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Fluorescence Resonance Energy Transfer (FRET)
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RRET is a process of radiationless energy 
transfer from a donor to an acceptor molecule.

Dipole-Dipole

Dipole-Quadrupole

Quadrupole-Quadrupole
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Columbic Interaction Two Limiting Cases of 
Dipole-Dipole Interaction

Vab : Coupling strength

∆ : Total electronic band width

Vab << ∆ Vab >> ∆

Forster Mechanism Excitonic splitting



Standard Exciton Theory for a Strongly Interacting Dimer

,VHHH abba ++= ,
Rn

V 3

ab

2ab
κ≈

ba'E

b
'

a φφ '
baφφ

'abE

'
bab

'
a sincos φαφ+φαφ=φ−

'
bab

'
a cossin φαφ−φαφ=φ+

Excitonic states
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Eigenstates are delocalized.
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Transition dipoles of the two excitonic states

Sauer et al, JACS, 1966, 
88: 2681.

Rate of radiationless transitions
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Radiationless Transition Rate 
– Fermi Golden Rule
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F is the Franck-Condon overlap

FVk 2∝ Ground state



Energy Transfer
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Columbic - Long range interaction Exchange - Short range interaction

Forster Mechanism Dexter Mechanism

Pure classical analog Exponential distance (instead of r6) dependence
Operational for dipole forbidden transitions

Dipole-Dipole Interaction
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Orientation Factor:

Cubic dependence on distance

θT is the angle between the emission dipole of the donor and 
the absorption dipole of the acceptor

Excited state

Ground state

Donor, a Acceptor, b

Transfer rate according to Fermi 
Golden Rule 
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The energy transfer rate depends on 
(1)donor radiative life time τa, 

(2)overlap of donor emission fa(ν) and 
acceptor absorption ε(ν) spectra,

(3)orientation factor, and 

(4)donor -acceptor distance. 
L. Stryer, Annu. Rev. Biochem. 47, 819 (1978)

N is the Avogadro No.

Energy Transfer Rate



FRET as a Molecular Ruler
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FRET rate
rab is the distance 
between donor a and 
acceptor b

τa is the fluorescence 
lifetime of donor a

R0 is the Förster radius 
at which kT equals 1/τa

One can use FRET to monitor intermolecular interaction 
by measuring the proximity of one component to another.

FRET Efficiency
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FRET 
Efficiency as a 
function of 
donor-acceptor 
distance

R0= 3 nm blue
5 nm red
7 nm green

A FRET Pair A FRET Pair : CFP / YFP

Lippincott-Schwartz et al., Nature Reviews Mol. Cell Biol., 2: 444 (2001)

CFP: cyan mutant GFP
YFP: yellow mutant GFP

R0 is about 50 Å

CFP / YFP is a FRET pair

Excitation

Excitation



A Chameleon Consisting of Tandem Fusion of 
CFP, Calmodulin, and YFP

Calmodulin (CaM) is a 
ubiquitous Calcium-
binding protein

Binding of Calcium makes 
calmodulin wrap around 
the M13 domain, 
increasing FRET between 
the flanking GFPs.

FRET-based Chameleons 
can measure Ca2+

concentration

Miyawaki et al., Nature, 388:882 (1997) Ha, et al. Proc. Nat. Acad. Sci. USA, 93: 6264 (1996)

Donor emission after acceptor bleaching

Acceptor emission after donor bleaching

Acceptor 
Texas Red5’

Single Molecule FRET Pair

Donor
TMR

FRET Measurement of RNA Folding

Folded

Unfolded

T Ha lab, UIUC

Molecular Beacon Based on FRET 

Q: quencher, F: fluorophore



MB: molecular 
beacon

SSB: a single-
strand DNA 
binding protein.

TAMRA: 
Fluorophore

DABCYL: 
Quencher

Li et al., Andew. Chem. Int. Ed., 39 : 1049 (2000)

Fluorescence Lifetime Imaging Microscopy (FLIM)

Because the lifetime 
of the excited state of 
the donor molecule 
decreases greatly 
when FRET occurs, 
FLIM provides a 
means of measuring 
FRET.

What is the relation between EFRET  and 
fluorescence lifetime change?

Bastiaens et al., Trends in Cell Biol., 9:48-52 (1999)

Imaging protein kinase Cα (PKCα) activation in cells

1. GFP-PKCα in 
transiently transfected
COS7 cells

2. CY3.5 and GFP is a 
FRET pair

3. Lifetime of GFP 
fluorescence 
measures the 
activation of PKCα

Ng et al. Science, 283 : 2085 (1999)
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