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Förster resonance energy transfer

Fluorescently-labeled guanosine
5'-triphosphate hydrolase ARF reveals the

protein's localization in the Golgi apparatus
of a living macrophage. FRET studies

revealed ARF activation in the Golgi and in
the formation of phagosomes.[1]

Förster resonance energy transfer (abbreviated
FRET), also known as fluorescence resonance
energy transfer, resonance energy transfer
(RET) or electronic energy transfer (EET), is a
mechanism describing energy transfer between two
chromophores.

A donor chromophore, intially in its electronic
excited state, may transfer energy to an acceptor
chromophore (in close proximity, typically <10nm)
through nonradiative dipole-dipole coupling. This
mechanism is termed "Förster resonance energy
transfer" and is named after the German scientist
Theodor Förster.[2] When both chromophores are
fluorescent, the term "fluorescence resonance
energy transfer" is often used instead, although the
energy is not actually transferred by fluorescence.[3]
,[4] In order to avoid an erroneous interpretation of
the phenomenon that (even when occurring
between two fluorescent chromophores) is always a nonradiative transfer of energy, the
name "Förster resonance energy transfer" is preferred to "fluorescence resonance energy
transfer" - although the latter enjoys common usage in scientific literature. FRET is
analogous to Near Field Communication, in that the radius of interaction is much smaller
than the wavelength of light emitted. In the near field region, the excited chromophore
emits a virtual photon that is instantly absorbed by a receiving chromophore. These virtual
photons are undetectable, since their existence violates the conservation of energy and
momentum, and hence FRET is known as a radiationless mechanism. From quantum
electrodynamical calculations, it is determined that radiationless (FRET) and radiative
energy transfer are the short- and long-range asymptotes of a single unified mechanism.[5]
,[6]

Theoretical basis
The FRET efficiency ( ) is the quantum yield of the energy transfer transition, i.e. the
fraction of energy transfer event occurring per donor excitation event:

where  is the rate of energy transfer,  the radiative decay rate and the  are the
rate constants of any other de-excitation pathway.
The FRET efficiency depends on many parameters that can be grouped as follows: 
• The distance between the donor and the acceptor 
• The spectral overlap of the donor emission spectrum and the acceptor absorption

spectrum.
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• The relative orientation of the donor emission dipole moment and the acceptor
absorption dipole moment. 

 depends on the donor-to-acceptor separation distance  with an inverse 6th power law
due to the dipole-dipole coupling mechanism:

with  being the Förster distance of this pair of donor and acceptor i.e. the distance at
which the energy transfer efficiency is 50%. The Förster distance depends on the overlap
integral of the donor emission spectrum with the acceptor absorption spectrum and their
mutual molecular orientation as expressed by the following equation:

where  is the fluorescence quantum yield of the donor in the absence of the acceptor, 
is the dipole orientation factor,  is the refractive index of the medium,  is
Avogadro's_number, and  is the spectral overlap integral calculated as

where  is the normalized donor emission spectrum, and  is the acceptor molar
extinction coefficient. κ2 =2/3 is often assumed. This value is obtained when both dyes are
freely rotating and can be considered to be isotropically oriented during the excited state
lifetime. If either dye is fixed or not free to rotate, then κ2 =2/3 will not be a valid
assumption. In most cases, however, even modest reorientation of the dyes results in
enough orientational averaging that κ2 = 2/3 does not result in a large error in the
estimated energy transfer distance due to the sixth power dependence of R0 on κ2. Even
when κ2 is quite different from 2/3 the error can be associated with a shift in R0 and thus
determinations of changes in relative distance for a particular system are still valid.
Fluorescent proteins do not reorient on a timescale that is faster than their fluorescence
lifetime. In this case 0 ≤ κ2 ≤ 4.
The FRET efficiency relates to the quantum yield and the fluorescence lifetime of the donor
molecule as follows: 

where  and  are the donor fluorescence lifetimes in the presence and absence of an
acceptor, respectively, or as

where  and  are the donor fluorescence intensities with and without an acceptor,
respectively.
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Methods

Example of FRET between CFP and
YFP (Wavelength vs. Absorption): a

fusion protein containing CFP and YFP
excited at 440nm wavelength. The
fluorescent emission peak of CFP

overlaps the excitation peak of YFP.
Because the two proteins are adjacent
to each other, the energy transfer is
significant–a large proportion of the

energy from CFP is transferred to YFP
and creates a much larger YFP

emission peak.

In fluorescence microscopy, fluorescence confocal laser
scanning microscopy, as well as in molecular biology,
FRET is a useful tool to quantify molecular dynamics in
biophysics and biochemistry, such as protein-protein
interactions, protein-DNA interactions, and protein
conformational changes. For monitoring the complex
formation between two molecules, one of them is
labeled with a donor and the other with an acceptor,
and these fluorophore-labeled molecules are mixed.
When they are dissociated, the donor emission is
detected upon the donor excitation. On the other hand,
when the donor and acceptor are in proximity (1-10 nm)
due to the interaction of the two molecules, the
acceptor emission is predominantly observed because
of the intermolecular FRET from the donor to the
acceptor. For monitoring protein conformational
changes, the target protein is labeled with a donor and
an acceptor at two loci. When a twist or bend of the
protein brings the change in the distance or relative
orientation of the donor and acceptor, FRET change is
observed. If a molecular interaction or a protein
conformational change is dependent on ligand binding,
this FRET technique is applicable to fluorescent
indicators for the ligand detection.

FRET studies are scalable: the extent of energy transfer
is often quantified from the milliliter scale of
cuvette-based experiments to the femtoliter scale of
microscopy-based experiments. This quantification can
be based directly (sensitized emission method) on detecting two emission channels under
two different excitation conditions (primarily donor and primarily acceptor). However, for
robustness reasons, FRET quantification is most often based on measuring changes in
fluorescence intensity or fluorescence lifetime upon changing the experimental conditions
(e.g. a microscope image of donor emission is taken with the acceptor being present. The
acceptor is then bleached, such that it is incapable of accepting energy transfer and
another donor emission image is acquired. A pixel-based quantification using the second
equation in the theory section above is then possible.) An alternative way of temporarily
deactivating the acceptor is based on its fluorescence saturation. Exploiting polarisation
characteristics of light, a FRET quantification is also possible with only a single camera
exposure. 
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CFP- YFP pairs
The most popular FRET pair for biological use is a cyan fluorescent protein (CFP)-yellow
fluorescent protein (YFP) pair. Both are color variants of green fluorescent protein (GFP).
While labeling with organic fluorescent dyes requires troublesome processes of
purification, chemical modification, and intracellular injection of a host protein, GFP
variants can be easily attached to a host protein by genetic engineering. By virtue of GFP
variants, the use of FRET techniques for biological research is becoming more and more
popular.

BRET
A limitation of FRET is the requirement for external illumination to initiate the fluorescence
transfer, which can lead to background noise in the results from direct excitation of the
acceptor or to photobleaching. To avoid this drawback, Bioluminescence Resonance Energy
Transfer (or BRET) has been developed. This technique uses a bioluminescent luciferase
(typically the luciferase from Renilla reniformis) rather than CFP to produce an initial
photon emission compatible with YFP.
FRET and BRET are also the common tools in the study of biochemical reaction kinetics and
molecular motors.

Photobleaching FRET
FRET efficiencies can also be inferred from the photobleaching rates of the donor in the
presence and absence of an acceptor. This method can be performed on most fluorescence
microscopes; one simply shines the excitation light (of a frequency that will excite the donor
but not the acceptor significantly) on specimens with and without the acceptor fluorophore
and monitors the donor fluorescence (typically separated from acceptor fluorescence using
a bandpass filter) over time. The timescale is that of photobleaching, which is seconds to
minutes, with fluorescence in each curve being given by

where  is the photobleaching decay time constant and depends on whether the acceptor
is present or not. Since photobleaching consists in the permanent inactivation of excited
fluorophores, resonance energy transfer from an excited donor to an acceptor fluorophore
prevents the photobleaching of that donor fluorophore, and thus high FRET efficiency leads
to a longer photobleaching decay time constant:

where  and  are the photobleaching decay time constants of the donor in the
presence and in the absence of the acceptor, respectively. (Notice that the fraction is the
reciprocal of that used for lifetime measurements).
This technique was introduced by Jovin in 1989.[7] Its use of an entire curve of points to
extract the time constants can give it accuracy advantages over the other methods. Also,
the fact that time measurements are over seconds rather than nanoseconds makes it easier
than fluorescence lifetime measurements, and because photobleaching decay rates do not
generally depend on donor concentration (unless acceptor saturation is an issue), the
careful control of concentrations needed for intensity measurements is not needed. It is,
however, important to keep the illumination the same for the with- and without-acceptor
measurements, as photobleaching increases markedly with more intense incident light.
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Other methods
A different, but related, mechanism is Dexter Electron Transfer.
An alternative method to detecting protein-protein proximity is BiFC where two halves of a
YFP are fused to a protein (Hu, Kerppola et al. 2002). When these two halves meet they
form a fluorophore after about 60 s - 1 hr.

Applications
FRET has been applied in an experimental method for the detection of phosgene. In it,
phosgene or rather triphosgene as a safe substitute serves as a linker between an acceptor
and a donor coumarine (forming urea groups).[8] The presence of phosgene is detected at
5x10-5M with a typical FRET emission at 464 nm.

MISTAKE: The chromophore on the right must be also coumarine (double bond is missing)
FRET is also used to study lipid rafts in cell membranes.[9]

External links
• Browser-based calculator to find the critical distance and FRET efficiency with known

spectral overlap [10]

• FCS[11] [12] [13] [14] [15] .
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were any, be listed in the History section of the Document). You may use the same title as a previous version if the original publisher of that version
gives permission.

2. List on the Title Page, as authors, one or more persons or entities responsible for authorship of the modifications in the Modified Version, together
with at least five of the principal authors of the Document (all of its principal authors, if it has fewer than five), unless they release you from this
requirement.

3. State on the Title page the name of the publisher of the Modified Version, as the publisher.
4. Preserve all the copyright notices of the Document.
5. Add an appropriate copyright notice for your modifications adjacent to the other copyright notices.
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6. Include, immediately after the copyright notices, a license notice giving the public permission to use the Modified Version under the terms of this
License, in the form shown in the Addendum below.

7. Preserve in that license notice the full lists of Invariant Sections and required Cover Texts given in the Document's license notice.
8. Include an unaltered copy of this License.
9. Preserve the section Entitled "History", Preserve its Title, and add to it an item stating at least the title, year, new authors, and publisher of the

Modified Version as given on the Title Page. If there is no section Entitled "History" in the Document, create one stating the title, year, authors, and
publisher of the Document as given on its Title Page, then add an item describing the Modified Version as stated in the previous sentence.

10. Preserve the network location, if any, given in the Document for public access to a Transparent copy of the Document, and likewise the network
locations given in the Document for previous versions it was based on. These may be placed in the "History" section. You may omit a network
location for a work that was published at least four years before the Document itself, or if the original publisher of the version it refers to gives
permission.

11. For any section Entitled "Acknowledgements" or "Dedications", Preserve the Title of the section, and preserve in the section all the substance and
tone of each of the contributor acknowledgements and/or dedications given therein.

12. Preserve all the Invariant Sections of the Document, unaltered in their text and in their titles. Section numbers or the equivalent are not considered
part of the section titles.

13. Delete any section Entitled "Endorsements". Such a section may not be included in the Modified Version.
14. Do not retitle any existing section to be Entitled "Endorsements" or to conflict in title with any Invariant Section.
15. Preserve any Warranty Disclaimers.
If the Modified Version includes new front-matter sections or appendices that qualify as Secondary Sections and contain no material copied from the
Document, you may at your option designate some or all of these sections as invariant. To do this, add their titles to the list of Invariant Sections in the
Modified Version's license notice. These titles must be distinct from any other section titles. 
You may add a section Entitled "Endorsements", provided it contains nothing but endorsements of your Modified Version by various parties--for example,
statements of peer review or that the text has been approved by an organization as the authoritative definition of a standard. 
You may add a passage of up to five words as a Front-Cover Text, and a passage of up to 25 words as a Back-Cover Text, to the end of the list of Cover
Texts in the Modified Version. Only one passage of Front-Cover Text and one of Back-Cover Text may be added by (or through arrangements made by)
any one entity. If the Document already includes a cover text for the same cover, previously added by you or by arrangement made by the same entity
you are acting on behalf of, you may not add another; but you may replace the old one, on explicit permission from the previous publisher that added the
old one. 
The author(s) and publisher(s) of the Document do not by this License give permission to use their names for publicity for or to assert or imply
endorsement of any Modified Version. 

5. COMBINING DOCUMENTS 
You may combine the Document with other documents released under this License, under the terms defined in section 4 above for modified versions,
provided that you include in the combination all of the Invariant Sections of all of the original documents, unmodified, and list them all as Invariant
Sections of your combined work in its license notice, and that you preserve all their Warranty Disclaimers. 
The combined work need only contain one copy of this License, and multiple identical Invariant Sections may be replaced with a single copy. If there are
multiple Invariant Sections with the same name but different contents, make the title of each such section unique by adding at the end of it, in
parentheses, the name of the original author or publisher of that section if known, or else a unique number. Make the same adjustment to the section
titles in the list of Invariant Sections in the license notice of the combined work. 
In the combination, you must combine any sections Entitled "History" in the various original documents, forming one section Entitled "History"; likewise
combine any sections Entitled "Acknowledgements", and any sections Entitled "Dedications". You must delete all sections Entitled "Endorsements." 

6. COLLECTIONS OF DOCUMENTS 
You may make a collection consisting of the Document and other documents released under this License, and replace the individual copies of this
License in the various documents with a single copy that is included in the collection, provided that you follow the rules of this License for verbatim
copying of each of the documents in all other respects. 
You may extract a single document from such a collection, and distribute it individually under this License, provided you insert a copy of this License into
the extracted document, and follow this License in all other respects regarding verbatim copying of that document. 

7. AGGREGATION WITH INDEPENDENT WORKS 
A compilation of the Document or its derivatives with other separate and independent documents or works, in or on a volume of a storage or distribution
medium, is called an "aggregate" if the copyright resulting from the compilation is not used to limit the legal rights of the compilation's users beyond
what the individual works permit. When the Document is included in an aggregate, this License does not apply to the other works in the aggregate which
are not themselves derivative works of the Document. 
If the Cover Text requirement of section 3 is applicable to these copies of the Document, then if the Document is less than one half of the entire
aggregate, the Document's Cover Texts may be placed on covers that bracket the Document within the aggregate, or the electronic equivalent of covers
if the Document is in electronic form. Otherwise they must appear on printed covers that bracket the whole aggregate. 

8. TRANSLATION 
Translation is considered a kind of modification, so you may distribute translations of the Document under the terms of section 4. Replacing Invariant
Sections with translations requires special permission from their copyright holders, but you may include translations of some or all Invariant Sections in
addition to the original versions of these Invariant Sections. You may include a translation of this License, and all the license notices in the Document,
and any Warranty Disclaimers, provided that you also include the original English version of this License and the original versions of those notices and
disclaimers. In case of a disagreement between the translation and the original version of this License or a notice or disclaimer, the original version will
prevail. 
If a section in the Document is Entitled "Acknowledgements", "Dedications", or "History", the requirement (section 4) to Preserve its Title (section 1) will
typically require changing the actual title. 

9. TERMINATION 
You may not copy, modify, sublicense, or distribute the Document except as expressly provided for under this License. Any other attempt to copy, modify,
sublicense or distribute the Document is void, and will automatically terminate your rights under this License. However, parties who have received
copies, or rights, from you under this License will not have their licenses terminated so long as such parties remain in full compliance. 

10. FUTURE REVISIONS OF THIS LICENSE 
The Free Software Foundation may publish new, revised versions of the GNU Free Documentation License from time to time. Such new versions will be
similar in spirit to the present version, but may differ in detail to address new problems or concerns. See http:/ / www. gnu. org/ copyleft/ .
Each version of the License is given a distinguishing version number. If the Document specifies that a particular numbered version of this License "or
any later version" applies to it, you have the option of following the terms and conditions either of that specified version or of any later version that has
been published (not as a draft) by the Free Software Foundation. If the Document does not specify a version number of this License, you may choose any
version ever published (not as a draft) by the Free Software Foundation. 

How to use this License for your documents 
To use this License in a document you have written, include a copy of the License in the document and put the following copyright and license notices
just after the title page: 

Copyright (c) YEAR YOUR NAME. 
Permission is granted to copy, distribute and/or modify this document 
under the terms of the GNU Free Documentation License, Version 1.2 
or any later version published by the Free Software Foundation; 
with no Invariant Sections, no Front-Cover Texts, and no Back-Cover Texts. 
A copy of the license is included in the section entitled "GNU 
Free Documentation License". 

If you have Invariant Sections, Front-Cover Texts and Back-Cover Texts, replace the "with...Texts." line with this: 
with the Invariant Sections being LIST THEIR TITLES, with the 
Front-Cover Texts being LIST, and with the Back-Cover Texts being LIST. 

If you have Invariant Sections without Cover Texts, or some other combination of the three, merge those two alternatives to suit the situation. 
If your document contains nontrivial examples of program code, we recommend releasing these examples in parallel under your choice of free software
license, such as the GNU General Public License, to permit their use in free software. 

http://www.gnu.org/copyleft/.
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