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The fate and function of biomolecules in living
plant cells is a challenging area of plant sci-
ence. On the one hand, in vitro studies on iso-
lated biomolecules are often difficult to
extrapolate to in vivo function because of the

complex organization and high degree of com-
partmentalization in living plant cells. On the
other hand, the in vivo study of molecular
function is technically demanding, as it re-
quires the simultaneous capability of detect-
ing molecules with high (subcellular) spatial
resolution, high sensitivity, high specificity
and yet with minimal perturbation of the cell
state, in addition to obtaining information about
the molecular state or molecular environment.
The combination of green fluorescent protein
(GFP) technology with fluorescence reso-
nance energy transfer (FRET) microscopy
offers these capabilities, and thereby creates
new horizons for molecular plant cell biology,
particularly in the field of signal transduction.

GFP and chromophore mutants
The GFP from the jellyfish Aequorea victorea
is a 21 kDa apo-protein that spontaneously
folds into a bright-green fluorescing structure.
The gene encoding GFP can be expressed in
many (non-jellyfish) cell types, enabling the
use of GFP as a molecular marker for gene
expression.

By fusing the gene encoding GFP with a
gene encoding an endogenous protein, and the
subsequent expression of the chimera, fluor-
escent fusion proteins can be produced and
targeted to specific subcellular organelles.
Consequently, the fate of these fusion proteins
and the organelle dynamics can be monitored
in living plants at the single cell level with
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• Enhanced green fluorescent protein (EGFP)
Ser65 to Thr, Phe64 to Leu.
Phenolate anion in chromophore. 
Absorbance/emission 5 488/509 nm. 

• Yellow fluorescent protein(YFP)
Ser65 to Gly, Ser72 to Ala, Thr203 to Tyr.
Phenolate anion in chromophore with stacked p-electron 
system (to Tyr203).
Absorbance/emission 5 514/527 nm.
The addition of Val68 to Leu, Gln69 to Lys to YFP yields 
a more pH-insensitive (above pH 6.8) enhanced version of YFP 

Box 1. Chromophore mutants of the green fluorescent protein (GFP) a

aSome of the chromophore mutants of GFP are known under different names. Therefore, the abbreviations used here refer to chromophore
mutant classes. For an overview of GFP chromophore mutants see Ref. 5.

Essential amino acid substitutions, the resulting changed chemistry of the chromophore and the wavelengths for maximal absorbance 
and fluorescence are indicated.

with slightly red-shifted spectral properties:
Absorbance/emission 5 516/529 nm (Ref. 15).

• Blue fluorescent protein(BFP) 
Tyr66 to His, Tyr145 to Phe. 
Imidazole in chromophore.
Absorbance/emission 5 382/446 nm.

• Cyan fluorescent protein(CFP)
Phe64 to Leu, Ser65 to Thr, Tyr66 to Trp, Asn146 to Ile, 
Met153 to Thr, Val163 to Ala, Asn212 to Lys.
Indole in chromophore.
Absorbance/emission 5 434, 452/476, 505 nm.



high specificity, sensitivity and spatial resol-
ution, and with minimal perturbation of the cell.
For example, the recent studies of Golgi-stack
movements along endoplasmic reticulum
strands1 and the successful use of GFP-fusion
proteins for studying the dynamics of the actin2

and tubulin3 cytoskeleton in living plant cells.
Nowadays, as a result of site-directed muta-

genesis, GFPs come in many flavours, fluor-
escing at different colours, and codon usage
has been optimized for plants (eliminating a
cryptic splice site)4. The chromophore of the
wild-type GFP is formed from three amino
acids (Ser65, Tyr66, Gly67) and mainly absorbs
UV (397 nm) but also blue light (475 nm), and
emits green fluorescence (505 nm). The most
employed mutants are the enhanced green
fluorescent protein, EGFP, which lacks the
UV absorption of wild-type GFP; the blue
fluorescent protein, BFP; the cyan fluorescent
protein, CFP; and the most red-shifted, the
yellow fluorescent protein, YFP (Box 1).

In line with the applications mentioned
already, the spectroscopic mutants of GFP can
be used to perform double labelling or co-
localization studies6. But the use of fluor-

escence resonance energy transfer (FRET)
between these different GFPs is far more 
powerful, enabling the study of protein–
protein interactions, protein conformational
changes and proteolytic processing with high
(subcellular) resolution and sensitivity in 
living cells.

The FRET principle
FRET is the phenomenon whereby a fluor-
escent molecule – the donor –transfers energy

by a nonradiative (through space) mechanism
to a neighbouring chromophore – the acceptor
(Fig. 1 and Box 2; for reviews see Refs 7,8).
The absorption spectrum of the acceptor chro-
mophore must overlap with the fluorescence
emission spectrum of the donor. When the
spectral overlap is more extensive, the effi-
ciency of the FRET process will be higher and
consequently, FRET can occur over longer
distances. FRET is highly dependent on the
proximity between the donor and acceptor,
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•  The donor fluorescence intensity (or 
quantum yield) is reduced: 

(ID, 1 ADonor fluorescence in the presence
of the acceptor; I D, 2 A donor fluorescence
in the absence of the acceptor).

• The donor fluorescence lifetime (t) is 
reduced: 

(tD, 1 A donor fluorescence lifetime in the 
presence of the acceptor; tD, 2 A donor 
fluorescence lifetime in the 
absence of the acceptor).

• The acceptor (if fluorescent) becomes 
more fluorescent (sensitized):

(IA, 1 D acceptor fluorescence in the 
presence of the donor; IA, 2 D acceptor 
fluorescence in the absence of the donor;
eD and eA are the extinction coefficients of
the donor and acceptor at a wavelength 
where both the donor and acceptor absorb.
Note that donor fluorescence must be 
subtracted to get IA, 1 D).

Box 2. How can FRET be 
quantified experimentally?

E = 1−
ID,+A

ID,−A

E = ε A

ε D

IA,+D

IA,−D

− 1







Fig. 1. (a) Definition of fluorescence resonance energy transfer (FRET) and its relation to
donor– acceptor proximity. R0 5 the Förster radius for energy transfer, generally between
30–60 Å. The R0 value is the distance between donor and acceptor at which the FRET efficiency
(E) is 50% (i.e. 50% of the excitation energy absorbed by the donor is transferred to the
acceptor). When donor and acceptor are separated by 1.5 3 R0 or more, the FRET efficiency
is dropped to ,8%. When donor and acceptor are separated by ,0.5 3 R0, the FRET efficiency
is .98.5%. For this reason, FRET provides an excellent way of studying whether molecules
indeed interact. (b) Prerequisites for FRET: (1) donor must be fluorescent; (2) there must be
a spectral overlap between donor fluorescence and acceptor absorbance [the spectral overlap
for the cyan fluorescent protein (CFP) and the yellow fluorescent protein (YFP) is indicated in
green; Abs., absorbance; Em., emission]; (3) the distance between donor and acceptor must
be,2 3 R0; (4) the angle between donor and acceptor transition moments should not be 908
(k2 Þ 0, where k2 5 the dipole orientation factor). See Refs 7,8 for a quantitative description of R0.
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and, in general, only occurs when the mol-
ecules are separated by ,100 Å. It is charac-
terized by the Förster radius (R0; Fig. 1). R0

values for common donor–acceptor pairs
(reviewed in Ref. 7) usually vary between 30
and 60 Å and can be determined experimen-
tally. They depend on the spectral overlap, the
relative orientation of the donor and acceptor
chromophores, and the quantum yield of the
donor fluorophore8.

Chromophore-mutated GFPs show an
excellent spectral overlap and, hence, good
FRET pairs can be made using the available
GFPs (Ref. 9). For example, the BFP is a good
donor to the Ser65 to Thr-mutated EGFP. The
R0 value for this pair is 40–43 Å depending on
the exact amino acid substitutions5. Superior
to the BFP–GFP pair is the use of the CFP–YFP
pair, with an R0 value of 49–52 Å depending
on the choice of the types of CFP and YFP
(Ref. 5). With such high R0 values, even at a
separation of 80 Å between CFP and YFP, a
10% FRET efficiency can be observed.
Furthermore, with the CFP–YFP FRET pair,
cytotoxic UV excitation (required for the
BFP–GFP pair) can be avoided.

FRET measurement
FRET is manifested by a decrease in the fluor-
escence intensity (or quantum yield) of the
donor fluorophore. If the acceptor chro-
mophore is a fluorophore, FRET will increase
the fluorescence of the acceptor (the so-called
sensitized emission). With digital imaging
techniques it is possible to quantify the altered
ratio of donor:acceptor fluorescence and to
determine the FRET efficiency. However, 
the ratio of the measured donor:acceptor 
fluorescence intensity also depends on the 
microscope optics and the local relative con-
centrations of the donor and acceptor.
Therefore the actual microscopic FRET 
measurements are rather complex, requiring
(at least) three separate images, collected at
different excitation and emission filter–wave-
length combinations, and several instrumental
correction factors10. For many plant cell types
another complicating factor is the direct
absorption (or filtering) of fluorescence by
chlorophyll pigments, which decreases blue
fluorescence intensity (such as for BFP and CFP),
which can be misinterpreted as a reduced donor-
fluorescencequantum yield caused by FRET.

FRET also decreases the fluorescence life-
time (the average time that the molecule spends
in the excited state) of the donor8. Unlike fluor-
escence intensity, the fluorescence lifetime (or
t) is not dependent on local chromophore con-
centration, direct absorption of donor fluor-
escence (e.g. by chlorophyll) or on (moderate
levels of) photobleaching, and conse- 
quently provides quantitative information
about the FRET efficiency. For this reason,
fluorescence lifetime imaging microscopy
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Fig. 2. Fluorescence resonance energy transfer (FRET) microscopy in yellow-cameleon. (a–c)
Fluorescence lifetime imaging microscopy (FLIM) analysis of the cyan fluorescent protein
(CFP) fluorescence of living Cowpea (Vigna unguiculata) mesophyll protoplasts expressing 
yellow-cameleon-2, a fusion protein containing both CFP and yellow fluorescent protein (YFP)
(left protoplast) or expressing unfused cytosolic CFP (right protoplast). Only the CFP fluor-
escence emission is monitored. (a) Fluorescence intensity image, (b) fluorescence lifetime image,
(c) temporal histogram and pseudocolour scale of the fluorescence lifetime pixel values of (b).
The left protoplast was transfected with yellow-cameleon-2 (Ref. 14) under a modified 35S pro-
moter using the pMON dicot expression vector as described in Ref. 13. The right protoplast was
transfected using the same vector but containing only CFP (Phe64 to Leu, Ser65 to Thr, Tyr66 to
Trp, Asn146 to Ile, Met153 to Thr, Val163 to Ala, Asn212 to Lys). The protoplasts were excited
using the 457 nm argon-ion laser line modulated at 40 MHz, and the CFP fluorescence was selec-
tively imaged using a 470–500 nm bandpass emission filter (the microscope setup, lifetime-
image calculation and image processing are described in Ref. 13). From the pseudocoloured
lifetime images, it can be inferred that the CFP lifetime of the cameleon-fusion protein is about
2.1 ns (5 2.13 1029 s) whereas the CFP lifetime of unfused CFP is 2.6 ns. The reduced CFP life-
time in the yellow-cameleon is caused by intramolecular FRET, occurring at an efficiency of
∼ 25% (Box 2). This example clearly shows that fluorescence lifetimes can be very accurately
measured in living plant cells and that they are independent of the local fluorophore concen-
tration. (d–f) Fluorescence spectral imaging microscopy (FSPIM) analysis of yellow-cameleon-
2 expressed in root hairs of Lotus japonicus. (d) Phase contrast image of the root hair, (e) fluor-
escence intensity image and (f) the profile plots over the root hair axis of the CFP (cyan) and  YFP
(yellow) intensity and the YFP:CFP ratio (white). The roots were transformed using
Agrobacterium rhizogenescarrying the yellow-cameleon-2 gene under the RH2 root epidermis-
specific promoter. The root was excited using a mercury lamp and a 430–440 nm bandpass filter.
The fluorescence emission was filtered through a 455 nm longpass filter and transferred on to a
Chromex (Albuquerque, NM, USA) 250IS imaging spectrograph coupled to a Photometrics
(Tucson, AZ, USA) CH250 CCD camera providing spatially resolved (along the root hair axis)
fluorescence emission spectra. The entrance slit of the spectrograph is superimposed on (e). The
CFP, YFP and autofluorescence spectral components were calculated from the multicomponent
spectra using a linear four-component spectral-fitting procedure, similar to a procedure described
in Ref. 16. The vertical lines drawn between (e) and (f) indicate the border of the entrance slit, the
left and right borders of the nucleus and the tip of the root hair, respectively. As expected, the
YFP:CFP fluorescence ratio, which is directly related to the cytosolic calcium concentration, is
independent of the relative abundance of the fluorescent indicator. Thiscan be seen by comparing
the plot profiles of the CFP and YFP fluorescence intensity with the ratio plot profile.
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(FLIM; Fig. 2), producing high resolution
micrographs in which each pixel value repre-
sents the local fluorescence lifetime, is ideal
for studying FRET in single cells11–13.

Yellow-cameleon-2 fusion protein 
The yellow-cameleon-2 fusion protein was
developed as a calcium indicator14. In addition
to CFP and YFP units at either end of the mol-
ecule, the fusion protein also contains the cal-
cium-binding protein calmodulin and the M13
calmodulin-binding protein. Upon binding
calcium to the calmodulin part of the molecule,
the M13 unit binds to the calmodulin unit,
inducing a significant change in the distance
or relative orientation of the CFP and YFP
cylinders at the ends of the molecule (Fig. 3b).
As a result, the FRET efficiency from CFP to
YFP increases upon calcium binding14,15.
Because the acceptor:donor molecular ratio 
in cameleon is always 1:1 (because they are
fused into one protein), the YFP:CFP fluor-
escence intensity ratio can be directly related
to the cytosolic calcium concentration.

The yellow-cameleon indicator is respon-
sive to calcium in living cells of intact plants
(Fig. 2). The roots of Lotus japonicushave
been transformed with the yellow-cameleon-2
construct and the CFP and YFP-fluorescing

components measured as a function of dis-
tance over the axis of a young, growing root hair
by fluorescence spectral imaging microscopy
(FSPIM)16. Polar growth at the root hair tip is
regulated by a local increased calcium con-
centration17. Indeed, the ratio of YFP:CFP fluor-
escenceincreases significantly towards the
root hair tip (Fig. 2). This reflects an increased
calcium concentration inducing an enhanced
FRET efficiency in the cameleon molecule.

Outlook
Of course, GFP-based FRET indicators can be
used for many other purposes (Fig. 3). Firstly
and most importantly, FRET can be used for
monitoring protein–protein interactions. Two
separate fusion proteins – one containing CFP
and the other, its putative interacting partner
containing YFP – are co-expressed in the plant
cell type of choice (i.e. by using appropriate
promoters). If intermolecular FRET is
detected, it provides direct proof of the close
proximity (i.e. ,80 Å) of the CFP and YFP
cylinders and consequently of the existence of
the protein–protein interaction. Because, in
general, the relative abundance of donor and
acceptor for co-transformations is unknown or
variable depending on the subcellular location,
FLIM would be the most suitable technique for

studying intermolecular FRET (Refs 12,13).
This strategy was successful for demonstrating
the interaction between the CFP–calmodulin
and the M13–YFP fusion proteins in mam-
malian cells14, and the interaction between the
Bcl-2 and the Bax mitochondrial proteins using
BFP and GFP fusions18.

The attractive features of the microscopic
measurement of FRET, are that, in addition 
to studying whether proteins do interact, it is 
possible to determine:
• If the interaction changes with time

(because the FRET measurement is non-
destructive). 

• To what extent the proteins do interact.
• Where they interact (which cell types and

at what subcellular location). 
Another advantage of the method is that
researchers are no longer restricted to the 
artificial nuclear environment (in another
species) as they are for the yeast two-hybrid
screening method.

The second area of application is the study
of molecular conformational changes, such as
the yellow-cameleon14,15. The strategy is to
construct a sandwich-like fusion of CFP, a
protein of interest and YFP. It is essential that
the protein of interest can be induced to
undergo a conformational change that alters
the proximity and/or relative orientation of 
the CFP and YFP cylinders, changing the
intramolecular FRET efficiency. Ligand or
ion-binding domains of receptors or channels
are interesting protein candidates, or, for
instance, protein sequences with a phosphoryl-
ationsite. Using such fusion proteins, ligand-
or ion-binding, or phosphorylation can be
studied in living plant cells with high spatial
resolution by monitoring (local) alterations in
FRET-efficiency. 

The third area of application is the study of
proteolytic processing of proteins in vivo.
Again, a tandem fusion of CFP–YFP (or
BFP–GFP) and a protein of interest (or part
thereof) is constructed9. When the protein 
of interest is intact, FRET can be observed, 
but as soon the protein becomes cleaved and
the parts dissociate, FRET is lost. The
approach has proved useful for studying pro-
teolytic processing in living mammalian cells
during apoptosis19.

As with any technique there are potential
sources that can introduce artefacts. For
instance, the pH-sensitivity of some of the
GFPs (especially the YFP with a pK of near
6.9) might cause problems, restricting their
applicability to subcellular areas with a pH .7
(i.e. not in vacuoles). Recently, the pH sensi-
tivity of YFP was reduced significantly by
introducing an extra mutation (Gln69Arg)15.
However, as described by others, the pH-
sensitivity of certain GFP variants can be uti-
lized to provide subcellular targetable pH-
indicators20. Another obvious problem can 
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Fig. 3.Possible use of green fluorescent protein (GFP)-based fluorescence resonance energy
transfer (FRET) microscopy indicators. (a) Protein–protein interactions. (b) Monitoring of the
conformational state of fusion proteins. (c) Proteolytic cleavage of fusion proteins.
Abbreviations: CFP, cyan fluorescent protein; YFP, yellow fluorescent protein; dark 
blue arrow indicates excitation; cyan and yellow arrows indicate fluorescence; non-CFP or
YFP fusion-proteins are represented in pink and green.
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be the bulkiness of the CFP–YFP cylinders
(20 3 30 Å), which might yield inactive 
or incorrectly folded fusion proteins. In 
spite of the many successful bioactive fusion
GFP-proteins published to date, there is no
guarantee that novel fusion proteins are bio-
functional. Hence, the FRET-approach for
monitoring protein–protein interactions out-
lined here must include separate checks for 
the biofunctionality of the interacting fusion
proteins. This prohibits the use of the FRET
method as a quick screening method like the
yeast two-hybrid system.

The main advantage of the GFP-based
FRET indicators is that they employ the
machinery of the plant cell for their synthesis
and subcellular targeting. By using cell-type-
specific promoters and/or fusion to targeting-
sequences, the indicators can be produced
specifically in the cell type and subcellular
location of choice. Hence the potential for
studying dynamic cell biological processes,
such as intracellular signalling, is much
greater than for microinjected or passively
loaded chemical fluorescent indicators, which
are usually restricted to the cytoplasm of the
outer cell layers of the plant. Therefore, in
spite of the fact that the experiments shown in
Figure 2 represent only the first described in
vivo FRET measurements between CFP and
YFP in plants, the future potential is extensive.
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