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FOCUS ON OPTICAL IMAGING

FRET imaging
Elizabeth A Jares-Erijman1 & Thomas M Jovin2
Förster (or Fluorescence) Resonance Energy Transfer (FRET) is unique in generating fluorescence signals sensitive to molecular
conformation, association, and separation in the 1–10 nm range. We introduce a revised photophysical framework for the
phenomenon and provide a systematic catalog of FRET techniques adapted to imaging systems, including new approaches
proposed as suitable prospects for implementation. Applications extending from a single molecule to live cells will benefit
from multidimensional microscopy techniques, particularly those adapted for optical sectioning and incorporating new
algorithms for resolving the component contributions to images of complex molecular systems.

Biological phenomena are based on the fundamental physico-chemical
processes of molecular binding, association, conformational change,
diffusion and catalysis. The structural hierarchy established at the level
of organelles, cells, tissues and organisms is imposed via an extensive
network of cascade and feedback mechanisms based on these reactions.
Thus, in order to perform ‘biochemistry in the cell’ it is imperative to
elucidate the spatio-temporal distributions and functional states of the
constituent molecules. Fluorescence microscopy is ideally suited to this
task because it generates contrast by exploiting the many manifestations of light emission: sensitivity, selectivity, and modulation via
reactions in the ground and excited electronic states. Of these, FRET
(for a discussion of nomenclature, see Table 1.1 in ref. 1) is unique in
providing signals sensitive to intra- and intermolecular distances in the
1–10 nm range. Thus, FRET is capable of resolving molecular interactions and conformations with a spatial resolution far exceeding the
inherent diffraction limit (∼λ/2) of conventional optical microscopy,
yet is also compatible with super-resolution techniques.
This report is intended primarily as a guide to FRET in the imaging
environment, although most of the concepts are applicable to solution
studies as well. Space limitations preclude a survey of applications, for
which the reader is referred to recent reports and reviews2–11. We present a somewhat revised formalism for the FRET phenomenon that
offers certain advantages over standard analyses and provide a systematic classification of 22 different FRET methods (see also ref. 11). These
include several new approaches of potential utility in the research and
biotechnological laboratories. We conclude with a brief discussion of
selected probe issues and anticipated future developments extending
from single molecule to live cell applications.
Fluorescence resonance energy transfer
FRET is a process in which energy is transferred nonradiatively (that
is, via long-range dipole-dipole coupling) from a fluorophore in an
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electronic excited state serving as a donor, to another chromophore or
acceptor. The latter may, but need not, be fluorescent. Recent monographs1,9,10,12,13 and two reviews by R. Clegg14,15 provide excellent and
extensive coverage of this topic.
The transfer rate kt (see Box 1 for definitions and basics) varies
inversely with the 6th power of the donor-acceptor separation (r 6) over
the range of 1–10 nm, as first demonstrated with peptides 40 years
ago16. Such distances are relevant for most biomolecules or their constituent domains engaged in complex formation and conformational
transition. The transfer rate also depends on three parameters: (i) the
overlap of the donor emission and acceptor absorption spectra
(parameter: overlap integral J); (ii) the relative-orientation of the
donor absorption and acceptor transitions moments (parameter: κ2,
range 0–4); and (iii) the refractive index (parameter: n–4, range ≅
1/3–1/5).
The quantitative treatment of FRET originated with Theodor Förster
and is embodied in widely disseminated formulas for kt , the ‘Förster
constant’ Ro, and the transfer quantum yield generally denoted as the
energy transfer efficiency E (equation (1)).

(Ro/r)6
1 (R /r)6; R 6 = c κ 2Jn–4Q = c κ 2Jn–4(k τ ); E = k τ = ———–—
kt = —
;
o
o
o
o
f o
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τo o
1 + (R /r)6
o

τo–1 = kf + knr + kisc + kpb; τ–1 = τo–1 + k t

(1)

where co = 8.8 × 10–28 for Ro in nm and J = 1017 ∫ qd,λ εa,λλ4dλ in nm6
mol–1; qd,λ is the normalized donor emission spectrum. As shown in
equation (1), the unperturbed lifetime of the donor, τo, appears both in
the denominator and in the numerator (second expression for Ro6).
Thus, upon canceling terms one is left only with the radiative rate constant kf in the numerator. This quantity reflects inherent properties of
the fluorophore, including solvation, and can generally be regarded as
invariant under given experimental conditions13,17. It follows that the
fundamental relationship established by Förster between k t and kf bears
no necessary relationship to the reference donor lifetime τo or to the
derived quantum yield Qo. That is, the inclusion of these quantities in
the definition of Ro is arbitrary, and justified only because most, but not
all, estimations of the transfer efficiency (E) are made by comparisons
with the properties of the unperturbed donor. (It is interesting that in
his widely cited English review18, Förster made no mention of Ro,
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plasma membrane, and conformational rearrangements. Of central relevance in the latter instance is the orientational factor, κ 2, to which one
almost universally assigns the value of 2/3. Unfortunately, this procedure
is valid only if the donor and acceptor molecules are oriented randomly
and rotate rapidly and isotropically during the donor excited-state lifetime. Such a condition may often or generally fail to exist, as with the visible fluorescent proteins (VFPs), the rotational correlation times (see
below) of which are ∼fivefold their lifetimes, thereby greatly limiting the
extent of rotational relaxation19,20. (It follows that Ros reported for the
various VFPs (ref. 21) must be used with caution.) For a random yet
static molecular distribution, the ensemble κ 2 is not even a constant but

although he commented on the remarkable absence of Planck’s constant from na→b, his expression for k t.)
A major problem with cell biological applications of FRET, particularly those involving imaging techniques, is that the reference value τo is
generally unknown and may vary continuously and arbitrarily throughout the sample, for example as a result of changes in the generally environment-sensitive knr. In addition, although the donor-separation
distance r is of primary interest in most FRET experiments, one or more
of the other parameters incorporated in the definition of Ro may also
change or be of even greater functional significance. Possible examples
would be molecular translocations between the cytoplasm and the
Table 1 Methods for determining FRET in fluorescence microscopy
Category

Method

Resonance energy transfer parameters

References

I. Donor quenching and/or acceptor sensitization
Ia. Combined donor (D) and acceptor (A) emission signals
Ia1

2,3 signals; spectra

Calibrated functions

3,11,14,15,36,50,66–69

Ia2

Normalized D/A ratio

a
θ = QaRda; Rda ∝ I dda,d /I da,d

67,70

Ia3

Bioluminescence RET (BRET)

θ ∝ Ib /Ia

71

Ib. Fluorescence-detected excited state lifetime(s) (FLIM)
Ib1

D lifetime

ρ = τ/τo

2,9,17,31,63,72–83

Ib2

Luminescence RET (LRET)

ρ = τada,d /τo

70

Ib3

Combined D,A lifetimes

Frequency domain: τφ, τm correlations

20,75

Ib4

Spectral FLIM (sFLIM)

D and A lifetimes as functions of λexc, λem

77,79,81

Ic. Donor intensity and intensity ratios
Ic1

Intensity

ρ = I/Io

Ic2

On-off ratio

ρ = OnOffo /OnOff

Proposed

Excited state saturation

Ψ2 /Ψ1 – I2 /I1
ρ = ζ/ζ o ; ζ = ——————
I2 /I1 – 1

Proposed

1
Qf (1 – ϕ)(1 – ϕo)
Ilong
θ = ——– ——
——————– ; ϕ = ——
στTΨ Q isc
ϕ – ϕo
Ishort

Proposed

25,26,84,85

Ic3



Ic4

Ground state depletion (triplet)





Id. Donor depletion kinetics
Id1

D pb kinetics (pbFRET)

ρ = τpb,o /τpb

Id2
Id3

Integrated D pb
Intersystem crossing

ρ = ζ/ζ o ; ζ = I(t = 0)/∫o I(t)dt
ρ = τisc,o /τisc

∞

25,84
Proposed

Ie. Acceptor depletion (adFRET)
Ie1

Direct A pb (irreversible)

Combination with Ib1–2, Ic1–4, Id1–3, IIa1

26,86,87

Ie2

Photochromic A (pcFRET)

Combinations as in Ie1; example (with Ic1):
1 – Ion /Ioff
ρ = 1 – ————————
αon – αoff(Ion /Ioff)

27,28

Ie3

A saturation (frustrated FRET)

Combinations as in Ie1; example (with Ic1):
ρ = αsat (Iαsat /I + αsat –1)–1

Proposed

Ie4

Sensitized A pb kinetics (PES)





σ τpb,o
ρ = 1 – —a ——–
–1
σd τpb

30

II. Emission anisotropy
IIa. Steady-state anisotropy
IIa1

Donor anisotropy r¯



10,12,88

σ r¯o
ρ = 1 – —a —
–1
σd r¯

Proposed



IIa2

Acceptor anisotropy r¯



ro – r¯
ρ = ζ/ζ o ; ζ = ———
r¯ – r∞



IIb. Homotransfer, energy migration FRET (emFRET, P-FRET)



1⁄2

IIb1

Steady-state anisotropy r¯

ro (1 – γe γ2 π ⁄2erfc[γ])
Qo
r¯ = ——————————
; γ = ———
1 + τ/φ
1 + τ/φ

IIb2

Dynamic r (rFLIM, P-FRET)

Functions of ro, r∞, φ, τ

1

Γo3c
——
750

1,9,12,31,32,64,88–90
9,20,31,63,72,83,91

Subscripts refer either to species composition, excitation or photophysical process; a subscript ‘o’ refers to a reference state of either D (assumed unless otherwise indicated)
or A, in which the other component is absent. Superscripts indicate whether emission is measured in the D or A spectral regions and assumes correction for spectral crosstalk
(for example, D→A). See equations (1–4) for definition of terms and symbols (σ, Ψ, Q, θ, ρ). I, signal intensity; (Ia3) Ib, bioluminescence signal; (Ic4) Ilong and Ishort, signals at
end and beginning, respectively, of a given exposure time. In some cases, the need for calibration (scaling) factors is indicated by the symbol ‘∝’; (Ie2) αon, fractional transition to
the FRET-competent photochromic form of the A upon UV irradiation, and αoff, fractional transition to the FRET-incompetent photochromic form of the A upon visible irradiation;
(Ie3) αsat, degree of light-induced formation of the FRET-incompetent excited state of the A; Iαsat , D intensity corresponding to αsat; (IIb1) see text for definitions; c in mM units.
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A catalog of FRET microscopy methods
In devising methods for exploiting FRET in
 r
5
microscopy, one is faced with two fundamental
θ = Γ 10
 o
OnOff
challenges: first, the formalism must be appro4
priate for quantifying FRET under conditions
β = 10 1
0.1
of arbitrary, generally unknown, intramolecu3
1
lar and/or intermolecular stoichiometries, disQo = 0.9
tributions and microenvironments of donor
0.5
2
and acceptor; second, continuous methods of
0.1
0.1
observation (by FRET) are desirable in most
1
0.01
studies of live cells. Numerous other considerations dictate the choice of FRET techniques
0
0
0.2
0.4
0.6
0.8
1
0
1
2
3
4
5
6
for imaging purposes and lead us to the classiρ
α = t/τ
fication scheme given in Table 1.
We include several new strategies (Ic2–4,
Figure 1 Parametric FRET functions. (a) Förster factor θ as a function of a ratio function ρ. The latter
involves combinations of parameters or functions equivalent to the ratio of the FRET-quenched and
Id3, Ie2–3, Ie4, and IIa2) with potential for
unquenched donor quantum yields, (equation (4) and Table 1). Operation in the linear irradiance
implementation in fluorescence microscopy.
regime (Fig. 2) is assumed. (b) FRET technique based on OnOff ratio (equation (4) in Box 1), which
The methods are assigned to two groups (I and
directly yields the fluorescence lifetime (via α) for any degree of saturation (β).
II) depending on whether they are based on
intensity and kinetic donor-acceptor relationships or on emission anisotropy. In many
instances, as in the ‘ρ methods’ (Ib1–2, Ic1–3, Id1–3, Ie1–4, and IIa1–2),
instead a function of the donor-acceptor separation r.
A further issue is the donor-acceptor stoichiometry. In the case of a the reference measurement alluded to above (e.g., donor Io or τo) is
donor surrounded by n equivalent acceptors, the operational Ro6 is ∼n required. It can be provided either by a separate region or sample, if
times that for the single donor–acceptor pair, and for point-to-plane available, or by recourse to the various acceptor depletion strategies (Ie).
transfer, the distance dependence varies with the 4th, and not the 6th, The determination of the Förster Factor θ by some other techniques
power of the separation22. In short, the concept of a ‘constant’ reso- (Ia2–3, IIb1–2) does not require Qo as a scaling factor.
nance energy transfer (RET) parameter, such as Ro, is not universally
We stress the desirability of quantitative determinations by supplying
equations based on the formalism introduced above. That is, we favor
applicable.
In our estimation, the relationship of k t to many of the experimental the view that the generation of secondary images representing FRETmeans for its determination (see Table 1) may be expressed more natu- related or FRET-derived parameters is the primary goal. The formulas
rally by recourse to alternative formulations, and we propose the one differ as to whether they are restricted to the linear irradiance regime,
and apply either to a single donor-acceptor pair or to arbitrary donorrepresented in equation (2).
 6
acceptor stoichiometries and thus an ensemble of molecular species.
k
r
(2) Generalization is possible but beyond the scope of this report; for Monte
θ ≡ —f = — ; Γo6 = coκ 2Jn–4 ; Ro6 = QoΓo6
kt Γo
Carlo simulations of some cases of Table 1, see ref. 11.


In the following text, we provide brief explanations of the different
ρ
Q
entries outlined in Table 1. Two points are worth emphasizing at the
; ρ = 1 – E = — or any other equivalent ratio or
θ = Qo ——
1–ρ
Qo
outset. First, the methods with greatest sensitivity for low transfer effifunction.
(3) ciencies—in some cases coupled with fast acquisition capability—
include Ia2–3, Ib2 and Ie2–4. Second, methods differ with respect to
We define the inverse proportionality constant between k t and kf as a their applicability in point-scanning as opposed to wide-field micro‘Förster Factor’ θ, and equate it to the 6th power of the ratio of the sepa- scopes.
In well-defined (usually intramolecular) single-donor, single-acceptor
ration distance r and a Förster constant Γo, in which Qo is absent. It is
important to recognize that the other parameters defining Γo may also systems, fluorescence ratio measurements involving different spectral
vary in particular experiments, either by experimental design or nature components (donor and acceptor signals) can be calibrated so as to yield
of particular targets, or from changes in the inherent population dis- the FRET efficiency. These techniques (Ia1) are difficult to implement
tribution of molecular states. In the latter case, appropriate ensemble because they require acquisition and registration of multiple images,
averaging formalisms must be employed1,3,11,12–15.
We now extend the formalism further (equation (3)) by relating θ to
k ex = σ Ψ
kf
ρ, a ratio of experimental quantities (Table 1) proportional to the donor
F + hc /λ1
F*
hc /λ 2
quantum yields corresponding to the two conditions: donor with accepknr heat, other
k d = τ –1
tor (presence of RET); and donor without acceptor (absence of RET).
Ψ
From equation (3) and Fig. 1a, it is seen that a reduction in donor Qo has
two consequences. First, it displaces the transition inflection point, and
high Ψ
 k f Ψ  low Ψ
thus the greatest sensitivity of ρ, from θ = 1 to smaller values (smaller r).
Fluorescence (hc / λ 2 ) ∝
kf
σQ Ψ;
−1 ;
 Ψ + [σ τ ] 
And second, it restricts the operative dynamic range of the determinations to higher values of ρ. A further consideration, already stated earlier,
is that the nonradiative decay pathway and thus Qo can also change Figure 2 The ‘Michaelis-Menten’ view of a fluorophore as a photon
dramatically between alternative molecular states represented in a par- conversion catalyst or ‘enzyme’ (see Box 1). The two saturation curves
depicted differ in στ by a factor of 3 (lower value in red).
ticular FRET experiment.

a

b

6

Fluorescence
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Figure 3 Photochromic FRET (pcFRET). The chemical structures depicted
correspond to the photochromic dithienylethene in the colorless open form
(right upper) and colored closed form (left upper). The absorption spectrum
of the latter overlaps well with the emission spectrum of the donor; the
kernel of the overlap integral (striped) corresponds to the lucifer yellow
donor selected for a model compound27. Ultraviolet light induces the
photochromic transition to the closed form (On), and visible (green) light
reverses the process to the open form (Off). Bottom: corresponding donor
spectra and multiple cycles between the two states of the system. The
photophysical scheme is represented in Figure 5c.

correction for spectrally overlapping donor and acceptor signals and
direct excitation of the acceptor, as well as due consideration of variable
donor-acceptor stoichiometries in the equations used to compute ρ and
θ. The ratio of the quenched donor and sensitized emission signals (Ia2)
is unique in being scaled by the acceptor instead of the donor quantum
yield in the calculation of θ. By employing a bioluminescent donor
(Ia3)—for example, luciferase as an expressed fusion protein—excitation by light is not required, thereby suppressing autofluorescence background and photobleaching.
The direct determination of fluorescence lifetime (Ib1), either in the
time or in the frequency domain, is one of the most direct measures of
FRET. It is also relatively insensitive to variations in concentration and
optical path length. Selection of a donor with a long lifetime and high
transfer efficiency (Ib2), such as lanthanide-chelates, permit sensitive
measurements of donor quenching (that is, of very low transfer efficiencies) because the (quenched) donor decay is monitored via the sensitized (shorter-lived) acceptor emission, thereby ensuring a low
background. Sample/microenvironmental heterogeneity can be
assessed with FRET by exploiting numerous formalisms for time- and
frequency-domain measurements (Ib3), particularly if the fluorescent
lifetimes can be correlated with continuous emission and/or excitation
spectra via multiplexed, transform-encoded acquisition (Ib4).
FRET determinations derived from intensity relationships (Ic1)
require an accurate reference for the acceptor-free donor signals and are
difficult to achieve in practice except, for example, in combination with
acceptor depletion schemes (Ie) or recourse to appropriately fabricated
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nano-microstructures. The use of ‘dark’ acceptors falls into this general
category.
We introduce here three new approaches (Ic2–4) for the exploitation
of intensity measurements by use of the photophysical principles outlined earlier and constituting indirect estimations of the fluorescence
lifetime. The first (Ic2) is based on the OnOff function (see Box 1, equation (4)). This relationship provides a direct determination of τ for any
degree of donor saturation (at saturation, the relationship is linear; see
Fig. 1b). Implementation should be simple (e.g., using a detector with
swinging dual integrated outputs). A second method (Ic3) is based on
the displacement to the ‘right’ of the singlet saturation curve due to the
FRET-induced shortening of the fluorescence lifetime (Fig. 2).
Measurements are performed at two levels of irradiance (denoted by
subscripts 1,2 in Table 1, Ic3), one of which has to be sufficiently high
(that is, above the linear range). The indicated function involving the
ratios of irradiances and signals yields στ. The acceptor should have a
short lifetime to prevent its saturation via FRET. Distortions of the
imaging point-spread-function may arise from donor saturation, particularly when using scanning systems; these effects can either reduce or
enhance23,24 spatial resolution. In wide-field systems, such problems
vanish although high-energy sources are required. Finally, in Ic4 we
exploit the triplet lifetime τT, which can be extended from the microsecond characteristic of oxygen-saturated systems to the millisecond
domain (depending on the fluorophore) by oxygen depletion via argon
flushing or chemical reductants. Measurements performed after short
and long exposure times, defined in relation to τT, differ by virtue of
depletion of the singlet manifold to an extent reflecting FRET-induced
changes in the fluorescence lifetime.
FRET determinations based on donor depletion kinetics are also in
widespread use. Donor photobleaching (Id1) occurs with a time constant that is inversely related to the donor quantum yield. Inasmuch as
the process generally occurs on a timescale 6–12 orders of magnitude
greater than the usual nanosecond range of fluorescence decay, the
method is easy to implement. It also circumvents the registration problem of disparate images (assuming no sample movement) and the need
for spectral overlap factors (as in Ic1), and does not require a fluorescent
acceptor, although the latter must be photostable. Another reason
accounting for the popularity of pbFRET is its good performance at low
transfer efficiencies. A variant of pbFRET (Id2) introduced at the same
time as Id1 (ref. 25) has not been adopted generally, despite its ideal suitability for detection with charge-coupled dipole (CCD) cameras. The
underlying principle, first announced by the remarkable spectroscopist,
the late Thomas Hirschfeld, is the invariance (quantum yield independence) of the total integrated emission during quantitative photobleaching of a fluorophore. The integrated image serves to normalize a
corresponding initial quenched donor image of the same area. A third,
new kinetic method (Id3) involves the measurement of the kinetics of
ground-state depletion via intersystem crossing to the triplet state of the
donor. As in Ic3, one requires conditions favoring the maintenance of a
long triplet lifetime.
The methods we have combined under the designation ‘acceptor
depletion’ FRET (adFRET; Ie) are of fundamental importance because
they permit the generation ‘in situ,’ that is, at every sample position, of
the reference state required for many of the other techniques. Note that
this category corresponds to ‘Γo (or Ro) engineering’ in the sense that one
perturbs the system by altering the value of J (see equation (1)).
In 1995, we implemented irreversible acceptor photobleaching (Ie1)
upon noting the difficulty of performing donor pbFRET (Id1) with
the very good FRET donor-acceptor pair of cyanine dyes Cy3–Cy5
(ref. 26). Cy3 is highly photostable (the newer version Cy3b even more
so), whereas Cy5 photobleaches readily; it became apparent that
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photobleaching the latter provided ‘before’ and ‘after’ images from
which the FRET efficiency could be readily determined. This technique is used extensively due to its many virtues: (i) it is simple and
rapid; (ii) only donor images are required, avoiding registration problems; (iii) there is automatic correction for pixel-by-pixel variations in
the reference donor quantum yield (lifetime); (iv) it is very effective
for high-transfer efficiencies (‘disappearing’ donor; see Figures 2 and 3
in ref. 26); (v) it works well with ‘dirty,’ that is, relatively impure acceptors; and (vi) it can be combined with Id1,2 (ref. 26).
Photochromic FRET (pcFRET; Ie2) is the reversible equivalent of Ie1
and thus offers the prospect of continuous measurements with cellular
samples. A photochromic acceptor is cycled repeatedly between FRET
‘competent (on)’ and FRET ‘incompetent (off)’ states by alternative
exposures to visible and UV light27,28 (Fig. 3). Besides being reversible,
pcFRET is superior to Ie1 in having a high quantum yield for photoconversion. That is, few absorbed photons are required to induce the interconversions between states, in contrast to ∼104–6 photons for irreversible
photobleaching. We are adapting pcFRET for microscopy by optimized
chemical design of the photochromic probes and incorporation of
modulated light sources and detectors to permit very sensitive detection,
especially of low FRET efficiencies. In addition, we have devised a
scheme for applying the pcFRET concept in determinations of reaction
kinetics (pcRelKin, patent applied for by the authors). This relaxation
technique is potentially suited for very small volumes and high speed.
Two new adFRET techniques are proposed here. In the first (Ie3), the
acceptor is driven into saturation so as to ‘frustrate’ FRET23,29, and
thereby restore the donor emission to its unquenched level. The use of
modulated light sources (of which two are required) and phase-sensitive
detection (with a lock-in amplifier) should provide a very sensitive
measurement, particularly in laser spot scanning systems. A photostable
long-lived acceptor is required.
Another new and intriguing FRET method (Ie4), to our knowledge
not yet applied in microscopy, was designed to detect extremely low
FRET efficiencies in solution (the author claimed the potential for
detecting an E of 10–4 over a distance of 20 nm30). This technique is based
on the measurement of the photobleaching kinetics of a photolabile
acceptor excited by a donor via FRET. The low background and high sensitivity are achieved by exciting the donor, preferably a fluorophore with a
large Stokes shift, at a wavelength of minimal absorption by the acceptor.
Emission anisotropy, a dimensionless quantity defined in terms of
the two polarized emission signals arising from polarized excitation,
provides a steady-state (r̄) or time-dependent measure of rotational diffusion and is thus sensitive to size, shape, association and motion. The
parametric descriptors are the fluorescence lifetime, the rotational correlation time(s) φ, and the initial (ro ) and final (r∞ , limiting)
anisotropies dictated by the intrinsic transition moments and molecular asymmetry, and the environmental anisotropy, respectively. The
determination is based on signal ratios and thus shares with the lifetime
a relative insensitivity to optical thickness, light intensity and concentration. We can identify at least two FRET methods based on fluorescence anisotropy. By virtue of the relationship between the rotational
diffusion parameters, the donor r̄ is a function of the ratio τ/φ31; thus, a
change in the lifetime will be reflected in r̄ (IIa1). We propose a second
technique (IIa2) involving the selection of an excitation wavelength
capable of exciting both the donor and acceptor and thus leading to
both direct and indirect (FRET-sensitized) emissions of the latter. The
sensitized component is virtually depolarized and thus the mean r̄ for
the interrogated molecular population provides a measure of FRET. An
acceptor with a large Stokes shift is required. There exists an obvious
relationship to method Ie4.
The emission anisotropy is also the basis of FRET determinations

FlAsH-Tetracysteine complex

Streptavidin
VFP
QDot
Atto565
DAE

Cy3

DTPA-CS124-Eu
Alexa488

IgG

2 nm

Figure 4 Comparative sizes of common fluorophores and protein carriers
used in FRET imaging. Small molecules are represented with Chem3D Ultra
(CambridgeSoft). Molecular structures of the small dyes were obtained from
available crystallographic data or by minimization using molecular modeling
(MM2). DAE, DTPA-CS-EU and ATTO correspond to the dithienylethene
depicted in Figure 3, the complex of DTPA-carbostyryl 124 with europium70
and a representative of the Atto dye family (Atto-Tec), respectively. The
FlAsH compound is shown as a complex with a 32 amino acid peptide
containing a CCGPCC target39. The scale bar applies to all molecules.
Information required for the depiction of the quantum dot (core, shell, and
cap of Qdot 585 Streptavidin Conjugate) was kindly provided by Marcel
Bruchez of Quantum Dot. We are greatly indebted to Reinhard Klement for
the protein and peptide representations.

measuring the distribution of excited-state energy between identical
molecules in close proximity, a process termed homotransfer (or energy
migration) RET. EmFRET (our notation31) constitutes a sensitive measure of bulk concentration (in the 0.1–10 mM range) and/or of molecular association and clustering in solution (three dimensions) or in planar
membranes (two dimensions). One can readily distinguish, for example,
between dimerizing and monomeric VFPs with this technique32. The
depolarization is due to the loss of orientational correlation between
excitation and emission but leaving the ensemble lifetime and spectra
unaltered. We have demonstrated emFRET in bacteria expressing
VFPs20,31 and in signal transduction mediated by growth factors and
their cognate receptor tyrosine kinases fused with VFPs32 (for other
applications, see references in Table 1; IIb1,2). One great advantage of
emFRET is the requirement for the expression in vivo of only a single
VFP or other expression probe, as opposed to the requirement for two
distinct donor and acceptor molecules in heterotransfer RET. In
biotechnological applications, the ability to determine concentrations at
the microscopic scale using a dimensionless parameter should be of
considerable interest.
In summary, both static (IIb1) and dynamic (IIb2) anisotropies can
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Box 1 Photophysical primer


Q β e –α(1 + β) – 1 + α(1 + β)
Q β(1 – e –α(1 + β))
=
————————————–
; PYoff = ———————–
PYon
1+ β
(1+ β)2

One can regard a given fluorophore as a photophysical catalyst
that in a real functional sense shares many attributes of a protein
catalyst (an enzyme). That is, the steady-state formalism of
the familiar Michaelis-Menten kinetics applies directly to the
transformation by a fluorophore F of its ‘substrate’—a photon
(of wavelength λ1 and energy hc/λ1; h, Planck’s constant; and c,
velocity of light)—that ‘binds’ (is absorbed) into a ‘product’—
a photon at longer wavelength λ2 (and of lesser energy hc/λ2) with
an efficiency dictated by alternative nonradiative pathways (Fig. 2).
At low ‘substrate concentration,’ the rate of photon emission is
linearly dependent on light intensity, or more precisely, photon flux
Ψ (photons s–1 cm–2) = 5 × 1015 irradiance (W cm–2) × wavelength
(nm). The photonic ‘KM’, the value of Ψ yielding half the maximal
fluorescence signal, is given by [στ]–1, where σ is the absorption
cross-section (a measure of photon capture probability, a quantity
proportional to the decadic molar absorption coefficient ε; σ = 3.8
×10–21ε), and τ is the first excited singlet state (S1 = F*) lifetime;
τ = kd–1 = [kf + knr]–1; kf and knr are the radiative and nonradiative
deactivation rate constants, respectively, excluding for the moment
other competing processes described below. The initial slope
(emission versus excitation photon flux), equivalent to the
enzymatic kcat/KM, is given by σQ; the fluorescence quantum yield
(Q) is defined as the ratio of emitted to absorbed photons or by
the equivalent expression kf /kd = kfτ. The process saturates at
high ‘substrate concentration’ (irradiance; Fig. 2) because the
fluorophore is maintained in the excited singlet state (assuming
the absence of a finite triplet steady-state population), thus
yielding a maximal ‘turnover’ rate equal to kf. This maximal rate
of fluorescence emission, given by the reciprocal of the radiative
lifetime, is independent of Q and of the excitation light intensity
and stability, implying that the most sensitive, quantitative, rapid
and possibly simplest determination of molecular number, local
density or concentration may often be achieved by operating at
saturation instead of in the low, linear, range universally espoused
for quantitative biological microscopy.
The total photon yield/fluorophore/pulse (PY) for a rectangular
excitation pulse of length t = ατ, and photon flux ψ = β/(στ) is given
by equation (4), in which PYon and PYoff are the integrated photon
emissions during the light (irradiation) and dark (post-irradiation
decay) phases, respectively. For β >> 1 (the saturation condition):
PY→ Q(1+α) and the ratio function OnOff →α. If α is also >>1
(that is, t >> τ) PY→ Qα ≡ kft, confirming the result derived above
from the steady-state solution in Figure 2.

α
1
PYon
– ——–
OnOff = —— = —————–
PYoff 1 – e –α(1 + β) 1+ β

Saturation can be achieved to any desired degree by selection
of light pulses of a given repetition rate, duty cycle and duration.
These parameters are generally selected so as to reduce background,
triplet state buildup, photodestruction and generation of potentially
cytotoxic photoproducts (see valuable discussions in refs. 23,92).
One can minimize the latter two reactions by limiting the photon
dose (irradiance × exposure time ∝ αβ).
According to equation (4), a single fluorescein-like molecule
(ε = 105 M–1 cm–1, τ = 4 ns, Q = 0.4) exposed to an 8-ns pulse of
0.2 nJ at 488 nm focused to an area of 1 µm2 (α = 2, β = 9.3) will
on average emit 0.69 photons in the light phase and 0.36 photons
in the dark phase; the OnOff ratio, 1.9, is very close to α, in
accordance with the limiting cases given for equation (4) (see also
Fig. 1b). The ratio of PY to a given irradiation ‘dose’ (αβ = 18.5
photons in the above example) constitutes a measure of ‘photon
conversion efficiency’ and thus of signal-to-background contrast. In
the event of significant contributions from scattering and short-lived
luminescent components, one may wish to gate detection during
the pulsed excitation cycle, thereby restricting the signal to PYoff.
Photobleaching limits the number of cycles (photon ‘turnovers’)
to ∼τpb/τ, in which τpb is the reciprocal photobleaching rate (Fig. 5).
A typical value is ∼105 cycles (fluorescein), implying that ∼102
repetitions would be possible for single determinations based on
103 excitation pulses. On the other hand, photobleaching can also
be exploited to obtain information, as in determinations of FRET
(pbFRET, Id1 and Id2, Table 1) and of translational diffusion
(FRAP, FLIP86 and FLAP93).
To explore quantitatively the region of saturation (that is,
depletion of the ground state), we are obliged to expand the
formalism to account for transitions to and from the triplet state,
RET between donor and acceptor fluorophores and photobleaching
(Fig. 5a). The corresponding rate equations for a complete kinetic
scheme are first-order except for the virtual second-order RET
reaction involving donor* (D*) and acceptor (A) in the forward
and acceptor* (A*) and donor (D) in the reverse direction. We
circumvent this difficulty by representing the system in terms of
transitions between donor-acceptor pairs in the different electronic
states (Fig. 5b), thereby obtaining analytical expressions that
permit the exploration of arbitrary degrees of saturation of both
donor and acceptor (see also ref. 29).



Q β α + (1 + α – e –α(1 + β))β
= PYon + PYoff
PY = —————————————
(1+ β)2

report changes in conformation, association and FRET. These techniques are being implemented in numerous microscope systems, most
recently in a confocal laser scanning microscope adapted with dual
channel polarization detection32.
Probes and strategies
Solely from the standpoint of stability and brilliance of a fluorophore,
–1 –1
one can define a ‘figure of merit,’ such as the product σkf Qf Q pb
Q isc =
2
–1
σQf [τQblQisc] . The commercial sources stress σ and Qf, as exemplified
by the cyanines (Amersham Biosciences), Alexa (Molecular Probes) and
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(4)

the long-wavelength Atto (Atto-Tec) series of dyes. However, other considerations apply depending on the FRET method adopted for use
(Table 1). For example, in donor pbFRET (Id1,Id2) excessive photostability is undesirable, whereas for the methods based on ground state
depletion by intersystem crossing (Ic4,Id3), Qisc must be finite. It may
also be necessary to tailor the donor lifetime in relation to the dynamics
of the particular process under investigation, and although in most cases
a large Stokes shift is desirable so as to minimize crossover of the donor
fluorescence into the acceptor emission band, a small Stokes shift is
required for homotransfer FRET (IIb). Another consideration is the
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Figure 5 Photophysical cycles including triplet state, FRET, and
photobleaching. (a) Coupling of donor and acceptor. For simplicity,
only the triplet and bleached states of the donor, D, are indicated; the
rate constants for the acceptor, A, are also omitted. Definition of rate
constants: kex = σψ; kisc, intersystem crossing (D*→T* transfer); kT = τ T-1,
triplet decay; kt, FRET (D*→A* transfer); kpb, photobleaching (can also
involve T*). For the usual nanosecond fluorophores lacking heavy atom
substituents, kisc, kpb, kT are << kf, knr. (b) Photophysical state diagram
based on twofold D-A combinations. Each pair consists of a D (left) and
A (right) in any of four states: ground (g), excited singlet (blue, red and
green s), excited triplet (t) and bleached (not shown). All transitions except
FRET are depicted. (c) Cycle involving acceptor states excited exclusively
via FRET (top), shown as the double-headed arrow (forward and reverse
transfer) between sg and gs, and (bottom) of FRET-linked photochromic
cycle depicted in Figure 3. Analytical, albeit complex, solutions for the
corresponding time-dependent and stationary states for the schemes of b
and c have been obtained with Mathematica, including arbitrary degrees of
saturation of the D and/or A and explicit consideration of the FRET-excited
acceptor species, thereby permitting the calculation of the time course of
acceptor anisotropy.

means by which the probe is linked to the target molecule. One might
wish to constrain the κ 2 conundrum by introducing flexibility, yet in
anisotropy-based FRET determinations (IIb) rigidity is preferable, such
as with the bisarsenylated fluorescein (FlAsH; see below) and bifunctional33 probes. Similar considerations apply to the acceptor, with which
the spectral overlap and absorptivity of the acceptor dictate the sensitivity to distance modifications in a given range. However, in cases where
the range of lower donor-acceptor separations is of interest, a smaller Γo
(that is, J ) may be required so as to define a ‘working region’ optimized
around the value θ = 1; see Figure 1a.

Current expression probes for determining molecular concentration,
distribution and ‘age’ in vivo are primarily based on protein fusions with
VFPs of jellyfish or coral origin (reviewed in refs. 4,5,7); other molecular
FRET-active VFP derivatives are also available34,35. Recent developments
in the VFP field, all of which are relevant for FRET, include mutants with
increased spectral range, photoconversion capabilities, improved photostability and brightness, faster maturation rate and suppressed tendency
to oligomerize. The advent of a photoactivatable VFP5 is of particular
significance. Localized application of blue light to cells—two-photon
activation may also be possible—permits the activation of a fluorescence signal at an arbitrary location and time, an invaluable feature for
studies of protein translocation and association.
Many new reporters based on donor-acceptor FRET pairs linked by a
moiety that undergoes a conformational change upon binding or modification events have been devised4,5,7,34. The resulting perturbation of
the FRET signal serves as a monitor of the underlying time-dependent
process such as protein (de)phosphorylation or ion binding in the specific cellular compartment. A recent FRET-like addition to the VFP toolbox is bimolecular fluorescence complementation (BiFC), conceived as
a means for assessing multiple protein-protein interactions in vivo with
very low background36. Nonfluorescent fragments of spectrally distinct
VFPs are fused to different proteins of interest. If the latter associate in
the cell, the coupled VFP fragments associate and exhibit fluorescence
after a maturation period. This technique joins related complementation strategies for studying protein-protein interactions, such as the protein fragment complementation assay (PCA), and the generation of
fluorescence or bioluminescence by intein-mediated protein splicing of
fragmented VFP or luciferase, respectively37. All of these approaches
have potential for FRET-based enhancements or implementations, such
as with bioluminescence resonance energy transfer in the case of
luciferase (Table 1; Ia3). In all the VFP-based techniques, two fundamental problems must be faced, namely the possible functional consequences of overexpression and the need to distinguish between
VFP-fused proteins delivered to their natural cellular compartment
from nascent, reclaimed and degraded molecules elsewhere in the cell.
Total internal reflection microscopy10,38 and other superresolution techniques (S. Hell, this issue) should be of great utility in this respect.
New strategies and dyes with improved properties will expand the
capabilities for in vivo FRET applications. The combination of exogenous probes and the expression of small peptide targets offer the advantage of greatly reduced size compared to VFPs (Fig. 4) and the versatility
offered by the ligand in terms of lifetime, large Stokes shift or other
property. One such system is based on specific hexapeptide sequences
containing four cysteines and introduced into a target protein of interest. Application of an exogenous, membrane permeable, nonfluorescent
probe, such as FlAsH or resorufin (ReAsH) derivatives, leads to binding
to the tag and the generation of a specific fluorescent signal39. We have
devoted great effort to developing functional derivatives of these very
promising reagents but consider that additional chemical modifications
are required to reduce the background in cellular applications (see also
ref. 40). Other potential routes might exploit protein fusions with an
anti-fluorophore single-chain antibody fragment41, novel protein scaffolds (‘affibodies’42), and a newly reported strategy for introducing
unnatural amino acid side chains into proteins43. The latter may offer
targets for a range of chemical and spectroscopic probes, including those
suitable for FRET.
Bioconjugated semiconductor quantum dots offer an alternative to
organic molecules as fluorescence probes. Quantum dots are finding
widespread application as labeling reagents for cells and macromolecules because of their unique properties and commercial availability44,45. Appropriately designed quantum dots are very photostable and
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nontoxic, can be excited with one or more46 photons over a wide spectral range, yet emit in a narrow and programmable spectral range.
Quantum dots are typically capped with a polymer bearing specific
binding moieties, such as streptavidin, protein G, biotin or conjugatable
chemical groups (available through such companies as Quantum Dot or
Evident Technologies). We have demonstrated the utility of quantum
dots as FRET donors in aqueous systems, a further property of these
extraordinary materials that will undoubtedly lead to many applications. An important issue relates to size—whether ‘the tail wags the
dog’—such that a quantum dot–linked probe would interfere or even
abrogate the process under study. A graphical representation designed to
convey the relative sizes of various common fluorophores and protein
probes compared with a quantum dot is provided in Figure 4. One is
struck by the extent of the IgG molecule, particularly considering the
multistep signal amplification schemes in common use.
Several other probes and small particles are of relevance to FRET
applications: (i) transfer probes consisting of diffusible, tyramide-linked
fluorophores or haptens rendered reactive by peroxidase fused to a target protein or antibody (e.g., the tyramide signal amplification system
offered by Molecular Probes); (ii) photoreactive probes that phototransfer from a given protein to an (unknown) partner, for example, in
a photocrosslinking reaction47 mediated by the PES (photochemical enhancement of sensitivity)-FRET mechanism (Table 1, Ie4);
(iii) microspheres, nanocrystals and phosphors that can be evaluated on
and in cells by virtue of attached ligands, morphology, spectroscopy
and/or localization and functional effects; (iv) the photochromic probes
described above (Table 1, Ie2; Fig. 3); (v) cascade FRET23,48 and photoinducible intramolecular charge transfer49 probes; and (vi) many versions of ‘dark’ acceptors with very high σ and consequently large Γo
values. An important issue with these and other nonexpression probes is
the method of introduction into the molecule and/or the cell.
Perspectives
Single-molecule spectroscopy based on fluorescence has developed
since the pioneering work Thomas Hirshfeld in the 1970s and in many
instances is implemented with imaging technology. FRET is an essential
tool10,50,51 in this field, and should augment the high-resolution techniques recently exemplified in very elegant studies of myosin V dynamics33,52. Attempts to confine single-molecule measurements to
nanocavities have succeeded in extending the operational range of fluorescence correlation spectroscopy (FCS) to the heretofore inaccessible
micromolar range53 (W. Webb, this issue). Such cellular structures may
be suitable for new FRET implementations in FCS54 and image correlation spectroscopy55, as well as two-dimensional FCS spectroscopy based
on modulated excitation56, perhaps exploiting the dramatic enhancements of excitation energy transfer achieved in Fabry–Perot microresonators57. Scanning near-field optical microscopy (SNOM) provides
many interesting imaging possibilities (A. Lewis, this issue), including a
donor-coated ‘self-sharpening’ scanning tip limiting the extent of the
corresponding acceptor array to tens of molecules58. The same laboratory has recently reported the integration of quantum dots as FRETSNOM sources with the prospect of single molecule resolution59, and a
coherent mode of operation extending the transfer distance to 20 nm
with implications for quantum computing60. In the case of cellular
imaging based on FRET, one can predict great utility for highly integrated nanochambers61 and cellular microarrays62.
We anticipate that many of the newer approaches for FRET
microscopy outlined in Table 1 will come to fruition, hopefully integrated into the full array of emerging multidimensional microscopy
techniques, particularly those adapted for optical sectioning. A concrete
application representing a core research activity of our groups32 is the
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elucidation of ligand-mediated modulation of receptor-receptor distributions and dynamics63,64,65 on cell surfaces. The ongoing challenge is
to expand further the algorithmic repertoire for dissecting such complex
molecular systems into their component contributions. It is axiomatic that the full panoply of temporal, spatial and spectral resolution
will be required.
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