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ABSTRACT Fluorescence resonance energy transfer (FRET) allows the user to investigate
interactions between fluorescent partners. One crucial issue when calculating sensitized emission
FRET is the correction for spectral bleed-throughs (SBTs), which requires to calculate the ratios
between the intensities in the FRET and in the donor or acceptor settings, when only the donor or
acceptor are present. Theoretically, SBT ratios should be constant. However, experimentally, these
ratios can vary as a function of fluorophore intensity, and assuming constant values may hinder
precise FRET calculation. One possible cause for such a variation is the use of a microscope set-up
with different photomultipliers for the donor and FRET channels, a set-up allowing higher speed
acquisitions on very dynamic fluorescent molecules in living cells. Herein, we show that the bias
introduced by the differential response of the two PMTs can be circumvented by a simple modeling
of the SBT ratios as a function of fluorophore intensity. Another important issue when performing
FRET is the localization of FRET within the cell or a population of cells. We hence developed a
freely available ImageJ plug-in, called PixFRET, that allows a simple and rapid determination of
SBT parameters and the display of normalized FRET images. The usefulness of this modeling and
of the plug-in are exemplified by the study of FRET in a system where two interacting nuclear
receptors labeled with ECFP and EYFP are coexpressed in living cells. Microsc. Res. Tech. 68:51–
58, 2005. VVC 2005 Wiley-Liss, Inc.

INTRODUCTION

Fluorescence resonance energy transfer (FRET) is a
technique used to investigate interactions between
fluorescent partners as it allows one to go beyond the
resolution of light microscopy by providing valuable
information on distances between tagged molecules.
Indeed, since the energy transfer efficiency is inversely
proportional to the power 6 of the distance between the
donor and the acceptor, interactions are generally
detected if the distance between fluorophores does not
exceed 5–10 nm, a proximity only allowed by a direct
interaction of the two partners (Sekar and Periasamy,
2003). With the introduction of autofluorescent pro-
teins that can be coupled to a protein of interest to
produce a fluorescent chimera (Wouters et al., 2001),
FRET has gained great importance among cell biolo-
gists as it allows them to directly study protein–protein
interactions in the physiological context of a living cell.

A plethora of methods exist to evaluate FRET,
depending on the protocol used (sensitized emission,
acceptor photobleaching, fluorescence lifetime) and the
precision that is pursued (see Berney and Danuser
(2003) and Jares-Erijman and Jovin (2003) for re-
views). Two important parameters in sensitized emis-
sion FRET calculation are (i) the evaluation of spectral
bleed-throughs (SBTs), i.e., the amount of light detect-
ed in the FRET channel that is not due to energy trans-
fer and (ii) the normalization for differences in donor

and acceptor expression levels (Gordon et al., 1998; Xia
and Liu, 2001). The main causes of SBT are the emis-
sion of the donor in the acceptor channel and the exci-
tation of the acceptor using the donor excitation wave-
length. As a first approximation, a constant value is
often assigned to the donor and acceptor SBT ratios,
which then correspond to the average ratios between
the intensities in the FRET and in the donor or
acceptor channels, when only the donor or acceptor are
present. However, we and others have observed that
SBT ratios can vary importantly with fluorophore
intensity (Chen et al., 2005; Elangovan et al., 2003).
To circumvent the problem of generating inaccurate
FRET data by using constant SBT ratios, Elangovan
et al. (2003) have developed an elegant algorithm
termed pFRET that defines classes of fluorophore
intensities to which specific SBT values are attributed.
We analyzed here the causes of SBT ratio variations on
two different confocal microscopes and demonstrate
that these are due to the use of several PMTs for the
detection in the donor and the FRET channels. We

*Correspondence to: L. Gelman, Center for Integrative Genomics, Université
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thereafter show that a simple modeling to estimate
these SBT ratios as a function of intensity greatly
improves the accuracy of FRET calculation.

Another important interest for biologists when ana-
lyzing FRET in living cells concerns the location of the
interaction studied within the cell or the cell popula-
tion. We report here the development of an ImageJ
plug-in, called ‘‘PixFRET,’’ which allows one to calcu-
late and display FRET directly on images by perform-
ing a pixel-by-pixel analysis of images and assisting in
the determination of SBTs.

The usefulness of the modeling of SBT ratios and of
the pixFRET plug-in is exemplified using the enhanced
cyan and yellow fluorescent proteins (ECFP and
EYFP), the FRET pair which is today the most widely
used by biologists to study interactions of proteins in
living cells, fused to each partner of a well-established
heterodimer: the peroxisome proliferator-activated
receptor (PPAR) and the retinoid X receptor (RXR)
(Feige et al., 2005).

MATERIALS AND METHODS
Plasmid Constructs and Reagents

cDNAs encoding mouse PPARa as well as RXRa were
subcloned after PCR amplification into the pEYFP-N1
and pECFP-N1 plasmids (BD Biosciences Clontech,
Switzerland) as described previously (Feige et al., 2005).
The ECFP–DEVD–EYFP construct and GI262570-FITC
were kind gifts of Dr. J.M. Tavaré (Rehm et al., 2002)
and Dr. Peterson (DeGrazia et al., 2003), respectively.

Cell Culture and Transient Transfection Assays

Cos-7 cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf
serum (Gibco/Invitrogen, Switzerland). Penicillin and
streptomycin (Gibco) were added to the media at 100
units/ml and 100 lg/ml, respectively.

Transient transfection assays were performed using
Lipofectamine 2000 (Invitrogen, Switzerland). Cells
were plated in 4-well LabTek chambered coverglasses
(Nunc) for microscopy studies.

Confocal Imaging

Live cells grown on LabTek chambered coverglasses
were washed once with phenol red free Optimem
medium (Gibco) and observed in the same medium.
Observations were performed at 378C on a TCS SP2
AOBS confocal microscope (Leica, Germany) equipped
with four photomultipliers (PMTs) and with a whole-
microscope incubator (Life Imaging Service, Switzer-
land). Additional experiments were performed on an
LSM510 Meta confocal microscope, using the Meta
array of PMTs (Zeiss, Germany), and on an Olympus
IX70 wide-field microscope equipped with a Poly-
chrome II monochromator (Photonics, USA) set at
420 nm, a Zeiss 488027 filter set (Ex BP 410/16 þ 489/
22 – Em BP 456/17 þ 535/44) or an Olympus YFP filter
set (BP535/30) and an Imago charge-coupled device
(CCD) camera (Photonics, USA). Acquisitions were per-
formed with a 63X/NA 1.2 water or a 63X/NA 1.4 oil
immersion objective. Quantification of images was per-
formed using either the Leica Confocal Software (LCS)
version 2.4 or ImageJ version 1.33.

For FRET experiments, transfections were per-
formed as described above and expression levels of
donor and acceptor proteins were adjusted to similar
levels by Western blot. Unless otherwise stated, the
three different settings used for the analysis of FRET
with the CFP/YFP pair were (i) FRET: Ex 405 nm/Em
525–545 nm, (ii) CFP: Ex 405 nm/Em 465–485 nm, (iii)
YFP: Ex 514 nm/Em 525–545 nm. Laser power and
detector gain were adjusted in the different channels
in order to observe equimolar concentrations of CFP
and YFP at equal intensities (equimolar concentrations
of CFP and YFP were obtained by expressing a refer-
ence fusion protein of CFP and YFP spaced by 475 resi-
dues). The analysis of FRET with the FITC/Cy3 pair
was performed with the following settings: (i) FRET:
Ex 488 nm/Em 565–585 nm, (ii) FITC: Ex 488 nm/Em
510–530 nm, (iii) Cy3: Ex 514 nm/Em 565–585 nm. Set-
tings were kept unchanged for analysis of all samples.
Unless otherwise stated, donor emission was detected
on the photomultiplier 1 (PMT1) and acceptor and
FRET emissions were recorded on PMT2. Donor and
acceptor SBTs in the FRET setting were determined on
cells expressing the donor or the acceptor alone by
calculating the intensity (I) ratios in the appropriate
settings (IFRET/IDonor and IFRET/IAcceptor, respectively).
Linear and exponential fits were performed using
Microsoft Excel and FindGraph, respectively. FRET
measured in coexpressing cells was then corrected for
SBTs and normalized (NFRET) for expression levels
according to the following formula (Xia and Liu, 2001):

NFRET¼
IFRET# IDonor 3 BTDonor# IAcceptor 3 BTAcceptorffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

IDonor 3 IAcceptor
p

Program for the Plug-in

The program PixFRET presented in this paper is a
plug-in of the public-domain software ImageJ. ImageJ
is a general-purpose image-processing program; it is
the Java offspring of the NIH Image software. As a
result, it can run on any platform with a Java Virtual
Machine (Macintosh, Windows, Unix, etc.). The appli-
cation and its source are available at http://rsb.
info.nih.gov/ij/. PixFRET is freely available at http://
www.unil.ch/cig/page16989.html.

RESULTS
SBT Ratios Can Vary as a Function

of Fluorophore Intensity

To study FRET in living cells, we chose two nuclear
receptors previously shown to form heterodimers in
vitro and in vivo, PPAR and RXR that were, respec-
tively, fused to ECFP (donor) and EYFP (acceptor)
(Feige et al., 2005).

An important parameter in FRET experiments is the
amount of SBT between channels. To estimate SBTs,
average fluorescence intensities in cells expressing
only the donor (or the acceptor) were quantified, both
in the FRET and in the donor (or acceptor) channels.
The ratios between the fluorescence intensities in each
channel were calculated after background subtraction.
In cells expressing PPAR-CFP alone, the donor SBT
ratio, defined as the ratio between the amount of light
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emitted by the donor in the FRET channel (FCFP) and
in the donor channel (CFPCFP), was not constant and
increased with CFP intensity (Fig. 1A). To understand
the causes of such an increase, we tested several possi-
ble factors. Photobleaching or photoconversion of the
fluorophores was not involved as no modification of the
relationship between the CFP SBT ratio and CFP
intensity was observed after 60 scans of the specimen
or after scanning with full laser power (data not
shown). We then tested whether this phenomenon was
dependent on the type of fluorophore used by testing
the SBT of FITC. Living cells were incubated with the
PPAR ligand GI262570 coupled to FITC, which accu-
mulates in cellular membranes and in nuclei. Interest-
ingly, when GI262570-FITC was used as a FRET donor
with Cy3, the donor SBT ratio also varied with FITC
intensity (Fig. 1B).

To determine if the fluctuations of SBTs were due to
our instrumentation (Leica TCS SP2 AOBS), we per-
formed the same experiment with different micro-
scopes. When PPAR-CFP SBT was analyzed on a Zeiss
LSM510 Meta confocal microscope, using the Meta
array of PMTs, a very similar increase was observed
when the SBT ratio was plotted as a function of fluoro-
phore intensity. However, this donor SBT ratio was
constant on a wide-field microscope using a CCD cam-
era (data not shown). It therefore appeared that the
dependency of the SBT ratio on fluorophore intensity
was restricted to confocal microscopes. To further iden-
tify the possible causes leading to this variation, we
tested the impact of laser power and PMT gain on SBT
ratio variations. Variations of CFP SBT ratios were still
observed when the laser was tuned from 15% to 75% of
its maximum power (data not shown). We then ana-
lyzed SBT ratios with four different settings where the
gains of the PMTs used for the detection in the donor
and FRET channels were set to different voltages.
Laser power was adjusted to allow the analysis of the
same batch of cells with each setting (Fig. 2A). Inter-
estingly, although the CFP SBT ratio was independent

of CFP intensity at low PMT gains (500 V donor/530V
FRET), this ratio increased with CFP intensity at
higher gains. Similar results were obtained when only
the donor or the FRET gain were changed, or when
both gains were changed and laser power was kept con-
stant (data not shown).

These results suggested that problems in PMT line-
arity could account for the observed dependency of
SBT ratios on fluorophore intensity. While it is more
convenient to use two different PMTs for the detection
in the donor and FRET channels, we investigated
whether the phenomenon could also be observed with
one PMT only. When the same PMT was used for both
the donor and FRET channels, the SBT ratio was con-

Fig. 1. The donor bleed-through ratio increases with donor inten-
sity. A: Cos-7 cells were transfected with an expression vector for
PPARa-ECFP. Fluorescence intensity in the ECFP (Exc. 405 nm/Em.
465–485 nm, PMT1) and FRET (Exc. 405 nm/Em. 525–545 nm,
PMT2) settings was measured on at least 300 cells. The SBT ratio is
the ratio between the average FRET and ECFP intensities measured
in individual cells. FCFP and CFPCFP are the intensities measured in
the FRET and CFP settings, respectively, when only CFP is present.
B: Living Cos-7 cells were incubated with GI262570-FITC. Fluores-
cence intensity in the FITC (Exc. 488 nm/Em. 510–530 nm, PMT1)
and FRET (Exc. 488 nm/Em. 565–585 nm, PMT2) settings was meas-
ured on at least 100 cells. The SBT ratio is the ratio between the aver-
age FRET and FITC intensities measured in individual cells.

Fig. 2. Influence of PMT gain on the relationship between ECFP
SBT ratio and ECFP intensity. Cos-7 cells were transfected with an
expression vector for PPARa-ECFP. Fluorescence intensity in the
ECFP and FRET settings was measured on at least 100 cells per con-
dition. The percentage of SBT is the ratio between the average FRET
and ECFP intensities measured in individual cells. A: The gain and
laser power were set as indicated using PMT1 and PMT2 for ECFP
(465–485 nm) and FRET (525–545 nm) detection, respectively. B: The
gain and laser power were set as indicated using PMT2 both for ECFP
and FRET detection.
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stant, irrespective of the gain applied to the PMT
(Fig. 2B). This result suggests that the variations ob-
served with the set-up with two PMTs, or with the array
of PMTs, reflect a differential response of the PMTs.

Improving FRET Calculation by Modeling SBT
Ratios as a Function of Fluorophore Intensity

To circumvent the problem of SBT variation, using a
unique PMT both for the detection of the donor and of
the acceptor seems therefore to be the best solution.
However, this imposes to acquire the three channels
sequentially because of mechanical movement of the
PMT, a time-consuming process that is not compatible
with the FRET analysis of rapidly diffusing complexes.

Elangovan et al. (2003) have already reported the
variation of SBT ratios as a function of fluorophore
intensity and proposed an elegant but only commer-
cially available algorithm to tackle this problem. Alter-
nately, we propose an easily applicable method that
consists in modeling SBT ratios as a function of fluoro-
phore intensity. For the problem reported herein, the
CFP SBT ratio can be fitted as a function of CFP inten-
sity either with a linear or an exponential model
(Fig. 3). These models are then used to estimate the
SBT ratio corresponding to each donor intensity and
can be implemented in the NFRET formula described
by Xia and Liu (2001) as follows:

where F, CFP, and YFP are the intensities measured
with the FRET, CFP, and YFP settings (correspond to
F, D, and A in the nomenclature proposed by Gordon
et al. (1998)), a and b are the average donor and
acceptor SBT ratios, and c, d, e, f, and g are the con-
stants determined by the fitting of the SBT ratio,
according to Figure 3.

To validate this approach, the three FRET calcula-
tion methods have then been compared with the same
set of data (Fig. 4). Cells were transfected with expres-
sion vectors for ECFP and EYFP (negative control),
ECFP fused to EYFP (positive control), or PPAR-ECFP
and RXR-EYFP. The three formulas give similar results
for both the positive and negative FRET controls as,
under these experimental conditions, variations between
cells are small and all fluorescence intensities are close to
the average of the population used to calculate SBT ratios
(Fig. 4A). The linNFRET values are slightly higher
because of the underestimation of the ECFP SBT for both
low and high ECFP intensities (see Fig. 3A). The most
dramatic effect is seen when NFRET is calculated for the
interaction between the two nuclear receptors. Indeed,
the more accurate linNFRET and expNFRET calcula-
tions significantly reduce standard deviation, with a
more pronounced effect for expNFRET. To better charac-
terize the reduction of the variability of the measure-
ments when modeling SBT ratios, we plotted the differ-
ence between expNFRET or linNFRET and NFRET as a
function of fluorophore intensity (Fig. 4B). In both cases,
the highest variation was observed for extreme ECFP
values for which using an average SBT ratio leads to a
great under- or overestimation of the correction factor
(Figs. 4B and 4C). The results obtained with linNFRET
and expNFRET are hence not only more precise, but also
improve the statistical properties of the data, allowing
the user to compare more accurately mild changes. We
also tried to fit the donor SBTwith a second order polyno-
mial model rather than an exponential growth, but this
model greatly overestimates SBT values when donor
intensities are very low or very high (data not shown).

Pixel-by-Pixel FRETAnalysis and Visualization

Cells are highly organized and protein distribution
as well as interactions are often limited to specific com-
partments. It is hence crucial for biologists to be able to
map interactions with precision within a cell or a popu-
lation of cells to better understand the spatial organi-
zation of cellular activities. We therefore developed an
ImageJ plug-in called ‘‘PixFRET’’ that allows one to
generate normalized FRET images, by computing pixel

NFRET ¼ FCFPþYFP # CFPCFPþYFP 3 a# YFPCFPþYFP 3 bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CFPCFPþYFP 3 YFPCFPþYFP

p ð1Þ

linNFRET ¼ FCFPþYFP # CFPCFPþYFP 3 ðcCFP 3 CFPCFPþYFP þ dCFPÞ # YFPCFPþYFP 3 bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CFPCFPþYFP 3 YFPCFPþYFP

p ð2Þ

expNFRET ¼ FCFPþYFP # CFPCFPþYFP 3 ðeCFP 3 expðCFPCFPþYFP 3 fCFPÞ þ gCFPÞ # YFPCFPþYFP 3 bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CFPCFPþYFP 3 YFPCFPþYFP

p ð3Þ

Fig. 3. The ECFP SBT ratio can be fitted as a function of ECFP
intensity. The data from Figure 1 were fitted with a linear (A) or an
exponential (B) model.
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by pixel the images of a sample acquired in a three-
channel setting. The plug-in allows one to either enter
manually SBT parameters for the donor and the
acceptor, or determine these values online using stacks
of FRET and donor or acceptor images. PixFRET is
freely available on our website (http://www.unil.ch/cig/
page16989.html) together with a detailed user’s guide.

The PixFRET plug-in requires different stacks of
images: (i) for FRET analysis, a stack of three images
taken in the FRET, Donor, and Acceptor settings, (ii)
for Donor SBT determination, a stack of two images of
cells expressing the Donor only and taken in the FRET
and Donor settings, (iii) for Acceptor SBT deter-
mination, a stack of two images of cells expressing
the Acceptor only and taken in the FRET and Acceptor
settings.

When launching PixFRET, an interface appears
where all parameters for FRET calculation and dis-

play can be set (Fig. 5). The ‘‘Donor SBT’’ or
‘‘Acceptor SBT’’ tabs allow one to evaluate SBT
parameters (Fig. 5A). The user is first invited to
draw a region outside cells to determine the back-
ground in each image of the stack. Then, one or sev-
eral regions of interest on the cells have to be drawn
to allow PixFRET to plot SBT ratios as a function of
fluorophore intensity. PixFRET then calculates the
mean SBT, or the parameters corresponding to the
linear or exponential fit of the data. The user can
drag a sliding window on the plot to define on which
set of points the calculation is to be performed and
may then rescale the graph to the selected area by
clicking the ‘‘Zoom’’ button. It is also noteworthy that
all parameters, including background (BG) values,
can be directly entered manually by the user. Next,
the stack with cells expressing both the donor and
the acceptor should be opened and background
should be determined in the FRET tab (Fig. 5B) by
drawing a region outside cells. Backgrounds may also
be modified manually to adjust the threshold above
which NFRET is calculated. Indeed, the software
operates NFRET calculation only when (i) the local
mean pixel value, which is calculated by averaging
the values of the pixel of interest and that of its eight
surrounding neighbors, is above the mean back-
ground of the image in all three images, and (ii)
when the product of the mean pixel values for donor
and acceptor is above the product of the backgrounds
in the donor and acceptor images. These conditions
were introduced to discard points in the background
that preclude the visualization of FRET within the
cell by generating aberrantly high FRET values
because of normalization. All background values may
also be changed by a common multiplication factor
which can be specified in the ‘‘Threshold Correction
Factor’’ field. The program also offers the option to
filter the images with a Gaussian blur, the standard
deviation of the blur allowing the user to tune the
smoothing effect. Blurring notably reduces the noise
and improves the resulting image by preventing
aberrant FRET values in the background. Finally,
the normalization method has to be selected. Indeed,
the FRET values for each pixel can be divided by the
value in the same pixel of the donor intensity, the
acceptor intensity, the product of donor and acceptor
intensities, or the square root of the product of donor
and acceptor intensities. Clicking on the ‘‘Compute
FRET’’ button will generate the normalized FRET
images, but also will log all parameters to a text
file which will be reloaded when the plug-in is
relaunched.

FRET and NFRET are calculated only if pixel val-
ues in each image are above a given threshold. Oth-
erwise the value is set to zero in the computed image
and the pixel is displayed in blue in order to better
visualize all the FRET values of the image (Fig. 6B).
Indeed, even if within a cell the average FRET value
is positive, some pixels may have negative values,
especially when the FRET efficiency is low. Since the
output image is displayed with a 256 grayscale look-
up table, the background, which corresponds to a
value of zero, may appear in gray (and not black as
intuitively expected) if negative pixels are present in
the image, thereby precluding a good visual examina-

Fig. 4. linNFRET and expNFRET reduce NFRET variability. Cos-
7 cells were transfected with expression vectors for ECFP and EYFP,
ECFP fused to EYFP, or PPARa-ECFP and RXRa-EYFP. Fluorescence
intensity in the ECFP, EYFP, and FRET settings was measured on at
least 50 cells. A: FRETwas calculated according to the three formulas
described in the text. B: The difference between linNFRET or
expNFRET and NFRET calculated for the PPAR/RXR pair was plotted
as a function of ECFP intensity. C: The percentage error between
NFRET and linNFRET or expNFRET calculated for the PPAR/RXR
pair was plotted as a function of ECFP intensity.
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tion of the generated FRET image. The background
pixels are hence automatically colorized in blue using
a look-up table designed for this purpose.

Test of the PixFRET Plug-in

To validate the tools described above, we performed a
pixel-by-pixel analysis of FRET by computing an image
of two cells expressing different amounts of PPAR-
ECFP and RXR-EYFP (Fig. 6) and compared the
impact of using constant or fitted SBT ratios on FRET
display. Since these cells express the same ECFP and
EYFP fusion proteins, both of them should exhibit sim-
ilar normalized FRET values. When constant SBT
ratios are used, FRET efficiency appears higher in cell
2 than cell 1 (Figs. 6B and 6C, left panels), whereas the
use of the expNFRET formula generated an image
where the two cells display similar intensities (Figs. 6B
and 6C, right panels). This visual appreciation of the
advantage of using expNFRET was confirmed when
the distributions of pixel intensities within each cell
were plotted as histograms and average FRET values
calculated (Fig. 6D). When constant SBT ratios were
used, the average normalized FRET value in cell 1 was
4.9, versus 13.8 in cell 2, whereas the use of expNFRET
generated closer mean values (9.6 for cell 1 versus 7.4
for cell 2). Indeed, when using an average SBT ratio for
normalized FRET calculation (see formula (1)), most
donor SBT values are underestimated in cell 2, where
CFP levels are high, and overestimated in cell 1 where
CFP levels are low. This is why overall and consistent
with what was observed at the cell population level in
Figure 4, the use of the exponential fit allows a better
normalization of the data by reducing the variability of

FRET signals generated from different ranges of fluo-
rophore intensity.

DISCUSSION

FRET is a technique whose use is rapidly expand-
ing among cell biologists as it provides very valuable
information about physical interactions between mol-
ecules within cells. Numerous procedures exist and
have been used to determine FRET in living cells,
each of them having advantages and drawbacks (Ber-
ney and Danuser, 2003), and we are still in a phase
where the robustness of the methods has to be
improved (van Rheenen et al., 2004). One important
issue that has received only limited attention so far
is the variation of SBT ratios as a function of fluoro-
phore intensity when performing sensitized emission
FRET. Using the most widely used fluorophore pair
in cell biology, i.e. ECFP and EYFP, we show that
under some common technical circumstances, these
ratios are not constant and can vary with fluorophore
concentration. In cases where the variations of fluoro-
phore concentrations are small, assuming constant
SBT ratios may be sufficient to get data of satisfac-
tory accuracy. However, when these SBT ratios vary
importantly and thereby clearly bias FRET calcula-
tion, and when only small variations in FRET effi-
ciency are expected between cells or samples, solu-
tions to tackle this problem are required.

Variations in SBT ratios as a function of fluoro-
phore intensity could be assigned here to a differen-
tial response of the PMTs used for detection in the
Donor and FRET channels. Although using a unique
PMT both for the detection of the donor and of the

Fig. 5. pixFRET plug-in interfaces. A: SBT determination interface. B: FRET interface. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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acceptor could circumvent this problem, the required
mechanical movement of the PMT (or of the filter
cube wheel in other set-ups) implies that the images
in the FRET, the donor, and the acceptor channels
are acquired sequentially. While this approach is
well applicable to fixed samples or to slowly diffus-
ing or immobile proteins, it is more problematic for
the study of interactions of highly mobile proteins
such as PPARs (Feige et al., 2005). Scanning each
channel between lines, which can only be performed
with two separate PMTs, therefore, limits the diffu-
sion of the interacting complexes during the time of
scanning. It is noteworthy that on a different micro-
scope, using an array of PMTs, the same problem
was encountered. Hence, our results are of general
interest to scientists performing FRET on a confocal
microscope. Interestingly, Chen et al. (in press) have
also observed variations in SBT ratios when per-
forming FRET with a 2-photon excitation set-up, and
consistent with our study, they did not observe any
variation of the SBT ratios on a wide-field micro-
scope, using a CCD camera detection.

In cases where SBT ratios vary as a function of fluo-
rescence intensity, we showed that FRET calculation
can be improved by modeling these variations. This is
particularly important when fluorophore intensities
vary greatly between cells. We demonstrated here that
the expNFRET method reduces the variability of the
FRET values calculated for the PPAR/RXR interaction.
Although in our case, the exponential modeling gener-
ated the best results, other fits might be tested in situa-
tions where SBT ratios vary differently.

Cells are highly organized and protein distribution
as well as interactions are often limited to specific
compartments. It is hence of importance to be able to
map FRET precisely within cells to better character-
ize the mode of action of interacting proteins. To
achieve this goal, we developed a plug-in called Pix-
FRET for the ImageJ software that generates an
image where NFRET is calculated for each pixel. The
plug-in allows one to directly determine the SBT
parameters from images acquired when only the
donor or the acceptor are present. As various normal-
ization methods have been proposed (Gordon et al.,
1998; Xia and Liu, 2001), PixFRET allows the user to
choose the type of normalization desired. To our
knowledge, this is the first freely available program
that offers such possibilities and the source files will
be available upon request, allowing users to program
specific SBT ratio modeling methods according to
their needs.

In conclusion, we uncovered the bias that the use
of several PMTs may introduce when performing
FRET experiments. We show that in cases where a
set-up with two PMTs or an array of PMTs is pre-
ferred or required, this bias can be circumvented by a
simple modeling of SBT ratios. We also developed a
user-friendly and free interface, called PixFRET, that
allows a simple and rapid determination of SBT
parameters and to display normalized FRET images.
Altogether, these results and the PixFRET plug-in
will help cell biologists to increase the precision of
FRET analyses conducted on confocal microscopes as
well as the visualization and localization of interac-
tions in living cells.
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