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1. Introduction

In recent years, Fçrster resonance energy transfer (FRET)[1] has
become a popular tool in biophysics, biochemistry and molec-
ular cell biology.[2–6] FRET is typically used as either a ruler to
measure intramolecular distances or to determine molecular
colocalization on a nm scale. In the former case, molecules
such as proteins are labelled with a suitable (fluorescent)
donor and acceptor molecule. The distance between donor
and acceptor can be derived from the experimentally deter-
mined FRET efficiency.[1] . Changes in the conformational state
of the protein, or the cleavage of the protein in two parts can
be determined this way.[7] FRET is typically used in protein
spectroscopy,[8] molecular sensors[9] and to determine whether
two different molecules colocalize on a macromolecular scale,
that is, within ~10 nm.[7, 10, 11] For the latter purpose, FRET can
be combined with fluorescence microscopy.[2, 3] Molecular or-
ganization and protein–protein or protein–ligand interactions
in cells can be conveniently visualized in this way.

By far most FRET applications rely on FRET between two dif-
ferent donor and acceptor probes (hetero-FRET), but FRET can
also occur between identical fluorophores.[2, 12–15] This type of
FRET is often referred to as homo-FRET, but the terms homo-
transfer,[12] donor–donor energy migration[16] or energy migra-
tion FRET (emFRET)[17] are also used. In nature, this phenomen-
on occurs in antenna systems of photosynthetic complexes, for
example.[18] As a structural tool in biology, however, it still is
not as well established as hetero-FRET. The occurrence of
homo-FRET can be observed by its effect on fluorescence an-
isotropy.[2] This can be implemented in fluorescence micro-
scopes by the addition of polarizing optics. Even 3D confocal
anisotropy imaging has been demonstrated.[19] Interestingly,
fluorescent labelling is comparatively easy in homo-FRET ex-
periments since only one probe is required. Recent homo-
FRET- and fluorescence-anisotropy-related reviews deal with

the general concept of fluorescence anisotropy,[20, 21] its ability
to determine donor–donor distance and mutual orientation,[14]

applications to study lipid domains,[22] instrumental aspects,[23]

anisotropy imaging of hetero-FRET[24] and anisotropy/homo-
FRET in single molecule studies.[25] The current review focuses
on application of homo-FRET imaging to quantify the number
of fluorophores in small clusters of proteins.

Herein, studies on the plasma membrane organization is
used to exemplify the type of information that homo-FRET
methods can provide. There has been intensive debate about
the heterogeneity of the lipid composition in membranes, that
is, the existence of lipid domains (or rafts).[22, 26–28] These do-
mains are suggested to play a pivotal role in cellular signalling
processes.[29–31] One example shown here concerns the epider-
mal growth factor receptor (EGFR), an important molecule for
the control of cell proliferation.[31, 32] This receptor clusters in
oligomers after stimulation with its ligand EGF,[33] which stimu-
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Homo-FRET, Fçrster resonance energy transfer between identi-
cal fluorophores, can be conveniently measured by observing
its effect on the fluorescence anisotropy. This review aims to
summarize the possibilities of fluorescence anisotropy imaging
techniques to investigate clustering of identical proteins and
lipids. Homo-FRET imaging has the ability to determine distan-
ces between fluorophores. In addition it can be employed to
quantify cluster sizes as well as cluster size distributions. The
interpretation of homo-FRET signals is complicated by the fact

that both the mutual orientations of the fluorophores and the
number of fluorophores per cluster affect the fluorescence ani-
sotropy in a similar way. The properties of the fluorescence
probes are very important. Taking these properties into ac-
count is critical for the correct interpretation of homo-FRET sig-
nals in protein- and lipid-clustering studies. This is be exempli-
fied by studies on the clustering of the lipid raft markers GPI
and K-ras, as well as for EGF receptor clustering in the plasma
membrane.
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lates the removal of the activated receptors from the cell sur-
face by receptor mediated endocytosis.[34] Another example is
glycosylphosphatidylinositol (GPI) anchored to green fluores-
cent protein (GFP), a common lipid raft marker that has been
one of the key subjects in homo-FRET studies.[15, 19, 35, 36] The last
example we present concerns the inner leaflet lipid anchoring
of K-ras.[37] Other examples of fluorescence anisotropy based
homo-FRET studies are listed in Table 1, which includes infor-
mation on the observed degree of polarization due to homo-
FRET, and the influence of the type of fluorophore on the de-
polarization.

2. Homo-FRET and Fluorescence Anisotropy

Regular FRET imaging is performed by two-channel ratiometric
imaging of donor (ID) and acceptor (IA) intensities, spectral
imaging, or by fluorescence lifetime imaging.[2] Such ap-
proaches do not result in a detectable homo-FRET signal, since
in the case of homo-FRET, the donor and acceptor have identi-
cal spectroscopic properties. Homo-FRET can be observed,
however, by exploiting the difference in polarization of the
emission of the fluorophores. Such differences are quantified
by the fluorescence anisotropy r [Eq. (1)]:

r ¼ Ipar � Iper

Ipar þ 2Iper
ð1Þ

with Ipar and Iper the emission parallel and perpendicular to the
excitation polarization direction[1, 13, 15] (Figure 1).

Excitation with polarized light results in photoselection of
fluorophores with their absorption transition dipole moments
oriented parallel to the polarization direction of the excitation
light. When the emission transition dipole moment is parallel
to the absorption transition dipole moment, the anisotropy of
this directly excited fluorophore will be maximal. The theoreti-
cal value of the maximum amounts to r = 0.4 (one-photon exci-
tation).[1] The measured anisotropy is often lower; rotation
leads to a broadening of the orientation distribution of the flu-

Table 1. Examples of fluorescence depolarization due to homo-FRET.

Probe rmono rdimer roligomer rdimer/rmono roligomer/rmono Technique Ref.

Concatamer
GFP–GFP (dimer) and GFP–GFP–GFP (trimer) GFP 0.29 0.25 0.21 0.86 0.72 steady state, imaging [38]
Venus–Venus (dimer) and Venus–Venus–Venus (trimer) Venus 0.37 0.25 0.18 0.68 0.49 time-resolved, 2PE,

spectroscopy
[39]

FKBP–mGFP (dimer) and2 � FKBP–mGFP (oligomer) mGFP 0.38 0.31 0.27 0.82 0.71 time-resolved, imaging [15]
FKBP–GFP (dimer) and2 � FKBP–GFP (oligomer) GFP 0.38 0.32 0.27[a] 0.84 0.71 time-resolved, imaging [15]
Protein Oligomers/Aggregrates
Phospholamban (pentamer) FlAsH 0.29 0.11 0.38 steady state, spectroscopy [40]
Herpes simplex virus thymidine kinase (living cells) GFP 0.25 0.16 0.64 time-resolved, imaging [13]
Microtubili FluTax 0.25 0.06 0.24 time-resolved, spectroscopy [41]
Serotonin-gated 5-HT3 receptor (pentamer) GFP 0.30 0.22 0.73 steady state [42]
Ca2 + /calmodulin-dependent protein kinase IIa
(hexamer)

Venus 0.37 0.12 0.32 time-resolved, 2PE,
spectroscopy

[39]

a-Synuclein (in amyloid-like fibrils) YFP 0.30 0.09 0.30 steady state, imaging [43]
a-Synuclein (in amyloid-like fibrils) Alexa488 0.19 0.09 0.47 steady state, imaging [43]
Lipid-Anchored Proteins in Membranes
GPI (whole fixed cells) GFP 0.37 0.25 0.68 time-resolved, spectroscopy [36]
GPI (living cells) GFP 0.35 0.32 0.91 time-resolved, spectroscopy [36]
GPI (living cells) mYFP 0.34 0.30 0.88 time-resolved, spectroscopy [36]
GPI (membrane ruffles, fixed cells) GFP 0.33 0.21 0.64 time-resolved, imaging [19]
tK (lipid anchor of K-ras) mGFP 0.38 0.31 0.82 time-resolved, imaging [a]

Protein Organization in Membranes
Band 3 protein Eosin 0.38 0.29 0.76 steady state, spectroscopy [44]
Epidermal growth factor receptor B1 (living cells) GFP 0.39 0.34 0.87 steady state, flow cytometry [17]
EGF receptor (fixed cells) mGFP 0.38 0.34 0.89 time-resolved, imaging [32]
EGF receptor (fixed cells, EGF stimulated) mGFP 0.38 0.28 0.74 time-resolved, imaging [32]

[a] Unpublished results, see Figure 5 and the Supporting Information.

Figure 1. Schematic representation of homo-FRET in a dimer of GFP an-
chored to a membrane. Adapted from Bader et al.[19]
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orophores and consequently a lower anisotropy. When the
emission is completely depolarized, Ipar = Iper and the anisotropy
is zero. Importantly, energy transfer to neighbouring identical
fluorophores will also decrease the anisotropy of the emission.
The measured anisotropy is the average of the individual ani-
sotropies of ’’directly excited fluorophores’’ and ’’fluorophores
indirectly excited after energy transfer’’. The latter fluorophores
have not been photoselected by the excitation light, and
therefore exhibit a lower anisotropy. The anisotropy reduction
depends on the fraction of the emission that originates from
these indirectly excited fluorophores (Figure 1).

In microscopy, the use of high numerical aperture objectives
results in a reduction of the observed anisotropy.[45] This effect
can be corrected for[46] or circumvented by utilizing lower nu-
merical aperture objectives at the price of a loss in resolution
and sensitivity. In practice, numerical apertures of 0.7–0.8 are a
good compromise.

2.1. The Effect of Homo-FRET and Rotations on Anisotropy

Time-resolved anisotropy measurements offer the possibility to
discriminate between anisotropy reduction due to rotation
and homo-FRET.[13] Depending on the size of the molecule and
the viscosity of the surrounding medium, rotation of molecules
can occur on a sub-nanosecond to nanosecond timescale. For
a freely rotating (spherical) molecule in solution in the absence
of homo-FRET, this decay is described by Equation (2):

rðtÞ ¼ r0e�t=F ð2Þ

where F is the rotation correlation time of the rotor and r0 is
the maximum initial anisotropy.[1] r0 is determined by the angle
between the excitation and the emission dipole moments. For
a fluorophore in solution, r(t) goes to zero for time infinity.

In the case of homo-FRET, the time dependency of the an-
isotropy depends on the rate of energy transfer. In the absence
of rotation, the time-resolved anisotropy decay due to homo-
FRET can be written as Equation (3):[13, 47]

rðtÞ ¼ ðr0 � rinfÞe�2wt þ rinf ð3Þ

Here, w denotes the homo energy transfer rate [Eq. (4)]:

w ¼ R0=R

� �6
t�1 ð4Þ

where R0 is the Fçrster distance, R the interfluorophore dis-
tance and t the fluorescence lifetime in the absence of FRET. w

is related to the energy transfer efficiency E by Equation (5):

E ¼ w=ðt�1 þ wÞ ð5Þ

The total reduction in anisotropy due to homo-FRET de-
pends on the number of fluorophores per cluster and their rel-
ative orientation (see Sections 2.2 and 2.3). Importantly, when
the number of fluorophores in the cluster increases, a larger
fraction of the fluorescence will originate from indirectly (by

energy transfer) excited fluorophores with comparatively low
anisotropy. The anisotropy after energy transfer is determined
by the orientation of the indirectly excited fluorophores with
respect to the orientation of the directly excited fluorophore.
With increasing mutual orientations, the anisotropy after
energy transfer becomes lower.

To separate homo-FRET from rotational depolarization, it is
advantageous to employ slowly rotating dye molecules such
as fluorescent proteins (rotational correlation time F@ t). In-
trasequence expression of GFP can further reduce rotations.[48]

Now, rotations can be ignored and the analysis of the anisotro-
py decay is comparatively simple. For small fluorophores (or-
ganic dyes), the molecular rotations are typically fast. However,
because the fluorophores are usually covalently bound to
large proteins, rotation is hindered along one or two of the
possible rotation axes. Consequently, the anisotropy decay be-
comes multiexponential.[1] Reliable analysis of such multiexpo-
nential decays requires high signal levels and can be compli-
cated.

2.2. Orientation of Fluorophores

For homo-FRET in dimers, the mutual orientation of the fluoro-
phores can be determined. According to Tanaka et al.[47] and
Gautier et al. ,[13] the dependence of r(t) on the mutual orienta-
tion of the transition dipole moments V of two fluorophores
in a dimer is given by Equation (6):

rðtÞ ¼ 0:1 3� 3 cos2 qð Þe�2wt þ 3 cos2 qþ 1½ � ð6Þ

This equation is only valid for fluorophores with parallel ab-
sorption and emission transition dipole moments. For random-
ly oriented molecules, the anisotropy after one energy transfer
step is 0.016.[12, 49] For t!1, energy transfer between the two
fluorophores occurs many times and there is a 50 % chance
that the directly excited fluorophores emits a photon (with r
�0.4), and a 50 % chance that the indirectly excited fluoro-
phores emits a photon (with r�0); the average dimer anisotro-
py at r(1) will therefore be ~0.2. According to equation 6, this
corresponds to an average mutual orientation between the flu-
orophores of ~548.

In practice, the molecules in a dimer or oligomer are often
not randomly oriented. This has been verified in experiments
involving controlled dimerisation and oligomerization of fluo-
rescent proteins.[15, 38, 39] For instance, controlled dimerization of
mGFP (monomeric GFP) using the protein dimerization con-
struct FKBP (FK506 binding protein) leads to a decrease in the
time-resolved anisotropy from 0.38 to 0.30 (Table 1).[15] This is
much less than expected from randomly oriented molecules
and, according to Equation (6), this corresponds to an average
V for the mGFP dimer of ~308. In these experiments, the an-
isotropy reduction was shown to be independent of the inclu-
sion of a flexible linker and the exchange of mGFP for GFP.[15]

These results suggest that the mutual orientation is an intrinsic
property of the fluorescent proteins themselves. Preferred rela-
tive orientations of the GFPs are a likely explanation for the
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comparatively low anisotropy reductions found in many ex-
periments.[15]

When GFP is mutated into for instance YFP (yellow fluores-
cent protein), or Venus, the mutual orientation may be altered
due to 1) a rotation of the absorption/emission transition
dipole moment of the fluorophore, 2) a different orientation of
the fluorophore in the barrel, and 3) chemical interactions be-
tween the barrels. This difference in mutual orientation might
explain the difference in depolarization found for GFP–GFP[38]

and Venus–Venus dimeric concatamers,[39] as well as for GPI–
GFP and GPI–mYFP in cell membranes[36] (Table 1). However, no
comparative study on the mutual orientation of fluorescent
protein dimers has been carried out yet. We note that the ef-
fects of preferred orientations may have a strong effect on the
quantification of the number of fluorophores per cluster (Sec-
tion 2.3).

2.3. Number of Fluorophores per Cluster

An important application of homo-FRET imaging is the deter-
mination of the number of fluorophores per cluster. According
to the theory proposed by Runnels and Scarlata,[12] the fluoro-
phores in homo-FRET clusters are divided in two pools: directly
excited fluorophores and indirectly excited fluorophores. Con-
sidering a cluster of N fluorophores, only one fluorophore is di-
rectly excited (fraction 1/N, high anisotropy rmono) while the re-
maining fluorophores are indirectly excited (fraction (N�1)/N,
lower average anisotropy ret). When the efficiency of the trans-
fer is low, the majority of the emission originates from directly
excited fluorophores. Conversely, a higher energy transfer rate
increases the probability that the indirectly excited fluoro-
phores emit. Averaged over a large number of clusters of on
average N fluorophores, the bulk steady-state anisotropy (in
the absence of rotation) is therefore given by Equation (7):

rN ¼ rmono

1þ wt

1þ Nwt
þ ret

ðN� 1Þwt

1þ Nwt
ð7Þ

The factor wt is included to correct for the effect of energy
transfer efficiency. Although this theory is useful in direct quan-
tification of protein clustering, it should be handled with care.
The major disadvantage of the theory is that it assumes a con-
stant average anisotropy for all the indirectly excited fluoro-
phores (i.e. ret), even after multiple energy transfer steps. This
is true when the mutual orientation of the fluorophores is
random and ret thus approximates zero. In other cases, a more
extensive relation between anisotropy and cluster size should
be derived.

For most fluorescent proteins, the anisotropy decrease due
to homo-FRET is only small. For a reference construct contain-
ing two GFPs, the anisotropy is typically reduced by 20–30 %
(see Table 1).[15, 38, 39] This minor anisotropy decrease was attrib-
uted to orientation effects.[15, 38] For pentameric Phospholam-
ban-FlAsH, on the other hand, the anisotropy is reduced by
62 %. In the latter case, the deviation from Runnels and Scarla-
ta theory was attributed to the sub-stoichiometrical labelling
rather than orientation effects.[40] These examples demonstrate

that the choice of probe is important in homo-FRET cluster size
determination.

The anisotropies of oligomers found in various homo-FRET
studies are compared in Table 1. Anisotropy reductions of
more than 50 % are observed for protein fibres like microtubi-
li[41] and amyloid-like fibrils.[43] According to Runnels and Scarla-
ta theory, this means that the fluorophores are oligomerized.
In membranes, however, the largest anisotropy reduction listed
here is only 36 %, which suggests that the average size of lipid
or protein receptor clusters is small.

3. Quantifying Cellular Membrane
Organization

Regular FRET imaging is a common tool to investigate mem-
brane organization.[22, 50, 51] It has been utilized for example, to
determine the colocalization of lipid probes[52] as well as the
colocalization between proteins and (protein-bound)
lipids.[31, 53] Alternatively, fluorescence anisotropy experiments
have been performed to determine the lipid order of mem-
branes.[54, 55]

3.1. Verification of the Occurrence of Homo-FRET

A typical example of a homo-FRET study is the determination
of the distribution of membrane-anchored proteins in the
plasma membrane. Here, GFP linked to a glycosylphosphatidy-
linositol (GPI) anchor is often used. GPI-anchored proteins are
transferred via the Golgi apparatus to the plasma membrane
where they are found in nanoscale clusters.[35, 36] GPI–GFP ex-
pressed in NIH 3T3 cells clearly shows its presence in both the
Golgi and the plasma membrane (Figure 2 A). A large differ-
ence in anisotropy is found between GPI–GFP in the interior of
the cell and GPI–GFP in the plasma membrane.[19] To ensure
that the reduced anisotropy of GPI–GFP is due to homo-FRET,
multiple tests can be performed. The best proof that homo-
FRET occurs can be obtained from time-resolved anisotropy
decays.[13–16, 19, 22, 36, 39, 41] The reference anisotropy decay of a
monomeric GFP (mGFP) in solution typically exhibits a slow
decay due to the slow rotation of the relatively large GFP
(~28 kDa); the anisotropy is high and virtually constant (Fig-
ure 2 B, left). Homo-FRET results in a rapid depolarization that
levels off [Eq. (3)] , confirming the occurrence of homo-FRET in
clusters of GPI–GFPs in the plasma membrane. As a control ex-
periment the GPI clusters can be disrupted by removal of cho-
lesterol form the plasma membrane. Cholesterol can be deplet-
ed by treatment with saponin which indeed results in disap-
pearance of homo-FRET.[36]

Alternative approaches to verify the occurrence of homo-
FRET are red edge excitation and fractional labelling. The
former takes advantage of Weber’s red edge effect, that is, the
vanishing of homo-FRET when exciting fluorophores at the red
edge of the absorption spectrum.[56] Nowadays, it is used to
confirm the existence of homo-FRET in spectroscopy[44] and
imaging.[38] A second approach is to fractionally label the
target or photobleach part of the fluorophores.[17, 35, 36, 44, 57, 58]

This reduction of the number of fluorophores will decrease the
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measured homo-FRET; a higher anisotropy in fractionally la-
belled or photobleached samples therefore confirms the occur-
rence of homo-FRET.

3.2. Nanoscale Organization or Concentration Clustering?

Potentially, homo-FRET can be induced by nanoscale biochemi-
cal interactions or high dye concentrations due to overexpres-
sion. This is particularly important when homo-FRET is studied
in membranes; concentration FRET in a ’2D plane’ is much
more likely than in a 3D solution. Nanometer-scale organiza-
tion can be conveniently discriminated from a random distri-
bution (i.e. concentration clustering) by analysing scatter plots
of the intensity (fluorophore concentration) and the corre-
sponding anisotropy (degree of homo-FRET) values of the
pixels in an image.[35] For the GPI–GFP experiments, there is no
correlation between intensity and anisotropy (Figure 2 B, right).
A higher fluorophore density does not result in increased clus-
tering, suggesting that the observed clustering is induced by
non-random biochemical interactions between GPI–GFP in do-
mains.[19, 35] This provides evidence for the nanoscale organiza-
tion of GPI-anchored proteins in plasma membrane do-
mains.[35]

3.3. Direct Quantification of Protein Cluster Sizes

Runnels and Scarlata theory can also be used to determine the
average number of proteins in a cluster. However, as explained

above, the measured anisotropy
does not only depend on the
number of proteins in a cluster,
but also on the energy transfer
efficiency [wt= E/(E�1)] and the
mutual orientation of the fluoro-
phores (ret). Moreover, the label-
ling stoichiometry also affects
the measured cluster size. This is
especially important for labelling
with organic dyes, but incom-
plete maturation of fluorescent
proteins can reduce the labelling
stoichiometry as well. For GFP,
typically 80 % of the expressed
protein actually fluoresces
whereas the remainder is imma-
ture.[59]

The effect of the energy trans-
fer efficiency is taken into ac-
count by utilizing time-resolved
anisotropy detection. Note that
in time-resolved experiments,
the anisotropy decreases to a
level (rinf) where energy transfer
has occurred multiple times and
all fluorophores in the cluster
have equal probability of emit-
ting a photon. Since rinf does not

depend on the transfer efficiency, it can act as a more accurate
measure of clustering.[19]

The mutual orientation of the fluorophores determines to
which extent the anisotropy is reduced by the energy transfer
[in Eq. (7) this is included in ret] . In recent experiments, it was
suggested that the mutual orientation of GFPs is mainly deter-
mined by the fluorophore itself.[15] When the homo-FRET effi-
ciency is high, as can be inferred from the time-resolved aniso-
tropy decay, the distance between the fluorophores is short
(note that the Fçrster distance for GFP homo-FRET is
4.65 nm).[36] For GFP, the distance is often comparable with the
dimensions of its barrel (~2 by ~4 nm).[60] On this length scale,
weak chemical interaction between the barrels of (m)GFPs can
easily occur. Interestingly, short-range interactions are often in-
dependent of the remaining part of the GFP construct.[15]

Therefore, reference anisotropy measurements can be per-
formed on model GFP constructs to calibrate the (limiting) ani-
sotropy of monomers, dimers, and so forth. For example, the
protein subunit FKBP can be dimerized by the binding of the
ligand AP20187. A FKBP–mGFP construct is used to calibrate
the anisotropy of mGFP dimers, and a construct with two FKBP
domains (2 � FKBP–mGFP) to calibrate the anisotropy of oligo-
mers (Figures 3 A,B).[15] Other reference constructs employed in-
clude FKBP fused to GFP, FKBP fused to mGFP via a flexible
linker and a construct where FKBP–mGFP are fused to the
transmembrane protein EGF receptor (EGFR).[15, 32] In all cases
the anisotropy reduction after induced clustering was approxi-
mately the same: ~20 % reduction after dimerization and

Figure 2. A) Intensity and anisotropy (rinf) image of a Her14 cell expressing GPI–GFP. B) Homo-FRET analysis of two
regions of interest indicated in the intensity image (blue = Golgi; green = membrane ruffles). Left : time-resolved
anisotropy decays, right: anisotropy plotted versus the intensity for each pixel. Adapted from Bader et al.[19]
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~30 % reduction after oligomerization (Figures 3 A,B).[15, 32] In
the case of GFP, the anisotropy values in an image can there-
fore be divided in three categories: Nav = 1 (i.e. on average
monomers), Nav = 2 (i.e. on average dimers) and Nav�3 (i.e. on
average oligomers). In this way, clustering maps of proteins in
cells can be constructed. The resolvability of cluster sizes is lim-
ited by photon statistics.[61] Typically 1000 counts per pixel are
needed for discrimination of Nav = 1,2,>3. In summary, calibra-
tion with reference constructs circumvents the issue of nonran-
dom mutual orientations of the fluorescent probes. Moreover,
underestimation of the cluster size because of incomplete ma-
turation of the fluorescent protein is no longer an issue. The
validity of utilizing reference construct should always be
checked, for example by verifying that the distance between
the fluorophores is less than ~4 nm (meaning that there are

weak chemical interactions be-
tween fluorescent protein bar-
rels).

The application of cluster-size
imaging to study the clustering
of EGF receptors is demonstrat-
ed in Figure 3 C.[32] In resting
cells, EGFR-mGFP is mainly local-
ized in the plasma membrane.
The cluster-size image shows
that EGFR–mGFP is already
partly clustered in predimers/
pre-oligomers. After activation
with EGF, the receptors are inter-
nalized (intensity image Fig-
ure 3 C) in endosomes.[32] Both in
the plasma membrane and in
endosomes, EGFR is now oligo-
merized (cluster-size image Fig-
ure 3 C).

3.4. Distribution of Protein
Clusters

By applying fractional labelling
or partial photobleaching, addi-
tional information can be ob-
tained in homo-FRET studies
(Section 3.1). The plot of the ani-
sotropy as a function of the frac-
tion of labelled target can reveal
the distribution of cluster sizes.
Bleaching or fractional labelling
of monomers does not change
the anisotropy. For dimers the
plot will be a straight line.
Higher-order clusters result in in-
creased curvature of the plot.
When two distributions of clus-
ter sizes with the same anisotro-
py (for example 100 % dimers
and 50 % monomer + 50 % trim-

ers) are compared, the fractional labelling behaviour will be
different. This concept was introduced by Sharma et al.[36] (par-
tial photobleaching), and Yeow and Clayton[58] (fractional label-
ling). In both cases, a polynomial of the order N�1, (N being
the number of fluorophores per cluster) describes the anisotro-
py dependence on partial photobleaching/fractional labelling.
N can be found by comparing experimental data with the cal-
culated fractional labelling dependence of the anisotropy of
model cluster size distributions. Partial photobleaching has the
advantage that it can be performed on the same sample, but
artifacts might be introduced when the photobleaching prod-
ucts affect the fluorescent properties of the remaining probes.
Conversely, fractional labelling is difficult to perform with fluo-
rescent protein, since it might be difficult to accurately verify
what the fraction of labelled and unlabeled target protein is.

Figure 3. A) Anisotropy images of cells expressing the constructs FKBP–mGFP (monomers), FKBP–mGFP (incu-
bated with ligand AP20187 to form dimers), and 2 � FKBP–mGFP (incubated with ligand AP20187 to form oligo-
mers). B) The constructs and the ligand (when added), and the average anisotropy reduction in the images in (A).
C) Intensity, anisotropy and cluster-size image of cell expressing EGFR–GFP (in resting cells and 5 min after stimu-
lation with EGF). In the latter image, the anisotropy values are categorized in Nav = 1, Nav = 2 and Nav�3, based on
the calibration performed in (B). Adapted from Bader et al.[15] and Hofman et al.[32] A more detailed description can
be found in these references.
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As an example, controlled photobleaching results are shown
in Figure 4 B of a cell expressing GPI–GFP.[19] In this case, the
relative anisotropy (r/rmono) is plotted vs the bleached fraction
(I/Imono) for two different regions, plasma membrane and mem-
brane ruffles. The data were compared to data obtained from
simulations of two protein cluster models: a distribution of
small clusters (model 1, see Figure 4 C) and a distribution of
large clusters + monomers (model 2). The data compares best
with model 1 for both regions in the cell, confirming the work
of Sharma et al.[36] For the EGF receptor, an anisotropy study
utilizing fractional labelling also suggests mainly small clus-
ters.[58]

4. Interpretation of Homo-FRET Clusters

The overview of homo-FRET studies on different proteins that
is presented in Table 1 shows that in most homo-FRET studies
only minor depolarization was found (for membrane protein
up to 36 % reduction of r), which suggests that the clusters are
typically small. This raises the question whether large clusters
were not present in these studies or that large-scale clustering
cannot be determined using homo-FRET. Typical dimensions of
GFP are ~4 nm, which is comparable to the homo-FRET Fçrster

distances of ~4.6.[36] Transmembrane receptors are often
larger; for example, the EGF receptor covers a >5 nm diameter
area in the plasma membrane. So, when the EGF receptor or
GPI-GFP is clustered, there will only be a few fluorophores
within the Fçrster distance. Only when the distance between
the donors is short (high fluorophore density), the efficiency of
homo-FRET is sufficient to observe larger clusters. It is impor-
tant to realize that the absence of a homo-FRET signal does
not necessarily exclude the existence of clustering on a scale
larger than the Fçrster distance (i.e. more than ~10 nm). Other
techniques like electron microscopy, near-field optical scanning
microscopy and single-particle tracking show that lipid do-
mains can be larger.[62–64] Typically, these domains are smaller
than the resolution of an optical microscope (200 nm), but
they are larger than the length scale over which FRET can
occur.

To detect larger cluster sizes, electron microscopy in combi-
nation with immunogold labeling can be applied. An example
of such an approach concerns the analysis of the inner leaflet
raft marker tK–mGFP (K-ras analogue) using both homo-FRET
and electron microscopy (EM) (see the Supporting Information
for details). Cells expressing tK–mGFP were split using freeze-
fraction, resulting in isolated plasma membrane sheets on a
surface. The membrane sheets were fixed and immunolabeled
using gold particles (10 nm) conjugated to rabbit anti-GFP. The
distribution of the gold particles on plasma membrane sheets
was analysed using Ripley’s K-function[63] (Figure 5 A). Domains
of on average five tK–mGFP molecules within a radius of ap-
proximately 25 nm were observed. Homo-FRET analysis, analo-
gous to experiments shown in the Figures 2, 3, shows that con-
centration-independent homo-FRET occurs in clusters of on
average two tK–mGFP molecules. Note that this analysis was
done on the same constructs that were expressed in the same
cell type.

The difference in the observed degree of clustering is an in-
herent consequence of the limitations of the techniques that
are used. Homo-FRET can only discriminate clustering on a mo-
lecular scale (up to 5–10 nm) and the immuno-EM analysis is
restricted by the size of the gold labelling. The latter depends
both on the size of the antibody (~10 nm) and the size of the
immuno-gold particle, which results in a minimum domain size
of ~10 nm. The two techniques are therefore complementary;
using homo-FRET only domains smaller than ~10 nm and
using EM only domains larger than ~10 nm can be distinguish-
ed. Homo-FRET analysis of the tK–GFP distribution reveals the
presence of 5 nm clusters of predominantly dimers (Figure 5 B).
EM analysis reveals the presence of a larger number of tK–
GFPs in domains of ~25 nm (Figure 6 A). Using these comple-
mentary results, a model is made to describe the distribution
of tK–mGFP in the inner leaflet of the plasma membrane
(Figure 6). Small molecular-scale clusters that are present in
larger-scale domains (~25 nm) (Model D, Figure 6). An interest-
ing question is whether the homo-FRET clustering within these
domains is induced by 1) the interaction between the lipid an-
chors, or 2) by interactions between GFP barrels. Indeed, it has
been shown that tK(ras) partitions in domains that consist of
typical raft lipids as sphingolipids and cholesterol. Moreover,

Figure 4. A) Intensity and anisotropy image of cells expressing GPI-GFP.
B) Controlled photobleaching increases the relative anisotropy (r/rmono, black
spots) in two regions of interest (indicated in A). C) Two models for cluster-
size distributions. Calculated anisotropies after controlled photobleaching of
these model distributions (model 1: blue, model 2: green) are depicted in
(B). Adapted from Bader et al.[19]
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there are weak chemical interactions between mGFP barrels in
clusters. Partitioning of tK–GFP in lipid domains might result in
higher local concentration of the probe, and multiple low kD

interactions between either the anchor or the GFP might
induce a process indicated as avidity in protein clustering. In
all cases, homo-FRET will occur. Homo-FRET is not dependent
upon the concentration of tK–GFP in the plasma membrane
(Figure 5 B), indicating that nanoscale organization of tK–GFP is
most likely the result of the partitioning in lipid domain struc-
tures or lipid rafts.

5. Summary and Outlook

Homo-FRET imaging is a powerful tool to study protein and
lipid clustering on a nanometer scale. This technique reveals
information on the number of fluorophores per cluster and the
distribution of cluster sizes. The presence of a homo-FRET
signal is indicative of interactions on a molecular level. Howev-
er, the maximum cluster size that can be observed is limited,
as homo-FRET is not sensitive to large-scale organization. Com-
puter simulations on homo-FRET clusters in membranes can
provide a better insight in the range over which homo-FRET
can occur and improve our understanding of the relation be-
tween cluster size and anisotropy decrease.

In homo-FRET imaging, the choice of the probe is more criti-
cal than in regular FRET studies. Depolarization due to rota-
tions can be separated from homo-FRET by employing fluores-
cent proteins. Organic dyes frequently exhibit rapid rotations,
which complicate the homo-FRET analysis. The use of fluores-
cent proteins may complicate homo-FRET by preferred orienta-
tions of these proteins. The mutual orientation of the probes is
determined by the orientation of the transition dipole moment
in the barrel, as well as the possible interactions between the
barrels. When organic dyes are employed, the labelling stoichi-
ometry is critical and often unknown. Homo-FRET imaging
would benefit from extensive comparative studies of fluoro-
phores, including studies involving controlled dimerization.
Ideally, optimized homo-FRET probes exhibit large drops in an-
isotropy after energy transfer.

It should be stressed that homo-FRET based techniques only
provide information on a length scale comparable to the Fçr-
ster radius (5–10 nm). The observation that homo-FRET clusters
exist does not exclude the possibility of larger-scale organiza-
tion. Inversely, within large-scale domains (tens or hundreds of
nanometers in diameter), there can be subdomain organization
as well. Therefore, in an ideal case cluster size studies combine
homo-FRET with complementary high-resolution (imaging)
techniques such as electron microscopy,[65] correlation spec-
troscopy,[66] far-field optical nanoscopy[67] and others.[51] Such
measurements will be valuable for clarifying conflicting results
obtained with different techniques (for example about the
fraction of EGFR predimers in the plasma membrane.[15, 68–70] Fi-
nally, homo-FRET analysis can easily be integrated in conven-
tional fluorescence microscopes. The only requirement being
that the instrument is equipped with a set of polarizers, and
that sufficient signal is accumulated. This method has the po-
tential to provide important insights in the organization of
cells and cell membranes.

Figure 5. Comparison of immuno-EM and homo-FRET analysis of the cluster-
ing of inner leaflet raft marker tK in the cellular plasma membrane of GM95
cells. A) immuno-EM image of tK labelled with gold particles and analysis
with Ripley’s K-function on the size of the clusters. Bar is 50 nm. B) Homo-
FRET images of cell expressing tK–mGFP (intensity, anisotropy and cluster
size), time-resolved anisotropy decays (averaged over the whole image in
red and for GFP in solution in blue) and scatter plot of intensity versus ani-
sotropy. Data analysed analogous to Figure 2 and Figure 3. See the Support-
ing Information for details.

Figure 6. Complementary scales of clustering observed by immunoEM and
homo-FRET.
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