Principles of Resonance Energy Transfer

Molecular details of various biochemical
and biological processes can be investigated
and monitored in vitro and in vivo by various
fluorescent methods because of the inherent
sensitivity, specificity, and temporal resolution
of fluorescence spectroscopy. The combina-
tion of fluorescence spectroscopy with flow
and image cytometry has provided a solid ba-
sis for rapid and continuous development in
these technologies. In order to utilize these
techniques properly, cytometrists must be fa-
miliar with the working principles of the in-
struments and also with the basic concepts of
fluorescence spectroscopy. This unit focuses
on a special phenomenon of fluorescence spec-
troscopy, namely fluorescence resonance en-
ergy transfer (FRET). FRET is a radiationless
process in which energy is transferred from
an excited donor to an acceptor molecule un-
der favorable spectral and orientational con-
ditions. These conditions will be discussed in
detail below. FRET processes during fluores-
cence measurements in flow and image cytom-
etry can either compromise results or open new
applications for these techniques. In order to
distinguish between the adverse and beneficial
effects of FRET, one must understand the theo-
retical background of the phenomenon. When
multiple fluorescent probes are simultane-
ously applied, the possible cross-talk between
fluorescent dyes (e.g., FRET processes) should
be ruled out, or controlled if one wants to
quantitate the cell-surface expression of var-
ious antigens at the same time. In contrast
to this adverse effect, FRET can also be
used to improve the spectral characteristics of
fluorescent dyes and dye combinations, such
as the tandem dyes in flow and image cytom-
etry and FRET primers in DNA sequencing
and the polymerase chain reaction. The driv-
ing force in these applications is the use of
single-wavelength excitation while providing
various dye combinations with a wide range of
Stokes shifts to make possible the simultane-
ous detection of three or four fluorescent dyes.
Combination of FRET with monoclonal anti-
bodies has led to a boom in structural analysis
of proteins in solution and also in biological
membranes. Analysis based on functional het-
erogeneity of leukocytes is accompanied by
analysis based on specific expression of vari-
ous cell-surface antigens. International work-

shops assign a “cluster of differentiation” (CD)
nomenclature to these antigens, based on re-
activity with groups of monoclonal antibodies.
Cell-surface mapping of CD molecules on im-
munocompetent cells has attracted more and
more interest in the last three decades. Exper-
iments revealing the structure of these anti-
gens have led to the discovery, among others,
of the immune synapse (Bhatia et al., 2005;
Cemerski and Shaw, 2006). With the help of
FRET, molecular dimensions can be measured
and determined in functioning, living cells,
providing information that would be impossi-
ble to obtain with other classical approaches—
e.g., with X-ray crystallography.

This unit describes the theory behind FRET,
characterizes available parameters and instru-
ments, discusses limitations, and provides a
few examples of the application of FRET.

THEORY OF FRET

FRET was first observed by Perrin at the
beginning of the 20th century, but it was
Theodor Forster who proposed a correct the-
ory describing long-range dipole-dipole inter-
actions between fluorescent molecules, more
than 50 years ago (Forster, 1946, 1948). He
derived an equation that relates FRET effi-
ciency to the spectroscopic parameters of fluo-
rescent dyes. His ingenious discovery that flu-
orescence dipole-dipole interaction depends,
in addition to orientation and other spectro-
scopic parameters, on the negative sixth power
of the distance between the dipoles furnished
one of the most sensitive methods for mea-
suring atomic and molecular distances at the
nanometer level. After the theoretical back-
ground of the FRET process was illuminated, it
took decades before FRET technology gained
wide application in chemistry, biochemistry,
and cell biology.

FRET is a physical process in which energy
is transferred from an excited donor molecule
to an acceptor molecule by means of inter-
molecular long-range dipole-dipole coupling.
One of the most important factors influencing
the strength of coupling is the distance be-
tween the donor and acceptor molecules. En-
ergy transfer occurs in the 1- to 10-nm distance
range with measurable efficiency, and these
distances correlate well with macromolecular
dimensions (Stryer, 1978). Energy transfer is
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nonradiative—i.e., the donor does not actually
emit a photon and the acceptor does not ab-
sorb a photon. The so-called “trivial” radiative
energy transfer has very low probability at low
concentrations (<107 M) of the fluorescent
probes.

In order to explain the mechanism of fluo-
rescence resonance energy transfer, let us con-
sider a system with two different fluorophores
where the molecule with higher energy ab-
sorption is defined as the donor (D) and the
one with lower energy absorption as the ac-
ceptor (A). If the donor is in an excited state, it
will lose energy by internal conversion with-
out emission, until it reaches the ground vibra-
tional level of the first excited state (Kasha’s
rule; see Fig. 1.12.1). If the donor emission
energies overlap with the acceptor absorption
energies, the following resonance can occur
through weak coupling:

D¥+A —— D+ A*
Equation 1.12.1

where D and A denote the donor and the ac-
ceptor molecules in the ground state, while D*
and A* denote the excited states of the flu-
orophores. The rate of the forward process
is kt, while the rate of the inverse process
is k_r. Since vibrational relaxation converts
the excited acceptor to the ground vibrational
level, the inverse process is highly unlikely
to occur (Fig. 1.12.1). As a result, the donor

molecules become quenched, while the accep-
tor molecules become excited and, under fa-
vorable conditions, can emit fluorescent light
with their own quantum yield. This latter pro-
cess is called sensitized emission (Fig. 1.12.2).

The efficiency (E) of FRET is a quantita-
tive measure of the number of quanta that are
transferred from the donor to the acceptor and
can be expressed as

_ no. quanta transf. from donor to acceptor

no. quanta abs. by donor
Equation 1.12.2

According to the theory of Forster, the rate
(kt) and efficiency (E) of energy transfer can
also be written as

ky = const kg IR0

Equation 1.12.3

__ Kk
kt +kp+kp
Equation 1.12.4

E

where kg is the rate constant of fluorescence
emission of the donor and kp is the sum of
the rate constants of all other deexcitation
processes of the donor. R is the separation
distance between the donor and acceptor
molecules, and k% is an orientation factor
which is a function of the relative orientation
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Figure 1.12.1 The energy balance of the FRET phenomenon. The donor molecule is excited to

a higher vibrational level of the first excited state, from which it decays to the lowest vibrational
level according to Kasha'’s rule. From this state it can relax to ground state through fluorescence or
internal conversion, or via energy transfer (kr arrow). Only those transitions that have the matching
pair in the energy diagram of the acceptor take part in this process. The acceptor decays to the

ground state through similar mechanisms.
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Figure 1.12.2 Fluorescence excitation and emission spectra of a suitable FRET pair: fluorescein
(donor) and tetramethylrhodamine (acceptor). The shaded area represents the overlap integral
(J). The spectra are normalized for display purposes. The downward-pointing arrow indicates
the quenching of the donor, whereas the upward-pointing arrow shows the sensitized emission of
the acceptor. The amount of quenching and sensitized emission is distorted for demonstrational

purposes.

of the donor’s emission dipole and the
acceptor’s absorption dipole in space. Other
parameters are n, the refractive index of
the medium, and J, the spectral overlap
integral, which is proportional to the overlap
in the emission spectrum of the donor

and the absorption spectrum of the
acceptor
J Fy (W, (WA
J =
I Fy (WA

Equation 1.12.5

where Fp(A) is the fluorescence intensity of
the donor at wavelength A and ea()) is the
molar extinction coefficient of the acceptor.
For dipole-dipole vectorial interaction, the
transition dipoles of the donor and the acceptor
in space must be oriented favorably relative to
each other as given by the following equation

X = (coso— 3cosBcosy)2

Equation 1.12.6

where « is the angle between the transition
moments of the donor and the acceptor, and 3
and 7y are the angles between the line joining
the centers of the fluorophores and the transi-
tion moments of the donor and acceptor, re-
spectively (Fig. 1.12.3). From theoretical con-
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siderations, k2 is in the range between 0 and 4.

Uncertainties in the value of k? cause the great-
est error in distance determination by energy
transfer. Fortunately, R depends on (k%), so
that it changes only slightly over a wide range
(e.g., 0.3 to 3) of k2. Direct measurement of
the value of k is impossible; however, fluores-
cence anisotropy measurements on donor and
acceptor molecules can be performed to limit
possible values of the factor, but rarely do they
eliminate all of the uncertainty (Dale, 1979).
In addition, if the donor or the acceptor or both
have a certain degree of rapid rotational free-
dom, k2 becomes 2/3, owing to the random
movement and orientation of the donor and
the acceptor. This condition is usually satis-
fied for fluorophores attached to biomolecules
at the cell surface (Dale, 1979).
It can be shown that
&
E=
RO +RS
Equation 1.12.7

From Equations 1.12.3, 1.12.4, and 1.12.7 it

follows that
ERIE
T T\ R

Equation 1.12.8
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Figure 1.12.3 The orientation of the emission dipole of the donor (D) and the absorption dipole
of the acceptor (A). R is the distance between the two dye molecules. « is the angle of the two
dipoles, f is the angle between the transition moment of the donor and the line joining the two
dyes, while v is the angle between the transition moment of the acceptor and the line joining the

two dyes.

where 7 is the donor’s lifetime in the absence
of the acceptor, and R is the characteristic dis-
tance between the donor and the acceptor when
the transfer efficiency is 50%. Also consider
the equation

R, = const (JKZQDn_4 )1/6

Equation 1.12.9

In this equation Qp is the quantum efficiency
of the donor in the absence of the acceptor. To
observe effective transfer in the 1- to 10-nm
range, the fluorescence emission spectrum of
the donor and the absorption spectrum of the
acceptor should overlap adequately, and both
the quantum yield of the donor (Qp) and ab-
sorption coefficient of the acceptor (¢4 ) should
be sufficiently high (Op > 0.1 and e¢p >
1000 M~ tem™).

DETERMINATION OF FORSTER
DISTANCE (Ry)

FRET efficiency measurements are most
sensitive to distance variation when the sepa-
ration of the donor and acceptor is close to the
Ry (Forster) distance. Thus, when choosing
a donor-acceptor pair, the molecular dimen-
sions of the system to be studied should be
considered. Since there is no internal distance
reference in fluorescence resonance energy
transfer, all distances calculated from trans-
fer efficiencies are relative to an R, distance
evaluated from spectroscopic properties of the
donor and acceptor. R thus provides a refer-
ence ruler in distance measurements. Even to

estimate the adverse effect of FRET, the Ry
value of the donor-acceptor pair in question
must still be determined in order to determine
the effective range of the FRET process. Ow-
ing to error propagation, it is almost impos-
sible to measure FRET efficiencies of <5%
accurately; therefore, the maximal distance at
which FRET can be measured is 1.63 x Ry.
This relatively short distance range is due to
the fact that the rate of FRET depends upon the
inverse sixth power of the distance between the
donor and acceptor (Fig. 1.12.4).

Calculation of R, for a donor-acceptor pair
requires knowledge of (1) the molar absorp-
tion coefficient and the absorption spectrum
of the acceptor, (2) the fluorescence emis-
sion spectrum of the donor, and (3) the quan-
tum yield (Qp) of the donor. The absorption
coefficient of the acceptor is usually given
at least for one wavelength, and the absorp-
tion spectrum can easily be obtained using
any commercially available spectrophotome-
ter. The fluorescence emission spectrum of the
donor can be determined with a spectrofluo-
rimeter; however, the spectrum usually con-
tains a wavelength-dependent instrument re-
sponse. The true emission spectrum can be
determined with instruments in which manu-
facturers provide instrument-response correc-
tion. Alternatively, reference compounds with
known emission spectra can be used for cal-
ibrating the instrument. Similarly, Op can be
determined using reference compounds with
known quantum yields, such as quinine in
0.1 N H;SO4, with Q = 0.55, or fluorescein in
0.1 N NaOH, with Q = 0.92. Knowing of the
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Figure 1.12.4 Distance dependence of the energy transfer efficiency. Distances are expressed
in Ry units. The shaded area shows the useful distance range, where the energy transfer efficiency
is between 0.95 and 0.05, meaning (0.61 x Ry) to (1.63 x Ry). Note that the curve is asymmetrical.

absorption spectrum of the acceptor and the
true emission spectrum of the donor, the over-
lap integral (J) can be calculated according
to Equation 1.12.5. After J and Qp have been
determined, Ry can be calculated, assuming
n = 1.33 for aqueous solution and k> = 2/3 for
random dipole orientation, according to Equa-
tion 1.12.9. Since quantum yield and spectral
shape may be environment sensitive, Ry dis-
tances may vary as solution conditions change.
A selected list of Ry distances for donor-
acceptor pairs applied in flow and image cyto-
metric measurements is shown in Table 1.12.1.
A comprehensive and useful list of R, values
for over 70 donor-acceptor pairs is provided
by Wu and Brand (1994). The largest R, value
reported for a single donor-acceptor pair is
8.0 nm for the rhodamine B—malachite green
dye pair (Yamazaki et al., 1990). The use of
molecules that have clusters of acceptors with
high molar absorption coefficient for each ac-
ceptor can extend the R value. Along this line,
Mathis reported an exceptionally large Ry of
9.0 nm using europium cryptate as donor and
allophycocyanin as acceptor (Mathis, 1993).
When applying phycobilin proteins, it should
be kept in mind that these molecules have
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bulky dimensions, which can interfere with
the original goal, i.e., with accurate distance
measurements. For those taking interest in R
values for various green fluorescent protein
(GFP) analogs, an accurate and comprehensive
analysis of green fluorescent protein pairs is
given in Patterson et al. (2000). This paper also
provides R values for possible homo-transfers
(i.e., FRET between spectroscopically identi-
cal molecules).

HOW TO MEASURE FRET
EFFICIENCY

The energy transfer efficiency, as follows
from the above formulas, can be determined
in a number of different ways. Since energy
is transferred from the excited donor to the
acceptor, the lifetime (t), quantum efficiency
(0), and fluorescence intensity (F) of the donor
decrease, if the acceptor is present (Equation
1.12.10). As a consequence, the fluorescence
intensity of the acceptor increases (sensitiza-
tion) if the donor is present (Equation 1.12.11).

A A A

T F
|—E=2D _ D:QD

o fp Op

Equation 1.12.10
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Table 1.12.1 Characteristic R, Values for Selected Donor-Acceptor Pairs?

Donor (Aex/Aem) Acceptor (Aex/Aem) Ry (nm)  References

FCA (400/470) PI in DNA (540/620) 3.0 Szoll6'si et al., 1978

IAF (490/515) Dil-Cyg (546/565) 35 Shahrokh et al., 1991
DAPI (350/470) EB (510/595) 3.7 Maliwal et al., 1995

IAF (490/515) TMR (557/576 3.7 Taylor et al., 1981

BFP (389/440) GFP (488/511) 4.0 Mahajan et al., 1998
TAEDANS (336/490) IAF (490/515) 4.4 Gettins et al., 1990
RLUC (-/475) EYFP (480/530) 5.0 Xu et al, 1999

Cy3 (554/568) Cy5 (649/666) 5.0 Bastiaens and Jovin, 1996
CF (490/525) Texas red (596/620) 5.1 Johnson et al., 1993
5(6)-CF (490/517) 5(6)-CF (490/517) 5.1-5.7 Chen and Knutson, 1988
TMR (557/576) Texas red (596/620) 5.2 Haet al., 1996
Fluorescein (490/525) EITC (525/545) 5.4 Carraway et al., 1989
Ci3-Rh (560/590) C3-Rh (560/590) 5.5-5.8 MacDonald, 1990
Fluorescein (490/525) TMR (557/576) 5.6 Kosk-Kosicka et al., 1989
NBD (450/530) LRH (575/595) 5.6 Wolf et al., 1992

AO in DNA (502/526) Crystal violet (596/-) 7.0 Maliwal et al., 1995
BPE (480-565/578) CYS5 (649/666) 7.2 Ozinskas et al., 1993
Rhodamine B (540/625) MG (630/-) 8.0 Yamazaki et al., 1990
TBP(Eu") (307/620) APC (650/661) 9.0 Mathis, 1993

@\ ex/Aem, Wavelengths of excitation/emission in nm.

b Abbreviations: AO, acridine orange; APC, allophycocyanin; BFP, blue fluorescent protein; BPE, B-phycoerythrin;
CFSE, carboxyfluorescein succinimidyl ester; 5(6)-CF, 5(6)-carboxyfluorescein; Cig-Rh, octadecylrhodamine B;
Cy3, sulfoindocyanine dye Cy3.29-OSu; CyS5, sulfoindocyanine dye Cy5.29-OSu; DAPI, 4',6-diamidino-2-phenyl
indole; Dil-Cig, 1,1’-dioctadecyl-3,3,3’,3'-tetramethyl-indocarbocyanine; EB, ethidium bromide; EITC, eosin-5'-
isothiocyanate; EYFP, enhanced yellow fluorescent protein; FCA, fluorescamine; GFP, green fluorescent protein;

TAEDANS, 5-((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid; IAF, 5-iodoacetamidofluorescein;
LRH, lissamine rhodamine; MG, malachite green; NBD, 7-nitro-2,1,3-benzoadiazol-4-yl (also known as 7-nitro-
benz-2-oxa-1, 3-diazole); PI, propidium iodide; RLUC, Renilla luciferase; TBP(Eu?t), Eu’* trisbipyridine diamine;

TMR, tetramethyl rhodamine.

D
F, enC
_A_]_,_(M]E

Fa INOIN
Equation 1.12.11

In the above equations, the lower indices
refer to the donor (D) or acceptor (A), while
the upper indices indicate the presence of the
donor (D) or the acceptor (A) in the system.
Cp and C are the molar concentrations, while
ep and € are the molar absorption coefficients
of the donor and the acceptor, respectively. E
is the efficiency of the energy transfer.

FRET can be determined by measuring the
fluorescence characteristics of the donor or
the acceptor. Fluorescence intensity, quantum
yield, or fluorescence lifetime of the donor
changes upon FRET. The simplest way to
measure energy transfer is to determine the

decrease in the fluorescence of the donor in
the presence of the acceptor. The fractional
decrease in the donor fluorescence with the
acceptor present is equal to the efficiency of
FRET. Fluorescence lifetime measurements
are not widely applied for monitoring FRET
efficiency because time-resolved fluorescence
measurements require sophisticated and ex-
pensive instruments. Interestingly, no FRET
data between membrane proteins determined
by flow cytometric lifetime measurements
have been published to date, although flow cy-
tometers capable of fluorescence lifetime mea-
surements have been constructed and charac-
terized (Crissman and Steinkamp, 2001). As
greater progress is made in image cytometry,
more and more papers are being published in
which FRET efficiency values are determined
by applying fluorescence lifetime imaging
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(FLIM) microscopy (Wallrabe and Periasamy,
2005; Wabharte et al., 2006).

Although it is not necessary to have a
fluorescent acceptor, the observation of the
increased emission of the acceptor is an im-
portant confirmation of energy transfer, be-
cause it arises only from FRET, whereas
donor quenching can arise from several triv-
ial sources. In an ideal case, where a system
is excited at the excitation maximum of the
donor and the fluorescence detected at the
emission maximum of the acceptor, we can
detect fluorescence only if both donor and ac-
ceptor molecules are present and there is FRET
between them. (Donor-only and acceptor-only
samples will not produce measurable fluo-
rescence intensities under these ideal condi-
tions.) Generally, the donor has a tail in the
emission spectrum contributing to the fluores-
cence intensities at the emission maximum of
the acceptor. In addition, most acceptors have
some absorption at the excitation wavelength
of the donor. Hence, the calculation of en-
ergy transfer efficiency is more complicated
owing to these correction factors. The spec-
tral overlap between the donor’s fluorescence
and the acceptor’s own fluorescence should be
taken into account when calculating the FRET
efficiency.

In addition to methods involving the
quenching of the donor and the sensitiza-
tion of the acceptor, FRET efficiency can
be determined using time-resolved or steady-
state anisotropy measurements. These mea-
surements entail quantitation of the anisotropy
increase of the donor in the presence of an
acceptor dye due to the decreased fluores-
cence lifetime of the donor (Matko et al., 1993;
Damjanovich et al., 1997). On the other hand,
anisotropy may decrease when FRET occurs
between the same molecules in identical en-
vironments (homo-transfer), possibly due to
a change in fluorophore orientation, whereas
there is no change in the fluorescence inten-
sity or the lifetime of the dyes. The efficiency
of homo-transfer can be determined only with
fluorescence anisotropy measurements. Utiliz-
ing the so-called energy-migration FRET, the
degree of homo-association of visible fluores-
cent proteins was determined without the ne-
cessity of two independent transfections in the
same cell (Lidke et al., 2003). With the help
of a more elaborate version of flow cytomet-
ric fluorescence homo-transfer measurements,
the existence of receptor trimers on the cell sur-
face of immunocompetent cells was detected
(Bene et al., 2005).
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Another possibility for determining the en-
ergy transfer efficiency is based on the al-
tered photobleaching rate of the donor in the
presence of acceptor. Although photobleach-
ing should usually be minimized, it can in
some cases actually be exploited to measure
FRET efficiency. Photobleaching of the donor
occurs only when it is in the excited state; be-
fore de-excitation occurs, there is some proba-
bility that photobleaching will remove that flu-
orophore from the excited state by destroying
its molecular structure. The excited-state reac-
tions are instrumental in photobleaching pro-
cesses. The donor photobleaches more slowly
if energy transfer to an acceptor occurs, since
energy transfer is an alternative pathway for
the excited-state relaxation. It can be shown
that the fractional increase in the photobleach-
ing time constant is the same as the fractional
decrease in the fluorescence lifetime of the
donor (Jovin and Arndt-Jovin, 1989a, b). The
efficiency of FRET can be determined by com-
paring the bleaching rate of the donor in the
presence and absence of acceptor (Jovin and
Arndt-Jovin, 1989a,b; Nagy et al., 1998a,b). A
computer program for analyzing photobleach-
ing FRET image series has been published
recently (Szentesi et al., 2005). A new vari-
ant of donor-photobleaching FRET has been
introduced where the efficiency of FRET is
determined from the kinetics of the photo-
bleaching of the acceptor, which has been
sensitized by a donor. This technique uti-
lizes dye combinations in which the accep-
tor bleaches much faster than the donor, even
when only the donor is excited. This donor-
mediated acceptor-photobleaching FRET al-
lows the measurement of FRET efficiencies
with exceptional accuracy (Mekler, 1997).

In another approach, the acceptor is directly
excited and bleached at its absorption maxi-
mum, and the intensity of the donor is com-
pared before and after the photodestruction
of the acceptor (Bastiaens et al., 1996; Vereb
et al., 1997). A detailed description of the ac-
ceptor photobleaching method has been given
elsewhere (Vereb et al., 2004), and a proto-
col for FRET measurements utilizing acceptor
photobleaching is described in UNIT 12.7. The
list of methods for FRET measurement dis-
cussed above is far from complete. For imag-
ing FRET, 22 different methods have been
described recently. Jares-Erijman and Jovin
(2003) have created an impressive catalog of
FRET microscopy methods in their review,
providing a systematic classification and
characterization of 22 possible approaches. In
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addition to the FRET methods used already,
several new and exotic strategies have been
suggested with potential for implementation in
fluorescence microscopy (Jares-Erijman and
Jovin, 2003).

While there are currently 22 different ways
of assessing FRET, the literature includes
many papers applying a 23rd method, which
is a simple but highly incorrect and unreli-
able approach based on exciting the donor and
detecting acceptor emission. So-called FRET
images are taken using filter sets specifically
sold for this purpose. The assumption made
is that the stronger the signal, the more effi-
cient FRET is at a given pixel. However, the
signal obtained in the acceptor channel upon
excitation at the donor absorption maximum
will actually consist of four components, vary-
ing individually from pixel to pixel: the quan-
tity of the donor fluorophore and its emission
leaking into the acceptor channel; the quan-
tity of the acceptor fluorophore and its emis-
sion upon excitation in the donor absorption
regime; the efficiency of FRET convolved with
the quantity of both the donor and acceptor flu-
orophores; and, finally, the autofluorescence.
It follows that labeling conditions, expression
of protein targets for donor and acceptor la-
beling (or donor and acceptor fluorescent pro-
teins), and fluorescent metabolites produced
by the cell will greatly influence the signal
registered from each cell and even from each
pixel, making the FRET signal only a compo-
nent of what is detected, and with a contribu-
tion weight that is difficult to determine. It is
thus not sufficient to take such FRET images,
but donor and acceptor signals that would be
present in the absence of FRET must also be
estimated by acquiring images with donor- and
acceptor-specific fluorescence filter sets, and
determining the spectral spillage factors (and
possibly also the autofluorescence contribu-
tion) from single-labeled samples (see proto-
cols described in UNIT 12.8).

CHOICE OF INSTRUMENT FOR
FRET MEASUREMENT

When designing a FRET study, the first
question to consider is whether the biolog-
ical problems are best addressed by spec-
trofluorimetry, flow cytometry, or imaging mi-
croscopy. Spectrofluorimetry is often much
easier to implement than quantitative flow cy-
tometry or imaging-microscopy studies, de-
spite the advances in instrumentation and soft-
ware. Usually, donor quenching or acceptor
sensitization is measured in this approach. In
spectrofluorimetry, the cells can be either in

suspension or attached to a coverslip held at
an angle to the incident beam. Average fluores-
cence intensity for thousands of cells can be
rapidly measured by these methods. A com-
plete set of samples for FRET efficiency de-
termination should contain at least one unla-
beled, two single-labeled (one labeled with
donor only, and one labeled with acceptor
only), and one double-labeled sample (labeled
with donor and acceptor simultaneously). The
measured fluorescence intensities must be cor-
rected for light scattering and autofluorescence
using the unlabeled sample. At the same time,
the fluorescence intensities should be normal-
ized to the same donor and acceptor concentra-
tion. For both corrections, very accurate sam-
ple preparation is required; cell concentration
should be carefully controlled. Another pos-
sible source of error is the contribution to the
specific fluorescence signal from unbound flu-
orophores and cell debris. This is very difficult,
if not impossible, to control, especially if the
fluorescent label has a low binding constant.
Multiple washings decrease the contribution of
free fluorophores to the fluorescence intensity,
but unavoidably increase the amount of cell de-
bris. Another problem is that some cells may
become extremely bright during fluorescent
labeling (e.g., dead cells in some immunoflu-
orescence experiments). Some potential prob-
lems occurring in spectrofluorimetry could be
less serious in flow cytometry or microscopy.
Distortion caused by dead cells, free dye, or
debris can be avoided, and uncertainties in cell
concentration do not cause a problem owing to
the cell-by-cell type measurement. These are
easily excluded in analyses of flow cytome-
try data or in selecting fields for analysis by
microscopy. A detailed comparison of energy
transfer measurements in spectrofluorimetry
and flow cytometry is described in several ref-
erences (Matyus, 1992; Szolld'si et al, 1994;
Trén, 1994).

Flow cytometry can provide quantitative
measurements on thousands of individual
cells, allowing convenient determination of the
distribution of fluorescence intensities and en-
ergy transfer values in a population. To achieve
a high rate of analysis, cells should be in sus-
pension, meaning that cells growing attached
to a substrate should be detached mechanically
or enzymatically for flow cytometric measure-
ments. These treatments can interfere with the
cellular parameters to be investigated. In flow
cytometry, donor quenching cannot be used
to determine transfer efficiency on a cell-by-
cell basis; because the expression levels of
various proteins have broad distributions, the
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donor intensity cannot be measured in the ab-
sence and presence of acceptor on the same
cell. (For mean values, donor quenching can
also be used as in spectrofluorimetric mea-
surements to provide a single mean FRET ef-
ficiency value for the whole cell population.)
Sensitized emission of the acceptor, however,
can be applied to calculate the transfer effi-
ciency on a cell-by-cell basis, since with mul-
tiple excitations the direct and sensitized emis-
sions of the acceptor can be determined on
the same cell. As with spectrofluorimetry, four
samples are needed for FRET measurements.
Unlabeled cells are used for autofluorescence
correction, cells labeled with donor only for
determining spectral overlap correction factor,
and cells labeled with acceptor only for deter-
mining the correction factor for direct excita-
tion of the acceptor; cells labeled with both
donor and acceptor are used for calculation
of the FRET efficiency on a cell-by-cell ba-
sis. In flow cytometric measurements, there
are three unknown fluorescence parameters:
the unquenched donor intensity, the nonen-
hanced acceptor intensity, and the efficiency
of FRET. In order to determine these param-
eters, three independent signals for the same
cell must be measured. The three independent
fluorescence signals differ from each other in
the wavelength of the excitation or the spectral
range of the detection. Because of the different
wavelength dependence of the absorption and
emission spectra of the donor and acceptor, the
corrected transfer signal can be evaluated from
the three independently measured parameters,
using correction factors determined with the
help of single-labeled cells. In this case, bio-
logical variations in the level of expression of
the investigated protein has no effect on the ac-
curacy of the FRET measurement. The gener-
ated distribution histogram of FRET efficiency
will provide information about the heterogene-
ity of the cell population with high statistical
accuracy. If there is a change in the FRET ef-
ficiency upon stimulus, flow cytometry cannot
provide information about the time course of a
response in a single cell, but it can easily mea-
sure the time course of response in a popula-
tion of cells. In addition, flow cytometry gives
only one value for one cell; the intracellular
heterogeneity in FRET efficiency cannot be
studied. In many studies, however, the ability
of flow cytometry to measure the properties
of thousands of cells may be more valuable
than detailed information on a smaller number
of cells obtained by microscopy. Technical de-
tails of how to perform flow cytometric energy
transfer measurements can be found in several
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recent reviews (Szolld'si and Damjanovich,
1994; Damjanovich et al., 1997; Szoll§'si
et al., 1998; Szollgsi et al., 2002; SzollG'si
and Alexander, 2003; Vereb et al.,, 2004;
Mityus et al., 2006). Originally, the auto-
fluorescence correction for flow cytometric
FRET calculations was performed by subtract-
ing a constant value calculated as the average
of autofluorescence intensities of the entire cell
population from the appropriate fluorescence
signals. It should be noted that there is usu-
ally a good correlation between the autofluo-
rescence detected in different regions of the
spectrum in most cell types, so a more elab-
orate correction method is also possible. In
this method, another independent parameter
should be detected, a fourth fluorescence in-
tensity, and this way autofluorescence can be
calculated on a cell-by-cell basis (Sebestyén
et al., 2002). Naturally, high autofluorescence
may decrease the precision of measurements,
and therefore it is better to choose fluorophore
pairs with long-wavelength emission charac-
teristics, right-shifted from the maximum of
the autofluorescence spectrum. Critical param-
eters influencing the selection of the right
FRET donor-acceptor pairs have been dis-
cussed recently (Horvath et al., 2005). A ver-
satile computer program for calculating FRET
values from flow cytometric data is available
(Szentesi et al., 2004). This program is capa-
ble of incorporating autofluorescence correc-
tion on a cell-by-cell basis.

The obvious advantage of image cytome-
try is that it yields spatial information at the
single-cell level regarding FRET efficiency,
a type of information that is not available
through other approaches. Resolution of sub-
cellular structures, and analysis of cells in situ,
can be achieved only by imaging microscopy.
Similarly, time-course measurements in single
cells can be obtained only by microscopy. Low
statistical accuracy is one of the disadvantages
of image cytometric FRET measurements,
since only a relatively small number of cells
can be investigated within a reasonable time
frame. The availability of modern digital imag-
ing cameras, as well as associated computer
hardware and software, has resulted in rapidly
increasing interest in FRET microscopy. These
developments have enabled an easy and rapid
measurement of fluorescence over 10° pix-
els of an image simultaneously. One of
the approaches frequently applied in FRET
measurements is donor photobleaching. A ma-
jor advantage of the photobleaching method
is that it uses only a single excitation and
emission wavelength (Vereb et al., 2004). The
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bleaching rate of the donor in the absence of
acceptor should be measured under the same
experimental conditions as the double-labeled
sample, because bleaching rates can vary
significantly in different environments. If the
efficiency of FRET is relatively low, if the
acceptor is nonfluorescent, or if rapid pho-
tobleaching prevents measurements of stable
fluorescence intensities, the photobleaching
method may provide the only practical way to
measure FRET efficiency. Because of the de-
structive nature of the photobleaching method,
kinetic measurements of FRET efficiency can-
not be performed on the same cell by this
method. Intensity-based measurements using
the sensitization of acceptor fluorescence can
also be used to determine the FRET efficiency
on a pixel-by-pixel basis without losing tem-
poral resolution. A thorough comparative anal-
ysis of intensity- and donor photobleaching—
based FRET microscopic analyses has been
carried out (Nagy et al., 1998b). It has been
shown that the photobleaching-based method
inherently overestimates the FRET efficiency,
because this technique weights the FRET ef-
ficiency values in single pixels, which is dif-
ferent from the intensity-based energy transfer
approach.

Another disadvantage of donor photo-
bleaching FRET is that for calculating FRET
efficiency in the double-labeled image on a
pixel-by-pixel basis, the photobleaching rate
averaged from a donor-only sample must be
used. Differences in sample preparation and
handling can result in changes in oxygena-
tion and temperature, yielding photobleaching
rates that are not comparable across samples.
However, combining the method with accep-
tor photobleaching can improve on this situ-
ation in two ways. The procedure to follow
is to prepare double-labeled samples, select a
region of interest (ROI), and perform the ac-
ceptor photobleaching on a part (usually half)
of this ROI. This allows calculation of FRET
from donor dequenching in this half, which is
one advantage of combining the two methods.
As an added bonus, in the other half of the ROI,
the same calculations should yield a FRET his-
togram centered at zero, or otherwise enable
correction for unwanted donor bleaching dur-
ing the protocol. The next step is to perform
the usual donor photobleaching routine and
calculations on the whole ROI. In the acceptor-
bleached part, the procedure yields a distribu-
tion of the donor photobleaching times without
acceptor, which can be used for calculating the
FRET image in the double-labeled other half.
Although, even in this approach, an average

bleaching time is used for normalization, at
least donor bleaching curves in the presence
and absence of the acceptor are obtained in
the same sample, ROI, and experiment.

It has already been mentioned that the avail-
ability of instruments for time-resolved FRET
studies is limited because they are sophis-
ticated and expensive. However, significant
progress has resulted from the latest devel-
opments in this field. Time-resolved fluores-
cence measurements not only provide an easy
way to obtain averaged lifetimes without the
exact knowledge of donor concentration, but,
more importantly, also give detailed structural
information about the donor-acceptor system.
The past decade has witnessed tremendous
improvements in this area. Picosecond and
nanosecond technologies are considered ma-
ture now, and commercial instruments are
available. Fluorescence decays can be detected
by either the single-photon-counting or the
phase-modulation method. Both approaches
have been successfully applied in spectrofluo-
rimetry; interesting results are summarized in
Wu and Brand (1994). Although fluorescence-
lifetime measurement based on phase modu-
lation has been available in flow cytometry for
years (Steinkamp, 1993), no FRET application
has been published so far.

Like spectrofluorimetry, both time-gated
and phase-modulated lifetime measurements
can be implemented in imaging microscopy.
Several nanosecond time-resolved fluores-
cence images of a sample can be obtained at
various delays after pulsed laser excitation
of the microscope’s entire field of view.
Lifetimes are calculated on a pixel-by-pixel
basis from these time-resolved images, and
the spatial variation of the lifetimes is then
displayed. This technique has been used to
detect endosome-endosome fusion in single
cells (Oida et al., 1993). The other approach,
using modulated illumination in microscopy,
resulted in successful application of FRET
studies for monitoring oligomerization of epi-
dermal growth factor receptors (Gadella and
Jovin, 1995). A point calibration procedure to
reveal minimum resolved differences (Hanley
et al., 2001), as well as a method to avoid
photobleaching-related artifacts during phase-
modulation lifetime imaging (van Munster
and Gadella, 2004), has also been elaborated.
Combination of lifetime imaging with pro-
grammable array microscopy (PAM) has
further improved the quality of lifetime
images of samples with multiple fluorophores
or spatially varying fluorescence resonance
energy transfer efficiency by suppressing
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out-of-focus light contributions (Hanley et al.,
2005).

One of the latest developments in
fluorescence microscopy is spectral imaging,
which allows the creation of increasingly com-
plex multicolored samples. Recent improve-
ments in confocal laser scanning microscopy
combine sophisticated hardware to obtain
fluorescence emission spectra on a single-pixel
basis with a mathematical procedure called
“linear unmixing” of fluorescence signals.
Spectral imaging microscopy has demon-
strated substantial superiority over the con-
ventional band-pass filter detection systems
with respect to detection accuracy and scale of
applicable dye combinations. Spectral imag-
ing has also provided new possibilities for
visualizing macromolecular interactions or
conformational changes that manifest in al-
tered FRET efficiency (Ecker et al., 2004;
Zimmerman, 2005).

LIMITATIONS OF FRET STUDIES
For proper application of FRET, it is im-
portant to understand its limitations as well
as its advantages. The most serious drawback
of FRET is its modest capacity for determin-
ing absolute distances. It is quite good at de-
termining relative distances, namely, whether
two points are getting closer or farther apart
upon a stimulus. This is caused by the fact
that FRET efficiency depends not only on the
distance between the donor and acceptor, but
also on the relative orientation (k%) of the dyes
(see discussion of Theory of FRET). Even
when measuring relative distances, care must
be taken to ensure that the orientation factor
(k?) does not change between the two sys-
tems under comparison. In addition, the sys-
tem can be more complicated when a ran-
dom conjugation of the fluorescent label is
applied. For example, in a substantial frac-
tion of experiments, fluorophore-conjugated
monoclonal antibodies are used to label cell-
surface antigens. According to common prac-
tice, covalent coupling reactions frequently
occur between isothiocyanate or succinimidyl
ester reactive groups of appropriate derivatives
of the fluorophore and the e-amino groups
of lysine side chains of immunoglobulins.
The number of exposed lysine side chains of
comparable reactivity found in an antibody
molecule usually exceeds one. Each antibody
molecule may carry several fluorophores, and
the labeled lysine side chains of the individual
antibody molecules may be different. Reactive
groups are often attached to the fluorophores
via an n-carbon linker, with n typically ranging
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from 2 to 12. The linker often allows relatively
free rotation of the dye, which minimizes un-
certainty of k. It also minimizes quenching
of the dye by the protein, especially if it is
due to a hydrophobic environment. The linker,
however, has the disadvantage of adding un-
certainty to the exact position of the dye. In
general, the minimal length that allows free
rotation of the dyes and does not cause quench-
ing is around six carbon atoms. More specific
labeling of antibodies or antibody fragments
can be achieved if SH groups are targeted with
maleimide derivatives of fluorophores instead
of lysine side chains. In this case, however, the
targeted SH group should be introduced into
the Fab fragments by genetic modification. Ge-
netically engineered Fab’ antibody fragments
are designed so that an SH group is introduced
on the opposite side of the molecule farthest
from the epitope-recognizing portion. Com-
prehensive FRET studies utilizing combina-
tions of noncompeting Fab’ fragments recog-
nizing different epitopes of ErbB2 receptor ty-
rosine kinase have provided an epitope map of
the ErbB2 molecule (Bagossi et al., 2005).

Another problem is that FRET has very
sharp distance dependence. For this reason,
it is difficult to measure relatively long dis-
tances because the signal gets very weak. At
the same time, energy transfer tends to be all
or none; if the donor and acceptor are within a
distance of 1.63 x Ry, there is energy transfer,
but if they are farther apart, energy is trans-
ferred with very little efficiency.

When studying cells labeled with donor-
and acceptor-conjugated monoclonal antibod-
ies, averaging is performed at different lev-
els. The first averaging follows from the ran-
dom conjugation of the fluorescent label. An
additional averaging is brought about by the
eventual distribution of separation distances
between the epitopes labeled with monoclonal
antibodies. This multiple averaging, an in-
evitable consequence of the nonuniform sto-
ichiometry, explains why the goal of FRET
measurements is different in purified molec-
ular systems and on the surface of the cyto-
plasmic membrane. In the former case, FRET
efficiency values can be converted into ab-
solute distances. Calculation of distance re-
lationships from energy-transfer efficiencies
is easy in the case of a single-donor/single-
acceptor system if the localization and relative
orientation of the fluorophores are known.
However, if cell-membrane components are
investigated, a two-dimensional restriction ap-
plies to the labeled molecules. Analytical so-
lutions for randomly distributed donor and
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acceptor molecules and numerical solutions
for nonrandom distributions have been elabo-
rated by different groups (Wolber and Hudson,
1979; Dewey and Hammes, 1980; Snyder and
Freire, 1982). In order to differentiate between
random and nonrandom distributions, energy
transfer efficiencies have to be determined at
different acceptor concentrations.

APPLICATIONS

FRET is widely utilized for a variety of ap-
plications. In one series of studies, FRET is
used to obtain structural information that is
otherwise difficult to obtain. The major ad-
vantage of FRET for structural studies is that
owing to the specificity of labeling the ex-
perimental object can be investigated in situ
and/or in vivo with little or no interference
from the rest of the system. Even complex
and heterogeneous systems can be studied this
way. In cytometry, usually cells or cell-like
objects, such as ghosts and liposomes, are in-
vestigated. FRET applications for liposome
fusion or for localization of drugs and mem-
brane proteins in liposomes are reviewed by
Sz6116'si and Damjanovich (1994). Several re-
views are available concerning FRET mea-
surements in biological membranes (Szoll§'si
and Damjanovich, 1994; Wu and Brand, 1994;
Damjanovichetal., 1997; SzollG'si et al., 1998;
Szoll6'si et al., 2002; Szo61ld'si and Alexander,
2003; Vereb et al., 2004; Matyus et al., 2006).
These reviews deal with associations of vari-
ous membrane proteins, structures of recep-
tors, and conformational changes in trans-
membrane proteins evoked by ligands and
membrane potential changes.

In another series of studies, FRET is used as
a tool for ensuring high sensitivity of various
biological assays. The biotechnological appli-
cations of FRET are summarized in reviews
that thoroughly discuss working principles of
FRET-based enzyme assays and immunoas-
says, as well as design of tandem dyes and
FRET primers for DNA analysis (Clegg, 1995;
Szolldsi et al., 1998).

A detailed list of possible FRET applica-
tions is beyond the scope of this unit. Readers
are referred to the reviews cited above to find
useful examples of FRET studies. Here, a few
examples are mentioned, demonstrating new
and interesting applications of FRET.

Photobleaching FRET measurements have
been used to monitor intercellular proximity
in order to reveal spatial organization of in-
teracting proteins in the contact region of two
cells participating in cytolysis (Bacs6 et al.,
1996). Interactions between CDS8 and major

histocompatibility complex (MHC) class I
molecules and between leukocyte function
antigen 1 (LFA-1) and intercellular adhe-
sion molecule 1 (ICAM-1) have been investi-
gated using donor (fluorescein)— and acceptor
(rhodamine)-labeled monoclonal antibodies.
The geometry of the orientation of these pro-
teins based on FRET data was consistent with
the observed blocking effects of monoclonal
antibodies on the cytolytic activity of killer T
lymphocytes (Bacsé et al., 1996).

A steadily expanding new field in FRET
studies is based on the application of green flu-
orescent protein (GFP) as a sensitive reporter.
When two differently colored mutants of GFP,
such as enhanced green fluorescent protein
(EGFP) and enhanced blue fluorescent protein
(EBFP), are covalently linked to different in-
tracellular proteins, and these proteins interact
with each other, FRET can be detected. Us-
ing this approach, spatial and temporal inter-
action of Bcl-2 and Bax proteins was studied at
the single-cell level by monitoring FRET effi-
ciency (Mahajan et al., 1998). Development
of different fluorescent protein variants by
random mutagenesis has overcome several
obstacles such as slow maturation rates, dimer-
ization or oligomerization, sensitivity to envi-
ronmental ion concentrations, or photobleach-
ing. These improved fluorescent proteins serve
as a basis for creating FRET-based intra-
cellular sensors for monitoring cellular con-
centrations of calcium (Evanko and Hay-
don, 2005), phosphoinositides (Cicchetti et al.,
2004), cGMP (Nikolaev et al., 2006), and
membrane potential (Sakai et al., 2001), to
mention just a few cellular parameters. Re-
cently, anovel dual FRET fluorescent indicator
probe has been developed to monitor the activ-
ity of two distinct caspases simultaneously in
living cells (Wu et al., 2006). Quantitation of
FRET efficiency calculated between GFP vari-
ants often poses a problem in flow cytometric
measurements. Therefore, chimeras in which
the cyan fluorescent protein was separated by
amino acid linkers of different lengths from the
yellow fluorescent protein were generated and
used to calibrate flow cytometric FRET mea-
surements. Calibration was achieved by cal-
culating the FRET efficiency in two different
ways and minimizing the squared differences
between the two results by changing the appro-
priate spectral parameter (Nagy et al., 2005).

A new extension of the application of GFP
proteins in FRET studies has been achieved by
combining GFP with luciferase. Biolumines-
cent resonance energy transfer (BRET) uses
bioluminescent luciferase that is genetically
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fused to one candidate protein and a GFP
mutant, enhanced yellow fluorescent protein
(EYFP), fused to another protein of interest.
If the two fusion proteins come close enough,
resonance energy transfer can occur, resulting
in changes in the spectrum of the biolumines-
cent emission. The BRET method was used to
assay interactions between proteins encoded
by the circadian clock genes kaiA and kaiB in
cyanobacterium (Xu et al., 1999). The BRET
technique has been applied to detect the as-
sociation state of the melanocortin receptor.
Toward this end, melanocortin receptors were
fused with either modified GFP or Renilla
luciferase at their C terminus. BRET assays
revealed that the melanocortin 4 receptor ex-
ists as a constitutive homodimer, which is not
regulated by peptide interaction (Nickolls and
Maki, 2006).

A single-molecule fluorescence resonance
energy transfer (FRET) method has been
developed to observe the activation of the
small G protein Ras at the level of individ-
ual molecules. Human epidermoid mouth car-
cinoma (KB) cells expressing H- or K-Ras
fused with YFP (donor) were microinjected
with the fluorescent GTP analog Bodipy TR-
GTP (acceptor), and the epidermal growth
factor—induced binding of Bodipy TR-GTP to
YFP-(H or K)-Ras was monitored by single-
molecule FRET using total internal reflection
microscopy. On activation, Ras diffusion was
greatly suppressed/immobilized, suggesting
the formation of large, activated Ras-signaling
complexes. These complexes may work as
platforms for transducing the Ras signal to ef-
fector molecules, further suggesting that Ras
signal transduction requires more than simple
collisions with effector molecules (Murakoshi
et al., 2004).

FRET data and molecular modeling can be
combined to provide hints about possible ori-
entation and arrangements of membrane pro-
teins. Recently a model has been proposed
for the nearly full-length ErbB2 using FRET
measurements, crystal structures of the ErbB2
ectodomain, and molecular modeling meth-
ods. Using fluorescently labeled Fab’ antibody
fragments recognizing different epitopes of the
ErbB2 receptor tyrosine kinase, the proximity
of the ErbB2 ectodomain to the cell mem-
brane has been determined by FRET mea-
surements. Interestingly, in this case the rate
of FRET efficiency depends upon the fourth
power of the distance between the epitope
and the plane of the membrane, because of
the two-dimensional restriction of the acceptor
molecule incorporated into the cell membrane.
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It has been concluded that ErbB2 molecules
form homodimers, and the modeling has re-
vealed a structure possessing three potential
interacting regions (Bagossi et al., 2005).
Since Forster first established the analy-
sis of FRET phenomena in 1946, the num-
ber of applications of FRET has increased
enormously in various fields of research and
biotechnology. Technical improvements in
spectrofluorimeters, flow cytometers, and mi-
croscopes, as well as introduction of new fluo-
rescent probes with better photophysical prop-
erties, open up new areas for employing the
FRET method innovatively and successfully.
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