
Fluorescent protein FRET: the good,
the bad and the ugly
David W. Piston and Gert-Jan Kremers

Department of Molecular Physiology and Biophysics, Vanderbilt University, 702 Light Hall, Nashville, TN 37232-0615, USA

Review TRENDS in Biochemical Sciences Vol.32 No.9
Dynamic protein interactions play a significant part in
many cellular processes. A technique that shows con-
siderable promise in elucidating such interactions is
Förster resonance energy transfer (FRET). When com-
bined with multiple, colored fluorescent proteins, FRET
permits high spatial resolution assays of protein–protein
interactions in living cells. Because FRET signals are
usually small, however, their measurement requires
careful interpretation and several control experiments.
Nevertheless, the use of FRET in cell biological exper-
iments has exploded over the past few years. Here we
describe the physical basis of FRET and the fluorescent
proteins appropriate for these experiments. We also
review the approaches that can be used to measure
FRET, with particular emphasis on the potential artifacts
associated with each approach.

Why FRET?
Dynamic interactions between proteins are thought to
have a key role in regulating most cellular signal trans-
duction pathways. Although biochemical approaches to
determining such interactions are common, weak or tran-
sient interactions might occur only within the natural
cellular milieu of the proteins. Historically, colocalization
by immunofluorescencemicroscopy in fixed cells has been a
popular method for examining protein interactions in situ.
Whereas most proteins are a few nanometers wide, how-
ever, the resolution of the fluorescence microscope is
several hundred nanometers. By analogy, a typical fluor-
escence imaging experiment yields information equivalent
to knowing that two students are present in a large lecture
hall: merely localizing the two students to the same class-
room yields no information about whether the students
know each other or not.

Becausemany signaling pathways use the same cellular
structures (e.g. clatherin-coated pits are used for interna-
lizing many receptor complexes), such a crude measure-
ment is suggestive at best and misleading at worst. The
knowledge that two molecules are in fact adjacent, and not
just in the same neighborhood, provides a much more
reliable measure of their interaction. Electron microscopy
provides the needed resolution but is limited by a lack of
precise labeling strategies. Furthermore, these techniques
are generally limited to use within fixed cells, which pre-
cludes dynamic measurements of live cells. Multicolor
fluorescent protein (FP) imaging permits experiments in
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live cells, which are necessary for assays of transient
interactions, but again this approach suffers from rela-
tively poor spatial resolution.

A technique based on Förster resonance energy transfer
(FRET) can overcome these limitations. FRET occurs be-
tween two appropriately chosen fluorophores only when
the distance separating them is less than 10 nm [1–3].
Thus, FRET is well-suited to the study of protein inter-
actions, which occur on a similar spatial scale. Over the
past ten years, FRET approaches have gained popularity
because of the ease of green fluorescent protein (GFP)
targeting [4–6]. FRET between two differently colored
fluorescent proteins (FP-FRET) has been widely used for
two types of experiment.

First, integrated biosensors have been developed based
on intramolecular FRET between FPs conjugated to oppos-
ing ends of an environmentally sensitive peptide or
protein. For example, such sensors have been built for
assays of intracellular Ca2+ [4,7], cAMP activity [8,9]
and protease activity [10,11]. The availability of various
biosensors is growing rapidly, and each assay is improving
as successive generations of biosensors are developed.
Although this strategy has seen some success, many bio-
sensors report only a small change in FRET that barely
exceeds the noise of many imaging systems.

Second, intermolecular FRET has been used to measure
protein–protein interactions between two FP-labeled
proteins. For example, FRET has been used to visualize
many various protein interactions, such as oligomerization
of receptors [12,13] and transcription factor interactions
[14–16]. These procedures aremore difficult to perform and
to analyze than the biosensor work because of the added
complication of variable stoichiometry between the two
labeled proteins. Nevertheless, with appropriate exper-
imental approaches and controls, such experiments are
both feasible and informative. As the old adage goes,
nothing that is truly worthwhile is ever easy!

In this review, we first describe the physical basis of
FRET and the parameters that affect it. We then review
the fluorescent proteins that are used in FRET-based
experiments, in addition to the methods that are used to
image FRET in cell biological applications. Particular
emphasis will be given to the potential artifacts associated
with each approach.

What is FRET, and what are the parameters that
affect it?
FRET occurs between two fluorescent molecules that are
sufficiently close. The energy flows from one molecule to
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Figure 1. FRET efficiency versus distance. The FRET efficiency (EFRET) varies with

the sixth power of distance between donor and acceptor. As a result, there is a

steep fall in EFRET with increasing distance. The Förster radius (R0) is the distance at

which 50% FRET occurs. Owing to the strong distance dependence, FRET is usually

detected only when the two fluorophores are closer than 1.5R0.
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the other by non-radiative transfer. In other words, the
first molecule does not emit a photon that is then absorbed
by the second molecule. Rather, the energy is coupled
through the fluorescent dipoles, which radiate energy in
the same manner as a radio antenna. The theory of ‘reson-
ance energy transfer’ was developed by Förster and, in
honor of his contribution, the effect has been named after
him [17]. The Förster theory shows that FRET efficiency
(EFRET) varies as the sixth power of the distance between
the two molecules (r):

EFRET ¼ 1=½1þ ðr=R0Þ6� (Equation I)

where R0 is the characteristic distance where the FRET
efficiency is 50%, which can be calculated for any pair of
fluorescent molecules (see later). The FRET efficiency is
shown graphically in Figure 1. Because of the 1/r6 depen-
dence, the curve has a sharp fall off. For distances less than
R0 the FRET efficiency is close to maximal, whereas
for distances greater than R0 the efficiency is close to zero.
For distances close to R0 FRET can be used as a molecular
ruler, and indeed FRET has been adapted for such
Figure 2. Spectral overlap between CFP and YFP. The spectral overlap between donor

donor (CFP, blue line) and the absorbance spectrum of the acceptor (YFP, yellow line).
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purposes in structural biology by using precision
spectroscopic approaches [18]. For most cell biological
applications, however, the signal-to-noise ratios available
limit FRET experiments to a more binary readout (i.e. a
measurement will distinguish between ‘high-FRET’ and
‘low-FRET’, or simply between ‘FRET and no-FRET’).

As mentioned earlier, R0 can be calculated for any pair
of fluorescent molecules. The value of R0 in an aqueous
solution is determined by a fairly simple equation with
well-known input parameters [1,3]:

R0 ¼ ½2:8� 1017 � k2 �QD � eA � JðlÞ�
1=6

nm (Equation II)

where k2 represents the angle between the two fluorophore
dipoles, QD is the donor quantum yield, eA is the maximal
acceptor extinction coefficient (Mol�1 cm�1), and J(l) is the
spectral overlap integral between the normalized donor
fluorescence, FD(l), and the acceptor excitation spectra,
EA(l):

JðlÞ ¼
Z

FDðlÞ � EAðlÞ � l4dl (Equation III)

Although the mathematics might look complicated,
most of the parameters are constants that are easily found
in the literature. The two terms that need further expla-
nation are k2 and J(l). k2 simply says that the FRET
coupling depends on the angle between the two fluoro-
phores in much the same way as the position of a radio
antenna can affect its reception. If the donor and acceptor
are aligned parallel to each other, the FRET efficiency will
be higher than if they are perpendicular. This degree of
alignment defines k2. Although k2 can vary between 0 and
4, it is usually assumed to be 2/3, which is the average
value integrated over all possible angles. For almost any
realistic situation k2 is close to 2/3, and there is usually
nothing that one can do to adjust this value (although some
researchers have attached FPs rigidly to their proteins of
interest, which could lead to marked effects [19,20]). The
overlap integral, J(l), is the region of overlap of the two
spectra (Figure 2). The other parameters that can affect
FRET are the quantum yield of the donor and the extinc-
tion coefficient of the acceptor. Thus, to maximize the
FRET signal, one must choose the highest quantum yield
and acceptor is determined as the overlap between the emission spectrum of the

The spectral overlap is indicated by the grey area.
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donor, the highest absorbing acceptor, and fluorophores
with significant overlap in their spectra. This theory has
been repeatedly verified by experiment, and there are no
other ways to maximize FRET for non-aligned probes.

Each of the parameters described affects the R0

calculation only by the sixth power. Thus, a doubling of
the donor quantum yield results in only a 12.5% change in
R0. Because almost all fluorophores used in FRET imaging
experiments have high quantum efficiencies (�50%)
and strong absorption (�50 000 cm�1 M�1), the range of
possibleR0 values is limited to between 4 and 6 nm [21,22],
and most FRET pairs have R0 � 5 nm. Because FRET
efficiency is steeply dependent on the distance separating
the FRET pair and the relative orientation of the fluor-
ophores, FRET can be used to detect changes in protein–
protein interactions that arise from changes in the affinity
between the two proteins or changes in the conformation of
their binding. It is worth repeating that, for cell biological
applications in which FRET is being imaged, experiments
generally differentiate only between two states, and other
information is needed to aide in the molecular interpret-
ation of the observed FRET changes.

Real world issues affecting FRET measurements
In practice, many issues complicate FRET measurements
and can lead to misleading or even meaningless results
[23]. A principal issue is that the donor and acceptor
fluorophores might be of different brightness. In theory
this should not be a problem but, because most instru-
ments can measure only a limited dynamic range, it might
be that one of the fluorophore channels is saturated or
that the dimmer fluorophore image is more affected by
systematic noise. Thus, in our experience it is best to use a
donor and acceptor that are of comparable brightness.
Another factor that can limit FRET detectability is a
donor:acceptor stoichiometry that is outside the range of
10:1 to 1:10 [24]. For FRET measurements of protein–
protein interactions, where one partner might be in excess,
this factor can be a serious limitation. The main problem is
then to measure a small amount of FRET in a background
of fluorescent labels that are not undergoing FRET. There
is really nothing that can be done to improve this situation,
and therefore many possible protein–protein interaction
experiments that fall into this category are simply unsui-
table for examination by FRET. For biosensors built with
one donor and one acceptor, however, the stoichiometry is
guaranteed to be 1:1; thus, this issue never arises and the
amount of ‘cross-talk’ is constant.

The next two issues arise from cross-talk, or
bleed-through, between the two fluorophore colors. First,
the acceptor can be excited directly with light that is
chosen to excite the donor. Second, fluorescence from the
donor can similarly leak into the detection channel for the
acceptor fluorescence. Because these two sources of cross-
talk come from the photophysics of organic fluorophores
and will be present for any FRET pair, they must be
addressed when FRET ismeasured. Choosing fluorophores
that are spectrally separated reduces the cross-talk but
also reduces the overlap integral, J(l), which in practice
usually decreases the detectability of the FRET signal
more than it helps to eliminate the cross-talk problem.
www.sciencedirect.com
Lastly, FRET signals can be reduced if the two
fluorophores are not aligned (i.e. k2 � 0) or if they are
simply not within a distance close to R0. If two labeled
proteins interact, but the fluorescent labels are on opposite
sides of the complex, then there might not be a FRET
signal, even though the proteins of interest are bound. In
the experience of most laboratories, these kind of false
negatives are common, especially with FP-based FRET.
Often, several labeling strategies are needed before a
sufficient FRET signal is detected [25]. Each of these issues
can be mitigated by an informed choice of the fluorophore
pair to be used.

Fluorescent proteins and FRET
Genetic labeling with fluorescent proteins has
revolutionized live-cell imaging experiments and led to
increased interest in FRET techniques. Mutations of
GFP [26,27] and the discovery of coral-derived proteins
[28,29] have led to a broad palette of different colored
proteins [29]. As we describe here, however, many of the
problems generally associated with FRET are particularly
acute for FP-FRET. First, because the excitation and
emission spectra of many FPs are broad, there can be
significant cross-talk. Second, the large size of FPs (4.2-
nm long with a 2.4-nm diameter barrel [30,31]; Figure 3)
occupies much of the useful FRET distance [21], resulting
in practical maximal FRET efficiencies of �40%. Third, for
assays of protein–protein interactions, it is important to
ensure that the FPs used interact minimally on their own;
therefore, mutations that eliminate FP dimerization
should be included in all FRET experiments [32]. The
naturally occurring weak dimerization of some FPs, how-
ever, can be used to increase the FRET signal in a bio-
sensor. Lastly, FPs come in a wide range of brightness. For
example, one popular donor, enhanced cyan fluorescent
protein (ECFP), has fivefold less brightness than its yellow
acceptor partner, EYFP [33].

There are several potential FRET pairs among the
currently available FPs. The first pair developed was blue
FP (BFP) coupled with GFP [34], but the poor photophy-
sical properties of BFP made this pair impractical,
although recently optimized BFPs might make this pair
useful for some applications [35,36]. The first effective pair
comprised CFP as the donor and YFP as the acceptor [4].
Other pairs include GFP or YFP as the donor coupled with
orange or red derivatives such as mKO [37] or mCherry
[38], and an orange donor coupled with a red acceptor. The
orange and red coral-derived proteins have long excitation
tails, however, causing direct acceptor excitation to be a
key limitation to their use.

Thus, CFP and YFP remain the ‘best’ FRET pair,
despite the significant cross-talk in both the excitation
and emission spectra of these two FPs (Figure 4). Some
limitations of this pair have been mitigated through the
creation of new FPs with superior excitation coefficients
and quantum yields, such as the optimized CFPs mCer-
ulean [39] and SCFP3A [40], and the optimized YFPs
mCitrine [29], SYFP2 [40] and mVenus [41]. Cross-talk
in CFP-to-YFP FRET is a particular problem when using a
458-nm laser on a confocal microscope because this light is
not optimal for CFP excitation and elicits considerable



Figure 3. Crystal structure of GFP. The protein is cylindrical, with a diameter of �2.4 nm and a length of 4.2 nm. The cylinder consists of 11 b strands with a single a helix

running along its axis. The chromophore is located in the a helix at the center of the protein. All fluorescent proteins have a similar structure.
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direct excitation of YFP. Another newly created teal FP
(mTFP1) [42] is excited more efficiently at 458 nm than is
CFP, but its use with YFP is limited by even greater
spectral overlap of the fluorescence. An additional CFP–
YFP pair, called CyPET and YPET, has been coevolved to
maximize FRET in a specific construct [43]; however, the
enhancement of FRET in this pair is due to intrinsic
dimerization between the two FPs [44]. As predicted from
the Förster theory, this pair is not as efficient as the other
optimized pairs when the dimerization is removed.

Because there are numerous methods for imaging and
measuring FP-FRET, useful comparisons of FP-FRET
partners and methods have been carried out by many
groups using conjoined FRET constructs [24,33,45]. These
quantitative ‘apples-to-apples’ comparisons have shown
that the most efficient pair is mCerulean to mVenus,
although substitution of SCFP3A formCerulean, or SYFP2
or YPET formVenus, produces statistically similar results.

Methods of imaging FRET for cell biology
applications
Because each of the FP-FRET pairs has a distinct
pathology that complicates its use, it is important to under-
stand the method with which FRET is being detected. It is
recommended that researchers use as many different
measurement methods as feasible when first beginning
to establish the FRETmethodology for a given experiment.
Once the system and the possible results are well under-
stood, then the simplest approaches can be used for
ongoing procedures. The list of methods that have been
developed to image FRET is extensive [46]. All of these
www.sciencedirect.com
strategies for measuring FRET can be applied to FP-FRET
experiments but, on the basis of practical considerations,
five general approaches have proved particularly useful.

First, two-channel imaging with an algorithm that
corrects forexcitationandemissioncrosstalk (firstdescribed
in Ref. [47], also see [48,49]); second, acceptor photobleach-
ing (also called donor dequenching) [50–52]; third, fluor-
escence lifetime imaging (FLIM) [53–55]; fourth, spectral
imaging [56,57]; andfifth, fluorescencepolarization imaging
[58,59]. Each of these approaches has strengths and weak-
nesses. On the one hand, for example, two-channel imaging
is the simplestmethod, but it requires themost complicated
set of controls. On the other hand, FLIM can yield an
unambiguous measurement of FRET efficiency, but instru-
mentation tomeasure thenanosecond lifetimes is expensive
and not yet widely available to cell biology laboratories.

Sensitized emission

Sensitized emission, or two-color ratio imaging with
controls, is the simplestmethodof imagingFRET.Thedonor
is excited by a specific wavelength of light, and the signal is
collected by using emission filters chosen for the donor
fluorescence and the acceptor fluorescence. If there were
no cross-talk between the excitation and fluorescence of the
two fluorophores, then sensitized emission would be a per-
fectmethod. Because cross-talk betweenFPs is a significant
problem, however, extensive control experiments are
needed to establish the presence of FRET; thus, it is difficult
to quantify FRET with this approach [60]. Most investi-
gators have access to a fluorescence microscope that can be
adapted easily to the two-channel imaging required for this



Figure 4. Overlap in the excitation and emission spectra of CFP and YFP. These two proteins have considerable overlap in both excitation (a) and emission (b) spectra. Direct

excitation of the acceptor (YFP, yellow line) can be significant depending on the wavelength used for excitation of the donor (CFP, blue lines) owing to the higher extinction

coefficient of YFP as compared with CFP. This overlap is especially problematic when enhanced CFP (dotted blue line) is used as the donor and can be partially overcome by

using CFP variants with higher extinction coefficients such as mCerulean (unbroken blue line) or SCFP3A. The broad fluorescence emission spectrum of CFP shows

considerable intensity in the region of YFP emission.
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method, but the necessary control experiments require
considerable image processing to subtract the cross-talk
components, which greatly increases the noise and uncer-
tainty in the measurement.

Several corrective approaches have been developed for
sensitized emission FRET imaging [47,48,61,62]. The con-
cept is to use different filter combinationswith samples that
contain only the donor, only the acceptor, or the putative
FRET sample with both the donor and acceptor. This per-
mits the researcher to determine the amount of expected
cross-talk in both excitation and emission and to subtract it
from the FRET measurement. In theory this approach is
fine, but the need for image processing increases all of the
noise that is initially in the images. Thus, if theFRETsignal
is small, then it might not be possible to measure it by this
approach. A quantitative comparison has detailed the
strengths andweaknesses ofmany of these approaches [63].

Despite these difficulties, sensitized emission measure-
ments can be useful for dynamic experiments in which
FRET changes are large, because acquisition of the two
images is simultaneous. This situation is especially true for
biosensors, where the FRET change is large and the
stoichiometry of the donor and acceptor is known to be
www.sciencedirect.com
1:1. In the experiment shown in Figure 5, for example, a
protease biosensor has been engineered to have a high
FRET efficiency but, when the peptide linker is cleaved,
the FRET drops to zero, thereby creating a large FRET
change that demonstrates specific protease activity at a
given time and space within the live cell (e.g. [10,64]).

Acceptor photobleaching

Acceptor photobleaching, or donor dequenching, is also
simple but is limited to a single measurement. The concept
is that the donor fluorescence is quenched owing to FRET
because some of the donor fluorescence energy is used to
make acceptor fluorescence. Photobleaching the acceptor
fluorophore releases this quenching and increases the
donor fluorescence. If FRET is present, the donor fluor-
escence must increase when the acceptor is removed. For
these experiments, it is important to ensure that acceptor
photobleaching does not degrade the donor, and that the
acceptor is photobleached down to�10% of its initial value.
Both of these constraints are easy to meet with the use of a
laser scanning confocal microscope.

Thismethodhas theadvantage that it is straightforward,
quantitative and performed on a single sample. The FRET



Figure 5. Biosensor for caspase-3 protease activity. FRET-based biosensors for protease activity can be constructed by directly fusing the donor and acceptor FPs through a

protease sensitive linker with the sequence Asp-Glu-Val-Asp (DEVD). In the absence of protease activity, the biosensor will show a high FRET efficiency, owing to the short

distance between donor and acceptor. Activation of Caspase3 (represented by scissors) results in cleavage of the linker, which enables donor and acceptor to diffuse away

from each other, thereby abolishing FRET.
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efficiency can be calculated by subtracting the donor
intensity in the presence of the acceptor from its intensity
after photobleaching of the acceptor, and by normalizing
this value to the intensity after bleaching. Of course, the
main disadvantage is that this method is destructive; as a
result, it can be used only once, and is thus poorly suited for
dynamic measurements. This approach can also be some-
what slow, depending on the time it takes to photobleach the
acceptor (usually �1 min with laser excitation; longer if a
lamp is used). Nevertheless, it is almost always worthwhile
to perform an acceptor photobleaching measurement at
the end of the experiment, regardless ofwhat othermethods
are being used.

Fluorescence lifetime imaging microscopy

FLIM is the most rigorous method for measuring FRET,
and it is also less prone to cross-talk artifacts because it
looks only at the donor fluorescence [53,65]. All fluorescent
molecules show an exponential decay in their fluorescence
on the nanosecond timescale, and the rate of this expo-
nential decay is sensitive to environmental changes that
quench the fluorescence. Thus, the basic concept of FLIM is
related to that of acceptor photobleaching. The donor
fluorescence is quenched by FRET, and the amount of
quenching can be determined bymeasuring the shortening
of the fluorescence decay time of the donor in the presence
of FRET. In this manner, FLIM gives an unambiguous
value of the FRET efficiency. FLIM-FRET measure-
ments are not as sensitive to direct acceptor excitation
artifacts as other methods, and they can also be used with
acceptors that are not fluorescent [66]. Both of these
advantages serve to expand the number of useful FP-FRET
pairs.

There are, however, has several limitations to FLIM
that prevent it from being the dominant approach for
FRET imaging. First, measurements of nanosecond life-
times are complicated; thus, the instrumentation is
expensive to obtain and to maintain, and is not yet widely
available. In addition, FLIM is usually a slower imaging
www.sciencedirect.com
method, potentially requiring several minutes for each
image, which limits its applicability in many FRET exper-
iments. This might change in the future as more user-
friendly commercial systems that are faster and more
efficient continue to be developed. Another complication
is that the lifetimes of FPs in live cells are often multi-
exponential, which requires more comprehensive data to
be acquired for the analysis of FRET and furthers slows
FLIM-FRET measurements. Lastly, other environmental
factors, such as autofluorescence background or a change
in pH, can also shorten themeasured fluorescence lifetime;
thus, care must be taken in interpreting FLIM-FRET data
in living cells.

Spectral imaging

Spectral imaging is a variation on the sensitized emission
method, whereby, instead of acquiring data through two
channels, the complete emission spectrum containing both
the donor and acceptor fluorescence is collected on exci-
tation of the donor. This method is the typical approach
used for cuvette spectroscopy experiments, but is a more
recent improvement for imaging systems. The concept is
that collection of the whole fluorescence spectrum enables
overlapping fluorescent spectra to be separated by using
not just the peak of the fluorescence emission but also the
distinct shapes of the spectral tails [24,33]. By collecting
the spectrum from both the donor and the acceptor, it is
possible to determine the amount of donor fluorescence and
acceptor fluorescence.

This method requires specialized spectral imaging
equipment, but such systems are readily available on
many confocal microscopes and can be added onto a con-
ventional fluorescence microscope at modest cost. Previous
determination of the amount of cross-talk due to direct
excitation of the acceptor, or use of two excitation wave-
lengths, permits determination of the amount of FRET
[24]. The principal drawback of this approach is the
reduced signal-to-noise ratio associated with acquiring
the complete spectrum rather collecting it through two
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channels with a filter-based system. As more commercial
systems are being developed and installed, however, the
use of spectral imaging for FRET is increasing; thus, it is
expected that spectral imaging will become one of the main
methods for performing FRET imaging experiments.

Polarization anisotropy imaging

The last method is based on measurements of
fluorescence polarization [58], which offers particular
advantages for high-contrast discrimination of FP-FRET
[59,67,68]. This concept is based on the fact that polarized
light excitation selects a population of fluorescent mol-
ecules aligned parallel to the excitation polarization.
Immediately after excitation, most of the fluorescence
will be polarized parallel to the excitation; thus, the
fluorescence will be anisotropic in terms of polarization.
This anisotropy will disappear if the molecules rotate
during the nanosecond fluorescent lifetime but, because
FPs are large and rotate slowly, their fluorescence does
not depolarize much. If there is FRET between two FPs
that are slightly misaligned, then the fluorescence will
come out at a different angle, which will look the same as
a rotation of the FP.

The main strength of this approach is the ease of
measuring fluorescence polarization parallel and perpen-
dicular to the excitation with high signal-to-noise. Because
these data can be acquired rapidly and minimal image
processing is needed, this approach is well suited for
applications in high-content screening. Any direct exci-
tation of the acceptor must be avoided, however, because
it can decrease the donor signal and reduce the signal-to-
noise ratio of the measurement. In addition, although the
polarization FRET technique is superb in discriminating
between the presence and absence of FRET, it is not a good
approach for differentiating between strong and weak
FRET. Furthermore, polarization can be degraded in high
numerical aperture lenses, so polarized FRET experiments
should be limited to imaging with lenses with a numerical
aperture of 	1.0.

Concluding remarks and future perspectives
Although FP-based FRET experiments offer tremendous
potential to reveal molecular dynamics in living cellular
systems, as yet there is not a perfect FRET pair. The
optimized versions of CFP and YFP still provide the most
effective pair for general use. Likewise, there is no perfect
method to measure FRET, although the approaches
described here all have strengths that can be leveraged
depending on the particular experimental situation
under investigation. As more optimized FPs become
available – in particular, bright red FPs that might be
appropriate as acceptors for GFP or YFP donor FPs – FP-
FRET should become even more useful for protein–
protein interaction studies in live cells. So far, the broad
absorption spectra of the red FPs, in addition to the lower
quantum yields of the monomeric versions, make them
difficult to use for FRET. The rapid pace of improvements
in FPs, however, lends optimism that such proteins will
be available in the future and will help to revolutionize
further this new approach to elucidating intracellular
biochemical mechanisms.
www.sciencedirect.com
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