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Fanciful FRET

Steven S. Vogel,* Christopher Thaler, Srinagesh V. Koushik
{Published 18 April 2006)

The validity of experiments based on Forster reso-
nance energy transfer (FRET), an imaging technique
widely used to measure protein-protein interactions in
living cells, critically depends on the accurate and
precise measurement of FRET efficiency. The use of
FRET standards to determine FRET efficiency, and a
consideration of such factors as how the abundance
of FRET acceptors and the stoichiometry of donors
and acceptors in a molecular complex can affect mea-
sured FRET efficiency, will enhance the usefulness
with which FRET experiments can be interpreted.

Introduction

The number of PubMed-listed citations using Forster resonance
energy transfer or FRET (also known as fluorescence resonance
energy transfer) has increased 10-fold over the past 10 years (Fig.
1). This rapid growth in the application of FRET to biological
problems may seem surprising considering that resonance energy
transfer was first observed in the 1920s (/). What is the reason for
the renewed interest in an obscure photo-physical phenomenon? In
vivo validation of potential protein-protein interactions identified
by pull-down assays (2) and yeast two-hybrid technology (3) is
highly desirable. We suspect that the renewed interest in FRET re-
sults from the availability of user-friendly imaging instrumentation
and from the development of spectral variants of green fluorescent
protein (GFP), which can be used for in vivo FRET imaging (4, 5)
to substantiate claims of protein-protein interactions. Despite the
great potential of FRET imaging for investigating protein-protein
interactions in vivo, we contend that the popularity of FRET has
risen in concert with a degradation in the validity of the interpreta-
tions of biological FRET experiments. This, we believe, is because
many authors pay insufficient attention to the finer nuances of
FRET theory. In our opinion, problems in FRET interpretation can
be avoided by (i) using FRET standards to determine how accu-
rately and precisely FRET efficiency is being measured and (ii)
considering how changes in the stoichiometry and abundance of
donors and acceptors can aftect measured FRET efTiciency and
thus the interpretation of FRET experiments. Qur goal in this re-
view is to show how failure to address these issues can limit the
usefulness of FRET analysis. Although most of these issues apply
to FRET measurements using any fluorophore, we limit our dis-
cussion to FRET performed with spectral variants of GFP.

What Is FRET?

FRET is a physical phenomenon in which energy absorbed by a
fluorophore is transferred to another molecule through a nonra-
diative pathway. For resonance energy transfer to occur, threce
specific conditions must be met. (i) The emission spectrum of

National Institute on Alcohol Abuse and Alcoholism, National Insti-
tutes of Health, Laboratory of Molecular Physiology, 5625 Fishers
Lane, Bethesda, MD 20892, USA.

*Corresponding author. E-mail, stevevog@mail.nih.gov

Science’s Stk

www.stke.org/cgifcontent/full/sigtrans;2006/331/re2

the fluorophore, also called the donor, must overlap the accep-
tor molecule’s absorbance spectrum (Fig. 2A). Although the ac-
ceptor can be (and often is) a fluorophore, this is not a require-
ment for FRET. (ii) The emission dipole of the donor and the
absorption dipole of the acceptor must not be oriented perpen-
dicular to each other (Fig. 2B). The interactions of most
molecules are limited to the volume occupied by their electron
cloud. For example, the single orbiting electron of a hydrogen
atom occupies an electron cloud whose radius is ~0.1 nm. Some
molecules can influence others at much greater distances by
projecting electromagnetic fields well beyond the limits of their
clectron clouds. In asymmetrical molecules, these fields typi-
cally have a specific orientation. An electromagnetic ficld will
exist in a molecule that has one region with a net positive
charge and another region with a net negative charge. This con-
figuration with two oppositely charged areas defines a dipole
(two poles), whereas the magnitude and orientation of a dipole’s
clectromagnetic field are described by a mathematical term, the
dipole moment. In some molecules, as typificd by chro-
mophores, an induced oscillating dipole is formed when the
molecule interacts with an external electromagnetic field, such
as light. For FRET, excitation light induces an oscillating field
in the donor. The donor’s oscillating emission dipole can then
potentially influence the absorption dipole of an acceptor to os-
cillate in synchrony (if their spectra overlap). The strength of
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Fig. 1. The growth of PubMed (http://www.pubmedcentral.
nih.gov/) citations containing the keyword “FRET" in the title or
abstract over the past 16 years. Dates of important technological
developments relevant to FRET are indicated with arrows.
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such dipole-dipole coupling is a function of the electromagnetic
field strength, as well as the relative orientation of the dipole
moments. If the emission dipole of the donor is perpendicular
to the absorption dipole of the acceptor, the oscillations will
cancel each other out and there will be no net effect on the
acceptor’s dipole—in other words, no FRET. (iii) Donor and
acceptor molecules must reside within 10 nm (100 A) of each
other (Fig. 2C). Férster showed that the efficiency of resonance
energy transfer, or FRET efficiency (the fraction of the photon
energy absorbed by a fluorescent molecule that is transferred to
an acceptor through dipole-dipole interactions), has a sixth
power dependence on the separation distance between the donor
and the acceptor (/) (Fig. 2D). It is this strong dependence on
separation distance that allows FRET imaging to be used to
study molecular interactions on a 1- to 10-nm scale.

Why FRET?

As information about the identity and primary sequence of ev-
ery protein in the genome grows, so too will the importance of
identifying biologically relevant protein-protein interactions.
Various techniques performed on cell extracts, fixed cells, or
simplified systems—such as immunolocalization, pull-down as-
says, and yeast two-hybrid analysis (2, 3, 6)—have been used to
suggest functions for numerous gene products, as well as for
identifying the proteins with which they potentially interact.
Caveats associated with these experimental techniques, howev-
er, necessitate their validation with experiments conducted in-
side living cells. This requirement for credible, in vivo substan-
tiation of these types of experiments, in conjunction with the
ability to genetically tag and express proteins of interest in liv-
ing cells and organisms with fluorescent proteins (FPs) (7) [a
family of fluorescent proteins derived from jellyfish and corals
(8)], has driven a renaissance in live-cell microscopy.

A typical experiment exploiting FP technology involves de-
termining the interactions, if any, between two tagged proteins.
If two proteins directly interact with each other, they should
colocalize within the cell. Cells expressing putative interacting
proteins tagged with unique spectral variants of green fluores-
cent protein (GFP), such as cyan fluorescent protein (CFP) and
yellow fluorescent protein (YFP), can be used to test this expec-
tation. If proteins do not colocalize, it is unlikely that they have
a stable interaction (though the possibility of transient encoun-
ters cannot be eliminated). Conversely, regions of colocalization

Fig. 2. Requirements for FRET. (A) FRET can occur only if the
emission spectrum of the donor (sclid line) overlaps the absorp-
tion spectrum of the acceptor (dashed line). The overlapping re-
gion is shown in green. (B) The enhanced GFP chromophore is
depicted in yellow within the protein’s cylindrical structure. Its
dipole moment (red arrow) has a specific orientation relative to the
structure of the FP. If the emission dipole (red arrow) of a donor
{blue cylinder) forms a 90° angle with the absorption dipole (green
arrow) of the acceptor (yellow cylinder), FRET cannot occur.
Dipole-dipole angles other than 90° will support FRET with a
range of efficacies. (C) Resonance energy transfer is observed
only when the distance separating the two fluorophores (1) is less
than 1.8 x the Férster distance (Ry), typically less than 100 A. (D)
The dependence of FRET efficiency (£) on separation distance (r)
is plotted for the Cerulean-Venus donor-acceptor pair. The Férster
distance (R,) for this donor-acceptor pair is 54 A, and this calcula-
tion assumes that their dipoles are randomly oriented.
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do not necessarily mean that the two proteins directly interact.
The limits of resolution for conventional light microscopy (9)
constrain the ability to interpret colocalization experiments.

The excitation volume of a two-photon microscope using a
high-numerical aperture objective can be as small as 0.1 f1 (70).
The volume of a GFP molecule is ~30 x 10-° 1 (/). Thus,
colocalization of two fluorophores in a single pixel can occur
even if the tagged proteins represent only 2 out of potentially 3
million GFP-sized proteins that can occupy the excitation vol-
ume. From this perspective it becomes clear that the simple ob-
servation of colocalization should not, by itself, be considered
strong supporting evidence for a direct molecular interaction. A
statistically significant positive cross-correlation between spa-
tial distributions of fluorophores, however, can suggest associa-
tions between proteins (/2), but direct interactions should still
not be implied.

How does the “FRET volume"—and the maximum number
of GFP-sized molecules estimated to fit therein—compare to
the excitation volume of light microscopy? The Férster distance
(the separation distance for a specific donor-acceptor pair that
yields a 50% FRET efTiciency, assuming random orientation of
dipoles) (/3) dictates the volume in which FRET can occur,
This volume can be thought of as being approximately equiva-
lent to a sphere with a donor at its center and a radius equal to
~1.8 times the Forster distance. A typical Férster distance for
FP FRET would be ~5 nm (5), yielding a FRET volume of 4 x
10-¢ fl. Out of 100 GFP-sized molecules that can fit into this
volume, only 1 needs to be an acceptor for FRET to occur; this
is a substantial improvement in the likelihood that the associa-
tion of the two proteins is meaningful compared with colocal-
ization. However, although a positive FRET signal does indicate
that donor and acceptor dipole moments interact with each oth-
er, it does not necessarily mean that these molecules bind to
cach other. It should also be clear from the requirements for
FRET described above and shown in Fig. 2 that the absence of a
positive FRET signal does not necessarily indicate that two
molecules are not interacting with each other; their dipoles, for
example, might be aligned perpendicular to each other. Despite
these constraints, FRET imaging remains one of the only high-
resolution cell biological methods for measuring protein-protein
interactions in living cells.

How Is FRET Measured?

Numerous methods have been used for measuring FRET (74, 15).
Although it is not possible to discuss all of these methods in a short
review, we will describe the theoretical basis used to measure
FRET and highlight the limitations of some of these techniques.
FRET methods can be divided into four fundamental categories: (1)
methods that monitor changes in donor fluorescence; (ii) methods
that examine changes in acceptor fluorescence; (iii) methods that
simultaneously measure changes in both donor and acceptor fluo-
rescence using spectral imaging; and (iv) methods that monitor
changes in the orientation of the fluorophores (Fig. 3).

The most direct methods for measuring FRET efficiencies are
based on monitoring changes in donor fluorescence (either life-
time or intensity)} in the presence and absence of acceptor. The
two most common variants of this approach are FLIM-FRET (a
method that measures FRET by monitoring changes in a donor’s
fluorescent lifetime, that is, how rapidly a population of fluo-
rophores emits light after a short excitation pulse), based on fluo-
rescent lifetime imaging (FLIM) (/6—/8); and acceptor bleaching
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(an approach that measures the intensity of donor fluorescence
before and after photobleaching acceptors) (/9-21). The fluores-
cent lifetime of a donor should get shorter if FRET is occurring;
thus, by comparing the lifetime of the donor in the presence and
absence of acceptors, the FRET efficiency can be measured.
Similarly, measuring the fluorescence intensity of a donor before
and after photobleaching acceptors is equivalent to measuring the
intensity of the donor in the presence and absence of acceptors.
Bleaching the acceptors should produce an increase in the donor’s
fluorescent emission if FRET had been occurring,

FLIM-FRET analysis typically uses curve-fitting algorithms
to estimate the donor’s fluorescent decay constant (a variable
that parameterizes the kinetics of a fluorophore’s decay) in the
presence and absence of acceptors. A ratio of these time con-
stants is then used to calculate FRET efficiency. Assumptions
involved in curve fitting, such as the appropriateness of specific
decay models for a particular sample, or even the specific
method used for fitting must be considered to attain reasonable
results with this method. Furthermore, FLIM analysis typically
requires detecting large numbers of emitted photons for accu-
rate results, and thus prolonged exposure to excitation irradia-
tion. This, in turn, can result in bleaching, photodamage, and a
degradation of the time resolution of the method. FLIM mea-
surements also require specialized instrumentation.

An advantage of acceptor bleaching is that it can be per-
formed on normal wide-field microscopes. For accurate FRET
measurements, this technique requires complete bleaching of
the acceptor (which can take several minutes) without bleaching
the donor. Furthermore, when implemented with FP derivatives,
the accuracy of these FRET measurements may be compro-
mised by some of the peculiar photo-physics reported with FPs
(22). For instance, the emission intensity of some FPs changes
either stably (23), transiently (24), or reversibly (25) upon expo-
sure to specific wavelengths of light. Other FPs display alter-
ations in the wavelengths of their emissions (26). Clearly, pho-
tobleaching controls with isolated donors and acceptors must be
included to rule out the possibility of such changes in response
to high-intensity light.

The most popular methods used for measuring FRET
involve monitoring acceptor emission as a result of donor exci-
tation (27). The main advantage of this approach is that, like
acceptor bleaching, it can be performed on simple wide-field
fluorescent microscopes that are widely used in cell biology
laboratories. This technique is commonly referred to as the
three-cube method because it involves acquiring three different
images using three fluorescent filter sets. First, a FRET image
is generated by using a filter set that excites the donor but mea-
sures emission from the acceptor. Images obtained with filter
sets that measure emission from donors or acceptors when
directly excited are then used to correct the “FRET image.”
These corrections are required because the emission of the
donor can bleed through into the FRET image and because
excitation wavelengths that are used to excite donors can excite
acceptors in some cases. The intensity observed in the corrected
FRET image not only encodes information about the amount of
FRET in the sample, but is also a function of the amount of
sample present, the excitation intensity, the excitation wave-
length, and the instrumentation used (filters, objectives, detec-
tors, and the like). Thus, the FRET signal measured is not typi-
cally comparable to that obtained in experiments conducted on
other microscopes. In contrast, a measured FRET efficiency for
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a particular sample should be the same regardless of what micro-
scope or method is used to obtain it. Thus, the challenge of this
method lies in transforming the intensity information encoded in
the corrected FRET image into units of FRET efficiency. Recent-
ly, variants of this method calibrated using either FLIM-FRET
(28) or acceptor-bleaching (29, 30) have been implemented to
measure actual FRET efficiencies. An additional advantage of the
three-cube approach is its speed of data acquisition (typically re-
quiring a few seconds as compared to minutes for most of the
other FRET imaging approaches). Thus, these FRET methods
have a distinct advantage for applications requiring time-lapse or
three-dimensional FRET imaging in living cells.

Recently, a photon-efficient FRET method has been devel-
oped that monitors changes in the intensity of donors and ac-
ceptors simultaneously using spectral imaging. Spectral imag-
ing microscopy measures a complete emission spectra for each
pixel (31). Encoded in the emission spectrum is information
about the abundance of donors and acceptors, as well as about
the FRET efficiency. Theoretical approaches for measuring
FRET using spectral imaging have been described (32) and im-
plemented (33) using two-photon microscopy (34) (a form of
microscopy in which two coincident infrared photons, each with
only half of the energy required to excite a particular fluo-
rophore, are used to excite a fluorophore). An advantage of us-
ing spectral imaging to measure FRET is that in addition to
yielding FRET efficiency, it also measures the abundance of
donors and acceptors. Because two-photon excitation is usually
implemented with tunable lasers, wavelengths that efficiently

Fig. 3. Measuring FRET. (A) When FRET occurs between two flu-
orophores, the intensity of the donor's fluorescent emission (blue)
will decrease, and the intensity of the acceptor's emission (yellow)
will increase [see transition from solid black curve (no FRET) to
dashed red curve (FRET)]. These changes form the basis of FRET
measurements obtained by monitoring either donor or acceptor in-
tensity. (B) Changes in a donor's fluorescent lifetime decay can al-
so be used to measure FRET. The blue decay curve was cbtained
from cells transfected with Cerulean. The red decay curve was ob-
tained from cells transfected with a construct in which Cerulean is
closely attached to Venus (33). The area between these curves
represents the energy that was transferred by FRET from donor
(Cerulean) to acceptor (Venus) in the Cerulean-Venus construct.
(C) The complex emission spectrum observed (red dashed line) in
cells that are expressing two fluorophores is the linear sum of the
emission spectra from donors (blue) and acceptors (yellow).
Excitation wavelength—-dependent changes in the shape of the
complex emission spectra can be used to measure FRET (33). (D)
Fluorescence anisotropy can be used to measure FRET. When a
randomly oriented population of fluorophores is excited with linear-
ly polarized light, molecules whose absorption dipole is oriented
parallel to the polarization axis are preferentially excited. The
resulting anisotropy (r), a measure of the degree of orientation,
can be determined by measuring the emission intensity through
vertically (/,) and horizontally (/,) oriented polarizers. The
anisotropy signal will decrease (called depolarization) if the fluo-
rophore can change its orientation in the time interval between
when it is excited and when it emits a photon. (E) Depolarization
can also occur when the fluorophore transfers its excitation energy
to a neighboring molecule with a different orientation. (F) Because
energy transfer can occur much more rapidly than molecular rota-
tion, particularly for FPs, depolarization due to FRET can be dis-
tinguished from depolarization due to motion.
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excite both donors and acceptors can be selected. This is impor-
tant because the judicious selection of excitation wavelengths
for specific samples can maximize the signal-to-noise ratio of
both donor and acceptor signals (33). This FRET method re-
quires specialized equipment for spectral imaging, two-photon
excitation, and purified samples of the donor and acceptor fluo-
rophores to provide reference spectra.

2
W
c
a
o
c
il
7
E
w
Wavelength
1
w 84!
g 63
g 4]
& o
]
£ 53]
- 017
] By
= 67
£ 4] — Cerulean
(=} b — Cerulean-Venus
Z
2-
0.01 T L] T T L] T L L
0 1 2 3 4 5 6 7
Time (ns)
Wavelength
"

F
= W
P
¥ I+ 20,

FRET

Page 4

6002 ‘sz AInr uo Blo Bewaousios ay}s Woly papeojumoq



REVIEW

Fluorescence polarization anisotropy measurements can be
used to measure FRET (35-39) (Fig. 3D). FRET methods based
on anisotropy compare the orientation of the molecules excited
(by linearly polarized light) with the orientation of the molecules
that emit fluorescence (in response to excitation). In the absence
of FRET, the molecule excited is the molecule emitting fluores-
cence, and thus its orientation will be highly correlated, particu-
larly for large, slow-moving fluorophores such as FPs. If FRET
occurs, the molecule excited may be different from the molecule
emitting, and thus the correlation between their orientations will
decrease substantially. Anisotropy has been used to monitor
FRET in samples where donors and acceptors are different fluo-
rophores (40), and it is the only method capable of measuring
FRET between a single fluorophore (called homo-FRET) (41,
42). Homo-FRET has been used to monitor dimerization reac-
tions (37) and has great potential for following subunit interac-
tions of homo-oligomers (36). The theoretical basis for interpret-
ing and quantifying FRET efficiency measurements using
anisotropy warrants further study.

Considering the many methods used for measuring FRET,
each with its own specific experimental nuances and underlying
assumptions, leads us to conclude that the possibility of errors
in the accuracy of FRET measurements is real.

The Accuracy of FRET Measurements

In many studies, the accuracy (how close a measured value is to
the actual value) of FRET measurements is not known. When, for
example, a 10% FRET efficiency is measured, should we consid-
er if the actual transfer efficiency is 5% or 15%? Such errors
could affect our interpretations of a FRET experiment and limit
the usefulness of FRET for studying protein-protein interactions.

Biologists use FRET primarily to determine the separation
distance between two fluorophores or to measure a structural
change as a result of a biological perturbation. Because of the
sixth power dependence of FRET efficiency on fluorophore
separation distance (Fig. 2D), even small errors in the accuracy
of FRET measurements can have large effects on both the abso-
lute separation distances estimated from such experiments and
on the relative changes. Hence, the accuracy required for any
particular FRET experiment must be evaluated on a case-by-
case basis with this nonlinear dependence in mind. Further-
more, FRET efficiencies measured in cells are often an ensem-
ble measurement arising from both specific protein-protein
interactions and from random associations (see below). Unrav-
eling the origins of a FRET signal under these conditions
involves statistical comparisons between the experiment and
controls. In this situation, knowledge of the accuracy as well as
the precision (how well repeated measurements of a quantity
agree) of a FRET measurement is essential.

Why has it not been possible to determine the accuracy of
FRET measurements? The reason is primarily because FRET
standards (molecules with known FRET efficiencies) have not
been defined or adopted by the scientific community. Without
standards, cross-comparisons between FRET methods are not
possible. Studies using multiple methods for measuring FRET
cfficiency are seldom conducted and, when attempted (43), fre-
quently fail to yield the same results, indicating the possibility
of experimental or conceptual errors. However, with FRET
standards, separate laboratories using any method for measur-
ing FRET efficiency would be able to properly calibrate their
system to yield accurate experimental results.

SCience,S ﬂke www.stke.org/cgi/content/full/sigtrans;2006/331/re2

Further confounding our ability to determine the accuracy of
FRET measurements is the common practice of using indices in-
stead of FRET efficiencies as the experimental result (43).
FRET indices vary from method to method. In its simplest form,
a FRET signal is generated at a wavelength that primarily excites
the donor. The fluorescence emission is then detected through ei-
ther an acceptor-specific filter or a donor-specific filter, and
these values are divided to form a FRET index. With more com-
plex indices, corrections for spectral bleed-through and direct
excitation of acceptor are applied to form corrected indices. Fi-
nally, in the most complex index schemes, corrected FRET in-
dices are normalized either to the donor signal or to the acceptor
signal. Unlike FRET efficiency, which should be the same for a
particular sample regardless of the method or microscope used
to measure it, FRET indices, even for the same samples, can
vary widely. We contend that their use frustrates comparison of
results with those obtained from other laboratories using other
methods. Because indices often have a nonlinear dependence on
the abundance of donors or acceptors (30, 43), the use of these
indices can exaggerate or diminish the perception of the underly-
ing FRET efficiency. In our opinion, their use should be avoided
whenever possible. For example, consider a simple case in which
the use of an index might seem justified: a FRET-based calcium
indicator composed of a single donor and acceptor covalently at-
tached to cach other through a calcium-binding moiety. Calibra-
tion curves are used to equate changes in the FRET signal to
changes in the concentrations of free caleium. There is no obvi-
ous reason to know the actual change in FRET efficiency to ob-
serve a change in the free calcium concentration with such an in-
dicator. Yet, we would argue that knowledge of the value and
magnitude of the change in FRET efficiency used to detect
changes in the concentration of free calcium could alter our con-
fidence in such measurements. A change in calcium concentra-
tion based on a 10% FRET efficiency would be much more
compelling than one based on a 1% change. Similarly, measure-
ments based on changes in FRET efficiency obtained with
donor-acceptor separation distances comparable to the Forster
distance (as compared to measurements made when the donor-
acceptor separation distances are either much greater or smaller
than the Forster distance) would be more compelling because in
this regime, small changes in distance yield large changes in
FRET efficiency. Thus, even for this simple case we conclude
that, if a FRET measurement can be reported as a FRET effi-
ciency, it should be.

Interpreting FRET Measurements

Assuming accurate FRET efficiency measurements, the evalua-
tion of a FRET experiment must consider the precision of the
experimental determination. The degree of precision required in
a measurement is dictated by the biological states that the re-
searcher is trying to differentiate. These states might have an in-
trinsic variance with biological significance. For example, the
distance separating a donor and acceptor might not be discrete
but rather may comprise a distribution of separation distances in
a population of molecules. Such behavior is typically observed
when a donor is attached to an acceptor by a flexible tether. The
precision measured in a FRET experiment will be a convolution
of the instrumental error of the measurement and the underlying
biological variability. Thus, the instrumental error of the
method used to measure FRET can limit the ability to observe
biological variability. The simplest method for measuring FRET
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efficiency involves calculating the ratio of the fluorescent emis-
sion from the denor in the presence and absence of acceptor
(41). The emission can be measured by counting the individual
photons detected. In this situation, counting statistics will limit
the best instrumental precision possible (44); the more photons
counted, the better the precision that can be attained. Data-ac-
quisition systems constrain the number of discrete events that
can be counted in an experiment. Thus, digitization resolution
can limit precision. With 8-bit digitization, a sample with a 5%
FRET efficiency should have a variance of at least 10% due to
counting statistics. With 12-bit digitization, this variance can
theoretically be reduced to ~2%, and with 16-bit digitization it
falls below 1%. Thus, although less than 1% instrumental error
can be achieved with current technology, the 12-bit resolution
of modern confocal microscopes, and of typical high-quality
charge-coupled device cameras, limits the precision of FRET
measurement to at best 2%. Although extensive signal averag-
ing might increase this precision, biological variance superim-
posed on this instrumental error can further degrade one’ ability
to differentiate FRET efficiency differences. In our laboratory, the
precision of FRET efficiency measurements depends on the
method used and ranges from 3 to 9%.

Because of the nonlinear sixth power dependence of FRET
efficiency on separation distance, the precision of a FRET mea-
surement will have different meanings, in terms of molecular
structure, at different absolute FRET efficiency values. For ex-
ample, a FRET efficiency of 10 + 5% for a donor-acceptor pair
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Fig. 4. Cartoon of Venus (48), Cerulean (47), and three molecular
constructs that transfer energy by FRET from Cerulean (blue
cylinder) to Venus (48) (yellow cylinder). FRET efficiency (E) of
Cerulean alone is defined as 0%, and for the three remaining
constructs it was measured by spectral imaging. The details of
their construction and methods of FRET efficiency measurements
are described in (33). Red arrows indicate the primary direction of
resonance energy transfer in these constructs. The table shows
the predicted FRET efficiency (E) and ensemble Venus:Cerulean
ratio (V/C) for five different 1:1 mixtures of the constructs depicted
above. Note that samples with the same V/C values can have dif-
ferent FRET efficiencies.
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with a Forster distance of 5.4 nm predicts a separation distance
of 7.8 nm, but with a range between 6.8 and 8.3 nm (assuming
random orientation of dipoles). In contrast, a FRET efficiency
of 50 £ 5% (the same precision as in our previous measure-
ment) predicts a separation distance of 5.4 nm but with the
range limited to = 0.2 nm,

Even assuming high accuracy and precision, it remains im-
portant to realize that other factors influence the interpretation
of measured FRET efficiencies. Most important is knowledge
of the local concentration of acceptors. Donors targeted to the
cytoplasm in the presence of high acceptor concentrations (4
mM, assuming a Forster distance of 5 nm) will produce FRET
signals as a result of random acceptor distributions (4/). In
essence, at these high acceptor concentrations, a randomly
placed donor will have a high probability of always being with-
in 10 nm of at least one acceptor. If these donors and acceptors
are confined to subcellular regions, such as in membranes, as
few as 100 acceptors per um? can result in “random FRET”
(43). In our laboratory, we find that almost any pair of integral
membrane proteins labeled with a donor and an acceptor will
generate approximately a 5% random FRET efficiency when
coexpressed in the same membrane under normal imaging con-
ditions (46). Determining what fraction of a FRET signal arises
from specific protein-protein interactions as compared to that
arising from random interaction due to overcrowding requires
knowledge of the local abundance of acceptors in the sample,
Random FRET between membrane-targeted donors and accep-
tors has important ramifications when considering what consti-
tutes a valid negative control for FRET experiments. Clearly, it
is not legitimate to use membrane-bound donors coexpressed
with cytosolic acceptors as a negative control for a positive
FRET signal observed when membrane-resident donors and ac-
ceptors are expressed together.

The stoichiometry of donors and acceptors in a molecular
complex can also dramatically alter FRET efficiency (4/).
This can best be understood by considering the measured
FRET efficiencics of some FP constructs (Fig. 4), and an even
deeper appreciation of the complexities of interpreting FRET
measurements can be obtained by conducting thought experi-
ments involving defined mixtures of these constructs. For ex-
ample, a CV construct that contains one Cerulean (47) (a CFP
variant) covalently attached to one Venus (48) (a YFP variant)
has a FRET efficiency of 45% (Fig. 4) (33). This construct has
a Venus:Cerulean ratio (V/C) of 1. A closely related construct
containing two Cerulean molecules attached to one Venus has
almost the same FRET efficiency (41%) but has a V/C value
of 0.5, whereas a near-identical construct containing two
molecules of Venus attached to one Cerulean has a V/C ratio
of 2 and a FRET efficiency of 70%. These counterintuitive
findings arise because FRET efficiency is based on the donor’s
environment (not the acceptor’s). A Cerulean molecule alone
has a FRET efficiency of 0% because it has no acceptors. A
FRET efficiency for Venus alone cannot be defined because in
this situation it is acting as an acceptor, and donors arc not pre-
sent. The FRET efficiency is a function of how many acceptors
are near the donor and how close they are. Consider a more
complex scenario where more than one construct can be pre-
sent in a sample. Our first example is a cell expressing equal
amounts of Cerulean and Venus (the first thought experiment
in Fig. 4). If the concentration of Venus is low (<<4 mM), we
can assume that random FRET will not occur. Because the
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monomeric forms of Cerulean and Venus used in this thought
experiment should not bind to each other (49), we expect an
ensemble FRET efficiency of 0% and a V/C ratio of 1. This sit-
uation, however, would have the same V/C ratio as one in
which a cell expresses the CV construct alone, but in that situ-
ation the FRET efficiency was 45%. A cell expressing equal
amounts of Venus and CV construct should have the same en-
semble FRET efficiency as a cell expressing the CV construct
alone, but its V/C ratio will be 2 instead of 1. Similarly, a cell
expressing only the VCV construct will also have a V/C ratio
of 2, but its FRET efficiency was 70%. Clearly, interpretation
of FRET signals requires knowledge of the stoichiometry of
donors and acceptors in the specific protein complexes. Al-
though the relative abundance of donors and acceptors can be
determined in living cells with some FRET methods (28, 33),
these ensemble measurements do not necessarily translate into
the donor-acceptor stoichiometry of a specific complex of in-
terest. Single-molecule FRET analysis, however, can potential-
ly determine these values (50-52).

Despite the many limitations involved in interpreting FRET
measurements outlined above, FRET remains one of the best
methods for studying protein-protein interactions in living cells.
FRET can also be used to validate structural details revealed by
x-ray crystallography and clectron microscopy, but in a living
cell. The challenges of using FRET imaging to study protein-
protein interactions lie in devising ways to overcome these limi-
tations. An appreciation of the precision of FRET methods, as
well as an understanding of how the dynamics of acceptor
abundance, random FRET, and donor-acceptor stoichiometry
affect FRET efficiencies, can substantially reduce the number
of erroneous interpretations of FRET experiments that have
been observed in recent studies. In conclusion, the develop-
ment, characterization, free dissemination, and ultimate scholar-
ly acceptance of specific FRET standards will go a long way to-
ward eliminating errors in the accuracy of FRET measurements.
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