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Abstract Fluorescence resonance energy transfer
(FRET) from a donor-labelled molecule to an accep-
tor-labelled molecule is a useful, proximity-based fluo-
rescence tool to discriminate molecular states on the
surface and in the interior of cells. Most microscope-
based determinations of FRET yield only a single
value, the interpretation of which is necessarily model-
dependent. In this paper we demonstrate two new
measurements of FRET heterogeneity using selective
donor photobleaching in combination with synchro-
nous donor/acceptor detection based on either (1) full
kinetic analysis of donor-detected and acceptor-de-
tected donor photobleaching or (2) a simple time-based
ratiometric approach. We apply the new methods to
study the cell surface distribution of concanavalin A
yielding estimates of FRET and non-FRET population
distributions, as well as FRET efficiencies within the
FRET populations.

Keywords Oligomerisation Æ Fluorescein Æ
Rhodamine Æ Fluorescence resonance energy transfer
(FRET) Æ Protein interactions Æ Two-component
analysis

Introduction

Macromolecular oligomerisation and conformation are
key biological control mechanisms that determine the
activity of functional biological molecules. In cellular
systems an additional level of control is provided

through the spatial and temporal partitioning of bio-
chemical reactions. Determination of the relevant reac-
tion state(s) inside cells requires fluorescence
methodologies that are sensitive to molecular interac-
tions on the nanometre scale and can provide spatial
resolution on the length scales relevant to the cell, i.e. the
micron scale. These requirements are met by exploiting
the photophysical properties of fluorescently tagged
proteins introduced or expressed into the cell in combi-
nation with fluorescence microscopy techniques
(Bastiaens and Jovin 1996; Jares-Erijman and Jovin
2003).

Fluorescence resonance energy transfer (FRET) is
one widely employed fluorescence tool to discriminate
molecular states on the surface and in the interior of
cells. Its utility derives from its exquisite sensitivity to
molecular separation; the rate of energy transfer
between a donor label and an acceptor label decreases
with the inverse sixth power of molecular separation at
typical length scales of 1–10 nm. Thus, the energy
transfer efficiency can be used as a spectroscopic ruler
(Stryer and Haugland 1967) and for quantitative deter-
minations of molecular proximity and intermolecular
interactions (Selvin 2000) including protein–protein
interactions (Gadella and Jovin 1995; Szollosi et al.
2002), protein–DNA interactions (Millar 2000), protein–
membrane interactions and the three-dimensional
structure of molecules (Clegg et al. 1993; dos Remedios
and Moens 1995; Klostermeier and Millar 2001–2002).

FRET introduces an additional pathway for deac-
tivation of the excited state of the donor molecule and
thereby causes a decrease in the donor excited-state
lifetime, donor fluorescence quantum yield and donor
photobleaching rate. FRET causes an increase in the
emission of fluorescent acceptor molecules excited via
the donor. Experimental approaches for determining
the energy-transfer efficiency exploit these changes in
the photophysics of the donor and acceptor molecules.
In commercially available wide-field and confocal
microscopes, the most popular means of detecting
FRET in the steady-state are through ratiometric
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intensity measurements (Gordon et al. 1998; Hoppe
et al. 2002) or photobleaching methods (Jovin and
Arndt-Jovin 1989; Bastiaens et al. 1996) in which either
the donor or acceptor molecule is selectively photo-
destructed. FRET derived from monitoring the
decrease in the nanosecond decay time of fluorophores
in single-channel or imaging modes is an alternative
and elegant approach but requires specialised instru-
mentation. Most microscope-based measurements yield
an apparent single FRET efficiency (per cell or image
pixel), the interpretation of which is necessarily model-
dependent. However, particularly in the cellular milieu,
an understanding of the heterogeneity in macromolec-
ular conformation and association is of paramount
importance.

Cellular studies of the transfer efficiency as a function
of acceptor labelling density, donor-to-acceptor labelling
ratio, label radius or cell size (Kubitscheck et al. 1993;
Kenworthy and Edidin 1998; Szollosi et al. 2002) can
give information on the type of molecular interactions
present and whether they arise from a random distri-
bution of molecules, a clustering of molecules or a par-
tially clustered distribution. Measurements can establish
not only the nature of the distribution being studied, but
are also sensitive to changes in the distribution under
physical (e.g. space, time, temperature) and biological
perturbations (external stimuli). In this regard, standard
transfer-efficiency measurements are often difficult to
interpret because changes in the FRET efficiency can be
related to the degree of association or to the geometry of
the associated complex. It would be desirable to have a
method that can measure the proportions of associated
and unassociated molecules and the FRET efficiency
(conformation) within the associated population inde-
pendently. To this end we offer a new FRET method
that greatly extends the capabilities of current FRET
techniques.

In this paper we demonstrate the measurement of
FRET heterogeneity using selective donor photoble-
aching in combination with synchronous donor/accep-
tor detection. In the donor photobleach method an
indirect measure of the fluorescence lifetime of a flu-
orophore (Hirschfeld 1976) is provided by measuring the
donor photobleaching kinetics. The rate of irreversible
photobleaching of the donor fluorophore is conven-
tionally measured in the microscope by monitoring the
loss (or fading) of donor fluorescence upon continuous
or repetitive illumination (Fig. 1A). In the presence of
FRET to a proximal energy acceptor, the rate of
photobleaching of donor molecules is decreased
(Fig. 1B; Jovin and Arndt-Jovin 1989). The photode-
struction of a donor molecule within a donor–acceptor
FRET pair (or complex) can also be measured from the
loss in sensitized-acceptor fluorescence because the
donor and acceptor form a coupled system. This
provides a very specific measure of FRET within the
donor–acceptor ensemble, provided the acceptor itself is
not photochemically depleted during this process
(photolabile donor/photostable acceptor). It follows

that, in a complex system involving a distribution of
FRET states, the donor-detected photobleaching kinet-
ics will provide a measurement that includes all donor
molecules (FRET and non-FRET) while the acceptor-
sensitized emission-detected donor photobleaching will
provide a measurement that includes only the FRET
population. Combining the donor emission- and accep-
tor emission-detected measurements gives greater insight
into the spatial distribution of macromolecules in com-
plex assemblies.

To provide a concrete example of the application of
the method and theory we present photokinetic FRET
measurements of fluorescein-conjugated concanavalin A
and rhodamine-conjugated concanavalin A bound to
cell-surface glycoproteins of LIM1215 colon carcinoma
cells (Whitehead et al. 1985). ConA is a lectin that binds
primarily to glycoproteins and glycolipids containing D-
glucose- and D-mannose and has been used as a model
system for examining receptor aggregation. Our results
show that the lectin receptors are neither randomly
distributed nor homogeneously clustered. The data
suggest that at least two-thirds of the lectin receptors are
in close proximity on the cell surface with the clustered
population exhibiting a transfer efficiency of 70%.
Moreover, from comparison of data analysed from

Fig. 1A, B Photobleaching microscopy and FRET. A Constant or
repetitive illumination of a fluorophore leads to photochemical
destruction of the fluorophore. The steady-state fluorescence
intensity as a function of illumination time can be used to monitor
the kinetics of the photobleaching process, the rate of which is
proportional to the fluorescence lifetime of the fluorophore.
B Under conditions of FRET, the rate of photobleaching of the
donor fluorophore decreases and some of the excitation energy
from the donor appears as acceptor fluorescence. For a coupled
donor–acceptor FRET pair, the photobleaching rate can be
measured either from the donor fluorescence or from the
sensitized-acceptor fluorescence, provided the acceptor is photo-
stable and the donor photolabile. Wavelengths indicate approxi-
mate wavelengths of observation of fluorescein and rhodamine
fluorescence
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complete photobleaching and partial photobleaching,
we show that protein conformation or protein associa-
tion can be mapped on living cells using only two images
from a time series of dual-channel detected fluorescence
images. This extended photobleaching FRET method is
applicable to any fluorescence microscope with dual- or
multi-channel acquisition and has the ability to provide
quantitative insight into donor–acceptor distance dis-
tributions in living cells.

Materials and methods

Fluorescein isothiocyanate-conjugated concanavalin A
(FITC-conA) and tetramethylrhodamine isothiocya-
nate-conjugated concanavalin A (TRITC-conA) were
purchased from Molecular Probes (Oregon, USA).
Solutions containing varying proportions of FITC-conA
and TRITC-conA up to a total constant conA concen-
tration of 500 lg/ml were made up in phosphate-buf-
fered saline (PBS). LIM1215 human colon carcinoma
cells were grown to subconfluency on glass coverslips in
Delbucco’s medium (supplemented with 10% fetal calf
serum). The coverslips were placed in a specimen
chamber (Sykes and Moore 1959) and transferred to an
incubation chamber held at 37 �C in an atmosphere of
5% CO2. After a 15-min incubation with FITC-conA
and/or TRITC-conA solutions [acceptor-to-donor
(A:D) molar ratios of 0, 1.5, 3, at constant total con-
centration of 50 lg/ml], the cells were rinsed three times
with PBS and then imaged using a BIORAD MRC 1000
scanning fluorescence confocal microscope (Nikon Plan
Apo, 60X NA 1.2 water immersion lens, zoom=3,
pinhole=4, Kalman average=3) with dual-channel
detection (channel 1, FITC, ex 488 nm, emission 520/22-
nm bandpass; channel 2, FRET, ex 488 nm, 585 long
pass ). Sixty images were acquired and stored as a time
series for image processing. The cross-talk contribution
(see Theory section; Sch1=0.66), representing spillage of
donor emission into the acceptor FRET channel, was
determined by measuring samples labelled donor-only.
All data collected in the FRET channel were corrected
for this effect.

The photobleaching series were analysed using two
approaches as outlined in the Theory section. In the first
approach, regions of interest on the cell membrane were
selected (20·20 pixel area) and the average intensity
value versus image number was extracted (Image-J),
plotted, and fit to an exponential+baseline function
(Excel). The extracted time constants [Eq. (4)] were used
in the calculation of energy-transfer efficiencies and
fractional population of FRET species according to
Eqs. (6) and (7). In the second approach, a constant
background was subtracted from each intensity value,
and the ratio of the intensities of the fifth and first image
in the time series was used to compute effective time
constants, transfer efficiencies and populations accord-
ing to Eqs. (11), (12), (13), and (14).

Theory

Bimodal discrete distribution model (FRET and non-
FRET population model)

We assume a two-state model that attributes the fluo-
rescence from a donor-labelled population as due to a
contribution from donors not undergoing FRET and a
distinct population that undergoes FRET. The intensity
decay detected in the donor emission channel (ch1) due
to photobleaching will decay biexponentially due to the
presence of two populations,

Ich1 tð Þ ¼ Ach1
f e �t=sfð Þ þ Ach1

nf e �t=snfð Þ ð1Þ

where sf and Af depict the time constant and amplitude
characterising the FRET population and snf and Anf

depict the corresponding non-FRET values. By defini-
tion, sf>snf because energy transfer depopulates the
donor excited state causing a reduction in excited-state
lifetime and photobleaching rate. snf is determined
separately using a donor-only labelled sample. Using
dual-channel detection, the acceptor emission (ch2) can
also be synchronously measured yielding the following
time dependence:

Ich2 tð Þ ¼ Sch1 Ach1
f e �t=sfð Þ þ Ach1

nf e
�t=snfð Þ

� �
þ Sch3Ich3

þ AFRET
f e �t=sfð Þ ð2Þ

where, Sch1 is a constant representing cross talk of donor
emission into the acceptor channel, Sch3Ich3 represents
the contribution of acceptor emission that is directly
excited and Af

FRETe(-t/sf) represents the decay of accep-
tor-sensitized emission due to loss of donor molecules by
photobleaching. Note that in the case of a completely
photostable acceptor, the contribution of directly ex-
cited acceptor molecules does not vary with time and
appears as a constant term in Eq. (2). In the case of the
FITC/TRITC pair, the FITC is easily photobleached
and the sensitized-emission term in Eq. (2) is expected to
decay much faster than the intrinsic decay of TRITC
due to photobleaching. Under our illumination and
collection conditions, the rate of TRITC photobleaching
is 5% of the FITC photobleaching rate (data not
shown), in accord with previous observations (7%;
Young et al. 1994). Thus the photobleaching of directly
excited TRITC does not interfere with sensitized-emis-
sion rate-constant determinations. Eqs. (1) and (2) are
both double exponential functions but with shared time
constants.

The common parameters in Eqs. (1) and (2) invite the
possibility that a two-channel global analysis with linked
lifetimes will yield the desired parameters. However,
global analysis works optimally in cases where the sys-
tem is overdetermined, which is not the case here.
Therefore we offer two alternative approaches that are
simpler to implement and analyse. In the first approach,
Eqs. (1) and (2) are transformed into effective single
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exponential functions, from which all the required
parameters can be determined. In the second approach,
a simple time ratio is used, which allows for repeated
determinations in live-cell imaging and facile image
processing.

Use of effective exponential functions to estimate
populations and FRET efficiencies. The time-integral
lifetime approach

Following Gadella and Jovin (1995), we begin by
rewriting Eq. (1) in terms of population fractions (which
are normalized to unity)

Ich1 tð Þ¼ vf snf=sfð Þexp �t=sfð Þþ 1�vfð Þexp �t=snfð Þ ð3Þ

where vf is the fractional population of molecules
undergoing FRET and (1-vf) is the fraction of molecules
not undergoing FRET.

Equation (3) can be rewritten as an effective expo-
nential (baseline subtracted or determined in the fitting),

Ich1 tð Þ ¼ Af exp �t=seffð Þ ð4Þ

Similarly, Eq. (2) can be transformed to a simple
exponential decay by subtraction of the relevant cross-
talk terms,

Ich2 tð Þ � Sch1Ich1 tð Þ ¼ AFRET
f exp �t=sfð Þ þ Sch3Ich3 ð5Þ

The relationship between vf and the lifetimes, seff, sf,
and snf, is found by minimising the sum of the variance
between Eqs. (3) and (4). The analytical result deter-
mined previously by Gadella and Jovin (1995) is

vf ¼ a2bþ 1
� ��1 ð6Þ

where a= (snf+seff)/(sf+seff) and b=(sf�seff)/(seff�snf).
The vf value obtained in this manner is a lower bound
(Gadella and Jovin 1995).

The transfer efficiency determined from the kinetics
of sensitized emission is given by

E ¼ 1� snf=sf ð7Þ

Use of time-ratio functions to estimate populations
and FRET efficiencies—the time-derivative lifetime
approach

In some instances, the recording of the complete
bleaching curve is impractical, for example in live-cell
imaging, where a change in cell morphology or in the
spatial distribution of fluorophores during the long
exposure times for photobleaching will cause problems
with image registration, and in some cases produce
unwanted physiological artefacts. A simpler approach is
to utilise the natural photobleaching that occurs with
replicate image acquisition, using the information con-
tained in a single partial bleach step or serious of steps.

Let RDA be equal to the ratio of total post-bleach to
total pre-bleach intensities in the donor channel,
reflecting a contribution from the complexed and un-
complexed species.

RDA ¼ Ich1 t2ð Þ=Ich1 t1ð Þ
� �DA ð8Þ

Let the ratio of post- to pre-bleach intensity for do-
nor-only sample be equal to

RD ¼ Ich1 t2ð Þ=Ich1 t1ð Þ
� �D ð9Þ

Let the ratio of post- to pre-bleach intensity for do-
nor–acceptor complexes determined from the drop in
sensitized FRET emission be:

RFRET ¼ Ich2 t2ð Þ � Sch1Ich1 t2ð Þ
� �

= Ich2 t1ð Þ � Sch1Ich1 t1ð Þ
� �

ð10Þ

For short photobleaching times, i.e. (t2�t1) fi 0, the
series expansion for exponential functions can be trun-
cated to derive a simple expression for the apparent
photobleaching lifetime, via R=exp[(t2�t1)/
s]�1�[(t2�t1)/s], yielding:

sf ¼ t2 � t1ð Þ= 1� RFRET
� �� �

ð11Þ

The lifetime defined is this manner is essentially the time
derivative and thusmeasures the initial speed of the decay.

Provided the time interval between pre- and post-
bleach images is a constant for the different donor-only
and donor–acceptor samples, the transfer efficiency (E)
within the FRET population is given by:

EFRET ¼ 1� snf=sfð Þ
¼ 1� 1� RFRET

� �
= 1� RD
� �� � ð12Þ

An apparent transfer efficiency derived from the do-
nor emission channel photokinetics, EDA, is defined
similarly:

EDA ¼ 1� snf=sfð Þ
¼ 1� 1� RDA

� �
= 1� RD
� �� � ð13Þ

The fluorescence fraction of molecules undergoing
FRET is given by

Ff ¼ EDA=EFRET ð14Þ

The advantage of this approach is that repeated deter-
minations can be made and the determinations are less
dependent on background since the measurements are
made before significant photobleaching of the sample
has occurred.

Results and discussion

ConA distribution associated with living LIM1215 colon
carcinoma cells

The distribution of FITC-conA on living LIM1215
colon carcinoma cells was primarily associated with the
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plasma membrane as shown by confocal laser scanning
microscopy (Fig. 2a) Some cells showed visible patching
(Fig. 2a, arrow) and internalisation of the conA
(Fig. 2a, asterisk). Our analyses were confined to regions
of interest on the cell surface. Synchronous dual-channel
photobleaching FRET measurements were performed
on conA fluorescein-labelled donor and conA rhoda-
mine-labelled acceptor molecules bound to live
LIM1215 colon carcinoma cells. As expected, replicate
image acquisition resulted in substantial photobleaching
of the fluorescein fluorophore as shown in the time series
of images presented in Fig. 2b. Typical time traces of the

photobleaching of the fluorescein-conA (observed
through the fluorescein channel) at different labelling
molar ratios are shown in Fig. 3a (logarithmic scale). It
is evident from the curves presented in Fig. 3a that
addition of the rhodamine acceptor caused an appre-
ciable decrease in the rate of photobleaching of the
fluorescein label, consistent with energy transfer between
the conA-labelled surface glycoproteins. The mean de-
cay time of the donor determined from an exponential fit
in the absence of acceptor was 11 s, and increased pro-
gressively from 16 s at an acceptor-to-donor (A:D)
molar ratio of 1.5:1 to 20 s at a molar ratio of 3:1. The
corresponding kinetics of acceptor-detected donor
photobleaching of the 3:1 molar ratio labelled cells, to-
gether with the kinetics of the donor channel emission
are shown in Fig. 3b. It is evident that the decay of the
acceptor-detected donor emission was significantly
longer-lived than that of the donor channel. The
acceptor-detected donor photobleaching is characterised
with a time constant of approximately 40 s. This value is
longer than the donor-detected time constants but sig-
nificantly shorter than the time constant for direct
photobleaching of the acceptor of 150–250 s [based on it

Fig. 2 a Confocal laser-
scanning microscopy image of
FITC-conA-stained LIM1215
human colon carcinoma cells
showing the distinctive staining
of the cellular plasma
membranes. Arrow Patch of
conA receptors, asterisk
internalised conA. b Time series
of cell presented in a showing
the progressive photobleaching
of fluorescein fluorescence upon
replicate image acquisition
(images labelled according to
image number). Images 1 and 5
represent typical images used to
compute the time-ratio lifetimes

Fig. 3 a Donor-detected photobleaching curves of FITC-conA on
the surface of LIM1215 human colon carcinoma cells as a function
of added acceptor TRITC-conA. Data points denote the baseline-
subtracted and normalised experimental values. A:D molar ratios:
triangles 3:1, circles 1.5:1, squares 0. The solid lines are exponential
fits to the data. Note the progressive decrease in photobleaching
rate as the proportion of added TRITC-conA acceptor is increased.
b Comparison of donor-detected (squares) and acceptor-detected
(circles) normalised photobleaching curves of FITC-conA on the
surface of LIM1215 human colon carcinoma cells at A:D molar
ratio=3:1. Solid lines are fits to the data. The distinctly different
photobleaching kinetics are indicative of heterogeneity of energy
transfer
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being 5–7% of the FITC bleaching rate (data not shown;
Young et al. 1994)]. Thus the loss in intensity of the
acceptor emission from donor excitation occurred
through the bleaching of donor molecules participating
in FRET. Similar acceptor-detected donor photoble-
aching rates were observed for the 1.5:1 stoichiometry
population. The mean and standard deviations in the
time constants derived from the fits of selected regions of
interest (>10) using both the exponential-fit and time-
ratio methods are collected in Table 1.

In comparing the results from the exponential-fit and
time-ratio approaches, good agreement is seen in the
extracted time constants and in the derived transfer
efficiencies. With regard to the time-ratio approach,
important advantages are the small number of images
required (minimum of two), the facile image processing
(simple division, addition) and retention of spatial

information. In cases where no spatially correlated
FRET occurs, such as the situation here, the large
number of pixels generated in an image allows the dis-
tribution of transfer efficiencies and fractional popula-
tions to be determined from a large number of
observations. Examples of population (Fig. 4a) and
FRET distributions (Fig. 4b) from the time-ratio ap-
proach are shown in Fig. 4. It is notable that the mean
population fraction of FRET molecules and mean
transfer efficiency obtained from these distributions (90
and 76%) agree well with the data listed in Table 1, i.e.
from the full kinetic analysis approach (87 and 73%).
We conclude that the dual-channel detected time-ratio
approach is useful and applicable to FRET microscopy
investigations.

The disparity between the donor-detected and
acceptor-detected photobleaching kinetics is evidence
that the donor and acceptor probes experience a distri-
bution of distances on the cell surface on the time scale
of the measurement. The donor-detected emission
kinetics will be weighted towards the more fluorescent
and faster photobleaching molecules in the distribution
(smaller FRET efficiencies including donors not under-
going FRET), while the sensitized emission kinetics will
be dominated by acceptor molecules that have under-
gone significant FRET (smaller donor–acceptor sepa-
rations). The interpretation used here in terms of
simplest FRET/non-FRET population model assigns to
the non-FRET population the donor molecules that are
too distant from acceptor-labelled molecules to yield

Table 1 Photobleaching time constants, fractional FRET populations and FRET efficiencies obtained from analysis of dual-channel
photobleaching FRET measurements of FITC-conA and TRITC-conA bound to living LIM1215 colon carcinoma cells

Label ratio
(A:D molar ratio)

Method Donor channel
lifetimea

FRET channel
lifetime

vf(%) E (%)

0:1 Exponential 11±2 N/A N/A N/A
0:1 Time ratio 11±2 N/A N/A N/A
1.5:1 Exponential 16±3 41±6 47 73
1.5:1 Time ratio 15±3 39±7 65 72
3:1 Exponential 21±5 37±7 68 70
3:1 Time ratio 20±5 42±8 87 73

aThe values (mean±SE) correspond to the mean of at least ten determinations corresponding to regions of interest (20·20 pixels) on the
cell surface

Fig. 4 a Population distribution of clustered protein calculated
from time-ratio approach. Squares indicate data points. The mean
fractional fluorescence due to clustered protein was 70%, corre-
sponding to a mean molar fraction of clustered protein of 90%.
The FRET maps used to obtain the histogram were generated from
the time ratio of two acceptor-detected and two donor-detected
donor-photobleaching images of FITC-conA on the surface of
LIM1215 human colon carcinoma cells at a TRITC-conA to FITC-
conA molar ratio of 3:1. b Distribution of FRET efficiencies
calculated from time-ratio approach. Squares indicate data points.
The mean transfer efficiency was 76%. The FRET map used to
obtain the histogram was generated from the time ratio of two
acceptor-detected donor-photobleaching images of FITC-conA on
the surface of LIM1215 human colon carcinoma cells at a TRITC-
conA to FITC-conA ratio of 3:1
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measurable energy transfer (i.e. greater than 10 nm,
unclustered) and another population of donor molecules
that are proximal to acceptors (i.e. at distances less than
10 nm and probably in clusters). The parameters cor-
responding to this model are shown in Table 1. The data
collected at the highest acceptor-to-donor labelling ratio
are consistent with a fraction-clustered protein of 68–
87% and an average efficiency of transfer of 73% within
the clustered fraction. An estimate of the true level of
clustered protein can be determined from the depen-
dence of the clustered fraction on labelling stoichiome-
try. By linear extrapolation of the fractional clustering
(taken as the average between the time-ratio and time-
integral approaches) as a function of the donor-to-
acceptor labelling ratio, we estimate 99% of the conA is
clustered at the limit of infinite acceptor-to-donor
labelling ratio (i.e. from the y-intercept of a clustered
fraction versus donor–acceptor ratio plot).

Other cell-surface distribution models that could
potentially account for the data include random distri-
bution and a homogenous clustered distribution (Ken-
worthy and Edidin 1998). The random distribution can
be excluded based on two observations. First, the cal-
culated theoretical average energy-transfer efficiency
based on a random surface distribution is significantly
lower than the measured efficiency (Szollosi et al. 2002).
On this basis, Szollosi et al. suggested that conA was
partially clustered on the cell surface at an effective
surface density that was higher than that expected for
random distribution. Second, the acceptor-detected
photobleaching kinetics are unaffected by increases in
acceptor-labelling density (Kenworthy and Edidin
1998). Any random distribution would produce a de-
crease in both the donor- and the acceptor-detected
photobleaching kinetics with increased acceptor density.
This was not observed. We conclude that the conA
receptors are nonrandomly organised (even if located in
domains of high local concentration on the cell surface).
A homogenously clustered model would be compatible
with the disparate donor and acceptor photobleaching
kinetics and the response of these to changes in acceptor-
to-donor labelling ratio (Kenworthy and Edidin 1998).
In this situation, the fractional population of molecules
not undergoing FRET represents the population frac-
tion of oligomers containing donor labels but not
acceptor labels. However we could not conceive of any
single oligomeric state that would yield the observed
population fractions at the labelling ratios used. Thus, a
partially clustered or a distributed oligomeric-state
model is seen to be the simplest cell surface distribution
consistent with the results herein.

Comparison with other studies

The distribution of conA on the surface of a variety of
cell lines has been studied using a range of comple-
mentary techniques including microscopic and flow cy-
tometric studies (Fernandez and Berlin 1976; Chan et al.

1979; Szollosi et al. 1984; Young et al. 1994; Cohen-
Kashi et al. 2002). FRET efficiencies in the 25–60%
range have been reported for conA-fluorescein and
conA-rhodamine using steady-state fluorescence spec-
troscopy in normal and transformed murine fibroblasts
(E=49%, A:D molar ratio=5:1, Fernandez and Berlin
1976); donor-photobleaching fluorescence microscopy
with murine B lymphocytes (E=49%, A:D molar ra-
tio=4:1, Young et al. 1994); donor-polarization-
detected FRET microscopy using human T-lymphocyte
cells (E=25%, A:D molar ratio=4:1, Cohen-Kashi
et al. 2002); and flow cytometry with HK22 murine
lymphoma cells (E=57%, Chan et al. 1979; E=35%,
A:D molar ratio=4.3, Szollosi et al. 1984). Our transfer
efficiency values for LIM1215 human colon carcinoma
cells determined using donor photobleaching (E=31%,
A:D molar ratio=1.5:1; E=50%, A:D molar ra-
tio=3:1) are in the range of the reported values for other
cell types. The variation in transfer-efficiency values
obtained from these studies probably reflects the differ-
ent cells used, the different methods used to determine
the transfer-efficiency values, and the different reagent
labelling ratios.

St. Pierre and Petersen (1990), using the technique of
scanning correlation spectroscopy, have shown that the
conA distribution is not homogenous but is compatible
with a partly aggregated system consisting of monomers
or small oligomers of high conA affinity and larger
aggregates that bind conA with low affinity. If we assume
that the high affinity monomers observed by St. Pierre
are unable to undergo FRET, then the fraction-clustered
protein obtained in our FRET analysis should agree with
other approaches. In this regard, it is interesting to note
that our estimates of clustered fraction of 87–99% (by
extrapolation) agree well with the fraction of low-affinity
binding sites from binding analysis (94%, Wallach 1976;
99%, Feller 1977). The good agreement in conclusions
reached from three complementary approaches gives
credence to the extended FRET method developed here.

As far as we are aware, this is one of the first FRET
methods that has the potential to disentangle the effects
of monomer–oligomer association from oligomer rear-
rangement in living cells. Monomer–oligomer dissocia-
tion would increase the proportion of non-FRET species
as inferred from a change in donor-emission-detected
FRET (but no change in acceptor-detected FRET),
while oligomer rearrangement would be observed by a
change in the acceptor-detected FRET.

Mekler and co-workers (1997) have used acceptor-
sensitized photobleaching measurements to measure the
distance distribution of probes in molecular assemblies.
In essence they measured the depletion of acceptors due
to indirect photobleaching from energy transfer from the
excited donors. The approach requires a photostable
donor and photolabile acceptor. Our approach differs in
that we use the sensitized-acceptor emission to measure
the kinetics of depletion of donors within molecules that
are undergoing FRET within a photolabile-donor/
photostable-acceptor system.
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Other workers have attempted to use stoichiometry-
based analysis methods, but the interpretation neces-
sarily assumes that the transfer efficiency within the
FRET population is a constant and any variation in
observed average efficiency is due to a change in the
relative proportion of FRET and non-FRET forms.
This assumption is implicit in ratiometric methods
(Hoppe et al. 2002) and has been used in interpreting
data obtained from donor-detected photobleaching and
lifetime measurements (Gadella and Jovin 1995). The
use of the emission kinetics of the acceptor provides a
direct kinetic measurement of the transfer efficiency in
the oligomeric population and this provides an inde-
pendent measurement of the transfer efficiency that is
not biased by any free unassociated protein.

The method introduced here has advantages com-
pared to other microscope-based FRET methods pub-
lished in the literature; methods based on combined
donor–acceptor intensity measurements using two or
three filter sets are simple to perform but require careful
corrections due to filter cross talk and direct excitation
of the acceptor (Gordon et al. 1998). Moreover only an
apparent efficiency is obtained which is necessarily
dependent on labelling stoichiometry and proportion of
monomeric receptors. The technique introduced here,
while also requiring comparison of donor and acceptor
intensities within a photobleaching series, has two dis-
tinct advantages. First, it is a kinetic measurement and
hence less dependent on absolute signal than the inten-
sity-based measurements. Second, only one cross-talk
correction is required (donor bleed-through to the
FRET channel) as opposed to three corrections required
for intensity-based determinations. Direct excitation of
the acceptor will contribute to the absolute intensity of
the FRET channel but will not contribute to the FRET
channel kinetics provided it is relatively photostable
compared to the donor. Third, it has been suggested that
combined donor–acceptor detection gives FRET data
that is more reliable than using either channel separately
(Berney and Danuser 2003).

Photobleaching FRET is inherently photodestructive,
is potentially phototoxic, and can be relatively slow,
suggesting that the technique is best used with fixed
samples. We observed slight lateral cell movement dur-
ing some of our live-cell experiments. This can be par-
tially compensated using the time-ratio method
introduced here involving collection and analysis of only
a few images obtained over a relatively short time peri-
od. For example, good image registration is seen be-
tween the images collected consecutively in Fig. 2b,
allowing the potential for ‘‘on-the-fly’’ FRET-imaging
measurements in dynamic live-cell situations. As for
other FRET techniques employing combined
donor–acceptor emission, the photobleaching method
employing dual-channel detection will work best for
intermediate transfer efficiencies. At the limit of zero
transfer efficiency, the amount of sensitized emission will
be too small to detect, and at the limit of 100% efficiency
the rate of photobleaching by direct or indirect

excitation of acceptors will be comparable to the loss of
sensitized emission due to loss of excitable donors. For
the FITC/TRITC couple, this situation arises when the
efficiency of transfer is 93%.

Work is in progress to further develop the method
and theory for subcellular imaging and apply it to
problems of importance in signal transduction. The
newly developed quantum dot semi-conductor nano-
crystals (Jovin 2003 and references therein) show some
promise in this regard because their resistance to
photobleaching and their large absorption cross section
make them favourable acceptor candidates for the
approach discussed herein.
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