
UNIT 17.9Rational Design and Evaluation of FRET
Experiments to Measure Protein
Proximities in Cells

Defining the repertoire of interactions that
a particular protein can undergo is crucial
for understanding its function and regulation.
Characterizing where and when these inter-
actions occur is a major goal of cell biol-
ogy. Although biochemical approaches (e.g.,
immunoprecipitation, pull-down assays, and
cross-linking) are indispensable for identify-
ing protein-protein interactions, they do not
provide spatial and temporal information in
the context of an intact cell. Conversely, im-
munofluorescence localization or genetically
encoded fluorescent tags such as green flu-
orescent proteins (GFP) can provide spatial
information regarding an individual protein,
but little insight into its interacting partners.
While co-localization of two proteins (e.g., in
the same organelle) is a prerequisite for their
interaction, an interaction cannot be concluded
just because two proteins are co-localized by
fluorescence microscopy. Clearly, a combi-
nation of fluorescence-based visualization of
proteins (in their cellular context) that simulta-
neously provides subnanometer resolution of
their proximities (i.e., whether they can phys-
ically interact) is highly desirable in nearly all
areas of cell biology. For this reason, numer-
ous approaches have been developed to meet
these demands.

Because a protein’s localization is one of
its most basic features, there are enormous
numbers of reagents for visualizing individual
proteins by fluorescence microscopy. These
include an ever-growing collection of fluores-
cent protein–tagged constructs as well as high-
affinity mono-specific antibodies suitable for
immunofluorescence. Given the wide range of
color variants of both fluorescent proteins and
fluorescent dyes, visualizing two or more pro-
teins simultaneously is now routine. To convert
this basic methodology to additionally report
on close (subnanometer) proximities of the flu-
orescently marked proteins, one needs to em-
ploy fluorescence resonance energy transfer
(FRET). In essence, measurement of FRET be-
tween two appropriately labeled proteins con-
taining fluorophores with suitable properties
can be used to infer the spatial and temporal

characteristics of protein interactions in their
native cellular environment.

How does this work? FRET refers to the
nonradiative transfer of energy from one fluo-
rescent molecule (the donor) to another fluo-
rescent molecule (the acceptor; UNITS 4.14 &

17.1). Hence, energy that is captured by the
donor upon its excitation is transferred to the
acceptor. This results in the donor failing to
emit a photon, while the acceptor emits a pho-
ton at its characteristic wavelength (despite the
fact it was not directly excited). Although a
wide variety of parameters influences the prob-
ability of FRET (see Matyus, 1992; Clegg,
1995; Wouters et al., 2001 for detailed dis-
cussions), the most important are the distance
separating the donor and acceptor, and their re-
spective fluorescence spectra. Multiple experi-
mental methods and instruments exist for mea-
suring FRET (Jares-Erijman and Jovin, 2003).
Selecting the appropriate method and instru-
mentation can be daunting, even for experi-
enced fluorescence microscopists. Each of the
techniques has particular advantages and dis-
advantages, and the appropriateness of a tech-
nique depends on the nature of the hypothesis
being tested.

The method that can be most widely and
simply implemented, quantified, and inter-
preted is the acceptor-photobleaching FRET
technique (also see UNIT 17.1). In this method,
the presence of FRET between a donor and
acceptor is revealed upon destruction (by pho-
tobleaching) of the acceptor. If the donor fluo-
rescence now gets brighter, one can infer that
it had been in sufficiently close proximity to
the acceptor to undergo FRET. The extent of
increase is a quantitative and direct measure of
FRET efficiency. As described below, acceptor
photobleaching represents a robust technique
that can be exploited to detect changes in the
composition and organization of subunit pro-
teins within a multiprotein complex and even
to gain insight into relative stoichiometries of
proteins within the complex.

To obtain high-quality FRET data, care
must be taken to select appropriate con-
trols, maximize the signal-to-noise ratio, and
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perform sufficient numbers of measurements
for the intended questions. In addition, sub-
tleties of FRET theory have implications
for accurate interpretation of experimental
results. In this unit, strategies, tools, and
background for designing and interpreting
acceptor-photobleaching FRET experiments
in cells are described. As mentioned above,
the proteins of interest can be labeled in many
ways: fluorescent antibodies, genetically en-
coded fluorescent protein tags, direct conjuga-
tion to dyes, or even fluorescent ligands. Dif-
ferent combinations of all of these methods
have been exploited in various FRET meth-
ods. For this unit discussion will be limited to
two proteins both labeled with fluorescent an-
tibodies. However, the principles, particularly
those related to the planning and interpretation
stages of the experiment, can be applied easily
to other methods of labeling. The basic pro-
tocols for cell fixation, labeling, dye-labeling
of antibodies, and acceptor photobleaching are
provided in UNIT 17.1 and will be referred to as
appropriate.

BACKGROUND INFORMATION
Fluorescence resonance energy transfer

(FRET) refers to the nonradiative transfer
of energy from an excited donor fluorescent
molecule to an acceptor molecule. Multiple
parameters influence the probability of FRET
(see Matyus, 1992; Clegg, 1995; Kenwor-
thy, 2001; Wouters et al., 2001; Wallrabe and
Periasamy, 2005; and UNITS 4.14 & 17.1 for de-
tailed discussions). The most important pa-
rameters are the distance separating the donor
and acceptor and their respective fluorescence
spectra. Because FRET efficiency is inversely
dependent on the sixth power of the distance
separating the donor and acceptor, it is a highly
sensitive measure of even small (subnanome-
ter) changes in the relative proximities of the
dyes. For a single donor and acceptor fluo-
rophore, the probability of FRET upon excita-
tion of the donor is 1/[1 + (r/R0)6], where r is
the distance separating the fluorophores, and
R0 is the distance at which a 50% probabil-
ity of FRET is observed (the so-called Förster
distance; Förster, 1948).

The applications of FRET are numerous.
For the cell biologist, FRET has been used to
create biosensors of ions (e.g., the calcium-
sensing cameleon fluorescent indicators;
Miyawaki et al., 1997) or the active state of a
protein, measure protein proximities, and mea-
sure changes in organization or composition
of a protein complex. FRET biosensor assays
have been well characterized and typically

are measured using sensitized emission (see
the Commentary in UNIT 17.1; Miyawaki and
Tsien, 2000; Van Rheenen et al., 2004) or fluo-
rescence lifetime imaging microscopy (FLIM;
UNIT 4.14). These FRET assays benefit from
the presence of both FRET dyes on the same
molecule, which obviates the need to sepa-
rately express donor and acceptor molecules
at comparable levels. In contrast, studies of
complexes containing multiple proteins are
more theoretically and technically complex.
The appropriate design and interpretation of
such FRET experiments depend upon a careful
consideration of the theoretical expectations.

A critical yet often overlooked concept
in understanding FRET measurements is that
FRET is a stochastic, all-or-nothing phe-
nomenon. In other words, for any given donor
molecule and acceptor molecule, FRET either
happens or it does not happen; there is no such
thing as partial transfer of energy. If FRET is
an all-or-nothing phenomenon, why aren’t re-
ported FRET values either 0% or 100%, but
something in between? The short answer is
that FRET measurements in cells and solu-
tions reflect the averaged probability of energy
transfer between a very large number of donor
and acceptor molecules in the sample. This
means that a FRET value is the mean detected
energy transfer efficiency for multiple FRET
events. Furthermore, each measurement also
reflects whether FRET occurs for all of the flu-
orophore molecules in each pixel of an image.
A fluorescence image is a collection of fluo-
rescence photon intensity values for each pixel
(Michalet et al., 2003). A single pixel can con-
tain multiple fluorophores. The intensity value
of a pixel also reflects the time for collecting
photons at that point, either the dwell time of
a scanning laser in a confocal microscope or
the detection time for a charge-coupled device
(CCD) on a wide-field microscope. Therefore,
a typical FRET measurement for each pixel in
a cell is an ensemble measurement that aver-
ages numerous FRET events. For this reason,
FRET measurements are often described as per
cent energy transfer efficiency. Thus, a mea-
surement reflects how frequently FRET events
occur for a population of fluorophores under
the given conditions.

Often, investigators focus on the Förster
distance of a donor/acceptor pair in FRET
studies, the rapid drop in energy trans-
fer efficiency with distance, and the power
of FRET measurements as a “spectroscopic
ruler” (Stryer and Haugland, 1967). In the case
of single-molecule studies or well defined and
homogeneous biochemical samples, FRET
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can indeed be used to measure absolute dis-
tances between fluorophores. However, in-
terpretation of FRET measurements between
pairs of proteins expressed in cells is compli-
cated by the number of proteins being assayed
and by how the donor and acceptor proteins
are labeled.

For this unit, it is assumed that the in-
vestigator will label the proteins of interest
with at least one antibody and either a vari-
ant fluorescent protein (i.e., GFP), a small dye
(FlAsh and ReAsh), or another antibody. The
dimensions of the antibody probes (∼14 nm)
are substantially larger than the distances over
which FRET occurs, and the number and dis-
tribution of dyes on the antibody surface are
random. Furthermore, the antibodies, as well
as the dyes conjugated to them, are flexible
enough to substantially influence their abso-
lute positions. These and other variables com-
plicate the relationship between the observed
FRET and the distance separating the antigens
to which donor and acceptor antibodies are
bound (Dewey and Hammes, 1980; Haas and
Steinberg, 1984). The consequences of these
properties are that FRET cannot be used as a
“spectroscopic ruler” for measuring absolute
distances of native cellular proteins. This is not
to imply that FRET can’t be used to detect dis-
crete changes in protein proximity, but rather
to emphasize the difference between measur-
ing absolute versus comparative distances. For
most cell biologists, the absolute FRET val-
ues are far less important to the interpretation
of the results than the relative differences ob-
tained for direct comparisons. For example,
the absolute FRET values are generally not
used to calculate or draw conclusions regard-
ing distances between components; rather, it
is the changes in FRET that are used to infer
changes in complex organization or structure.

OPTIMIZATION OF ACCEPTOR-
PHOTOBLEACHING FRET

Acceptor-Photobleaching FRET
in Cells

There are several ways to measure FRET
(Jares-Erijman and Jovin, 2003) in cells in-
cluding sensitized emission (Miyawaki and
Tsien, 2000), FLIM (Deniz et al., 2001;
Haj et al., 2002; UNIT 4.14), fluorescence
anisotropy (Krishnan et al., 2001; Rizzo and
Piston, 2005), and acceptor photobleaching
(Kenworthy and Edidin, 1998; Haj et al.,
2002; Snapp et al., 2004; UNIT 17.1). Acceptor-
photobleaching FRET has several advantages
that make it suitable for studying protein in-

teractions in cells. First, FLIM and anisotropy
measurements require access to instruments
that often must be custom designed and built
by the user. In contrast, suitable laser scan-
ning confocal microscopes that can be used for
acceptor-photobleaching experiments are both
commercially available and accessible at most
institutions. In addition, even a standard fluo-
rescence microscope with a mercury lamp can
be used to perform acceptor photobleaching
(Kenworthy and Edidin, 1998). Second, sensi-
tized emission depends on acceptor emission
and often suffers from signal bleed-through
from the donor, requires multiple correction
factors, and provides no information about the
relative populations of associated proteins (see
Commentary in UNIT 17.1). In contrast, accep-
tor photobleaching can be quantitated with a
simple arithmetic equation, is unaffected by
bleed-through, and can be used to gain in-
sights into associated and unassociated pop-
ulations of proteins. A noteworthy disadvan-
tage of acceptor-photobleaching FRET is that
it requires destruction of the probe, which pre-
vents more than one measurement in a region
of a cell. In addition, photobleaching to back-
ground levels of fluorescence intensity is often
slow and either requires cells to be fixed or the
proteins of interest to be relatively immobile.

An important consideration for experimen-
tal design is whether the goal of the study
is to distinguish between two distinct read-
out states or a continuum of states. It is often
not feasible to synchronize multiple protein
complexes in their dynamic changes. In con-
trast, measuring the change between a treated
and untreated sample is more experimentally
tractable for samples in cells. The measure-
ment of discrete states permits cells to be
fixed. While the aesthetic and intellectual ap-
peal of live cell data is undeniable, the actual
requirement for using live cells is worth con-
sidering. If the experimental readout is treated
versus untreated cells, then cells in the two
states can be fixed and assayed. Fixation of
cells for 15 min in 3.7% formaldehyde re-
tains substantial cell structure and does not
significantly promote nonspecific protein in-
teractions (Jackson, 1999; Metz et al., 2004;
Snapp et al., 2004). Formaldehyde is a re-
markably specific cross-linker and has been
used for years in chromatin immunoprecipita-
tion (ChIP; UNIT 17.7) assays to identify pro-
teins that bind to unique DNA sequences in
the nucleus (Jackson, 1999). It is still possible
to perform live-cell acceptor-photobleaching
FRET studies, though the investigator must
now contend with the issue of diffusion.
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Many proteins are not immobile (Lippincott-
Schwartz et al., 2001). Because complete pho-
tobleaching of a fluorophore can take several
seconds to minutes, acceptor photobleaching
benefits substantially from immobilizing pro-
teins with fixation.

Based on the background information
above, acceptor-photobleaching FRET of
native proteins in cells is most appropriate for
the following types of questions. Does a pair of
proteins interact to a significant degree in a par-
ticular region of a cell? Does a protein complex
undergo changes in composition? Do protein
subunits undergo changes in their proximity
or organization in a protein complex? Are two
different protein subunits present at equivalent
amounts in a complex? In contrast, acceptor
photobleaching is poor at detecting small sub-
populations of interacting proteins (e.g., only
10% of a protein is in a complex, and the com-
plexes are homogenously distributed through-
out the cell), quantitating absolute distances
between protein subunits, and detecting small
continuous changes in a mixed population of
protein complexes.

Before investing the time and resources
into performing FRET experiments, the in-
vestigator will benefit from critical analyses
of the questions to be addressed, the avail-
able reagents, and anticipated outcomes under
idealized conditions. For example, a failure
to consider expression levels when choosing
which of two proteins to label as the donor,
or attempting to measure absolute distances
between proteins with antibody-based FRET
will result in low probabilities of success. To
enhance the probability of detecting the high-
est possible FRET signal for a pair of pro-
teins, several conditions need to be empirically
optimized.

Determine Which Protein Will Be the
Donor and the Acceptor

In acceptor-photobleaching experiments,
this choice can significantly impact the ob-
served FRET value. There are two key points
to consider. First, unpaired donors (i.e., those
not in complex with the acceptor) dilute
the detectable FRET signal. Second, un-
paired acceptors have little effect on acceptor-
photobleaching FRET values, and are thus ef-
fectively invisible in this assay format. The
percent of unpaired molecules can be mini-
mized by labeling the protein of lower sto-
ichiometry (if known from independent stud-
ies) with the donor fluorophore. Note that if the
stoichiometry of the two proteins is not known,
a discrepancy in FRET values upon exchang-

ing donor and acceptor status can provide in-
sight into this issue (see Reciprocal FRET
section).

Select an Appropriate Labeling
Scheme

The method of labeling the proteins of in-
terest will directly affect the ability of FRET
to detect changes in protein proximities. For
this unit it is assumed that proteins of in-
terest will be proteins expressed in the cell.
These proteins can be labeled either with flu-
orescent dye-labeled antibodies, variant fluo-
rescent proteins (i.e., GFP) or newer fluores-
cent tags including FlAsh and ReAsh (Adams
et al., 2002). After designating which protein
will be the donor and which will be the ac-
ceptor, the investigator must choose a suitable
labeling scheme. If a donor protein is present
at low levels and overexpression changes a
cellular phenotype, then antibody labeling is
likely to be better than using a fluorescent fu-
sion protein. Not only will the antibody boost
the fluorescent signal due to multiple dyes on
the antibody, but the multiple dyes can also
enhance the probability of detecting FRET
(see Fig. 17.9.1). If the donor and acceptor
are abundant proteins and the donor remains
functional when fused to a fluorescent protein,
such as GFP, then addition of a fluorescent pro-
tein tag or epitope tag may provide flexibility
in experimental design. It is not recommended
to have an antibody donor and a fluorescent
protein acceptor. In this case, there would be
multiple dyes on the antibody that might fail to
exhibit FRET with a single fluorophore accep-
tor. Again, the key principle is to avoid situa-
tions with excess donor molecules or limiting
acceptor molecules.

If using antibodies to label the protein(s) of
interest, either monoclonal or mono-specific
polyclonal antibodies (raised against short
peptide sequences of ∼8 to 20 amino acids)
are preferable to broad specificity antibod-
ies. A single protein epitope is likely to en-
sure that only a single antibody molecule
will bind any given copy of a protein. This
is an especially useful quality when an in-
vestigator is trying to determine whether a
complex contains more than one copy of a
protein. A single epitope will provide more
specific information concerning protein or-
ganization and can aid in experimental de-
sign. For example, an epitope against the
cytoplasmic domain of a membrane protein
has a higher probability of undergoing FRET
with the cytoplasmic epitope of a partner
protein.
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Figure 17.9.1 Illustration of the advantage of using antibody probes labeled with multiple dyes.
(A) Cartoon illustrates how each donor dye on an antibody has the potential to transfer energy to
four different acceptor dyes on an acceptor antibody. In contrast, a cyan fluorescent protein (CFP)
molecule can only potentially transfer energy to one yellow fluorescent protein (YFP) acceptor. The
consequence is that multiple dye–labeled acceptor antibodies enhance the probability of detecting
FRET. (B) The relationship of dye number on each donor and acceptor antibody as plotted with
simulated data for antibodies bound to antigens that are either assembled in a multiprotein com-
plex (clustered) or distributed in a random manner. See Snapp et al. (2004) for details concerning
the simulation parameters. Note that the value calculated for a single dye will not be equivalent
to the CFP-YFP pair because the simulated dye placement on the antibodies was random and
could include distances up to three times greater than for the fluorescent fusion proteins.

Select the Donor and Acceptor
Fluorophores

The donor should be a fluorophore that is
excited at a lower wavelength than the accep-
tor, and with an emission spectrum that over-
laps significantly with the excitation spectrum
of the acceptor. The degree of spectral over-
lap is a key determinant of the efficiency of
FRET. A useful measure of the suitability of a
donor-acceptor pair for FRET is known as the
Förster value: the distance at which the proba-
bility of FRET between the donor and acceptor
is 50%. Optimal FRET pairs are constantly be-
ing updated. A popular and well characterized
donor-acceptor pair is the dyes Cy3 and Cy5,
with a Förster distance of ∼5 nm (Bastiaens
and Jovin, 1996). Another useful FRET pair in
cells is GFP and Cy3 with a Förster distance
of 6 nm (Haj et al., 2002). A second parameter
important in FRET efficiency is the brightness
and stability of the fluorophores. Photostabil-
ity is a desirable quality in the donor and less
desirable for the acceptor. For example, Alexa
fluorophores photobleach poorly and will thus
be poor choices as acceptor, but they are rea-
sonable choices for donors.

Optimize Antibody Dye Labeling
Ratios

See UNIT 17.1 for the Cy3/Cy5 dye label-
ing protocol. Addition of dyes to antibodies

requires balancing of three properties: maxi-
mal FRET signal, antibody intensity quench-
ing, and antibody binding inhibition. For Cy3
and Cy5 dyes, four dye molecules per anti-
body generally give excellent results (Snapp
et al., 2004). This number of dye molecules
tends to maximize the fluorescent signal and
FRET efficiency while minimizing the disrup-
tion of binding activity. It goes without saying
that it should be confirmed that the directly
conjugated antibody recognizes antigen with
specificity similar to the unconjugated starting
antibody.

Identify Relevant Positive and
Negative Controls

The importance of the choice of controls
cannot be overstated. Quite simply, controls
define the limits and scale for interpretation
of experimental FRET values. Regardless of
the predicted Förster distance for a FRET pair,
actual FRET data is very much dependent on
the properties of the system and must take into
account the geometry of the protein complex,
cellular autofluorescence, the method of FRET
measurement, the size of the fluorescent la-
bel, and effects of the cellular environment on
fluorophore properties. Therefore, the investi-
gator should select controls that: (1) use the
same FRET pair of fluorophores; (2) mimic
the spatial environment of the proteins of
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interest (i.e., if membrane proteins are being
investigated, the controls should also be mem-
brane proteins); (3) label cells with similar flu-
orescence intensities relative to the experimen-
tal labeling; and (4) display co-localization in
immunofluorescence images (i.e., in the same
organelle) for both positive and negative con-
trols. This last point is obvious for a pos-
itive control because proteins that do not
co-localize at the level of light microscopy
will not exhibit FRET. However, using co-
localized proteins for the negative control is
also important because the goal of the ex-
periment is to get spatial resolution that is
higher than light microscopy can deliver. Thus,
it is important to demonstrate that noninter-
acting proteins close enough to co-localize
in the cell do not give significant FRET. For
acceptor-photobleaching FRET using antibod-
ies, a simple but nice positive control is an
acceptor-labeled primary antibody bound by a
donor-labeled secondary antibody. In this in-
stance, all donor-labeled antibodies are nec-
essarily adjacent to an acceptor-labeled an-
tibody, and should necessarily yield highly
efficient FRET.

Empirically Determine Antibody
Labeling Conditions

It is assumed that the investigator is fa-
miliar with the basic operation of a confo-
cal microscope. The investigator should un-
derstand both the concept and the operation of
scan speed, zoom, detector gain, laser power,
photobleaching, and collection of a time se-
ries on a laser scanning confocal microscope.
A series of simple immunofluorescence ex-
periments should be performed to determine
the several imaging and labeling conditions
(see below). Cells can be assayed with a flu-
orescence microscope fitted with a charge-
coupled device (CCD) or a confocal micro-
scope with a photomultiplier tube (PMT). It
is important to collect the data and quanti-
tate intensities using software provided by the
microscope maker or a program such as NIH
Image, ImageJ, or Metamorph. The human eye
is remarkably poor at quantifying subtle dif-
ferences in intensity. Also carefully consider
the method used for monitoring intensities. If
the proteins of interest localize to a discrete
structure or only a few dispersed structures,
it will be more informative to assay a re-
gion of interest that includes only the structure
of interest. Large regions of interest that in-
clude large unlabeled regions will average out
differences in the fluorescence intensities of
structures.

Initially, fix, permeabilize, and label cells
separately with donor and acceptor antibod-
ies to separately optimize each to maximize
signal intensity and reduce nonspecific label-
ing. Typically, the donor antibody is used at
∼0.2 to 1.0 µg/ml and the acceptor is used at
∼2 to 4 µg/ml (this refers to the concentration
of the specific antibody; hence, crude IgG from
a polyclonal serum would be used at ∼10-fold
higher concentrations since only ∼10% is spe-
cific antibody). A donor/acceptor ratio at or
below 1:4 (usually ∼1:8) will help maximize
FRET efficiency without making the donor flu-
orescence intensity too dim to easily visualize.
Incubation times will vary depending on anti-
body affinity and will need to be determined
for each antibody. In general, 60 to 120 min is
sufficient for optimal antibody labeling, as as-
sessed by maximal fluorescence intensity and
minimal nonspecific staining. Each of these
modifications increases the efficiency of FRET
as would be expected if the occupancy of anti-
gens were improved. The goal is to maximize
occupancy of the antigens bound by the accep-
tor antibody and have a sufficiently bright but
highly specific labeling of the donor. Recall
that excess acceptor is effectively invisible to
FRET, as measured by acceptor photobleach-
ing, so some nonspecific binding by the ac-
ceptor is acceptable. In contrast, optimization
of conditions that give highly specific donor
labeling is critical.

Another important control is to label cells
separately with donor followed by acceptor,
acceptor followed by donor, and donor and ac-
ceptor simultaneously and then measure mean
fluorescence intensities of the whole cell or
relevant structures. This control will reveal
whether the antibodies sterically affect acces-
sibility of protein epitopes and potentially af-
fect labeling. A similar control experiment that
tests the same parameter is to systematically
change the concentration of one antibody and
determine whether the efficiency of labeling
by the other antibody of the donor-acceptor
pair in cells is affected.

Identify Optimal Photobleaching
Conditions for the Acceptor

Photobleaching the acceptor by high-
intensity laser illumination is influenced by
laser power, magnification, dwell time of the
laser, number of bleach iterations, and sample
preparation. The goal should be to optimize
conditions where more than 90% of accep-
tor fluorescence can be bleached. Dyes such
as Cy5 may require hundreds of iterations
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of laser photobleaching to deplete acceptor
fluorescence to background levels. If a large
area is to be photobleached or the viewing
field is at a low magnification, then the time
required to achieve sufficient photobleaching
will become burdensome. So choose the high-
est magnification that allows the regions of
interest to be visualized completely. Also, per-
form the optimization at different magnifica-
tions (optimum conditions will differ) so that
in the future, a complete set of bleach condi-
tions for whatever application might arise has
been obtained. Once optimized, be sure that
the selected imaging conditions do not result
in photobleaching of the cell outside of the
photobleach region of interest.

Make and Quantify FRET
Measurements

Once the above parameters are optimized,
the samples (along with the predetermined
positive and negative controls) can be pre-
pared in which both donor and acceptor are
labeled. To make measurements, find some
appropriate cells or regions of interest. This
is best done by visualization of the cells us-
ing the absolute lowest illumination as possi-
ble to prevent premature partial bleaching of
the sample. One can use phase-contrast mi-
croscopy to find suitable cells, or if fluores-
cence microscopy is used, illuminate only the
donor while searching. Once the area is fo-
cused and imaging/bleaching conditions are
set, the procedure is to take pre-bleach im-
ages of the donor and acceptor fluorescence,
photobleach the acceptor in a region of inter-
est, and take a second set of post-bleach im-
ages of the donor and acceptor. It is critical
to avoid sample movement, change in focal
plane, or any change in imaging conditions be-
tween the pre- and post-bleach images. Once
completed, there should be four images for
the measurement: pre- and post-bleach donor
images, and pre- and post-bleach acceptor im-
ages. Although only the donor images are ab-
solutely required for the calculation of FRET
efficiency, capture and save the acceptor im-
ages because they contain additional informa-
tion that aids in the interpretation.

The calculation of FRET efficiency from
these images can be done manually, or auto-
mated using relatively straightforward custom
macros for a program like NIH image (see sec-
tion on automated image analysis). To manu-
ally calculate FRET, measure the donor inten-
sity in both the pre- and post-bleach images
within the region that was bleached (referred
to here as Dpre and Dpost). Subtract background
intensity (i.e., the value obtained in an area

where there are no cells) from both intensity
values. Once these values are obtained, the %
FRET (also referred to in various publications
as % energy transfer, %E, or just E) can be
calculated as:

%E = (Dpost − Dpre)/Dpost

All that has been done is to calculate the per-
cent of total donor fluorescence that had been
quenched in the presence of the acceptor. It is
important to confirm that in an area of the im-
age that was NOT subject to photobleaching,
the donor intensity does not change signifi-
cantly between the pre- and post-bleach im-
ages. If it does, it means that the sample may
have moved or changed focus between the two
images, or that perhaps the acceptor was par-
tially bleached unintentionally between cap-
turing the two donor images. If conditions
have been optimized as outlined above, this
should not happen (except for occasional sam-
ple movement or change in focus).

An increase in donor intensity selectively
in the region of acceptor photobleaching is in-
dicative of FRET (with numerous caveats out-
lined in the next section). Instead of doing the
manual calculation on the entire bleached re-
gion as a whole, one can calculate FRET for
subregions of the sample to gain insight into
the spatial distribution of FRET (which could
for example reflect differences in protein-
protein interaction in different regions of the
cell). Although this can be done manually, it
is cumbersome. The macro the authors devel-
oped for NIH image does this automatically on
individual 8 × 8–pixel regions throughout the
image and displays the results in a color-coded
map of FRET. This can be extremely useful for
visualizing spatial differences in FRET mea-
surements in different areas of the cell. The
macro may be obtained by sending an e-mail
request to esnapp@aecom.yu.edu.

INTERPRETATION OF RESULTS
Of equal importance to the actual collection

of FRET data is a rational interpretation of the
results (also see UNIT 17.1). This is critical to
ensure that any observed FRET is actually due
to the proximities of the proteins of interest.
Sometimes it is easy to forget that the FRET
values are indirect measurements based on a
series of assumptions (such as specificity of
the antibodies) that may or may not have been
thoroughly validated. Furthermore, other po-
tential artifacts must be taken into account and
excluded to maximize the likelihood of correct
interpretation. Some of these issues are listed
below.
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Figure 17.9.2 Control for acceptor density dependence. The top left panel is an image of the
acceptor-labeled cell prior to photobleaching. The top right panel shows an energy transfer ef-
ficiency map with the extent of energy transfer revealed by acceptor photobleaching in the box.
The scale indicated below the map is the energy transfer efficiency (%E). The plot in the lower
left panel displays %E as a function of acceptor-fluorophore intensity (IA). Note that similar FRET
values (%E) are observed over a broad range of acceptor intensities, demonstrating that FRET is
not acceptor density dependent for this experiment.

Restrict Quantitative Comparisons to
Experiments Performed at the
Same Time

Experimental FRET values can be affected
by batch-to-batch differences including varia-
tions in cell density, cell cycle, alignment of the
photobleaching laser (which will affect com-
pleteness of the photobleach), and antibody
degradation. While the overall trends and re-
lationships in the data should be robustly re-
peatable, the absolute values in the data will
tend to vary by as much as 20% between ex-
periments. This observation also emphasizes
the importance of including a positive control
with every experiment to assist in detecting
batch-to-batch variability.

Be Aware of Artifactual Reasons for
Changes in Donor Fluorescence

It was recently reported that upon photo-
bleaching, the Cy5 fluorophore is photocon-
verted into a fluorescein-like fluorophore that

has the potential to confound FRET analy-
ses using the acceptor-photobleaching method
(Nichols, 2003; Snapp et al. 2004). This is
because the photoconverted Cy5 has a flu-
orescence spectrum that overlaps with the
Cy3 spectrum and therefore interferes with its
quantitative measurement. This is particularly
relevant if the Cy3 fluorescence is extremely
dim relative to Cy5 and/or if the Cy3 excita-
tion light intensity or Cy3 detector gains are
set at very high levels. Because of the potential
to substantially influence the apparent FRET
that is observed, it is important and worthwhile
to carefully consider this phenomenon in in-
terpreting the results.

The artifactual FRET signal due to pho-
toconversion shows a direct dependence on
Cy5 intensity (e.g., Nichols, 2003; Snapp et al.
2004). A useful control is to measure the effect
of decreasing the donor concentration (with
constant acceptor concentration) on FRET ef-
ficiency. All other things being equal, FRET
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Figure 17.9.3 Relationship of donor and acceptor concentrations to FRET. (A) Schematic dia-
gram illustrating the effect of donor concentration on FRET. Oligomers of antigens (black dots)
are shown randomly labeled with donor (white) and acceptor (gray) antibodies. The right diagram
indicates one half the amount of donor antibody than that in the left panel. Although the donor
fluorescence is expected to be lower for the right panel, the proximity of each donor to acceptor
antibodies predicts that FRET efficiency should stay the same. The situation is very different for
acceptor antibody concentration. (B and C) Antibody distributions are illustrated for donor (white)
and acceptor (gray) antibodies on a hypothetical clustered three-antigen oligomer (black dots).
Panel (B) shows the situation where the donor and acceptor antibodies bind their antigens, but do
not interact with each other. Panel (C) shows the situation where the acceptor binds its antigen,
but the donor antibody interacts with the acceptor antibody. In both cases, the right panel shows
the consequence of reducing the acceptor concentration by one half, and the predicted effect on
FRET.

efficiency should be independent of donor in-
tensity. If photoconversion is contributing sig-
nificantly to the Cy3 fluorescence measure-
ments, halving the donor concentration will
substantially increase the apparent FRET sig-
nal. This is because the photoconverted prod-
uct continues to contribute the same amount of
fluorescence to the Cy3 measurements; how-
ever, the starting donor intensity is decreased.

Thus, the photoconverted product will cause
the Cy3 measurements to increase by a much
higher percent upon Cy5 photobleaching, re-
sulting in erroneously high FRET values. By
contrast, genuine FRET without interference
from photoconversion should be largely in-
dependent of donor intensity and occupancy.
Indeed, a useful analysis of one’s FRET data
is to plot %E vs. absolute donor intensity. The
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Figure 17.9.4 Sampling size and the resolving power of antibody-mediated FRET. (A) Diagram
of a model IgG molecule bound to an antigen on the membrane surface (left). The Fc and each
Fab domain are modeled as a cylinder of diameter 30

◦
A, height 70

◦
A, connected by flexible

hinges. Arrows indicate directions of allowed rotational flexibility. The range of potential positions
that can be occupied by dyes conjugated to the antibody surface is indicated on the right. Dyes
are allowed to be on the surface of the stalk of the mushroom-shaped space, and anywhere
in the volume of the head. (B) A simulated donor and acceptor labeled antibody (4 dyes/IgG,
randomly distributed as described in panel (A) were bound to antigens separated by distances of
between 80 and 160

◦
A, and the % energy transfer between the dyes calculated and plotted. Each

datum represents the average of between 1 and 1000 such simulations as indicated (n) on each
graph. Custom macros (available upon request from the authors) were written for NIH Image 1.62
to perform the antibody-mediated FRET simulations. In essence, an algorithm was designed to
simulate the stochastic binding of a mixture of donor- and acceptor-labeled antibodies to a set of
antigens on a membrane surface, followed by a calculation of the FRET between the randomly
distributed dyes on all of the bound antibodies. The algorithm encompassed the following steps:

continued
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relationship should be horizontal line. If FRET
efficiency increases as the donor intensity de-
creases, then the investigator should suspect
photoconversion of the acceptor fluorophore
to a donor-like spectral emission.

One approach to this problem is to correct
for photoconversion by using a standard curve
in which defined intensities of the acceptor
are correlated with the respective amounts of
photoconverted product upon photobleaching
(Nichols, 2003). However, data correction is
often not necessary in cases where photocon-
version contributes less than ∼5% of the value
of observed FRET signals. This phenomenon
can be monitored by plotting %E as a function
of acceptor intensity for different regions of an
image (Fig. 17.9.2). Additionally, a substan-
tial contribution from photoconversion can be
ruled out if it is demonstrated that the FRET
signal is lost solely by changing the choice
of donor antibody to one that recognizes an
unrelated antigen. An alternative solution to
the photoconversion problem is to use dif-
ferent donor/acceptor pairs. This can be dif-
ficult if one has already invested substantial
time and effort in one FRET pair, but may be
feasible early in the experimental design or
project.

Ensure That the Antibodies Do Not
Interact Directly with Each Other

It is assumed that antibodies do not directly
interact with each other to generate FRET, but
instead simply mark the positions of the anti-
gens against which they are directed. Thus,
a FRET signal between antibodies is taken
to reflect the proximities of the antigens to
which the antibodies are bound, and not to

Figure 17.9.4 (at left) (1) The x-y positions of the appropriate number of antigens were distributed
on a hypothetical surface of defined area (usually 0.5 × 0.5 µm) at the indicated density and
configuration (either randomly distributed, or in clusters of three). Clusters were not allowed to
overlap, and the minimal distance separating adjacent antigens was limited to 8 nm, as determined
by the steric hindrance of bound IgG molecules. (2) Each antigen was randomly assigned to
either be unoccupied, bound by a donor antibody, or bound by an acceptor antibody. The relative
probabilities of each assignment were determined by the desired occupancy and donor/acceptor
ratio. (3) The x-y-z positions of dyes were randomly chosen relative to each antigen by the criteria
outlined in the text. (4) Once the x-y-z positions for all of the donor and acceptor dyes were set,
the summed FRET efficiency that would be expected for this distribution of dyes was calculated
according to previously established equations (Förster, 1948; Dewey and Hammes, 1980).

nonspecific interactions among the antibodies
themselves. It is therefore critical to the inter-
pretation of the results that the antibodies not
interact with each other. FRET between di-
rectly interacting antibodies is largely insensi-
tive to changes in concentration of the acceptor
antibody (Fig. 17.9.3A). This is because the
only donor labeling that occurs is via binding
to an acceptor. Thus, although reduced label-
ing occurs due to the reduced acceptor con-
centration, all donors are still adjacent to an
acceptor and therefore generate a high FRET
signal (see Fig. 17.9.3A).

In marked contrast, FRET between the an-
tibodies as a consequence of the fact that their
antigens are in close proximity is highly sensi-
tive to acceptor concentration (Fig. 17.9.3B).
Here, the donor antibodies still bind to their
antigens, but some of the acceptor antigens
will now be unoccupied by acceptor antibod-
ies (Fig. 17.9.3C). The presence of donor an-
tibodies unaccompanied by nearby acceptors
reduces the FRET signal and helps rule out
inappropriate interactions between antibodies.

For an additional control, measure FRET
between the donor and acceptor antibodies
with and without a peptide competitor corre-
sponding to the antigen for the acceptor an-
tibody. Inclusion of the peptide during the
antibody incubation should result in both de-
creased labeling of cells by the acceptor anti-
body (but not the donor antibody), and a loss
of the FRET signal. Taken together, these con-
trols help confirm that FRET between dye-
labeled antibodies is due to the proximities of
the antigens to which the antibodies bind, and
not due to interactions between the antibodies
themselves.
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Optimize Sample Size
Part of the power of FRET methods is the

ability to quantitate small changes in protein
proximities. However, achieving this quanti-
tation requires sufficient statistical sampling.
The amount of sampling dramatically in-
creases as the investigator attempts to monitor
single nanometer changes. At a minimum, per-
form multiple, at least n ≥ 10, measurements
to permit statistical analysis to identify signif-
icant changes in FRET efficiency values.

Expression levels of the proteins of interest
will affect both the cell and the sensitivity of
the planned measurements. Proteins, such as
kinases or transcription factors, tend to be ex-
pressed at nanomolar concentrations (Huang
and Ferrell., 1996). This translates to a few
hundred copies of a protein or less per cell, in
some cases. Consider that a homogeneously
distributed fluorescent protein must be present
at 200 nM to be visualized over background
cellular fluorescence (Niswender et al., 1995).
Thus, experimental questions involving cellu-
lar expression of a fluorescently tagged protein
may require unnaturally high expression levels
of a protein that may affect a cell phenotype. In
contrast, dye-labeled antibodies rarely require
overexpression of a protein of interest and also
avoid problems related to whether a fluores-
cent fusion protein is functional (UNIT 21.4).
Measurement sensitivity will be dependent on
the available number of proteins to be assayed
in a region of interest. Too few proteins will
result in a low signal-to-noise ratio and low
sampling sizes.

For purposes of experimental design, mea-
suring absolute states of associated and nonas-
sociated proteins should be readily discernable
even for low protein sampling sizes. This is
illustrated in Figure 17.9.4. The first graph of
Figure 17.9.4B (n = 1) shows a scatter plot
of the range of FRET values obtained for any
single antibody pair separated by various dis-
tances. At a separation distance of 80

◦
A, the

FRET efficiencies ranged broadly from less
than 5% to nearly 80% (Fig. 17.9.4B; n =
1). This tremendous variability reflects the
stochastic distributions of the donor and ac-
ceptor dyes over a large volume, combined
with the extreme sensitivity of FRET to small
changes in the distances separating them. In-
deed, it has been shown previously that if the
number of sampled molecules is small, such
dramatic fluctuations can be anticipated (Haas
and Steinberg, 1984).

Although a trend is observed in which
increased separation distance between the an-
tibodies results in lower FRET, a single in-
teraction cannot be used to discriminate dif-

ferent antigen positions (except to say that
antigens are either within ∼15 nm of each
other, or further away). However, the resolv-
ing power increases substantially as more
antibody pair interactions are sampled and av-
eraged (Fig. 17.9.4B; n = 10 through n =
1000). At a sampling size of 1000, differ-
ences in separation distance of between 0.2
and 0.4 nm can be resolved with confidence.
Thus, subnanometer changes in antigen sep-
aration can be resolved using FRET between
dye-conjugated antibodies despite the highly
flexible and large nature of the probes, the
stochastic distribution of the dyes bound to
them, and the complex relationships for FRET
between ensembles of donor and acceptor
fluorophores.

Create a Model for the FRET
Experiment

If sufficient information about the proteins
of interest is available, it is worthwhile to
model and simulate FRET experiments to as-
sist with experimental design and expectations
for results. Simulated results serve to illus-
trate the capabilities, sensitivity, and speci-
ficity of an approach and provide bound-
aries for the type of questions that can be
addressed. In particular, two issues are of
direct relevance to most studies of protein
complex assembly: the discrimination of as-
sembled from disassembled multiprotein (or
oligomeric) complexes and the discrimination
of small changes in the structure of a complex
that remains assembled in the same general
configuration.

Monte Carlo simulations, rather than theo-
retical calculations using simplifying assump-
tions, can provide insight into not only the ex-
pected FRET efficiency, but also the degree of
variability that can be anticipated from mea-
surement to measurement due to the stochas-
tic nature of many of the variables involved
(e.g., see Haas and Steinberg, 1984). For ex-
ample, FRET between subunits of a membrane
protein complex containing three subunits was
modeled (Fig. 17.9.5A). Donor and acceptor
antibodies labeled with four dyes at random
positions were simulated in binding to the pro-
teins with varying ratios. A visual represen-
tation of the relative proximities of subunit
proteins and fluorescent dyes in the disassem-
bled and assembled states for a small section
of membrane is shown in Figure 17.9.5B as
a two-dimensional illustration. Then the ex-
pected FRET efficiency for each ensemble
of fluorophores was calculated according to
previously established equations (Dewey and
Hammes, 1980).
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Figure 17.9.5 Simulations of FRET for assembled versus unassembled oligomers. (A) Idealized
configurations of an oligomeric channel in the membrane in an assembled and disassembled
configuration. The positions of a putative antigen present as three copies in the channel are
indicated with a black dot. (B) Surface view of a 70 × 70–nm section of membrane containing
antigens (black dots) at 2000 copies per mm2 in assembled and disassembled configurations as
in (A). The two dimensional projection of the positions of donor (clear outlined) and acceptor (gray)
dyes on antibodies bound to these antigens is also indicated. An antibody was assigned a 20%
probability of containing donor dyes. (C) Monte Carlo simulations were used to calculate the FRET
efficiencies in a 0.25 µm2 section of membrane containing donor and acceptor labeled antibodies
(at a donor/acceptor ratio of 1:4, each containing 4 dye molecules per IgG) bound to antigens (with
100% occupancy) at densities of 1000 to 5000 copies per µm2. The antigens were distributed in
the membrane surface either randomly (open circles) or assembled into clusters of three (closed
circles). The simulation was repeated ten times for each condition, with each point representing the
FRET from a single simulation. Note that FRET in the nonclustered configuration displays a clear
density-dependence that is not seen in the clustered configuration. (D) Monte Carlo simulations of
FRET as a function of the degree of occupancy of the antigen by antibody. Randomly distributed
antigens (open circles) were compared to clustered antigens (closed circles). Note that %E is
always higher for the clustered situation regardless of % occupancy. (E) Simulation of FRET as
a function of the proportion of antibodies that carry donor dyes. Note that the best discrimination
between random (open circles) and clustered (closed circles) antigens is seen at donor antibody
values below 20%. In (D) and (E), the mean ± SD of ten simulations is plotted for each condition.
When not being specifically varied, antibodies contained four dyes each, 20% of antibodies were
donors, antigen occupancy was 100%, and antigen density was 2000 copies per µm2.
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Figure 17.9.6 Simulations of FRET for multiprotein complexes undergoing a conformational
change. (A) Scale diagram of a complex of 90- versus 100-

◦
A diameter. The modeled complex is

of three antigens around a circle of the indicated diameter. (B) Clusters of three antigens in circles
of diameters ranging from 9 to 11-nm were randomly distributed in 0.25 µm2 areas, and the FRET
between the bound antibodies calculated by Monte Carlo simulations as in Figure 17.9.5. Each set
of 20 measurements was statistically significant from an adjacent set. These findings illustrate that
with sufficient sampling even modest changes (in the subnanometer range) to the configuration of
a complex can be detected using FRET.

The putative assembled versus disassem-
bled states of a protein complex represent
the extremes of configurations, thereby mak-
ing them easily distinguishable by antibody-
mediated FRET. Because the active versus
inactive configurations of the complex may
instead represent a more subtle change in ar-
rangement of its components, the authors used
the simulations to ask whether such small
changes could also be distinguished. As seen
in Figure 17.9.4, even such small changes
can be distinguished given sufficient sam-
pling. Under these conditions, twenty areas
of 0.25 µm2, each containing assemblies at
a density of ∼667 per µm2 (Fig. 17.9.6),
was sufficient to distinguish a 0.4-nm dif-
ference. This modest sampling size (e.g., a
total of ∼5 µm2) represents the lower limit
for distinguishing such small changes us-
ing idealized conditions. Thus, changes to a

multiprotein structure, whether it is simple
or complex, are likely to be detectable with
antibody-mediated FRET. While different ge-
ometries of a protein complex can produce
different absolute FRET values compared to
an idealized complex, changes within the con-
fines of a different structure are still detectable
with antibody-mediated FRET (Snapp et al.,
2004). These simulations were in fact very
useful in concluding that antibody-mediated
FRET is a feasible method to monitor both
gross and subtle changes in complex structure
in cells.

The details of the simulation model system
benefit from data on the size, structure, and
abundance of the complex to be studied. Pa-
rameters to test include: simulated FRET be-
tween fluorophores with varying parameters
such density of antigens (Fig. 17.9.5C),
percent occupancy of antigens by antibodies
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(Fig. 17.9.5D), relative ratios of donor to ac-
ceptor antibodies (Fig. 17.9.5E), proximities
of protein subunits, and configuration of anti-
gens (e.g., randomly distributed versus assem-
bled into clusters of defined size). It is beyond
the scope of this unit to provide a detailed
guide for model design and simulation. For
more background on designing molecular sim-
ulations, the investigator is referred to Frenkel
and Smit (2001). Examples of simulation de-
sign are described in the supplemental data
sections for Snapp et al. (2004) and Sharma
et al. (2004) and the appendix in Kenworthy
and Edidin (1998).

RECIPROCAL FRET
When a protein complex contains more

than two different proteins, determining the
relative stoichiometries of the protein subunits
can be valuable. The choice of acceptor and
donor will significantly affect the FRET val-
ues if one protein is present at lower levels of
expression (Fig. 17.9.7). The inherently asym-
metric relationship between donor and accep-
tor molecules during acceptor-photobleaching
FRET measurements makes it possible to as-

sess whether protein subunits are present at
comparable stoichiometries. While acceptors
adjacent to a donor are essential for FRET to
occur, the presence or absence of additional
acceptor molecules that are unaccompanied by
an adjacent donor does not change the overall
FRET efficiency. In contrast, the presence of
donor molecules that are unaccompanied by
an adjacent acceptor causes an overall reduc-
tion of FRET efficiency. This is because the
excess donors increase the overall donor fluo-
rescence intensity without changing the abso-
lute amount of energy that is transferred to the
acceptor, thereby resulting in a net decrease
in the percent of total energy transferred. That
is, excess acceptors are effectively invisible
and do not affect FRET values, while excess
donors decrease FRET values.

A schematic illustration of this principle
is shown in Figure 17.9.7. In panel 17.9.4A,
all copies of two interacting components (rep-
resented by squares and circles) are paired
with each other, with neither containing ex-
cess copies. The FRET efficiency in this sce-
nario should be equivalent regardless of which
component serves as the donor or acceptor. In

Figure 17.9.7 FRET-based analysis of multiprotein complex component interactions and stoi-
chiometry. (A and B) Cartoon of reciprocal FRET measurements between a hypothetical inter-
acting pair of molecules (squares and circles) at different stoichiometries. The two fields in each
panel represent situations in which each shape is labeled as donor (open) or acceptor (gray).
The histograms to the right represent relative FRET efficiencies for each situation. Equal numbers
of paired squares and circles (A) yields equivalent FRET values regardless of which protein is
the donor or acceptor. In contrast, a substoichiometric number of circles, with excess unpaired
squares, results in a discordance in FRET between the reciprocal measurements (B). These find-
ings illustrate that by changing the labeling scheme systematically it is theoretically possible to
gain insight into the relative stoichiometry between two interacting proteins.
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Figure 17.9.7B, however, one of two interact-
ing components is present in excess (i.e., the
squares). In this case, the FRET efficiency will
be substantially lower if the squares serve as
the donor than if the circles serve as the donor.
Thus, a greater than 2-fold discordance in the
FRET efficiencies upon switching the donor
and acceptor molecules can be used to in-
fer that at least some copies of one of the
components exists in the absence of the other
component. Reciprocal FRET will not nec-
essarily reveal the precise stoichiometry, as
the FRET relationships are not inherently lin-
ear. Nonetheless, the method should enable
the investigator to distinguish between pro-
teins present as single or multiple copies in
a complex, and whether this changes in re-
sponse to some treatment or manipulation. In
general, it is not appropriate to perform recip-
rocal FRET when one of the proteins is labeled
with a fluorescent fusion protein. Expressing a
fluorescent fusion protein may significantly in-
crease the levels of the protein of interest and
result in protein that isn’t incorporated into
complexes or overexpression-related changes
in cell behavior (UNIT 21.4).

To perform reciprocal FRET, use the
optimized acceptor-photobleaching protocol
established in the acceptor-photobleaching
FRET strategy with the following modifica-
tions:

1. When using antibodies to label donor and
acceptor proteins, the experimental protocol is
reversed, though the labeling protocol for the
antibodies needs to be optimized. Determine
labeling conditions (see Empirically Deter-
mine Antibody Labeling Conditions). Specif-
ically, identify appropriate antibody labeling
ratios for each antibody, maintain a ratio of
∼1:4 to 1:8 donor/acceptor antibodies, and
optimize amounts of antibodies to achieve
maximal labeling intensity without causing
nonspecific labeling or a decrease in FRET
due to excess donor. In addition, confirm that
order of addition of antibodies does not affect
labeling efficiency and that FRET values are
independent of donor intensities.

2. Using a fluorescent microscope, per-
form acceptor-photobleaching FRET for each
combination of donor and acceptor, and then
switch the labeling of each protein to make
the initial donor now the acceptor and the
initial acceptor now the donor. If one pro-
tein is present at significantly lower concentra-
tion than the other or if one protein is always
bound to a partner while the other protein is
only sometimes bound, a significant difference
in FRET under the two conditions will be

observed. Because the absolute FRET effi-
ciencies can vary somewhat depending on the
number of dyes per antibody and labeling con-
ditions, it is suggested that only discordance
differences more than 2-fold be considered
meaningful.

AUTOMATED IMAGE ANALYSIS
To process multiple data sets, automation

of FRET analysis can be readily performed
and one such scheme and macro are de-
scribed. The authors have created an acceptor-
photobleaching FRET analysis macro for
NIH Image 1.62 (freely available from the
authors by sending an e-mail request to
esnapp@aecom.yu.edu). The macro quanti-
tates FRET within the photobleached area and
generates an energy transfer map. Briefly, the
macro performs the following operations in
sequence: (1) The pre-bleach and post-bleach
images are registered to optimal alignment.
(2) The area of photobleaching is identified.
(3) The percent change in donor intensity (af-
ter background subtraction) is calculated in
each 8 × 8–pixel region (0.56 × 0.56 µm)
of the image and drawn as a pseudocolored
map. (4) The average change within the en-
tire photobleached and non-bleached regions
is calculated. The user is free to either write
her own or modify the authors’ macro as nec-
essary for specific applications. To use the
macro, the user must perform the following
steps:

1. Name image files as 101000.tif,
101001.tif, 102000.tif, 102001.tif. for consec-
utive files. Note that the nomenclature is as
follows: the first digit is the sample number (or
the chamber number to indicate which cham-
ber of an 8-well chambered coverslip is being
used); the next two digits are the trial number
within this sample; and the last three digits are
necessarily “000” to indicate a pre-bleach im-
age and “001” to indicate a post-bleach image.
Each image must be an 8-bit 512 × 512–pixel
RGB file in which the red channel contains
the acceptor image and the green channel con-
tains the donor image. The photobleached re-
gion must be a 75 × 75–pixel region; the por-
tion of the image that contains the bleach box
does not matter (the macro automatically finds
this).

2. Place all images in a single folder. Within
that folder, the user must create a new folder
entitled “processed images.”

3. Load the macro into NIH image and run.
Before the macro starts, the user is asked a
series of questions as follows. The user will
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be asked how many chambers. This is usually
between 1 and 8. The user is then asked how
many experiments are in a chamber (e.g., how
many trials for each sample). Enter the num-
ber of experiments from 1 to 99. The user is
next asked for a threshold (background value).
The default is 10, but the user can decrease or
increase this value as necessary based on the
imaging conditions used. The user is asked
the size of the sampling square. The de-
fault value is 8. This means that the FRET
calculations are performed on each 8 × 8–
pixel square within the image and the average
FRET value within this area is plotted in the

map. The averaging helps reduce image noise.
It also affects the speed of the program. A
smaller sampling square will slow the analy-
sis because more pixels must be individually
calculated.

4. When the user is asked to open the first
image of the set, select OK. Then NIH image
will open a browsing window to find the folder
containing the images. Open this folder, select
the first image, and select Open. This points
the program to the place where the data set of
interest is stored. The program will now run
until all of the images in this folder have been
processed.

Figure 17.9.8 Output from the macro developed by the authors to assist in data interpretation
(see Automated Image Analysis section). In this experiment, two proteins known to interact were
labeled with Cy3-labeled donor and Cy5-labeled acceptor antibodies. Shown are the images
from a typical FRET measurement. (A) Image of the donor fluorescence prior to photobleaching
of the acceptor. (B) Image of the donor fluorescence immediately after photobleaching of the
acceptor fluorescence in a small square near the center of the image (see panel D). Note that
the donor fluorescence has selectively increased in intensity in this region. (C) Quantitation of the
change in donor fluorescence between pre-bleach and post-bleach images (i.e., the %E map). The
darker gray region near the center of the image indicates an area of significantly increased donor
fluorescence relative to the remainder of the image, and reflects a positive FRET signal. (D) Image
of the acceptor fluorescence after photobleaching a square region near the center of the image.
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Table 17.9.1 Troubleshooting Guide for Acceptor-photobleaching FRET

Problem Possible cause Solution

FRET efficiency low, even for
positive control

Acceptor fluorophore photobleached
before performing FRET measurement

Do not image labeled cells with a
fluorescent lamp, which will cause
significant photobleaching; instead use
low intensity laser power, using the donor
fluorescence to find cells and focus them.
Keep imaging time to a minimum before
making the FRET measurement. Any loss
of acceptor fluorescence will reduce the
difference between the quenched and
unquenched donor fluorophore.

Acceptor fluorophore incompletely
photobleached

Be sure to identify photobleaching
conditions to reduce fluorescence of the
acceptor to background levels; otherwise,
the donor will not be completely
dequenched.

High and low FRET observed
along edges of fluorescent
structures

Pre- and post-bleach images not
registered, causing a slight shift of
positions of areas with low fluorescence
in a pre-bleach image to areas with
significant fluorescence and resulting in
an apparent increase in the donor channel

Align pre- and post-bleach images in an
image manipulation program (e.g.,
Photoshop, ImageJ or NIH Image; then
perform FRET analysis with the modified
images. Note that the authors’ macro
includes a registration step.

FRET detected when using
fluorescent fusion proteins as
negative controls (if the proteins
used authentically do not
interact)

Fused fluorescent proteins dimerizing
(may occur at high concentrations; see
Zacharias et al., 2002 and Snapp et al.,
2003)

Be sure to make fluorescent fusion
proteins with fluorescent proteins that
contain monomerizing mutations.

FRET observed between negative
control proteins in a fluorescence
intensity-dependent manner

FRET due to density-dependent
clustering of proteins most likely caused
by (1) nonspecificity of an antibody or
(2) labeled proteins present at such high
concentrations that their proximities are
sufficiently close for FRET to occur

Confirm specificity by preincubating
antibody with peptide that antibody was
raised against; restrict analysis to regions
of cells in which FRET occurs in an
intensity independent manner (problem
may be unavoidable in cases where the
protein is concentrated within an
organelle); use smaller fluorescent probes
instead of antibodies; or consider other
FRET methods including FLIM and
fluorescence anisotropy (see
supplementary data and appendix in
Kenworthy and Edidin, 1998 and Sharma
et al., 2004).

At the end of the program, the processed
data file will include data images and a quan-
titation text file. The data images will contain
the pre- and post-bleach donor images, an en-
ergy map, and the post-bleach acceptor image,
in that order (Fig. 17.9.8).

The quantitation file can be opened in a
spreadsheet such as Microsoft Excel. The first
column is the chamber number, the second
column is the experiment number, the third
column is the background subtracted post-

bleach intensity of the donor, and the fourth
column is the background-subtracted pre-
bleach donor intensity for the bleach region
of interest. The final column is the calculated
percent energy transfer.

CONCLUSION
The strategies described in this unit and

UNIT 17.1 should permit the investigator to
design, carry out, and interpret an acceptor-
photobleaching FRET experiment to study
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protein interactions in cells. The investigator
can use the same methodology to gain insight
into comparative stoichiometry of pro-
teins in a complex. Finally, the modeling
methods described allow the investigator to
simulate potential results to optimize the ex-
perimental setup and interpretation. Table
17.9.1 discusses methods to troubleshoot
acceptor-photobleaching FRET.
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