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A methodology is described for the quantitative determination of Förster resonance energy

transfer (FRET) in live cells using the rise time of acceptor fluorescence as determined with

fluorescence lifetime imaging microscopy (FLIM). An advantage of this method is that only those

molecules that are involved in the energy-transfer process are monitored. This contrasts with

current methods that measure either steady-state fluorescence of donor and acceptor molecules or

time-resolved fluorescence of donor molecules, and thereby probe a mixture of donor molecules

that are involved in FRET and those that are fluorescent but not involved in FRET. The absence

of FRET can, for instance, be due to unwanted acceptor bleaching or incomplete maturing of

visible proteins that should act as acceptor molecules. In addition, parameters describing the rise

of acceptor fluorescence and the decay of donor fluorescence can be determined via simultaneous

global analysis of multiple FLIM images, thereby increasing the reliability of the analysis. In the

present study, plant protoplasts transfected with fusions of visible fluorescent proteins are used

to illustrate the new data analysis method. It is demonstrated that the distances estimated with

the present method are substantially smaller than those estimated from the average donor

lifetimes, due to a fraction of non-transferring donor molecules. Software to reproduce the

presented results is provided in an open-source and freely available package called ‘‘TIMP’’

for ‘‘The R project for Statistical Computing’’.

Introduction

In order to monitor protein-protein interactions in a living

cell, Förster Resonance Energy Transfer (FRET) imaging

techniques have been developed. There are several methods

for the quantification of FRET using intensities, spectra or

lifetimes.1 Since FRET is a fluorescence quenching process, it

can be measured and characterised based on the fluorescence

lifetime of donor molecules.2 Fluorescence lifetime imaging

microscopy (FLIM) is a widely used imaging technique,

which allows mapping of fluorescence lifetimes with (sub)-

nanosecond time resolution and a diffraction-limited, spatial

resolution of approximately 250 nm. Therefore, FRET

phenomena measured with a FLIM setup can provide

temporal and spatial information about protein dynamics

and molecular interactions in cells.3 Recently, this approach

was also used in our laboratory to study processes in photo-

synthesis, both in vitro4 and in vivo.5

For accurate and quantitative analysis of FLIM data and of

FLIM-FRET data in particular, well-designed data analysis

protocols are required. Significant advantages and improved

accuracy in data analysis can be achieved by applying global

analysis, when data from different measurements are analyzed

simultaneously. Using the fact that some parameters should be

invariant in different experiments significantly increases the

precision of the analysis.6 The dynamical features of a fluores-

cence decay are often well described by a small number of

kinetic processes, for which the associated fluorescence life-

times in all pixels have similar values, but the relative intensity

values may vary from pixel to pixel.7

Global analysis can be used to accurately detect FRET

phenomena by estimating the fluorescence lifetimes of donor

molecules in the absence and presence of acceptor molecules.

Shortening of the donor fluorescence lifetime is an indicator of

FRET, and the difference between the donor fluorescence

lifetime with and without acceptor allows quantification of

the FRET efficiency. A complicating issue is the fact that
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FRET systems are not always purely homogeneous, since

they can contain a population of donor molecules that cannot

transfer their excitations, either because of unwanted bleaching

(photodestruction) of the acceptor molecules or because of

incomplete maturation of the acceptor proteins (in the case of

visible proteins).8,9 The average donor lifetime then originates

from interacting and non-interacting species. Therefore, the

average donor fluorescence lifetime does not reflect the

true FRET efficiency, and distances between molecules calcu-

lated based on these lifetimes are overestimated.10 Another

method of measuring FRET uses the detection of the rise time

of acceptor fluorescence following donor excitation. The main

advantage of this approach is that only those molecules that

are involved in energy transfer11 are monitored but so far,

this approach has not been applied in fluorescence imaging

techniques.

Here, a global analysis technique is described where the

rise time of the acceptor fluorescence is determined after

donor excitation in order to quantify FRET in live cells and

multiple FLIM images are analyzed simultaneously, in order

to increase the precision of the transfer rate determination.

The method has been performed on plant protoplasts, which

were transfected with fusions of visible fluorescent proteins

and two different constructs were used. The first one was

composed of Enhanced Cyan Fluorescence Protein (ECFP)

linked to Enhanced Yellow Fluorescence Protein (EYFP) by

thirteen amino acids and the second one of Enhanced Green

Fluorescence Protein (EGFP) linked to the red fluorescent

protein mCherry by six amino acids.

Experimental

FLIM

FLIM images were recorded using the setup described in

detail by Borst et al.12 Briefly, the instrumentation involves a

Biorad Radiance 2100 MP system coupled to a Nikon TE300

inverted microscope. To obtain two-photon excitation, a

Ti:Sapphire laser (Coherent Mira D900) (Coherent Inc.,

Santa Clara, CA) pumped by a 5W solid state laser (Coherent

Verdi V5) (Coherent Inc., Santa Clara, CA) is used to generate

150-femtosecond pulses with center wavelength 860 nm and

repetition rate 76 MHz. Excitation light is focused using an

apochromat 60x water immersion objective lens (CFI Plan

Apochromat, numerical aperture 1.2, Nikon, Tokyo, Japan).

Fluorescence is detected via different band-pass filters using

the time-correlated single photon counting technique (TCSPC)

by a Hamamatsu R3809U microchannel-plate photomultiplier

operated at 3.1 kV (Hamamatsu Photonics K K, Hamamatsu,

Japan) coupled to a single photon counting module SPC

730 (Becker and Hickl, Berlin, Germany). For more details

see ref. 13. All images are acquired with a 64 � 64 pixels frame

size and analog-to-digital converter (ADC) set to 256 channels

resulting in a 48-ps/channel time interval.w

Experimental system

cDNA fusions of EGFP (donor) linked to mCherry (acceptor)

by six amino acids (GSGSGS) (EGFP-L-mCherry) and ECFP

(donor) coupled to EYFP (acceptor) via a 13-amino acid linker

(RGGGGARDPPVAT) (ECFP-L-EYFP) were constructed.

The preparation of the constructs has been described more

extensively by Visser et al.9 Plant protoplasts were transfected

as described by Aker et al.14 The calculated expression levels of

fluorescent proteins by using fluorescence correlation spectro-

scopy as described in ref. 15 show that the maximum protein

concentration is in the order of 2 mM, far below the dissocia-

tion constant for dimerization of 100 mM. In connection with

this observation, fluorescence cross-correlation spectroscopy

indeed demonstrated that free ECFP and free EYFP do not

form complexes in plant cells.15

FLIM images of the protoplasts were obtained by collecting

fluorescence using an appropriate band-pass filter. ECFP

fluorescence was detected using a 480-nm (30 nm width) band

pass filter. For the detection of EYFP fluorescence a band-pass

filter of 542 nm (35 nm width) was used. Images were obtained

using an acquisition time of 150 s. EGFP fluorescence was

detected with a 525 nm band-pass filter (50 nm width) using an

acquisition time of 80 s. The fluorescence of mCherry was

detected through a 590 nm band-pass filter (30 nm width)

using an acquisition time of 300 s. To build up a fluorescence

decay curve with a sufficient amount of counts, decay traces

from nine neighboring pixels were summed up (binning factor 1).

The fusion proteins could be observed both in the cytoplasm

and the nucleus of the plant cell. The image size in both case

studies was 15 mm � 15 mm with a pixel size of 235 nm.

Summary of FRET theory

The lifetime of a fluorophore t is the average time that the

molecule stays in the excited state after response to an excita-

tion pulse, and is given as a function of the radiative (kr) and

non-radiative (knr) rate constants:

t = 1/(kr + knr) (1)

The fluorescence lifetime strongly depends on the environment

of the fluorophore. It can therefore be used for probing the

environment that changes under different conditions. The

time-dependence of fluorescence intensity in the most simple

case is described by a single exponential decay I(t) = I0e
�t/t,

where I0 is the intensity at t = 0.

FRET is a bimolecular process in which the excited-state

energy of a donor fluorophore is non-radiatively transferred

with rate constant (kt) to a ground-state acceptor molecule by

dipole–dipole interaction. The excited-state population of the

system after excitation of the donor with a d-pulse can be

described by the following set of equations

dDðtÞ
dt
¼ �ðkd þ ktÞDðtÞ

dAðtÞ
dt
¼ DðtÞkt � AðtÞka

(
ð2Þ

where D(t) is the concentration of the donor molecules in

the excited state, A(t) is the concentration of excited

w Certain commercial equipment, instruments, or materials are identi-
fied in this paper in order to specify the experimental procedure
adequately. Such identification is not intended to imply recommenda-
tion or endorsement by the National Institute of Standards and
Technology, nor is it intended to imply that the materials or equip-
ment identified are necessarily the best available for the purpose.
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acceptor molecules, kd is the rate constant of donor-molecule

de-excitation in the absence of the acceptor and it is equal to

(kr+ knr), and ka is the acceptor de-excitation rate constant and

kt is the rate constant of resonance energy transfer. Solving

eqn (2) results in the following functions describing the decay of

exited-state concentrations of the donor and acceptor as

DðtÞ ¼ D0e
�ðkdþktÞt

AðtÞ ¼ � D0kt

kd þ kt � ka
e�ðkdþktÞt þ D0kt

kd þ kt � ka
e�kat

ð3Þ

where D0 is the excited-state population of the donor at t = 0.

The negative term in the expression of A(t) reflects a rise

component due to energy transfer from donor to acceptor with

rate constant (kd + kt). The absolute value of the ratio between

negative and positive amplitudes in the ideal case, when acceptor

molecules receive energy only from donor molecules via

FRET, is equal to 1. However, in practice, this situation is

almost never observed because part of the acceptor molecules

is excited directly and/or some donor fluorescence is observed

in the detection window of acceptor fluorescence. In this case

fluorescence, detected in the acceptor channel, besides A(t)

from eqn (3), will contain more terms with positive amplitudes

coming from directly excited acceptor molecules and/or donor

molecules. Therefore the absolute value of the ratio between

negative and positive amplitudes will be smaller than 1.

The lifetime of donor molecules in the presence of FRET is

shorter than the lifetime of the donor in the absence of

acceptor and can be calculated using

tda = 1/(kd + kt) (4)

As is clear from eqn (3) the rate of the rise of acceptor

fluorescence is equal to the decay rate of donor fluorescence

in the presence of FRET, and it can be used for estimation of

the transfer rate constant as

kt = kda � kd = 1/tda � 1/td (5)

The transfer rate (kt) is proportional to the inverse 6th power

of the distance r between donor and acceptor, which makes it

an extremely sensitive parameter for obtaining distances less

than 10 nm:

kt = kd(R0/r)
6 (6)

where R0 is the so-called critical or Förster radius,16 the

distance between donor and acceptor, at which 50% of the

donor energy is transferred to the acceptor.

In most cases a multi-exponential analysis has to be applied

to describe the observed fluorescence in time, and use can be

made of the average lifetime hti2 which is defined as:

hti ¼

P
�i

ait2iP
i

aiti

X
i

ai ¼ 1

ð7Þ

where ti is the lifetime of component i, and ai is the frac-

tional contribution of component i. Another widely used

parameter is the amplitude-averaged lifetime ht*i that is

defined as:

ht�i ¼
X
i

aiti

X
i

ai ¼ 1
ð8Þ

FLIM data analysis

For each pixel in a FLIM image, the fluorescence is measured as

a function of time. Each recording of the decay in one pixel can

be considered as a separate experiment. The resulting data

of all pixels is stored as a matrix in which each column

represents the fluorescence decay associated with a single pixel

x, such that

C ¼

x1 x2 � � � xn
t1 cðt1; x1Þ cðt1; x2Þ � � � cðt1; xnÞ
t2 cðt2; x1Þ cðt2; x2Þ � � � cðt2; xnÞ
..
. ..

. ..
. . .

. ..
.

tm cðtm; x1Þ cðtm; x2Þ � � � cðtm; xnÞ

2
666664

3
777775 ð9Þ

where c(ti, xj) is the fluorescence intensity at time ti in pixel xj.

In practice, the fluorescence decay can often be described well as

a sum of exponential decays convolved with the instrumental

response function (IRF), so that the decay model for a single

pixel reads

FðtÞ ¼
X
i

ai expð�t=tiÞ � gðtÞ ð10Þ

where the summation is over the number of components ncomp

of the decay, ti is the lifetime of component i, ai is the fractional
contribution of component i to the fluorescence decay, g(t) is

the instrumental response function and # is the convolution

operator. Often, the IRF is not represented well by a simple

analytical function, and therefore it is usually measured and

numerically convolved with the exponential decay model for

each component. Various algorithms for numerical convolution

of an exponential decay with a measured IRF can be applied.

The iterative reference and scatter methods described in

ref. 17–19 have been found to perform well in practice, and

are implemented in the package TIMP for ‘‘The R project for

statistical computing’’ that is used in this study.20 The reference

convolution method was also used in the present study. The

instrumental response function of the FLIM setup has been

obtained by using a solution of xanthione in ethanol as a

reference compound which has a mono-exponential fluores-

cence decay kinetic with a lifetime of 14 ps.21,22

The assumption that the fluorescence lifetime components

are spatially invariant is a crucial one for global analysis

of a FLIM image, which has been justified by Verveer and

co-workers.23 Under this assumption, thematrix dataset associated

with a single FLIM image W is modelled as

W ¼ CAT þ Z ¼
Xncomp

i¼1
ciaTi þ Z

¼
Xncomp

l¼1
ðexpð�t=tiÞ � gðtÞÞaTi þ Z

ð11Þ
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where column i of the matrix C represents the time profile

of component i of the fluorescence decay, and column i of the

matrix A represents the amplitude of component i over all

pixels. The free parameters of the model are the ncomp lifetimes

ti and for each pixel the ncomp amplitude parameters describing

the fluorescence decay, stacked in ncomp vectors ai, each of

length npixel. The stochastic component of the model is

assumed to consist of an additive Gaussian noise term Z with

the same dimensionality as the data matrix. Note that the

modeled data represent non-negative counts of the number

of photons detected per pixel and per time interval, to which

Poissonian noise statistics apply. However, as Maus and

co-workers24 have studied in depth, using a Gaussian approx-

imation for the Poisson noise statistics introduces negligible

errors to the parameter estimates as long as the data represent

mostly a sufficiently large number of counts, which is the case

for the data considered here.

The parameter estimation problem associated with fitting

the model for W is an example of a separable nonlinear least

squares optimization problem.25 The variable projection

algorithm developed by Golub and Pereyra26 that is used here

has many advantages over other techniques for separable

nonlinear least squares problems, and relies on analytically

eliminating the conditionally linear amplitude parameters ai
from the residual function. The applicability of variable

projection for fitting FLIM data was demonstrated by a

variety of simulation studies.27 In order to use all available

data to estimate the lifetimes of the fluorescence decay of the

components, a global analysis model of multiple datasets has

been formulated, in which the same number of fluores-

cence rise and decay times underlie the decay kinetics across

multiple images. Each image is associated with a possibly

distinct measured IRF curve. The amplitude parameters

of each component of the decay were estimated per pixel.

Singular Value Decomposition (SVD)28 of the residual matrix

associated with each FLIM image has been used to diagnose

the fit quality and the presence of systematic errors in the data

as discussed in ref. 29 and 30.

Results and discussion

ECFP-EYFP construct

ECFP is widely used as a donor molecule in FRET studies

but it shows bi-exponential fluorescence dynamics even in

the absence of FRET.31,32 Fig. 1 shows the global analysis

results for a plant protoplast which is transfected with ECFP

molecules. In Fig. 1a the fluorescence intensity image of the

plant protoplast is shown and the brightness of the pixel codes

for the number of detected photons. Only the region of the

nucleus was selected for further analysis. Fluorescence life-

times were linked for all pixels within the region of interest in

the analysis procedure. A bi-exponential fit leads to a satisfac-

tory description of the data with lifetimes of 0.68 � 0.02 ns

(average contribution 27%) and 3.04 � 0.01 ns (average

contribution 73%) which results in an average lifetime

calculated with eqn (7) of hti = 2.85 ns, or amplitude-

averaged ht*i = 2.37 ns. Standard errors of the lifetime

estimates are obtained from the fit as described by Mullen

and co-workers.33 The adequacy of the linear approximation

of confidence intervals for the decay rate parameters in a

global analysis has been thoroughly demonstrated in the past

by simulation studies.33,34 The first left singular vector of the

residual matrix, which serves as an overall fit quality indicator,

is given in Fig. 1c. The noise-like fluctuations around zero in

case of the bi-exponential analysis show that the quality of the

fit is not systematically biased. The false-color images of the

analyzed area from the protoplast transfected with ECFP is

shown in Fig. 1b. The color reflects the normalized amplitudes

Fig. 1 Results of global analysis of ECFP fluorescence in a plant

protoplast; detection at 465–495 nm (ECFP). (a) Intensity image,

brightness of the pixels represents number of detected photons,

(64 � 64 pixels frame size, pixel size 235 nm), red contour indicates

region selected for analysis, (b) spatial distribution and histogram

of the fractional distributions of the components obtained from the fit

using a bi-exponential model, (c) first left singular vectors of the

residuals matrix ((1) mono-exponential analysis, (2) bi-exponential

analysis).

7596 | Phys. Chem. Chem. Phys., 2010, 12, 7593–7602 This journal is �c the Owner Societies 2010



of the components as obtained from a bi-exponential fit for

each pixel in the region of interest and the frequency of the

normalized amplitude is shown in the corresponding histogram.

It is clear that the contributions of both components are

almost the same for all pixels within the selected region.

Both lifetime components correspond to populations with

two different chromophore structures,35 a quenched one

(0.68 ns, 27%) and an unquenched one (3.04 ns, 73%).

Chromophores of both populations can transfer excitation

energy to a nearby acceptor. Therefore, in the presence of an

acceptor at least a four-exponential model is needed to include

both transferring and non-transferring donor molecules.11

The estimation of four fluorescence lifetimes and the corres-

ponding amplitudes is impossible given the typical quality of

FLIM data. However, analysis of the rise of the acceptor

fluorescence can be used for a more accurate determination of

the FRET efficiency. The FLIM images of plant protoplasts

transfected with ECFP-L-EYFP were recorded at two differ-

ent detection wavelengths. First, images measured with the

542 nm band-pass filter (EYFP fluorescence detection

window) were analyzed globally. The global analysis results

for one representative protoplast using a bi-exponential model

for the fluorescence kinetics are presented in Fig. 2. It shows

the presence of a rise component (i.e. negative amplitude) of

0.74 � 0.1 ns and a decay component of 3.01 � 0.05 ns. The

rise time of the acceptor fluorescence corresponds to resonance

energy transfer and the decay time corresponds to fluorescence

of mainly EYFP.11,36 The spatial distribution of the absolute

value of the ratio between the negative and positive amplitudes

is depicted in pseudo-color code in Fig. 2b. It shows a narrow

distribution of this value. The ratio is smaller than 1 because

of the presence of fluorescence arising both from donor

molecules and from directly excited acceptor molecules.

Formally speaking, it would be better to apply a three- or

even four-exponential model for the description of the data,

thereby accounting for the fluorescence of interacting and

non-interacting donor molecules in the acceptor detection

channel (crosstalk). However, the slow decay times of the

acceptor and the non-transferring donor are close to each

other and modeling them as a single component does not

significantly influence the obtained value of the acceptor rise

time. We also explicitly tested the stability of the rise time

calculation in the presence of crosstalk in a previous study

(see ref. 11). It should be noted that the rise time is the only

parameter obtained from the acceptor channel that is needed

for calculating the transfer rates and distances. The first left

singular vector of the residual matrix, serving as an overall fit

quality indicator in the time dimension, is given in Fig. 2c and

shows the good quality of the fit.

Results of the global analysis of the images observed in the

donor detection window are presented in Fig. 3. The use

of a three-exponential model is necessary to obtain a good

description of the data. Analysis leads to fluorescence lifetimes

of 0.15 � 0.03 ns (average contribution 26%), 0.76 � 0.03 ns

(average contribution 33%) and 2.51 � 0.01 ns (average

contribution 41%). The 0.15-ns component corresponds to

auto-fluorescence; fluorescence stemming from chloroplasts

using the same excitation and detection wavelength is charac-

terized by an average lifetime of 0.17 ns (data not shown)

and therefore this component was excluded from further

calculations. The other two components can be assigned to

interacting and non-interacting ECFP molecules, whereas one

might even expect the presence of four decay components for

the description of the ECFP fluorescence in the presence of

FRET. Panel b of Fig. 3 shows a homogeneous and narrow

spatial distribution of the fractional contribution of the

components. However, there are a few regions, which show

certain patterns for components 1 and 2 that mainly represent

differences in the amount of auto-fluorescence.

In order to increase the precision of the fluorescence life-

time estimates and to reduce the error margins for lifetime

estimates, global analysis of the FLIM images measured in

both detection windows was performed. Results of the global

analysis of different images, measured at both detection

windows, are shown in Fig. 4 (1—detection of donor fluores-

cence, 2—detection of acceptor fluorescence). Representative

traces with estimated lifetimes for both detection windows are

given in Fig. 4e. The analysis was performed by applying a

bi-exponential model for the acceptor detection window and a

three-exponential model for the donor detection window.

The FRET component was linked between all images and

Fig. 2 Global analysis results of a representative image of a proto-

plast transfected with ECFP-L-EYFP detected with a 542 nm band-

pass filter (EYFP fluorescence is detected). Global analysis was

performed with a bi-exponential model (0.74 ns rise component and

3.01 ns decay component). (a) Fluorescence intensity image, brightness

of the pixels represents number of detected photons, (64 � 64 pixels

frame size, pixel size 235 nm), red contour indicates the region that is

analyzed, (b) spatial distribution and histogram of the absolute value

of the ratio between the negative and positive amplitudes of the fast

and slow components, respectively, (c) first left singular vector of

residuals.
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the fluorescence lifetimes that correspond to the decay times

of non-transferring donor molecules and of acceptor mole-

cules were linked only between images measured at the

same wavelength. Estimates of the fluorescence lifetimes that

correspond to FRET and their amplitudes are summarized in

Table 1.

Because of the presence of two transferring conforma-

tions of the ECFP chromophore with slightly different rate

constants one can expect the presence of two different rise

times of the acceptor fluorescence. However, given the limited

signal to noise ratio and time resolution, two components in

the rise part of the acceptor fluorescence cannot be resolved.

Moreover, these two rise times get closer to each other at

increasing transfer rates, making it impossible to resolve them

separately.

The 2.51-ns component in the donor channel represents the

population of non-interacting ECFP. The 0.75 ns component

mainly represents an average lifetime of interacting ECFP

molecules (but see also below), and can be used to calculate a

transfer rate, taking also the average lifetime of 2.85 (2.37) ns

for non-interacting ECFP calculated from a bi-exponential

analysis using eqn (7) or (8), respectively. The calculated

transfer rate constants using eqn (5) are 0.98 (0.91) ns�1,

which corresponds to an estimated distance between chromo-

phores of 4.3 (4.1) nm, using R0 = 4.9 nm.11 The estimated

distances in the case of ECFP-L-EYFP are in good agreement

with the distance of 3.9 nm obtained by Evers et al.37

from their macroscopic measurements and simulations for a

linker of 23 amino acids. The definition of the length of the

linker in their study is different from the one in our study.

Their number of 23 corresponds to 12 in our case because

the additional 11 amino acids are in fact part of the core

of the proteins in our case. When the rise time is used that is

obtained upon separately analyzing the acceptor channel, the

calculated distance increases by only 1%. However, the

global analysis leads to a reduction of the error margins for

the estimated lifetimes. On the other hand, the distance

calculated from the average donor lifetimes using definitions

7 or 8 lead to values of 5.9 nm and 5.8 nm, which is too long

because of the influence of non-transferring donor molecules.

The distances estimated using the various approaches are

summarized in Table 2. It should be noted that the fitted

decay time of 0.75 ns for the donor fluorescence is close to the

0.68-ns lifetime component that is observed for ECFP that is

not linked to EYFP. The presence of some non-transferring

ECFP might therefore contribute to the 0.75-ns life-

time. However, the fitted acceptor rise time was very similar,

when global analysis included (0.75 ns) or not included

(0.74 ns) the donor intensity decay. Therefore, the presence

of non-transferring ECFP does not substantially influence the

estimated transfer time.

EGFP-mCherry construct

The quantitative analysis of FLIM data is simplified considerably

when donor molecules show mono-exponential fluores-

cence behavior in the absence of acceptor molecules, like is

for instance the case for EGFP.38 In order to check the

fluorescence kinetics of EGFP in live cells, FLIM images of

plant protoplasts transfected with only EGFP were analyzed.

The fluorescence decay of EGFP molecules can well be

described by a single exponential with a fluorescence life-

time of 2.45 � 0.01 ns (results not shown). Global analysis

of FLIM images of plant protoplasts transfected with

EGFP-L-mCherry measured with the 525 nm band-pass filter

(EGFP fluorescence detection window) are presented in Fig. 5.

The analysis using a bi-exponential model results in fluores-

cence lifetimes of 0.48 � 0.02 ns with an average contribution

of 28% and 2.05 � 0.03 ns with an average contribution of

72% (Fig. 5b, Table 3), resulting in an average fluores-

cence lifetime calculated with eqn (7) of hti = 1.87 ns or

ht*i= 1.20 ns calculated with eqn (8). The lifetime of 2.05 ns

is shorter than the unquenched lifetime of 2.45 ns and there-

fore the amplitudes of the short and long components cannot

be directly ascribed to the fractions of interacting and non-

interacting molecules. Both the high contribution (72%) and

the shorter lifetime (2.05 ns) can be explained taking into

account the presence of non-matured mCherry (NMmCherry).

Maeder and co-workers used a similar construct in yeast and

found that 50% of mCherry is not matured.39 NMmCherry

has similar spectroscopic properties as EGFP, but a shorter

Fig. 3 Results of global analysis of a plant protoplast with expressed

ECFP-L-EYFP. Detection at 465–495 nm (ECFP). (a) Intensity

image, brightness of the pixels represents number of detected photons

(64 � 64 pixels frame size, pixel size 235 nm), red contour indicates

region selected for analysis, (b) spatial distributions of normalized

amplitudes of components obtained from the analysis using a three-

exponential model, (c) first left singular vector of the residual matrix.
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Fig. 4 Results of global analysis of plant protoplasts with expressed ECFP-L-EYFP. (a) Intensity images, brightness of the pixels represents

number of detected photons (64 � 64 pixels frame size, pixel size 235 nm, 300–600 counts in the peak of the curve), red contour indicate regions

selected for analysis (1-ECFP detection 469–495 nm, 2-EYFP detection 524–559 nm), (b) spatial distribution of fractional contributions of

fluorescence components of ECFP obtained from a three-exponential fit excluding the component of 150 ps that represents auto-fluorescence,

(c) spatial distribution of the absolute value of the ratio between the negative and positive amplitudes of the EYFP fast and slow kinetics

components, respectively, (d) first left singular vectors of the residual matrices for the given cells; the fitting of the donor channel is somewhat better

than that of the acceptor channel. (e) Representative traces and fit result for both detection channels.

Table 1 Estimates of fluorescence lifetimes after separate and simultaneous analysis of plant protoplasts containing ECFP linked to EYFP
detected at two detection windows

t1/ns
a1

t2/ns a2Ra

Separate analysis of images from donor and acceptor detection channelsb

ECFP detection 469–495 nm 0.68 � 0.02 0.27 3.04 � 0.01 0.73
ECFP-L-EYFP detection 469–495 nm, 0.76 � 0.03 0.44 2.51 � 0.01 0.56
ECFP-L-EYFP detection 524–559 nm, 0.74 � 0.10 0.20 3.01 � 0.05 —
Global analysis of images from donor and acceptor detection channelsb

ECFP-L-EYFP detection 469–495 nm, 0.75 � 0.02 0.44 2.51 � 0.01 0.56
ECFP-L-EYFP detection 524–559 nm, 0.75 � 0.02 0.20 3.01 � 0.01 —

a R-absolute value of the ratio between negative and positive amplitudes estimated from analysis of the images from the acceptor detection

channel. b Note that images from the donor detection window are analyzed with a 3-component analysis and that the component of 0.15 ns

representing auto-fluorescence was excluded from further calculations.
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fluorescence lifetime.9 It means that in the population of

EGFP-L-NMmCherry molecules there is a mixture of

directly excited NMmCherry and NMmCherry excited via

resonance energy transfer from EGFP. Both components in

the mixture emit fluorescence with a shorter lifetime than

EGFP, which leads to the observed (average) lifetime of 2.05 ns.

FLIM images of the same plant protoplasts were also

measured using a 590-nm band-pass filter to detect the rise

of the acceptor fluorescence. The images were globally analyzed

using a bi-exponential model. Analysis revealed the presence

of a rise component of 0.58 � 0.02 ns, reflecting energy

transfer from EGFP to mCherry and a decay component of

2.010 � 0.003 ns, which can mainly be attributed to mCherry.

The rise time can be used for calculating the transfer rate

(eqn (5)). The fluorescence lifetimes after separate analysis

of the donor and acceptor detection windows are summarized

in Table 3. A bi-exponential model was used for the simul-

taneous analysis of images obtained with both detection

windows. The results are presented in Fig. 6. The fluores-

cence lifetime of the shortest component (attributed to the

FRET process) was linked between images measured at both

detection windows, while the lifetime of the long component

was only linked between images detected within the same

wavelength region. The analysis provides an estimate for

the fluorescence lifetime of the short transfer component

of 0.54 � 0.01 ns. The longest lifetime is estimated to be

2.08 � 0.01 ns for the donor channel and 2.03 � 0.005 ns for

the acceptor channel (Table 3).

The Förster radius R0 for the FRET pair GFP-mCherry was

calculated as described in ref. 40 asR0= 0.0211(k2n�4QDeAJ(l))
1/6

where J(l) is the overlap integral of the EGFP emission and

mCherry absorption spectra, QD is the donor fluorescence

quantum yield of EGFP in the absence of acceptor, which is

taken to be QD = 0.60,41 eA is the acceptor extinction

coefficient at the absorbance maximum, which is taken to be

eA = 72000 M�1 cm�1,42 n is the refractive index of the

medium which is taken to be n = 1.34, although this value is

subject to some uncertainty43 and k2 is the orientation factor,

which is assumed to be 2
3
.2 Based on these numbers, a value of

R0 = 5.24 nm is calculated, close to the value of 5.1 nm, which

was recently reported by Albertazzi et al.44 The distance r

between the chromophores can now be calculated from

eqn (6), using this value of R0 = 5.24 nm and the transfer

time of 0.54 ns. This leads to a distance of r = 4.2 nm. It is

very important that the transfer time is being used for this

calculation. If one uses the average lifetime of the donor in the

presence (1.87 ns) and absence (2.45 ns) of acceptor, one

obtains a wrong distance of 6.4 nm or 5.2 nm depending

which equation was used for calculating average lifetime.

Despite the fact that the linker is almost twice as long

in the case of ECFP-L-EYFP as compared to the case of

EGFP-L-mCherry, the estimated distances between the chromo-

phores are almost identical being 4.3 nm and 4.2 nm, respectively.

This can be explained by the fact that a flexible linker can

give rise to a number of different conformations with different

distances and orientations between the chromophores. Even

in the case of very long linkers, conformations with short

donor–acceptor distances can strongly contribute to the total

fluorescence decay.37

Table 2 Estimated distances between ECFP and EYFP chromophoresa

Calculation
method

Calculated
distance/nm

A 4.3 (4.1)
B 5.9 (5.8)
C 3.9

a The distance calculations are based on: (A) rise time of acceptor

fluorescence (0.75 ns), (B) average donor lifetime in the presence and

absence of acceptor, (C) distance observed by Evers et al.37 for a linker

length of 12 amino acids. The average donor lifetime is calculated

using eqn (7), and the distances in parentheses are calculated when the

average donor lifetime is calculated with eqn (8).

Fig. 5 Global analysis results of a representative image of a proto-

plast transfected with EGFP-L-mCherry detected with a 525 nm band-

pass filter (EGFP). Global analysis was performed with a bi-exponential

model. (a) Fluorescence intensity image (64 � 64 pixels frame size,

pixel size 235 nm), red contour indicates the region that is analyzed,

(b) spatial distribution and histogram of the fractional contributions

of the components obtained from the fit using a bi-exponential model.

(c) First left singular vector of residuals matrix, oscillates around zero,

which indicates that the quality of the fit is good.
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Conclusions

A new methodology has been described for the detection

of FRET in living cells. The method allows the accurate

determination of the rate of FRET by globally (both spatially

and spectrally) fitting the fluorescence kinetics of donor

and acceptor molecules obtained in FLIM measurements.

Combining the fitting of the fluorescence kinetics at different

detection wavelengths allows to correct for the contribution of

molecules that are not able to transfer their excitation energy

Table 3 Estimates of fluorescence lifetimes after separate and simultaneous analysis of plant protoplasts containing EGFP linked to mCherry
detected at two detection windows

t1/ns
a1

t2/ns a2Ra

Separate analysis of images from donor and acceptor detection channels
EGFP 2.45 � 0.01
EGFP-L-mCherry det. 500–550 nm 0.48 � 0.02 0.28 2.050 � 0.003 0.72
EGFP-L-mCherry det. 585–615 nm 0.58 � 0.02 0.25 2.010 � 0.003
Global analysis of images from donor and acceptor detection channels
EGFP-L-mCherry det. 500–550 nm 0.54 � 0.01 0.27 2.08 � 0.01 0.73
EGFP-L-mCherry det. 585–615 nm 0.54 � 0.0 0.25 2.030 � 0.005

a R-absolute value of the ratio between negative and positive amplitudes estimated from analysis of the images from the acceptor detection

channel.

Fig. 6 Results of global analysis of plant protoplasts with expressed GFP linked to mCherry detected at two detection windows. (a) Intensity

images (64 � 64 pixels frame size, pixel size 235 nm, 150–300 counts in the peak of the curve), red contours indicate the regions selected for analysis

(1-EGFP 525 nm fluorescence detection, 2-mCherry 590 nm fluorescence detection), (b) spatial distribution of fractional contributions of

fluorescence components of EGFP obtained from a bi-exponential fit, (c) spatial distribution of the absolute values of the ratio between the

negative and positive amplitudes of the fast and slow components, respectively, detected at 600 nm, (d) first left singular vectors of the residuals for

given cells, (e) representative traces and fit result for both detection channels.
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(for instance due to acceptor bleaching or incomplete matura-

tion of visible protein), whereas the spatial global averaging

leads to a substantial reduction of the error margins. In the

case of EGFP-L-mCherry the distance between the chromo-

phores is found to be 4.2 nm. In principle, this system is easier

to study than the ECFP-L-EYFP construct because isolated

EGFP shows a mono-exponential fluorescence decay curve

in FLIM, whereas ECFP shows a bi-exponential decay.

Nevertheless, an accurate distance determination could also

be performed in the latter case, which yields a distance

between the chromophores of 4.3 nm.

The main limiting factor for a proper analysis of the FLIM

data is the signal-to-noise ratio, which at the moment can only

be improved by increasing the measuring time. However,

increasing the acquisition time is in most cases restricted by

limited sample stability in live cells. Global analysis is advan-

tageous since it increases the precision of the small number of

estimated parameters that are obtained from all data.

Implementation

The data analysis procedures described in the previous

sections have been implemented in the package TIMP for

the ‘‘R project’’ for Statistical Computing. TIMP and R are

freely available under the terms of the GNU General Public

License.
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