorescent 
protein is DsRed - originally isolated from the 
IndoPacific sea anemone relative Discosoma
species

DsRed GFP

David Jameson
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But of course Nature has already experimented with color 
detection and site-directed mutagenesis
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http://www.internettg.org/newsletter/mar99/spectrum.jpg
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FlAsH-EDT2 labeling (FlAsH tag)
The original motif “CCXXCC”
often gave rise to significant 
nonspecific background.

The use of the “CCPGCC” motif 
led to reduced background 

New motifs include 
“HRWCCPGCCKTF”
and “FLNCCPGCCMEP”

David Jameson
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Calcium Green FlAsH as a genetically targeted small-molecule calcium indicator
Oded Tour, Stephen R Adams, Rex A Kerr, Rene M Meijer, Terrence J Sejnowski, Richard W Tsien & Roger Y Tsien

Nature Chemical Biology 3, 423-431 (2007)
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ReAsh

(resorufin)
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Hu et al., Visualization of protein interactions in living cells using bimolecular fluorescence complementation (BiFC) analysis.
Curr Protoc Protein Sci. 2005 Sep;Chapter 19:Unit 19.10.

Bimolecular Fluorescence Complementation (BiFC)
David Jameson
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That’s all!!!
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