3i€ MICROSCOPY

Microscopy 62(4): 419-428 (2013)
doi: 10.1093/jmicro/dft037
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Abstract

Forster resonance energy transfer (FRET) is a phenomenon used for bioi-
maging ranging from single molecules to in vivo scale. A large variety of
organic dyes and fluorescent proteins are available for FRET probes. In
this review, we introduce the representative pairs of FRET probes devel-
oped thus far. The efficiency of FRET is depending on the spectral overlap
of donor emission and acceptor absorption, the orientation of donor and
acceptor and their distance. For FRET-based indicators composed of
fluorescent proteins, their orientation and dimeric property of donor and
acceptor largely affect the FRET efficiency, indicating the effect for the
performance of indicators. In addition, three major applications of FRET,
including genetically encoded indicators, single-molecule FRET, and en-
hancement of chemiluminescent proteins, have been introduced and their
functions have also been discussed.

Introduction

A brief introduction to FRET

For many years, biologists have wanted to elucidate
the events that occur in living systems, from the mo-
lecular level to the whole organ level. Optical
imaging, and fluorescence imaging in particular, is a
powerful technique because it allows us to visualize
events occurring during the live state. Forster reson-
ance energy transfer (FRET) is a physical phenom-
enon that can be applied for visualizing many
biological events. FRET uses a pair of fluorophores
and/or chromophores known as a donor and an ac-
ceptor. If the emission spectrum of the donor and
the absorption spectrum of the acceptor overlap
(Fig. 1a) and if the distance between the donor and
the acceptor is close enough (typically, <10 nm)
when the donor is excited by a light source or cata-
lytic reaction, the excitation energy is transferred to
the acceptor via a radiationless process. The charac-
teristic distance, i.e. the so-called Forster distance

(19), is calculated as follows:
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where « is the orientation factor that represents the
geometric relationship between the donor emission
transition dipole and acceptor absorption transition
dipole, @p is quantum yield of the donor, N is
Avogadro’s number, 7 is the refractive index of the
medium and J (1) is the overlap integral of normal-
ized donor emission and acceptor absorption spec-
trum [1]. The energy transfer efficiency FE is
dependent on the inverse sixth power of the distance
between the donor and acceptor molecules as
follows:
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This equation tells us that if the distance between the
donor and acceptor molecules is nearly 7, a small
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Fig. 1. (a) Spectrum overlap of donor emission (Alexa Flour®488 (Before this, Alexa Fluor®XXX is described as AlexaXXX), solid gray line),
acceptor absorbance (Alexa555, solid black line) and overlap integral (J (1), dashed black line). (b) FRET efficiency according to the donor and
acceptor distance. For Alexa488 and Alexa555 pairs, suppose x> = 2/3 and the Forster distance is ~6.84 nm. If the donor and acceptor distance is

equal to the Forster distance, FRET efficiency becomes 0.5.

change in the distance and geometrics dramatically
affects the energy transfer efficiency (Fig. 1b) [1].

Pairs of donor and acceptor molecules

Currently, many organic dyes and fluorescent proteins
have been developed and are being used as FRET
donors and acceptors [2—4]. Table 1 shows representa-
tive FRET pairs categorized by organic dye-base,
fluorescent protein base, hybrid of organic dye and
fluorescent protein base, hybrid of organic and
quantum dot (Qdot) base, and fluorescent and chemi-
luminescent protein base. FRET is mainly used in
studies for investigating molecular interactions and
conformational changes in biomolecules. In addition,
FRET can be applied to develop indicators for bio-
logical functions as well as to enhance chemilumines-
cent signals and near-infrared probes for living
organisms. Fluorescent protein pairs have been used
to visualize molecular interactions in live cells,
whereas organic dyes are preferentially used for
in vitro studies, especially for single-molecule experi-
ments, because they have higher photostability than
fluorescent proteins. Fortunately, due to the enor-
mous contribution of many researchers, now we can
choose many FRET pairs which suit for one’s
purpose. For intra-molecular FRET, 7, values should
be considered to increase the dynamic range of FRET
efficiency. In both cases, separation of spectrum of
donor and acceptor is important to obtain better
FRET data. Spectral unmixing techniques will
contribute to extract donor and acceptor emission
dramatically [5].

Development of FRET-based indicators to sense
biological molecular processes; the importance
of geometric orientation, dimerization properties
and linker length

FRET-based
sensing concentrations of target molecules and activ-
ities of protein in living cells. For sensing purposes,
the basic structure was observed using yellow came-
leon (YC), which was developed by Miyawaki et al.
[6]. Cyan fluorescent protein (CFP) as a donor and
yellow fluorescent protein (YFP) as an acceptor
were connected via a Ca2+-binding domain, calmodu-
lin (CaM), and an M13 peptide, which is derived
from skeletal muscle myosin light chain kinase and
can bind to the Ca®*-bound form of CaM. Upon Ca?*
binding, the conformation of CaM and M13 are com-
pacted, and the distance between CFP and YFP
becomes short, leading to efficient FRET from CFP
to YFP. This genetically encoded Ca®" indicator
(GECI) is a powerful tool for Ca®* imaging in specific
cells and the cellular compartment, such as the mito-
chondria, nucleus and endoplasmic reticulum,
because organic Ca®* indicators, such as Fura2,
X-Rhod and Fluo4 [7,8], have no targetability.
Though the first version of YC successfully detected
the Ca®* concentration, its dynamic range was small
[6]. What were the problems with this method? One
of the possibilities was the orientation factor. As
shown in Egs. (1) and (2), the efficiency of FRET is
closely dependent on not only the distance between
the donor and acceptor but also the relative orienta-
tion of the transition dipole moment of donor emis-
sion and acceptor absorption, which is described as

indicators are excellent tools for
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Table 1. Pairs of FRET probes

Excitation Emission Emission
wavelength wavelength of  wavelength of ro

Donor Acceptor (nm) donor (nm) acceptor (nm) (nm) Application References

Sirius mseCFP 370 435 479 3.7 SCATS indicator [41]

BFP GFP (C-S65T) 380 460 540 4.1 Protein dynamics cAMP [42,43]
indicator

T-Sapphire mOrange 399 450-590 540-660 n/d Intermolecular interaction [44]

mAmetrine tdTomato 406 526 581 n/d Caspase-3 indicator [45]

T-Sapphire PSmOrange2 415 480 575 n/d Photoswitching probes [46]

mCellurian mCitrine 420 470 535 n/d cAMP indicator [47]

mTurquoise eYFP 420 470 535 5.7 G Protein indicator [38,40,48]

(cpVenus)

eCFP tdTomato 433 470-530 570-670 n/d cAMP sensor [49]

eCFP mDsRed 433 475 580 4.17  Tandem use [50]

eCFP YPet 433 475 530 n/d Src, PKA, ERK biosensor  [51-53]

CyPet YPet 435 477 530 n/d Protein dynamics [21,51]

LSSmOrange  LSSmKate2 437 572 605 n/d FCCS, multicolor FRET [54]

CFP YFP, cpVenus 457 480 520 47-  Ca®"indicator, G protein [6,12,16,39,41,55]

490 indicator

mseCFP PA-GFP 458 465-510 510-600 4.1 Photo-activatable probes [66,57]

mTFP1 mCitrine 462 488 529 5.7 Caspase-3 indicator, [45,58,59]
H3K27-trimethylation
biosensor

GFP TMR 470 510 610 5.3 Protein—protein interaction [60]

GFP Alexab46 480 508 568 5.1 Rac activation indicator [61]

Alexa488 Alexab94 485 515 620 6.0 Protein dynamics [17,62,63]

Alexad88 TMR 488 520 610 6.1 Protein—protein interaction [63,64]

eGFP mDsRed 488 507 580 4.73  Tandem use [60,55]

eGFP mRFP 488 510 600 4.7 With use of FLIM [65]

sYFP2 mRFP 488 505-550 585 long pass 5.6 With use of FLIM [66]

TagGFP TagRFP 488 500-530 560-600 5.74  With use of FLIM [67]

Clover mRuby2 505 515 600 6.3 CaMXKIlIa indicator [68]

Cy3 Atto647N 515 535-800 635-800 6.7 DNA dynamics [20]

TMR Atto647 515 535-800 635-800 6.7 DNA dynamics [20]

TMR Cyb 515 535-800 635-800 6.5 DNA dynamics [20,22]

TMR 1C5 515 575 680 5.8 Protein dynamics [19]

Cy3 Cyb 514.50r 532 580 660 5.4 Molecular dynamics [18,20,23]

mKO mCherry 515 505-550 585 long pass 6.4 With use of FLIM [66]

tagRFP mPlum 542 593 649 n/d Ras activation indicator [69,70]

mOrange2 mKate2 549 573 644 n/d Monosaccaride indicator [71]

mOrange mCherry 561 565-600 610-650 6.3 ORNEX4 (Annexin A4 [66,72]
indicator)

Qdot510, Cy3 430 510, 570 4,73, Qdot-based FRET [73]

Qdot530, 530, 5.04, demonstration

Qdot555, 555 5.65

QDotb25 Cy3 405 525 570 n/d High-concentration TIRF  [31]
imaging

Cybate Cypate 720 760 810 6.13  NIR-caspase 3 indicator [74]

MMPSense 750 MMPSense 740 755-900 755-900 n/d NIR-cancer probes [75]

FAST 750 FAST

mTFP1 eYFP 770 (2-photon) 480 520 n/d With use of FLIM [76]

eGFP mStrawberry 960 (2-photon) 535 596 n/d With use of FLIM [76,77]

RLuc EYFP coelenterazine 480 520 5.0 Enhancement of [78]
chemiluminescence

RLuc8 EYFP coelenterazine 480 520 n/d Enhancement of [79]
chemiluminescence

RLucX Venus coelenterazine 480 520 n/d Enhancement of [36]

chemiluminescence




422 MICROSCOPY, Vol 62, No. 4, 2013

K7, as given below:
K> = (cos by — 3cos fp cos 6,)* (3)

where 61 is the angle between the emission transi-
tion dipole of the donor and the absorption transition
dipole of the acceptor, 8 and 6, are the angle of
these dipoles against the vector joining donor and ac-
ceptor [1]. The 2 value takes on 0—4 values corre-
sponding to the orientations of the donor emission
transition dipole and acceptor absorption transition
dipole from perpendicular to parallel. As shown in
Fig. 2, the 1y value largely changes upon the k2 value
changing. This means that even when the distance
between donor and acceptor is constant, changes in
orientation should affect the FRET efficiency.

In most cases, the x* value is assumed to be 2/3,
meaning that the donor and acceptor freely rotate
during donor excitation life time, and thus, the dipole
orientation should be isotropic [9]. This may be true in
cases using small organic dyes because of their small
size [10], showing almost zero fluorescence anisot-
ropy. However, since the size of fluorescent proteins
is sufficiently large (~3 nm) and the shape of the con-
formation is not globular but barrel-like, the orienta-
tions of fluorescent proteins are relatively hindered.
Indeed, fluorescence anisotropy of fluorescent pro-
teins in living cells is around 0.2 [11]. Thus, the orien-
tation of fluorescent proteins in GECIs should be
arranged. Nagai et al. invented a method to rigorously
change the dipole orientation in an FRET-based
GECI, YC. Several circularly permuted Venus fluores-
cent proteins (cpVenus) were created, and the Venus
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in YC was replaced with the cpVenus (Fig. 3). Among
the constructs, YC3.60, which has cp173Venus as the
acceptor, showed almost 90% FRET efficiency in the
Ca**-bound form, resulting in the biggest dynamic
range (600%) [12]. Expectedly, the fluorescence an-
isotropy in YC3.60 dramatically decreased from 0.12
to —0.05 because of the fluorescence depolarization
upon Ca®* binding [12].

Another important factor to increase FRET effi-
ciency (i.e. increase the dynamic range) is the dimer-
ization properties of fluorescent proteins. Since the
concentration of transiently expressed protein in
living cells is at the micromolar level and the dissoci-
ation constant of native Aequorea GFP (aqGFP) is
~74 uM, the monomeric version of aqGFP is in fact
preferred for bioimaging [13]. The mutation A206K in
aqGFP causes a complete monomeric phenotype
(the K4 cannot be determined), and this mutant also
works for other aqGFP color variants. As shown in
Table 1, many types of monomeric proteins can be
used as the FRET donor and acceptor. However, the
formation of the ‘complete monomer’ may result in
repulsion derived from the positive charge of the
lysine residue, which may inhibit the close inter-
action of FRET pair of proteins. Kotera et al. exam-
ined which ‘monomeric’ or ‘native’ property works
well as an FRET-based indicator in order to develop
sensors with high dynamic ranges [14]. They found
that the FRET efficiency increased when ‘native’
fluorescent proteins were used. Although the ‘dimer-
ization” mutant S208F/V224L also increased the
FRET efficiency, due to the high dimerization proper-
ties of this mutant, FRET occurred even in the
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Fig. 2. (a) FRET efficiency for different x* values = 0.1 (dashed black line), 2/3 (solid black line), 1.0 (solid gray line), 2.0 (solid light gray line)
and 4.0 (dashed light gray line) for Alexa488 and Alexa5b5 pairs. (b) Relationship between x* value and Forster distance (). The relative
orientation changes affect the 7, value, leading to the change in FRET efficiency.
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Fig. 3. Schematic structures and spectral properties of YC variants
[12]. (a) The three-dimensional structure of GFP with the positions of
the original (Met-1) and new N termini (Thr-49, GIn-157, Asp-173,
Leu-195 and Ile-229) are indicated. (b) Domain structures of YC3.12,
YC3.20, YC3.30, YC3.60, YC3.70 and YC3.90. XCaM, Xenopus CaM,;
E104Q, mutation of the conserved bidentate glutamate (E104) at
position 12 of the third Ca®*-binding loop to glutamine. (¢) Emission
spectra of YC variants (excitation at 435 nm) at zero (dotted line) and
saturated Ca®* (solid line).

absence of the substrate, which also caused a low
dynamic range because the FRET efficiency differ-
ences in the presence or in the absence of the sub-
strate became small (Fig. 4). Therefore, ‘native’
aqGFP variant pairs give the highest dynamic range
as indicators.

In addition, the Ky values for Ca** in a mixture of
free CaM and free M13 were at the nanomolar level
(4.85 nM) [15], whereas the K4 values for the YC
series were in the order of several hundred nanomo-
lars (e.g. 260 nM in YC3.60) [12]. Therefore, there is
the probability of steric hindrance for sensor domains
inhibiting the binding of substrate. To improve the
binding affinity, Horikawa et al. screened the optimal
linker length between CaM and M13 [16]. They suc-
ceeded in the construction of the YC with the highest
reported binding affinity, which was named ‘YC-nano’
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and had K4 values ranging from 15 to 60 nM. These
probes enabled the detection of the intrinsic activ-
ity of neuronal cells and oscillative signal propaga-
tion during cellular aggregation of Dictyostelium
discoideum [16].

Compatible use of FRET and single-molecule
imaging

Because FRET senses distance changes of <10 nm,
the FRET measurement is a powerful technique for
analysis of RNA, DNA and protein dynamics [17-23].
Furthermore, the compatible use of FRET and single-
molecule imaging enables us to observe real-time con-
formational changes in individual molecules [24].
Zhuang et al. labeled ribozymes with Cy3 and Cyb
and measured the reaction rate by observing real-time
conformational changes during catalytic reactions
[23]. Ribozymes showed four different docked and
undocked states with different rate constants. They
found that there exists a strong ‘memory effect’ in that
individual ribozymes prefer a certain rate constant.

The study of this ‘memory effect’ for individual mole-
cules has been reported by Lu et al. for flavine adenine
dinucleotide (FAD) [25]. The catalytic rate constant of
single FAD molecules for its substrate flavin did not
exhibited static rate constant, but indicated dynamic
behavior that the rate constant followed time-
dependent process, called dynamic disorder. This
dynamic disorder indicates the individuality of mole-
cules. Other proteins have also been shown to have
such a memory effect [26,27]. Taken together, these
results demonstrated that single-molecule FRET has
provided new insights into molecular dynamics.
However, the data analysis technique is still immature
because of the challenge of how to treat noisy signals.
Recently, Terentyeva et al. reported that inappropriate
treatment of data for single-molecule FRET data
has caused misunderstandings of the physiological
meaning of its phenomena [28].

Blinking of fluorophores, which is unique for single-
molecule observations, is a major issue for compat-
ible use of FRET and single-molecule imaging. The
excited state of the fluorophore transits to the basal
state through radiative or nonradiative processes
during the fluorescence lifetime. However, the
excited-state fluorophore sometimes transits to the
triplet states, which has microsecond fluorescence
lifetime, leading to the late photon-emitting rate.
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Fig. 4. Fluorescence spectra of cameleon YC3.60 variants [14]. (a) The original cameleon YC3.60-nD/nA. Variants with monomer-associated
mutants (b) YC3.60-mD/mA, (¢) YC3.60-nD/mA, (d) YC3.60-mD/mA and (e) with the dimer-enhanced mutant YC3.60-dD/dA in Ca**-saturated
(solid curves) and Ca**free (dotted curves) buffer. The spectra are normalized to the CFP peak in CaZ*-saturated buffer. F.I. = fluorescence

intensity.

Repeated cycling between the emitting and late
photon-emitting states is observed, similar to when
stars blink because of fluctuation in the atmosphere;
this phenomenon is called blinking. If the blinking
occurs in an acceptor, the apparent FRET efficiency
is low, which results in misleading data analysis. To
solve these problems, Lee et al. developed a measure-
ment system named ALEX (alternating laser excita-
tion) [29]. In this system, the donor and acceptor are
alternately excited by lasers. The direct excitation of
acceptor molecules provides information regarding
the state of the acceptor, that is, whether it is in the
photon-emitting or nonphoton-emitting state. Kozuka
et al. also performed a similar alternating excitation
of donor and acceptor fluorophores to monitor the ac-
ceptor states [19].

Another interesting FRET technique is the use of
the donor as nano-sized light source. Evanescent
fields evoked by total internal reflection of excitation
light enable the excitation of only the fluorophores
located near a glass surface (within about 200 nm),
reducing the background fluorescence noise dramat-
ically [30]. However, even with the use of evanescent
field light excitation, the concentration of the fluoro-
phores is limited to about 10 nM because the back-
ground fluorescence signal increases on the
excitation of so many fluorescent molecules. FRET
was used to overcome this limitation. Sugawa et al.
attached quantum dots (Qdots) as donors to the
myosin molecules [31]. As an acceptor, Cy3-labeled
ATP (Cy3-ATP) was used to observe ATP catalytic
events. On using FRET, Cy3 signals were observed



only near the Qdot surface, which meant that the
fluorescent signals indicated the binding of Cy3—-ATP
to myosin. They succeeded in increasing the concen-
tration of Cy3—-ATP up to 10 uM, which was three
orders higher than that achievable by evanescent
field-based illumination.

Currently, FRET is used for super-resolution
imaging, which breaks the Abbe’s diffraction limit.
Bates et al. found that Cy3-Cyb pairs can be switched
on and off by red light illumination [32]. By using
weak red light, FRET signals can be modulated sto-
chastically. If the fluorescent probes are activated sto-
chastically and emit enough photons, we can easily
determine their center position in nanometer accur-
acy [33]. One of the super-resolution techniques,
called stochastic optical reconstruction microscopy
(STORM), is based on this technique. Because there
are a lot of pairs of FRET fluorophores available,
multicolor super-resolution imaging is easily achieved
by STORM [34].

Improvement of the brightness of
chemiluminescent proteins

FRET can also be used to enhance weak donor fluor-
escence. Renilla luciferase (RLuc) is one such chemi-
luminescent protein that emits blue luminescence by
catalyzing the oxidation of coelenterazine to yield cel-
enteramide. The luminescence quantum yield of RLuc
is quite low (approximately 0.05). However, if the
chemiluminescent protein is located within a short
distance from the fluorescent protein, which has a
high fluorescence quantum yield, the excitation
energy of the chemiluminescent protein is transferred
to the fluorescent protein, leading to high photon
emission. Indeed, the sea pansy Renilla reniformis
can emit green fluorescence itself because FRET
occurs between RLuc and Renilla green fluorescent
proteins (RGFPs) with a surprising ~100% FRET effi-
ciency [35]. By mimicking this natural system, Saito
et al. developed the brightest FRET-based chemilu-
minescent protein, named Nano-lantern, which
enabled video-rate imaging of cancer cells in a freely
moving unshaved mouse [36]. They also developed a
series of the sensors for Caz+, ATP and cAMP, insert-
ing the sensor domain for each of these molecules
into the RLuc moiety of Nano-lantern. Because
Nano-lantern-based probes do not require excitation
light, innate problems in fluorescence observation,
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such as autofluorescence and phototoxicity,
can be avoided. In addition, Nano-lantern and
Nano-lantern-based indicators are highly compatible
with optogenetic tools such as ChR2 and NpHR. If
fluorescent proteins or fluorescent protein-based indi-
cators are used in conjunction with optogenetic tools,
the excitation light for fluorescence observation must

misactivate optogenetic tools [37].

Conclusions

FRET has become an essential technology for biolo-
gists. We hope that the FRET pairs shown in Table 1
will help to measure additional biological events.
Conjugation of donor and acceptor proteins to
sensor proteins may lead to improvements in novel
fluorescence indicators. In addition, improving the
orientation factor, native states of fluorescent pro-
teins and linker length between the sensor domain
and the donor and acceptor region will lead to an in-
crease in FRET signals. Furthermore, the use of
novel fluorescent proteins will also improve FRET
signals. For example, CFP has been used as donor
fluorescent protein. Recently, mTurquoise, a novel
CFP developed from cerulean, can be replaced as a
cyan donor [38-40]. For single-molecule FRET
experiments, fluorescent dye’s pairs help for long
time observation of conformational fluctuations of
molecules. However, specific labeling molecules by
fluorescent dyes in cell are difficult. Compatible use
of several tagging methods such as HaloTag™ tech-
nology, SNAP/CLIP tag technology and BL-tag tech-
nologies. Both chemiluminescent and near-infrared
probes are extensively useful for in vivo imaging and
the compatible use of optogeteic technique. The
FRET technique also contributes to this important
field. Therefore, FRET-based bioimaging techniques
will become more powerful and more useful tools in
the future.
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