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Characterization of a spectrally 
diverse set of fluorescent proteins 
as FRET acceptors for mTurquoise2
Marieke Mastop1, Daphne S. Bindels1, Nathan C. Shaner2, Marten Postma1, Theodorus W. J. 
Gadella Jr.1 & Joachim Goedhart   1

The performance of Förster Resonance Energy Transfer (FRET) biosensors depends on brightness 
and photostability, which are dependent on the characteristics of the fluorescent proteins that 
are employed. Yellow fluorescent protein (YFP) is often used as an acceptor but YFP is prone to 
photobleaching and pH changes. In this study, we evaluated the properties of a diverse set of acceptor 
fluorescent proteins in combination with the optimized CFP variant mTurquoise2 as the donor. To 
determine the theoretical performance of acceptors, the Förster radius was determined. The practical 
performance was determined by measuring FRET efficiency and photostability of tandem fusion 
proteins in mammalian cells. Our results show that mNeonGreen is the most efficient acceptor for 
mTurquoise2 and that the photostability is better than SYFP2. The non-fluorescent YFP variant sREACh 
is an efficient acceptor, which is useful in lifetime-based FRET experiments. Among the orange and red 
fluorescent proteins, mCherry and mScarlet-I are the best performing acceptors. Several new pairs were 
applied in a multimolecular FRET based sensor for detecting activation of a heterotrimeric G-protein 
by G-protein coupled receptors. Overall, the sensor with mNeonGreen as acceptor and mTurquoise2 as 
donor showed the highest dynamic range in ratiometric FRET imaging experiments with the G-protein 
sensor.

Fluorescent proteins derived from jellyfish and corals are fluorescent probes that are entirely genetically encoded 
and do not require a co-factor1,2. These probes are important tools for fluorescence imaging of cellular pro-
cesses3,4. A specific application of fluorescent proteins is their use in Förster resonance energy transfer (FRET) 
studies5–8. FRET is the radiationless transfer of energy from an excited donor to a nearby acceptor. The FRET 
efficiency depends on several parameters, including the quantum yield of the donor, the extinction coefficient of 
the acceptor, the spectral overlap of donor emission and acceptor absorbance and the dipole orientation9,10. The 
aforementioned parameters determine the Förster distance, R0, which is the distance between donor and acceptor 
that will result in 50% FRET11,12.

FRET can be used to determine the interaction between biomolecules and is also the basis for so-called bio-
sensors. Biosensors are designed to report on chemical states and can be used to measure concentrations of ions 
or small molecules, phosphorylation of peptides or the nucleotide loading state of a protein13,14. The performance 
of FRET based biosensors depends on their brightness and dynamic range, which are highly dependent on the 
characteristics of the applied fluorescent proteins15–17. Both FRET efficiency and brightness depend on extinction 
coefficient and quantum yield and therefore a general recommendation is to use the brightest fluorescent proteins 
available17. For FRET imaging in living cells, several other parameters should be considered including matura-
tion, photostability, oligomeric state and sensitivity to environmental changes8,12,17.

The maturation is a critical factor for effective brightness of a fluorescent protein and for efficient FRET6. 
The maturation efficiency is the fraction of produced protein that results in a correctly folded protein with a 
functional, fluorescent chromophore. Ideally, the maturation of a fluorescent protein approaches 100%. When a 
protein folds incorrectly or does not form a correct chromophore, the FRET pair will lack a functional donor or 
acceptor and this will prevent FRET, thereby diluting the number of functional FRET pairs and decreasing the 
dynamic range17.
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In Aequorea victoria derived fluorescent proteins, amino acid residues 65–67 of the folded protein undergo 
several chemical reactions necessary for chromophore formation, including cyclization, oxidation and dehydra-
tion2. Characteristics of residues in the vicinity of the chromophore can influence the efficiency of protein fold-
ing and chromophore formation. Mutations leading to more efficient chromophore formation (F64L, V68L) or 
protein folding (S72A, V163A, S175G) were identified18–23. However, other mutations may lead to inefficient or 
slow maturation, resulting in dim fluorescence and only a small fraction of fluorescent cells24,25. In red fluorescent 
proteins (RFPs), the maturation process is more complex. After the cyclization and oxidation steps the chromo-
phore can be dehydrogenated in two alternative ways. One leads to a blue fluorescent intermediate that upon 
another oxidation step results in a mature RFP, while the other leads to a non-reversible GFP form26. Thus in the 
case of RFPs, inefficient or slow maturation may result in substantial green or blue fluorescence next to dim and 
inefficient RFP expression, hindering their use in multi-color labeling experiments1.

Furthermore, it is important that the fluorescent proteins used in biosensors are not sensitive to environmen-
tal changes other than the one you want to measure. For example, yellow fluorescent protein (YFP) variants are 
sensitive to halide concentrations and this was addressed by mutagenesis resulting in the YFP variants Citrine 
and Venus24,27,28. In addition, changes in intracellular pH may affect the absorbance and hence change the FRET 
efficiency (mainly in GFP, YFP and mOrange). The pH sensitivity is dependent on the pKa of a fluorescent protein 
and depending on the acidity of the experimental environment, this characteristic should be taken into account 
when choosing or constructing a biosensor.

In nature, fluorescent proteins usually exist as dimers or tetramers2,29,30. It is important that fluorescent pro-
teins that are tagged to proteins of interest are not oligomerizing, because this can lead to impaired function-
ing and/or localization of the protein of interest and it can lead to false positives in interaction studies8,31. The 
latter issue is more critical for intermolecular sensors as compared to intramolecular sensors. In fact, a weak 
tendency of heterodimerization can be beneficial for FRET contrast for unimolecular sensors32–34. Monomeric 
variants of Aequorea victorea fluorescent proteins were obtained by replacing hydrophobic residues at the dimer 
interface with positively charged residues (A206K, L221K, or F223R)31. The engineering of bright, monomeric 
RFP variants is more difficult, since mutations disrupting dimer interfaces also affect other characteristics such 
as the quantum yield35. A recent engineering effort has resulted in a truly monomeric red fluorescent protein, 
mScarlet-I, with good maturation. Because of its relatively high quantum yield, the level of sensitized emission 
surpasses that of mCherry in a FRET pair36.

The monomeric nature of fluorescent proteins is often analyzed via in vitro ultra centrifugation or gel filtration 
of purified proteins30,31,37 and this is not a good predictor for the tendency to dimerize in living cells. Costantini et 
al. developed an in vivo dimerization assay in which fluorescent proteins are fused to an endoplasmic reticulum 
(ER) signal anchor membrane protein (CytERM)38. Homo-oligomerization of this CytERM-FP with the same 
construct in opposing membranes causes the formation of organized smooth ER (OSER) structures, which can 
be quantitatively evaluated in this OSER assay38,39. Recently, Cranfill et al. assessed the oligomeric state of a large 
number of fluorescent proteins in cells using the OSER assay40, providing a useful guide in choosing fluorescent 
proteins.

FRET based sensors are mostly used in dynamic systems that are examined by timelapse imaging and there-
fore, photostability is an important characteristic. During timelapse imaging, it is crucial that only the actual 
changes in FRET are reported, since differences in photobleaching characteristics between the fluorescent pro-
teins in a sensor will result in false FRET changes, complicating data analysis. Since FRET by itself changes pho-
tobleaching rates41, changes in FRET will result in altered photobleaching kinetics. Hence, the photobleaching 
rate may change during a timelapse experiment and therefore it is close to impossible to correct for photobleach-
ing. Consequently, it is important to choose photostable fluorescent proteins, enabling FRET imaging with little 
photobleaching.

The photostability of fluorescent proteins is only poorly understood. The photostability differs even between 
fluorescent proteins with very similar optical properties42,43. The β-barrel around the chromophore protects the 
chromophore against oxidative damage so perhaps slight changes in the β-barrel architecture account for these 
differences44–47. Recently, it was reported that many fluorescent proteins show supralinear photobleaching40. 
Consequently, if the excitation light power doubles, the photobleaching rate increases with a factor of more than 
two40. Therefore, photostability depends on the illumination power this should be taken into consideration when 
choosing fluorescent proteins for a FRET pair. In addition, photochromic behavior and photoconversion can also 
drastically change the intensity of a fluorophore over time and therefore should be evaluated as well15,36.

The photostability of fluorescent proteins is usually determined at the excitation wavelength that is close to 
the absorbance maximum40,43. However, in FRET experiments, either FLIM or ratio-imaging, FRET acceptors 
are usually excited far from their absorbance maximum. In addition, they receive energy from the excited donor. 
Exactly, how these different modes and wavelengths of excitation affect the photostability or photoconversion of 
acceptor fluorophores, and consequently the FRET pair, has not been thoroughly investigated.

At the moment cyan fluorescent protein (CFP) or teal fluorescent protein (TFP) combined with yellow fluo-
rescent protein (YFP) is the most frequently used as FRET pair in biosensors48–51. The CFP variant mTurquoise2 
is an attractive FRET donor because of its high quantum yield (of 93%), monomeric behavior and good photosta-
bility40,42. As for acceptors, optimized variants of YFP: mCitrine, mVenus, YPet and SYFP2 (mVenus-L68V), are 
reported18,24,27,34. These YFPs exhibit a high extinction coefficient, optimized folding, a large spectral overlap with 
the emission spectrum of mTurquoise2 and a good quantum yield. However, current YFPs lack photostability 
and pH-stability. In addition, acceptors that provide an even higher FRET efficiency might yield biosensors that 
have improved contrast. Therefore, in this study, we evaluated the properties of a diverse set of acceptor proteins 
in combination with mTurquoise2 as donor.

Many studies have reported improvements of FRET sensors by changing the distance between the fluorescent 
proteins, varying linker length52–54 and/or composition55 or changing the relative orientation of the fluorescent 
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proteins by using circular permuted fluorescent protein variants48,51. Recently, it was reported that even the order 
of fluorescent proteins in a sensor alters its dynamic range56.

Here, we aspired to examine which of the current bright fluorescent proteins would have favorable properties 
for FRET-based imaging, not taking into account linkers and relative orientation. To this end, we evaluated the 
FRET efficiencies of FRET pairs consisting of mTurquoise2 as donor and acceptors varying from green to far-red. 
The Förster distance was determined for every pair, followed by experimental determination of FRET efficiencies 
of tandem fluorescent protein constructs in living cells. The FRET efficiencies were determined by fluorescence 
lifetime imaging (FLIM) and spectral imaging microscopy of tandem fusions. In addition, the photostability 
under FRET conditions was determined. The most promising pairs were applied in a FRET based biosensor for 
heterotrimeric G-protein activation.

Results
Absorption and emission spectra of purified fluorescent proteins.  Due to the long emission tail of 
mTurquoise2, fluorescent proteins red-shifted relative to mTurquoise2 are potentially efficient FRET acceptors. 
We selected a number of promising acceptor candidates based on two criteria: (i) reported monomeric, (ii) bright 
in their spectral class. The list of selected proteins covers the visible spectrum, with fluorescent protein emission 
colors ranging from green to far-red. To judge the theoretical quality of the FRET pairs, we determined the 
Förster radius (R0)11,15.

In order to do so, we purified a selection of fluorescent proteins and determined the absorbance and emission 
spectra. The absorbance and emission spectra of the proteins employed in this study are depicted in Fig. 1 and 
the spectral data is published elsewhere (http://doi.org/10.5281/zenodo.580169). We note that the absorbance 
spectra of all the fluorescent proteins, even the most red-shifted variant, mKate2, overlap with the emission of 
mTurquoise2.

Next, we determined the overlap integral, J(λ), for mTq2 emission with the absorbance, based on the spectra 
that we acquired, the quantum yield of the donor (QYD = 0.93) and the published extinction coefficient of the 
acceptors (Table 1). The overlap integral was used to calculate the Förster radius R0, assuming a refractive index 
(n) of 1.33 and κ2 of 2/311,15. Of note, n and κ2 are usually unknown in cells, but alternative R0 values can be calcu-
lated if n and κ2 are known from the reported overlap integral.

The calculated R0 values show a declining trend when the absorbance peak shifts to the red part of the spec-
trum. The standard cyan-yellow pair has a R0 of 59 Å. In theory, the best green acceptor is mNeonGreen with a 
R0 of 62 Å. The orange and red fluorescent proteins with the highest R0 values are mKOk, mOrange and mRuby2 
with a value of 58 Å.

In summary, from the Förster radii it can be concluded that the selected fluorescent proteins are promising as 
FRET acceptors.

Fluorescence lifetime analysis of FRET pairs.  The R0 values can be used as a theoretical measure for the 
quality of a FRET pair. However, it is important to evaluate the FRET pairs experimentally in cyto, to reveal cellu-
lar parameters that affect the FRET efficiency. To judge the quality of the FRET acceptors in cells, we constructed 
plasmids encoding fusion proteins incorporating mTurquoise2 as the donor and one of the candidate fluorescent 
proteins as the acceptor (Fig. 2). These plasmids were transfected in mammalian cells and fluorescence lifetime 
imaging microscopy (FLIM) was performed. In order to calculate the FRET efficiency, the donor lifetimes of 
cells in FRET and non-FRET conditions were measured. We used cells expressing untagged mTurquoise2 as 
non-FRET condition. These show a donor phase lifetime of 3.8 ns, as reported before42. The fusion constructs are 
used for FLIM measurements in FRET condition. All FRET pairs show a decrease in donor lifetime compared to 
untagged mTurquoise2 indicating that FRET occurred. For a complete overview of phase and modulation life-
time values and the FRET efficiency based on lifetime see Table 2. We focused on the FRET efficiencies based on 
phase lifetime rather than modulation lifetime, because it shows a higher dynamic range meaning that differences 
in FRET efficiency will be more noticeable15. The phase lifetimes are graphically depicted in Fig. 3. From Fig. 3, 
it can be inferred that mNeonGreen shows the largest reduction in fluorescence lifetime and consequently the 
highest FRET efficiency in cyto. The other yellow-green acceptor fluorescent proteins, including the non-emitting 
variant sREACh, display lifetimes similar to the standard mTurquoise2-SYFP2 pair. As can be appreciated from 
Fig. 3, SYFP2 shows high cell-to-cell variation compared to the other green and yellow acceptors. Among the 
orange acceptors, mKOκ shows the largest lifetime change, whereas mOrange and mOrange2 show only moder-
ate changes in fluorescence lifetime and also display quite some cell-to-cell variability. The tandems that comprise 
red acceptors display similar lifetime reductions, with mRuby2 as the most efficient FRET acceptor. In summary, 
mNeonGreen shows the highest FRET efficiency and mKOκ stands out amongst the orange acceptors.

Spectral imaging of FRET pairs.  The FLIM data of FRET pairs gives insight in the importance of spectral 
overlap and extinction coefficient of the acceptor, while the quantum yield of the acceptor does not matter in 
FLIM measurements. Most of the currently applied biosensors are, however, analyzed by ratiometric imaging 
which relies, besides donor quenching, on sensitized emission8,57. The sensitized emission depends on the FRET 
efficiency (spectral overlap and extinction coefficient) and the quantum yield of the acceptor. A higher sensitized 
emission results in a better contrast in ratiometric FRET imaging. To examine the amount of sensitized emission 
for each FRET pair, we acquired spectral images of single cells producing fusion proteins (Fig. 4). Corrected spec-
tra were obtained by correcting for spectral sensitivity (tail of long-pass (LP) filter and camera). From these data, 
we isolated the pure sensitized emission component by unmixing the donor spectrum and the amount of direct 
acceptor excitation (Fig. 4).

As can be inferred from Fig. 4, there is a large variation in the amount of sensitized emission between the 
fusion proteins. Overall, the strongest sensitized emission signal is observed for the fusion with mNeonGreen. In 
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the orange spectral class, the fusion with mKOκ shows the highest level of sensitized emission and in the red spec-
tral class, we observed relatively high sensitized emission for the fusions with mRuby2 and mScarlet-I. We also 
note that the cell-to-cell variation differs between FRET pairs. For instance, there is enormous variation between 
cells in the amount of sensitized emission for the FRET pair with mRuby2. In contrast the amount of sensitized 
emission for the FRET pair with mScarlet-I is well-defined.

Figure 1.  Absorption and emission spectra of the FRET pairs investigated in this study. The spectra were 
recorded from purified proteins and were normalized to their peak values. Solid lines indicate absorption 
spectra and dashed lines indicate emission spectra. All lines are colored according to the emission wavelength 
of the fluorescent protein. All spectra show the donor mTurquoise2 (mTq2) and the indicated acceptor. Data 
available at http://doi.org/10.5281/zenodo.580169.

http://doi.org/10.5281/zenodo.580169
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The differences among the FRET pairs with orange fluorescent proteins were striking. The FRET pair with 
mKOκ showed much stronger sensitized emission than mKO2 which is surprising given the single amino acid 
difference. In addition, the modest sensitized emission for FRET pairs with mOrange and mOrange2 is unex-
pected given their high intrinsic brightness (Shaner et al.65; Shaner et al.43). Based on the spectral imaging and 
FLIM data, we do not consider mOrange(2) as promising FRET acceptors for mTurquoise2.

To further examine the properties of the orange fluorescent proteins, we determined their brightness in cells. 
We used a previously established assay that measures the fluorescence of transfected cells relative to a quantita-
tively co-expressed control, in this case mTurquoise242. The results show that the brightness in cells is in the order 
mKOκ > mKO2 = mOrange > mOrange2 (Supplemental Figure S1), showing that mKOκ is by far the brightest 
orange fluorescent protein in cells.

The data depicted in Fig. 4 was used to calculate the FRET efficiency based on the assumption that every 
photon emitted by the acceptor stems from a quenched donor photon (see materials and methods). The FRET 
efficiency value for each FRET pair is listed in Table 3. The mTurquoise2-SYFP2 pair showed a FRET efficiency of 
42%, in line with the FLIM results. The pair with mNeonGreen as acceptor showed the highest FRET efficiency 
of 59%, with little cell-to-cell variation. The pair with mKOκ shows a relatively high FRET efficiency of 47%. The 
FRET pair with mRuby2 shows a high FRET efficiency of 43% but this is accompanied by substantial cell-to-cell 
variability. The FRET efficiency of FRET pairs with mScarlet-I and mCherry is comparable with values of 34% 
and 32% respectively. Based on the spectral imaging data and R0 values, we prepared an animation of the spectral 
changes that occur as function of distance for the mTurquoise2-SYFP2 and –mNeonGreen pair (Supplemental 
Movie S1) and the mTurquoise2-mCherry and –mScarlet-I pair (Supplemental Movie S2).

In summary, the FRET efficiencies calculated from the spectral imaging data are corresponding to the FRET 
efficiencies calculated from the FLIM data. mNeonGreen shows the highest FRET efficiency and a dominant 
sensitized emission peak. mKOκ shows the highest FRET efficiency and sensitized emission peak of the orange 
variants. The TagRFP-T and mRuby2 show high cell-to-cell variability. In contrast, mScarlet-I and mCherry show 
little variation and mScarlet-I shows a higher amount of sensitized emission than mCherry which is explained by 
the higher quantum yield of mScarlet-I.

Based on the FLIM and spectral imaging data shown in the previous two paragraphs a selection was made 
of the most promising FRET acceptors. This selection includes mNeonGreen, mKOκ, mRuby2 and mScarlet-I, 
with as reference commonly used acceptors SYFP2 and mCherry. Since mKate2 showed a substantial reduction 
of the mTurquoise2 lifetime and moderate sensitized emission in the spectral imaging experiments, mKate2 was 
included as well.

Photostability of FRET pairs.  Photostability is a crucial parameter for the reliable and robust detection 
of FRET, especially in timelapse imaging. We evaluated the photostability of a selection of fusions with mTur-
quoise2 that was made based on FRET efficiency. In order to stay close to the purpose of the fluorescent proteins 
as acceptor in FRET experiments we used the fusion constructs and bleached them under the conditions that 
are normally used for recording ratiometric FRET data. To determine photostability we continuously excited 
the donor, while alternatingly measuring donor emission and acceptor emission. The only difference compared 
to recording FRET data of biosensors is that the photostability measurements are done under continuous illu-
mination instead of 200ms exposure per frame and for a longer duration than usual FRET measurements. The 
photostability curves for the fusion constructs are depicted in Fig. 5 and Supplemental Figure S2. Under these 
conditions unfused, unquenched mTurquoise2 shows a decrease in intensity over time42. For the tandem fusions, 

FRET Acceptor
Absorption 
peak (nm)

Molar extinction 
coefficient 
(M−1cm−1)

J(λ)*1015 M−1 cm−1 
nm4 QYA R0 (Å)

EGFP 488 5500022 1.53 0.622 55

Clover 505 11100086 2.7 0.7686 60

mNeonGreen 505 11600063 3.15 0.863 62

SYFP2 515 10100018 2.31 0.6818 59

sREACh 517 10000070,87 2.53 — 59

mOrange 548 7100065 2.19 0.6965 58

mOrange2 549 5800043 2.05 0.6043 57

mKO2 551 6380088 1.44 0.5788 54

mKOκ 551 10500069 2.08 0.6169 58

TagRFP-T 557 8100043 1.62 0.4143 55

mRuby2 560 11300086 2.12 0.3886 58

mScarlet-I 569 10200036 1.84 0.5436 56

mCherry 587 7200065 1.24 0.2265 53

mKate2 588 6250071 1.15 0.4071 52

Table 1.  Spectroscopic parameters of fluorescent proteins employed in this study as acceptor for mTurquoise2. 
The overlap integral was determined from spectra acquired in this study and extinction coefficients taken from 
literature. The Föster radius was calculated from J(λ) and quantum yield of the donor (QYD) = 0.93, n = 1.33 and 
κ2 = 2/3.

http://S1
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an increase in the CFP channel is observed, which is accompanied by a decrease of acceptor fluorescence. These 
observations indicate acceptor bleaching, either by FRET or direct excitation, resulting in dequenching of the 
donor due to diminished FRET.

mNeonGreen and SYFP2 are bleached in a similar fashion after 900 s continuous illumination, but mNe-
onGreen bleaches in a more linear fashion while SYFP2 bleaches more rapidly at the start of the experiment. 
When performing a typical FRET experiment, corresponding to a total exposure time of 48 s (240 images of 
200ms exposure time)58, mNeonGreen would be more photostable than SYFP2 (Supplemental Figure S3). In line 
with a previous report (Klarenbeek et al.50), we observed good photostability of the mTurquoise2-sREACh pair 
(Supplemental Figure S2).

A striking result is the fast bleaching of mKOκ under our conditions. After 48 seconds, which equals a typical 
FRET measurement, 79% of the initial intensity is left (Supplemental Figure S3). These results are in line with 
a previous observation that the related mKO can be photoconverted to a green species by blue light15. When 
directly exciting mKOκ with 570 nm light, instead of 420 nm, the fluorescent protein is rather photostable (83% 
of initial intensity left after 900 s continuous illumination), and outperforms mKO2 (Supplemental Figure S4).

mRuby2 shows relatively slow and linear bleaching and after 900 s 55% of the initial intensity is left, which 
is comparable to the photostability of mTurquoise2-SYFP2 with the same excitation power (Supplemental 
Figure S2). mKate2 is less photostable than mCherry after 900 s of continuous illumination (Supplemental 
Figure S2). From Fig. 5, it can be inferred that the photostability of mScarlet-I is lower than that of mCherry 
under FRET imaging conditions. Still, under typical conditions for a dynamic FRET experiment (Supplemental 
Figure S3), the mScarlet-I hardly loses its intensity.

Recently, a more photostable YFP was reported, generated by one mutation resulting in Y145L59. We mutated 
SYFP2 and confirmed highly improved photostability (Supplementary Figure S5). However, next to the reported 

Figure 2.  Schematic overview of the fusion constructs used in this study. The differences in the amino acid 
sequence of the C-termini of the acceptor fluorescent proteins are depicted. The distance between the acceptor 
chromophore and its C-terminus is 158 amino acids for mKO2 and mKOκ, 163 amino acids for mOrange, 
mOrange2, mScarlet-I and mCherry, 164 amino acids for Clover, 166 amino acids for mNeonGreen, TagRFP-T 
and mKate2, 168 amino acids for mRuby2 and 171 amino acids for EGFP, SYFP2 and sREACh. The acceptors 
are followed by a small linker, which is the same for each construct, separating it from the donor mTurquoise2 
(mTq2).
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reduction in brightness, the mTurquoise2-SYFP2(Y145L) pair shows hardly any FRET as compared to the mTur-
quoise2-SYFP2 pair (Supplementary Figure S5).

In summary, mNeonGreen is a relatively photostable acceptor under FRET ratio imaging conditions. mKOκ 
bleaches rapidly when illuminated with 420 nm light and is therefore unfit as FRET acceptor for timelapse 
imaging.

Acceptor n1 τφ (ns)2 τM (ns)3 Eτφ (%)4 EτM (%)4

— 89 3.77 ± 0.01 4.01 ± 0.01 — —

EGFP 26 2.60 ± 0.01 3.21 ± 0.01 31 ± 0.26 20 ± 0.21

Clover 18 2.59 ± 0.02 3.28 ± 0.02 31 ± 0.60 18 ± 0.62

mNeonGreen 14 2.02 ± 0.01 2.70 ± 0.01 46 ± 0.33 33 ± 0.21

SYFP2 72 2.59 ± 0.02 3.16 ± 0.02 31 ± 0.57 21 ± 0.48

sREACh 27 2.53 ± 0.01 3.13 ± 0.01 33 ± 0.26 22 ± 0.20

mOrange 21 3.13 ± 0.03 3.63 ± 0.03 17 ± 0.92 9 ± 0.76

mOrange2 27 3.10 ± 0.04 3.61 ± 0.02 18 ± 0.99 10 ± 0.61

mKO2 17 2.59 ± 0.02 3.11 ± 0.02 31 ± 0.52 22 ± 0.44

mKOκ 17 2.31 ± 0.01 2.77 ± 0.01 39 ± 0.42 31 ± 0.28

TagRFP-T 20 2.70 ± 0.02 3.15 ± 0.02 28 ± 0.62 22 ± 0.44

mRuby2 17 2.63 ± 0.02 3.30 ± 0.02 30 ± 0.45 18 ± 0.45

mScarlet-I 30 2.67 ± 0.02 3.21 ± 0.01 29 ± 0.64 15 ± 0.37

mCherry 24 2.83 ± 0.02 3.26 ± 0.01 25 ± 0.42 19 ± 0.19

mKate2 22 2.74 ± 0.01 3.23 ± 0.02 27 ± 0.42 19 ± 0.40

Table 2.  Fluorescence lifetime data of mTurquoise2 as FRET donor in a tandem construct with the 
different FRET acceptors and corresponding FRET efficiency (Fig. 3). 1n is number of cells used for lifetime 
determination, 2τφ average phase lifetime ± SEM, 3τM average modulation lifetime ± SEM, 4E is average FRET 
efficiency calculated from the change in τφ or τM ± SEM.

Figure 3.  Fluorescence lifetime of the FRET donor mTurquoise2 fused to different FRET acceptors. The phase 
lifetime of mTurquoise2 (mTq2) when paired with different acceptors is depicted. As a reference the lifetime 
of untagged mTurquoise2 is shown. The dots indicate individual cells and the error bars show 95% confidence 
intervals. The number of cells imaged is mTq2 n = 89, EGFP n = 26, Clover n = 18, mNeonGreen n = 14, SYFP2 
n = 72, sREACh n = 27, mOrange n = 21, mOrange2 n = 27, mKO2 n = 17, mKOκ n = 17, TagRFP-T n = 20, 
mRuby2 n = 17, mScarlet-I n = 30, mCherry n = 24, mKate2 n = 22.
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Figure 4.  Spectral images of the FRET donor mTurquoise2 fused to different FRET acceptors. The emission 
spectra of FRET pairs were recorded from single living cells. The sensitized emission component was calculated 
by unmixing the donor spectrum and the direct acceptor excitation. Black lines represent the FRET-pair 
spectra. Cyan lines represent the donor emission spectra. Grey lines represent direct acceptor excitation 
spectra. If orange or red fluorescent proteins show an evident green component, this is represented by a green 
line. Lines in color of the acceptor emission represent the unmixed sensitized emission. Thick lines show the 
average emission spectrum, dashed lines represent the standard deviations and thin lines show individual 
measurements. Based on these data the FRET efficiency was calculated (Table 3). The number of cells imaged 
is EGFP n = 37, Clover n = 36, mNeonGreen n = 46, SYFP2 n = 39, mOrange n = 24, mOrange2 n = 22, mKO2 
n = 35, mKOκ n = 24, TagRFP-T n = 50, mRuby2 n = 66, mScarlet-I n = 47, mCherry n = 28, mKate2 n = 27.
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Emission ratio-imaging with novel biosensors to measure heterotrimeric G-protein activa-
tion.  We used a well-characterized FRET biosensor that measures heterotrimeric G-protein activation to 
examine how the selection of FRET pairs would perform in terms of dynamic range49,58,60. Since it is of impor-
tance to use only monomeric fluorescent proteins for our multimeric membrane located biosensor we evaluated 
oligomerization by the OSER assay38. The OSER assay is based on a fusion with the CytERM signal sequence. 
Monomeric FPs will show ER localization in this assay, whereas non-monomeric proteins will show OSER 
structures. A recent thorough OSER analysis of fluorescent proteins that was published during the course of 
our experiments40, fits largely with our observations. The notable exception is mRuby2, which in our hands 
shows predominant localization at the Golgi when it is fused to the ER-localization signal. CytERM as shown in 
Supplemental Figure S6. This observation is documented in more detail recently36. Since the OSER assay reveals 
aberrant localization, we decided to exclude mRuby2 as acceptor.

The original FRET sensor consists of three subunits that are co-expressed from a single plasmid, including 
a Gαq tagged with mTurquoise, an untagged Gβ subunit and a Gγ tagged with acceptor60. We modified this 
plasmid in several ways. First, we replaced mTurquoise by mTurquoise2. The second modification is the removal 
of the untagged Gβ which turned out to be non-essential (Supplementary Figure S7). Finally, the Gγ subunit 
was tagged with the acceptors SYFP2, mNeonGreen, mScarlet-I and mCherry. The resulting plasmid encoded 
Acceptor-Gγ-IRES-Gαq-mTurquoise2. The localization of the sensor with different acceptor fluorescent proteins 
is shown in Supplementary Figure S8.

To examine the FRET response upon activation, we co-expressed the histamine-1 receptor (H1R), which acti-
vates the heterotrimeric G-protein, resulting in a loss of FRET. The response is de-activated with the H1R antago-
nist pyrilamine. As can be inferred from Fig. 6, the activation of the H1R results in a loss of FRET as inferred from 
a donor increase and a concomitant acceptor intensity decrease. The sensor with mNeonGreen excels compared 
to the other acceptors with an increase in donor intensity of up to 30%, when the Gα subunit is activated, while 
the sensor with SYFP2 showed an increase of approximately 16%. From the acceptor/donor ratio traces it can be 
concluded that the dynamic range of the sensor with mNeonGreen is higher than that of the sensor with SYFP2.

The same sensor with mCherry as acceptor showed a robust change in FRET. Strikingly, the change in both 
CFP and RFP fluorescence resulted in a similar dynamic range compared with that of the CFP-YFP variant. The 
Gq sensor that employs mScarlet-I as the acceptor, shows a more robust decrease of the RFP signal, resulting in a 
higher dynamic range than the mCherry variant.

Often, ratiometric measurements are corrected for CFP bleed-through in the acceptor channel. This is 
straightforward for the CFP-YFP pair, since the YFP emission is absent in the CFP channel. However, whether 
this is true for other combinations is unknown. Since chromophore formation of RFP requires several reactions 
possibly resulting in a fraction of blue or green emitting structures, we expressed RFPs and measured their emis-
sion spectra (Supplementary Figure S9). We noted different extents of blue/green emission when the RFPs where 
excited at 436 nm, showing that bleedthrough-correction for CFP-RFP pairs is not straightforward. Our data 
shows that full filter FRET analysis, as reported previously36, is required to calculate the amount of sensitized 
emission. In summary, employing mNeonGreen as acceptor in the ratiometric FRET sensor for Gq activation 
yields an improvement of the dynamic range compared to YFP.

Fluorescence lifetime analysis of heterotrimeric G-protein activation.  Since our FLIM analysis 
showed that sREACh is an efficient FRET acceptor, we evaluated the performance of the G-protein biosensor for 
FLIM. To this end we constructed a sensor with sREACh as the acceptor. Next, we repeated the GPCR activation/
deactivation experiment for sensors incorporating mNeonGreen, SYFP2 or sREACh based sensors with FLIM 
(Fig. 7).

The initial lifetime values differed between the three sensors, reflecting a difference in the initial FRET effi-
ciency. Still, all three sensors showed a robust increase in lifetime upon GPCR stimulation, which agrees with 
the deqeunching of the donor observed by ratio-imaging. The increase in lifetime observed for the sensor with 

Acceptor Number of cells FRET efficiency (%)1

EGFP 37 44 ± 0.3

Clover 36 47 ± 0.7

mNeonGreen 46 59 ± 0.3

SYFP2 39 42 ± 0.7

mOrange 24 20 ± 1.5

mOrange2 22 21 ± 1.0

mKO2 34 35 ± 0.9

mKOκ 24 47 ± 0.2

TagRFP-T 50 17 ± 0.8

mRuby2 66 43 ± 1.2

mScarlet-I 47 34 ± 0.4

mCherry 28 32 ± 0.4

mKate2 27 28 ± 0.4

Table 3.  FRET efficiencies of mTurquoise2 paired with the different acceptors, calculated from spectral imaging 
results (Fig. 4). 1E is the average FRET efficiency ± SEM
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sREACh of about 0.2 ns is in line with previous data61. Addition of pyrilamine, which switches the receptor off, 
results in a decrease in donor lifetime.

The donor lifetime after addition of pyrilamine is similar to the lifetime observed at the start of the experi-
ment, suggesting that the deactivation of the receptor is complete. This is in agreement with the ratio imaging 
data (Fig. 6). Together, these results show that both sREACh and mNeonGreen are suitable acceptors for FLIM in 
combination with mTurquoise2.

Discussion
In this study, we have evaluated the performance of FRET pairs consisting of mTurquoise2 as donor and acceptors 
varying from green to far-red in mammalian cells. In all our experiments the acceptor mNeonGreen consistently 
showed the highest FRET efficiency and dynamic range, accompanied by strong sensitized emission. This can be 

Figure 5.  Photostability of tandem pairs during ratiometric FRET measurements. Fusion constructs of 
mTurquoise2 and acceptor fluorescent protein were used in this experiment. The power is shown in the graphs. 
The thin lines display the 95% confidence intervals. The photostability of the fusion constructs is shown under 
continuous illumination with 420 nm light for 900 s. Images of cells after 0 s, 300 s, 600 s and 900 s illumination 
show the fluorescence intensity. The width of the images are 58.14μm for SYFP2-mTurquoise2 (1.94 mW), 
87.21μm for mNeonGreen-mTurquoise2, 80.07μm for mKOκ-mTurquoise2, 116.28μm for SYFP2-mTurquoise2 
(3.73 mW), 147.56μm for mScarlet-I-mTurquoise2 and 116.28μm for mCherry-mTurquoise2. For the graph the 
initial fluorescence intensity was set on 100% and it is stated what percentage of the initial fluorescence is left 
after 900 s illumination. The number of cells imaged is: SYFP2-mTq2 (1.94 mW) n = 23; mNeonGreen-mTq2 
n = 21; mKOκ-mTq2 n = 15; SYFP2-mTq2 (3.73 mW) n = 23; mScarlet-I-mTq2 n = 11; mCherry-mTq2 n = 15.
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explained by the large spectral overlap, high extinction coefficient and high quantum yield of mNeonGreen. It 
also implies that the maturation efficiency of mNeonGreen is high. Another beneficial feature of mNeonGreen is 
that it shows increased photostability under FRET conditions relative to SYFP2. However, since photostability is 
generally power-dependent40, the photostability will differ when experimental conditions are different. We con-
clude that mTurquoise2-mNeonGreen is the optimal FRET pair for live cell imaging application in mammalian 
cells and we demonstrate that the mTurquoise2-mNeonGreen pair can be used to generate biosensors with high 
dynamic range and photostability.

The superior performance of mNeonGreen in FRET pairs with mTurquoise2 relative to Clover is surprising, 
given their equal spectroscopic properties40. We did not analyze the performance of mClover362, which may be an 
improvement over Clover for FRET with mTurquoise2.

We compared the cellular brightness of Clover and mNeonGreen and did not find striking differences 
(Supplemental Figure S10). Next, to verify dimerization tendency of mNeonGreen, we performed an OSER assay. 
The results indicate that mNeonGreen shows no strong tendency to dimerize, in line with previous findings40,63. 
Therefore, the better performance of mNeonGreen may be explained by better maturation in the context of fusion 
proteins.

It is of note that the FRET efficiency may be cell-type and certainly will be organism dependent, since the 
protein maturation can vary in different systems. The set of fluorescent protein fusions, and accompanying con-
trols that we have generated, provides a way to systematically determine the performance of FRET pairs in other 
biological contexts.

The detection of Gq activation with biosensors based on sREACh or mNeonGreen using FLIM resulted in 
a similar contrast. Since the blue-shifted emission of mNeonGreen requires a narrow band-pass (BP) filter for 
exclusive detection of CFP fluorescence in FLIM, the donor emission intensity will be reduced (Supplemental 

Figure 6.  Ratiometric FRET imaging of Gq-activation biosensors equipped with novel FRET pairs. FRET ratio-
imaging was performed on Hela cells over-expressing the histamine−1 receptor and a FRET biosensor for Gq 
activation. The blue, solid lines show the mTurquoise2 fluorescence intensity over time, the dashed lines show 
the acceptor emission level over time. The initial fluorescence intensity is normalized to the average intensity 
of the first 5 frames. The black graph in a separate upper right window shows the FRET ratio over time. The 
thin lines indicate the 95% confidence intervals. 100 μM histamine was added after 42–50 s (black arrowhead) 
and 10 μM pyrilamine was added after 140–150 s (grey arrowhead). The number of cells analysed is: Gqsensor-
mTq2-mNeonGreen n = 32 (out of 34 in total), Gqsensor-mTq2-SYFP2 n = 42 (out of 44 in total), Gqsensor-
mTq2-mScarlet-I n = 24 (out of 26 in total) and Gqsensor-mTq2-mCherry n = 19 (out of 26 in total)
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Figure S11). Therefore, it may be more desirable to use the non-emitting acceptor sREACh for FRET based bio-
sensors that are dedicated for FLIM.

Although the properties of the mTurquoise2-mNeonGreen pair are favorable and we demonstrate good per-
formance in an intermolecular FRET sensor, it remains to be determined whether this pair will beat the CFP-YFP 
or TFP-YFP pair in intramolecular biosensors. We have replaced YFP with mNeonGreen in two unimolecular 
sensors and have observed that the dynamic range of these sensors is not improved (Supplemental Figure S12). 
These preliminary studies suggest that in addition to probe properties, other factors such as linker length, weak 
homodimerization and probe orientation, determine FRET contrast. Optimization of unimolecular sensors with 
the mTurquoise2-mNeonGreen pair will benefit from strategies that generate and screen a large number of dif-
ferent variants51,64. Perhaps circular permutation of mTurquoise2 and mNeonGreen would be a viable way to 
generate high-contrast intramolecular FRET biosensors.

Based on theory, i.e. R0 values, all pairs should display considerable FRET efficiency, but this is not observed in 
cells for all pairs. We suspect that this is due to inefficient maturation of the acceptor fluorescent protein, affecting 
the FRET efficiency17,65. Additionally, slight differences in orientation between different acceptors due to small 
changes in acceptor fluorescent protein length and sequence might also influence the FRET efficiency9,66.

Our photostability analysis of FRET pairs shows a donor increase due to photobleaching of the acceptor. This 
demonstrates the superior photostability of mTurquoise2 as compared to the employed acceptors. We did not 
pursue the origin of acceptor photobleaching, which is either due to direct excitation or due to FRET. Regardless 
of the mechanism, the kinetics of the donor intensity increase will depend on the FRET efficiency of the fluores-
cent protein pair. In dynamic FRET ratio-imaging, the FRET efficiency can change in time and space and effects 
of photobleaching will be difficult to correct for. Hence, it is essential for reliable FRET ratio-imaging experiments 
to avoid photobleaching and to employ the most photostable donor-acceptor pair.

In general, the relatively low quantum yields of the red fluorescent proteins result in a low level of sensitized 
emission, which is a disadvantage for the acquisition of ratiometric FRET data. Although mRuby2 combines 
efficient FRET with a high sensitized emission, several properties argue against the use in FRET experiments 
combined with mTurquoise2. First, the fusion with CytERM shows Golgi localization, rather than the ER local-
ization, making it impossible to reliably determine monomeric behavior (Supplemental Figure S6). Second, a 
large fraction of blue fluorescence of mRuby2 is detected in the CFP emission band (Supplemental Figure S9). 
Finally, the FRET efficiency is variable between cells, which can likely be attributed to variable maturation17 or 
photochromism36. Similar cell-to-cell variation is observed for tagRFP-T. The recently developed monomeric 

Figure 7.  FlIM-FRET of Gq activation biosensors equipped with novel FRET pairs. The fluorescence lifetime of 
mTurquoise2 was recorded from the biosensor for Gαq activation containing mNeonGreen, SYFP2 or sREACh 
as FRET acceptor. The phase lifetime was recorded before addition of (ant)agonist, 20–60 s after addition of 
100 μM histamine and 20–60 s after addition of 10 μM pyrilamine. The changes in phase lifetime are shown in 
the graphs. The grey lines represent individual cells and the black graph represents the average of which the 
error bars indicate the 95% confidence intervals. The number of cells used for the graph is for mNeonGreen as 
FRET acceptor n = 17 (out of a total of 26 cells), for SYFP2 as FRET acceptor n = 7 (out of a total of 23 cells) and 
for sREACh as FRET acceptor n = 46 (out of a total of 60 cells).
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RFP, mScarlet-I, with good maturation and high quantum yield has optimal properties for ratiometric FRET. Our 
results show that mScarlet-I exhibits high sensitized emission amongst the RFPs tested when paired with mTur-
quoise2. We conclude that mScarlet-I is the preferred acceptor in the red part of the spectrum since (i) it shows 
consistent FRET in cells, with substantial sensitized emission, (ii) it has little blue fluorescence when excited at 
436 nm, (iii) it shows good photostability when excited at the CFP excitation wavelength and (iv) it is mono-
meric36. In addition, we demonstrate that it can be used in a biosensor to report on the activation of a GPCR.

In summary, the results obtained in this study point out that mTurquoise2-mNeonGreen is an optimal 
FRET pair for ratiometric detection of cellular processes with genetically encoded intermolecular FRET based 
biosensors.

Methods
Cloning/plasmid construction.  All fluorescent proteins (FPs) that were used as FRET acceptor, were 
cloned in clontech-style C1 mammalian expression vectors and RSET bacterial expression vectors with flanking 
AgeI and BsrgI restriction sites. RSET bacterial expression vectors were used for protein production and isolation 
while the C1 vectors were used to construct the fusion constructs (Fig. 2).

TagRFP-T was made by introducing the S158T point mutation into tagRFP43. Clover and mRuby2 were derived 
from a plasmid obtained from addgene (#40255), mCherry-C1 and mOrange-C1 were previously described15. 
mOrange2 was a kind gift of M. Ouyang67. mKO2 was a kind gift of R.N. Day68. mKOκ69 was obtained by intro-
ducing the point mutation M176F (Fw: 5′-GGCAATCACAAATGCCAATTCAAGACTACTTACAAGGCG-3′; 
Rv: 5′-CGCCTTGTAAGTAGTCTTGAATTGGCATTTGTGATTGCC-3′) in the mKO2 coding sequence. 
sREACh was obtained from addgene (plasmid #21949)70. mKate2 was a kind gift of D.M. Chudakov71. mNeon-
Green was as reported before63. mScarlet-I has been reported by Bindels et al.36.

All tandem fusions were based on the SYFP2-mTurquoise2 construct that was previously described42; addgene 
#60493). The SYFP2 in the plasmids SYFP2-mTurquoise2 was replaced by the acceptor fluorescent protein of 
interest cut from the clontech-style C1 plasmids using NdeI/Kpn2I restriction enzymes.

The brightness of fluorescent proteins was analyzed using tandem FP constructs with a T2A 
linker resulting in equal expression of two fluorescent proteins72. These constructs were produced 
by cutting the SYFP2-mTurquoise2 with BamhI/Kpn2I and inserting two hybridized oligonucleo-
tides (5 min, 95 °C)73 (Fw: 5-ccggagagggcagaggaagtcttctaacatgcggtgacgtggaggagaatcccggccctgt-3′; Rv: 
5′-gatccagggccgggattctcctccacgtcaccgcatgttagaagacttcctctgccctct-3′), resulting in SYFP2-T2A-mTurquoise2. 
mTurquoise2 is used as reference in the brightness assay to correct for protein concentration. The SYFP2 is 
replaced by a FP of which the brightness is to be characterized, cut from the clontech-style C1 plasmids using 
NdeI/Kpn2I restriction enzymes.

The multimeric biosensors for Gq activation are based on the published FRET biosensor that is encoded on a 
single plasmid; Gβ1–2A-YFP-Gγ2-IRES-Gαq-mTurquoiseΔ660. In order to make the Gq activation biosensors 
with the desired FRET pairs, first, mTurquoiseΔ6 was exchanged for mTurquoise2Δ6 in a pcDNA3.1 vector 
containing the Gαq-mTurquoiseΔ6 sequence, where the fluorescent protein is inserted at the 125th amino acid 
residue of the Gαq sequence. A PCR was performed on a clontech-style C1 vector containing the mTurquoise2 
sequence using primers Fw 5′-TTGAGGATCCAAGCGGAGGCGGAGGCAGCATGGTGAGCAAGGGCG-
3 ′and Rv 5 ′-GTATATGCCGAGAGTGATCCCGGC-3 ′ .  The PCR product and the pcDNA3.1 
Gαq-mTurquoiseΔ6 vector were both digested with BamHI and SnaBI (PCR product digested with only BamHI 
since half the SnaBI site is present in the reverse primer, which can be directly ligated in the SnaBI cut vec-
tor) and the digested mTurquoise2Δ6 PCR product was ligated in the Gαq pcDNA3.1 vector. Subsequently, 
the Gαq-mTurquoise2Δ6 vector and the Gβ1–2A-YFP-Gγ2-IRES-Gαq-mTurquoiseΔ6 sensor were both 
digested with BamHI and EcoRI. Then, the Gαq-mTurquoise2Δ6 was ligated in the sensor replacing the origi-
nal Gαq-mTurquoiseΔ6, leading to Gβ1–2A-YFP-Gγ2-IRES-Gαq-mTurquoise2Δ6 sensor. In order to exchange 
the YFP- Gγ2 in the sensor for other acceptor fluorescent proteins (FP), first, acceptor FP-Gγ2 fusions were 
constructed. A PCR was performed on clontech-style C1 vector containing the Gγ2 sequence using primers 
Fw 5′-AGCTGTACATGGCCAGCAACAACACC-3′ and Rv 5′-TCTACAAATGTGGTATGGC-3′. The Gγ2 PCR 
product and clontech-style C1-FP plasmids were digested with BsrGI and SacII and the Gγ2 sequence is ligated 
behind the fluorescent protein in the clontech-style C1 vector. Next, these acceptor FP-Gγ2 fusions and the Gβ1–
2A-YFP-Gγ2-IRES-Gaq- mTurquoise2Δ6 sensor were digested with NheI and SacII and the FP-Gγ2 sequence 
was ligated into Gβ1–2A-YFP-Gγ2-IRES-Gaq- mTurquoise2Δ6 replacing the original Gβ1–2A-YFP-Gγ2. Finally, 
this resulted in a pcDNA vector encoding acceptorFP-Gγ2-IRES-Gαq-mTurquoise2Δ6.

The intramolecular FRET sensors for RhoA activation are based on the published sensor (DORA-RhoA)74,75. 
First a PCR is performed on a clontech-style C1-Tq2(206 A) (nTq2) plasmid using the primers Fw 
5′-AACGGATCCGTGAGCAAGGGCGAGG-3′ and Rv 5′-AGCGCTAGCCCCGGCGGCGGTCAC-3′. 
The PCR product and the original RhoA sensor were digested with BamHI and NheI and the nTq2 was 
ligated in the sensor construct replacing the original donor Cerulean3. A BglII restriction site is introduced 
in the sensor plasmid, behind the acceptor FP sequence and simultaneously the original acceptor is swapped 
for mNeonGreen via overlap-extension PCR76,77. The first PCRs were performed on the clontech-style C1 
plasmid containing mNeonGreen using primerA Fw 5′-CTACCGGTGCCACCATG-3′ and primerB Rv 
5′-CTCGATGTTAGATCTGAGTCCGGACTTGTACA-3′ and on the RhoA activation sensor containing the 
correct donor FP using primerC Fw 5′-CTCAGATCTAACATCGAGGAAGCACAAAAG-3′ and primerD Rv 
5′-TGCACGTGTATACAGCTGTGC-3′. The second PCR was performed on a mix of both PCR products using 
primerA and primerD. This second PCR product and the RhoA sensor are digested with AgeI and HindIII and 
the PCR product containing the BglII restriction site and mNeonGreen is ligated into the sensor. To swap the 
acceptor from mNeonGreen to SYFP2 a PCR was performed on a clontech-style C1 vector containing SYFP2 
using Fw 5′-CTACCGGTGCCACCATG-3′ and Rv 5′-TCTACAAATGTGGTATGGC-3′ and both PCR product 
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and sensor (containing mNeonGreen) were digested with AgeI and BglII and the SYFP2 is ligated in the sensor 
replacing mNeonGreen.

The intramolecular FRET sensors for calcium are based on the published Twitch2B sensor addgene 
(#49531)64. In order to swap the fluorescent proteins the calcium binding domain and the acceptor FP were 
transferred to a RSET bacterial expression plasmid, using SphI and EcoRI, resulting in RSET-Minimal Calcium 
Binding Domain-cpmCitrine. A PCR was performed on a RSET vector containing mTurquoise2 using the prim-
ers: Fw 5′-TAATACGACTCACTATAGGG-3′ and Rv 5′-GGTCATGCATGCGGGCGGCGGTCACGAAC-3′. 
The PCR product and RSET- Minimal Calcium Binding Domain -cpmCitrine vector were both digested with 
NcoI and SphI and mTurquoise2 was inserted prior to the calcium binding domain sequence. A mutagen-
esis PCR is performed on the Twitch2B RSET plasmid introducing a XhoI restriction site (by introduc-
ing 3 nucleotides) using primers Fw 5′-\CCCATCTACCCCGAGCTCGAGATGGGTGGGGTC-3′ and Rv 
5′-GACCCCACCCATCTCGAGCTCGGGGTAGATGGG-3′. Then a PCR is performed on a clontech-style C1 
vector containing either mNeonGreen or SYFP2 using Fw 5′-GAGATCTCGAGATGGTGAGCAAGGGCG-3′ 
and Rv 5′-GAGCTGAATTCTCACTTGTACAGCTCGTCCATGC-3′. The PCR product and mutagenized 
Twitch2B RSET plasmid are both digested with XhoI and EcoRI and ligated, exchanging the acceptor FP for 
mNeonGreen or SYFP2. With NheI and EcoRI the whole sensor module is transferred from the RSET vector to 
a clontech-style C1 vector for mammalian expression. Plasmids generated in this study will be available through 
addgene at https://www.addgene.org/Dorus_Gadella/.

Spectroscopy of purified fluorescent proteins.  His6-tagged proteins were produced in E.coli and puri-
fied on Hisbind resin (Novagen, Darmstadt, Germany), according to Bindels et al.78. After elution by imidazole 
the proteins were dialyzed 2x against 20 mM Tris. Spectral measurements were done in 20 mM Tris15, unless indi-
cated otherwise. Absorption spectra were recorded on a Libra S70 double-beam spectrophotometer (Biochrom)42. 
Emission spectra were recorded on a Perkin Elmer LS55 fluorimeter. Emission spectra were recorded with follow-
ing settings: mKOκ ex525 nm, slit 5 nm; em530–750nm slit 5 nm; scan speed 150 nm/min; pmt 750 V. mOrange 
ex530 nm, slit 5 nm; em540–750nm slit 2.5 nm; scan speed 150 nm/min; pmt 750 V. mOrange2 ex530 nm, slit 
5 nm; em540–750nm slit 2.5 nm; scan speed 150 nm/min; pmt 760 V. mKO2 ex520 nm, slit 5 nm; em535–750nm 
slit 5 nm; scan speed 150 nm/min; pmt 750 V. mNeonGreen ex460 nm, slit 5 nm; em470–675nm slit 5 nm; scan 
speed 150 nm/min; pmt 760 V. Clover ex465 nm, slit 5 nm; em475–650nm slit 5 nm; scan speed 150 nm/min; 
pmt 760 V. sREACh ex505 nm, slit 5 nm; em515–675nm slit 5 nm; scan speed 150 nm/min; pmt 810 V. mCherry, 
mScarlet-I, mRuby2, tagRFP-T and mKate2 ex540 nm slit 2.5 nm; em550–800nm slit 2.5 nm; scan speed 150 nm/
min in PBS (50 mM PO4, 136 mM NaCl, 2.7 mM KCl, pH7.4).

Emission spectra were corrected for instrument response factors after calibration with emission spectra of 
established fluorophores. The emission spectra of SYFP2 and EGFP were acquired previously18,79.

The R0 values were calculated as described previously11,15.

Cell culture and transfection.  HeLa cells (CCL-2, American Tissue Culture Collection; Manassas,VA, 
USA) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, cat# 61965–059) supplemented 
with 10% fetal bovine serum (Invitrogen, cat# 10270–106), 100U/ml penicillin and 100 μg/ml streptomycin at 
37 °C in 7% CO2. For microscopy experiments cells were grown on 24mm Ø round coverslips, 0.13–0.16 mm 
thick (Menzel, cat# 360208) to 50% confluency and transfected with 500ng plasmid DNA, 1 μL Lipofectamin 2000 
(Invitrogen, cat# 11668–019), 2 μl Polyethylenimine (PEI) (1 mg/ml) in EtOH, or 4.5 μl PEI (1 mg/ml) in water 
(pH 7.3) and 100 μl OptiMEM (Gibco, cat# 31985–047) per 35mm Ø dish holding a 24mm Ø coverslip. Two 
days after transfection the coverslip was mounted in a cell chamber (Attofluor, Invitrogen). Microscopy medium 
(20 mM HEPES (pH = 7.4), 137 mM NaCL, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2 and 20 mM glucose) was 
added to the coverslip in the cell chamber. The OSER assay, Ratiometric FRET, bleaching and brightness experi-
ments are performed at 37 °C.

Fluorescence lifetime imaging microscopy.  Fluorescence lifetime imaging was performed using 
the wide-field frequency domain approach on a home-build instrument80 using a RF-modulated AOM and a 
RF-modulated image intensifier (Lambert Instruments II18MD) coupled to a CCD camera (Photometrics HQ) 
as detector. A 40x objective (Plan NeoFluar NA 1.3 oil) was used for all measurements. The modulation frequency 
was set to 75.1 MHz. At least twelve phase images with an exposure time of 20–100ms seconds were acquired in 
a random recording order to minimize artifacts due to photobleaching81. A picoquant directly modulated diode 
laser was used for excitation at 442 nm, passed onto the sample by 455dclp dichroic and emission light was filtered 
by a BP480/40 emission filter. When imaging with GFP as FRET acceptor, a second emission filter BP447/60 
was combined with the BP480/40 filter (Supplemental Figure S11). Each FLIM measurement is calibrated by 
a reference measurement of the reflected laser light using a modified filter cube80 for correcting the phase and 
modulation drift of the excitation light. The reference is calibrated by averaging five FLIM measurements of cells 
expressing mTurquoise2 (mTq2), which has a known phase lifetime of 3.8 ns and a modulation lifetime of 4.0 ns42. 
This extra calibration corrects for path-length differences and possible optics-related reflections that are different 
between the FLIM and reference measurements. At least twelve phase sequences were acquired from each sample. 
From the phase sequence, an intensity (DC) image, phase and modulation lifetime images were calculated82 using 
Matlab macros.

Alternatively, we performed the fluorescence lifetime measurements with a Nikon Eclipse Ti-E inverted micro-
scope equipped with a LIFA system (Multi-Led illumination and LI2CAM; Lambert Instruments). The modulated 
446 nm LED excitation light passed through a 448/20 excitation filter (FF01–448/20, Semrock), reflected towards 
the sample by a 442 nm dichroic mirror (Di02-R442, Semrock) and focused using a 60x objective (Nikon, CFI 
Plan Apochromat NA 1.4 oil, MDR01605). The emission was filtered by a BP482/20 (FF01–482/25, Semrock). The 
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LI-FLIM software (Li-FLIM 1.223 Lambert Instruments) recorded 18 phase steps (with three times averaging) in 
pseudorandom order at a frequency of 40 MHz. Erythrosin B (198269, Sigma-Aldrich) dissolved in ddH2O was 
used as reference dye (fluorescence lifetime 0.086 ns; ten times averaging for reference stack). After background 
subtraction and 3 × 3 blurring, the lifetimes were calculated by the LI-FLIM software.

The FRET efficiency E was calculated according to: E = (1 − (τDA/τD)) * 100%, in which τDA is the fluorescence 
lifetime of the donor in presence of the acceptor and τD is the fluorescence lifetime of the donor in absence of the 
acceptor. Since frequency domain FLIM yields a phase lifetime and a modulation lifetime, the FRET efficiency 
can be calculated based on both15.

For the fluorescence lifetime analysis of heterotrimeric G-protein activation the same methods were used to 
measure the fluorescence lifetime before adding 100 μM histamine, 20–60 s after adding histamine and 20–60 s 
after adding 10 μM pyrilamine.

Spectral imaging microscopy of FRET pairs.  Spectral imaging of living cells was performed with hard-
ware as described83, two days after transfection using an imaging spectrograph-CCD detector.

For each cell transfected with a construct of interest a spectral image was acquired using donor excitation at 
436/20 nm, an 80/20 (transmission/reflection) dichroic and a 460LP (long-pass) emission filter. Subsequently 
a spectral image was acquired using acceptor excitation without exciting the donor. For EGFP, mNeonGreen, 
Clover and SYFP2 (green/yellow) excitation at 500/20 nm and for detection a BP534/20 filter was used, for mKO2, 
mKOκ, mOrange, mOrange2 (orange) excitation at 500/20 nm and for detection a 530LP filter was used, and for 
mScarlet-I, mRuby2, mCherry, TagRFP-T and mKate2 (red) excitation at 546/10 nm and for detection a 590LP 
filter was used. Using a custom made Matlab script, cells were selected from the spectral images and each sample 
spectrum obtained with donor excitation settings was normalized to the peak intensity of the spectrum obtained 
using acceptor excitation settings. In general, the donor excitation setting also leads to direct excitation of the 
acceptor. Using cells transfected with an acceptor only construct the direct acceptor excitation contribution 
could be estimated. The donor-only spectrum was obtained by using cells transfected with mTurquoise2. Prior to 
unmixing, all spectra were aligned and the wavelength axis was calibrated. From each sample spectrum, F(λ), the 
direct acceptor excitation spectrum, FA(λ), was subtracted in order to remove the contribution of direct acceptor 
excitation. For the green/yellow acceptors, the donor component, FD(λ) and the sensitized emission component, 
FS(λ) were obtained from the spectrum with linear regression using the donor-only spectrum and acceptor-only 
spectrum, both obtained with donor excitation settings. In this case the whole wavelength range (450–650 nm) 
was used. For the orange and red variants with a green component the donor and green contribution, FG(λ) were 
obtained by unmixing the sample spectrum in the wavelength range of 450–525 using the donor-only spectrum 
and the EGFP-only spectrum. The sensitized emission was then obtained by subtracting the unmixed donor and 
green component from the spectrum. For red variants without a discernable green component in the spectra 
a similar approach was used, but now only using the donor-only spectrum applied to a wavelength range of 
450–500 nm. All sample and unmixed spectra F(λ), FD(λ), FS(λ) and FG(λ) were subsequently normalized to the 
first peak value of the donor.

Using the unmixed donor and sensitized emission spectrum the apparent energy transfer, ED can be estimated 
using the following equation84:
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Where QD and QA denote the quantum yields of the donor and acceptor respectively, and f ( )D λ  and λf ( )A  denote 
corrected and area normalized reference spectra of the donor and acceptor respectively. The numerator represents 
the quenched donor and the denominator represents the total donor emission reconstructed using the ratio of 
quantum yields and reference spectra. In principle the ED value should be the same for each wavelength, hence it 
should follow a flat line, however at the edge of spectra this can deviate and therefore a flat region was selected and 
a weighted average was calculated using weights w f f( ) ( ) ( )D Aλ λ λ= , hence E w E w( ) ( )/ ( )D i i D i i iλ λ λ= ∑ ∑ .

Photostability.  Photostability of fluorescent proteins in fusion constructs was measured on a wide-field 
fluorescence microscope (Axiovert 200 M; Carl Zeiss GmbH) equipped with a xenon arc lamp with monochro-
mator (Cairn Research, Faversham, Kent, UK). Measurements were performed under continuous illumination 
for 900 s with 420 nm light (slit width 30 nm) to excite mTurquoise2. Supplemental Figure S3 shows the pho-
tobleaching results for the first 48 s continuous illumination (corresponding to the total illumination time dur-
ing a FRET experiment with 200ms exposure time and 121 time frames) of the same experiments as shown in 
Fig. 5 and Supplemental Figure S2. The power was measured at the 20x objective (Zeiss LD-A-plan 20x Air/0,30 
ph1 ∞) using a coherent power meter (FM Fieldmaster Power Energy Meter, 0210-761-99). Each 4 s, fluores-
cence intensity of FRET donor and acceptor was recorded with an exposure time of 200ms using a 40x objec-
tive (oil-immersion Plan-Neo- fluor 40×/1.30; Carl Zeiss GmbH). mTurquoise2 emission was detected with a 
BP470/30 filter, GFP/YFP emission was detected with a BP535/30 filter and OFP/RFP emission was detected with 
a BP620/60 filter49. Image analysis was done in ImageJ. After subtraction of background signal, the mean fluores-
cence intensity of the cells was calculated for each time point.

Ratiometric FRET measurements.  FRET ratio-imaging was performed on a wide-field fluores-
cence microscope (Axiovert 200 M; Carl Zeiss GmbH)49 equipped with a xenon arc lamp with monochroma-
tor (Cairn Research, Faversham, Kent, UK) for 240 s and with a time interval of 2 s. The fluorescence intensity 
of the donor and acceptor were recorded with an exposure time of 200ms per image using a 40x objective 
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(oil-immersion Plan-Neo- fluor 40×/1.30; Carl Zeiss GmbH). HeLa cells were used expressing Gq-sensors, 
comprising Gαq-mTq2 and acceptor FP-Gγ, and histamine-1 receptor-2A-mCherry58 or in the case of orange 
or red acceptors in the Gq-sensor untagged histamine-1 receptor49. Fluorophores were excited with 420 nm 
light (slit width 30 nm), mTq2 emission was detected with the BP470/30 filter, GFP/YFP emission was detected 
with the BP535/30 filter and OFP/RFP emission was detected with BP620/60 filter by turning the filter wheel 
(Supplemental Figure S11). After 42–50 s HeLa cells were stimulated with 100 µM (final concentration) histamine 
(Sigma-Aldrich) and after 140–150 s 10 µM (final concentration) pyrilamine (mepyramine) (Sigma-Aldrich) was 
added as antagonist. The curves were corrected for shifts in time point of adding drugs. The curves were normal-
ized to the average intensity of the first 5 frames that were recorded. ImageJ was used to perform a background 
correction and calculation of mean intensity of each cell for each time point. Cells that did not show a visible 
response were not used for the analysis. The total number of cells imaged and the number of cells analyzed (“the 
responders”) are indicated in the figure legends.

For the FRET measurements using the RhoA activation biosensors or the calcium sensors, the same time 
lapse, filter settings, exposure times and analysis methods are used. For the calcium sensor, HeLa cells are stimu-
lated with 100 μM Histamine at t = 44 s (black arrow) and at t = 150 s with 10 μg/ml Ionomycin (Cayman chem-
ical #10004974) (gray arrow). For the RhoA sensor, cells are stimulated with 100 μM Histamine at t = 44 s (black 
arrow) and antagonized at t = 150 s with 10 μM Pyrilamine (gray arrow). In these cells, a GEFT-mCherry con-
struct was overexpressed next to the FRET sensor85.

Brightness analysis.  Cells were transfected with Tandem FP constructs containing a T2A linker, mTur-
quoise2 as reference and a fluorescent protein of interest. Cells expressing two separate FPs in equal amounts 
were imaged on a widefield fluorescence microscope (Axiovert 200 M; Carl Zeiss GmbH) equipped with a xenon 
arc lamp with monochromator (Cairn Research, Faversham, Kent, UK), using a 40x objective (oil-immersion 
Plan-Neo- fluor 40×/1.30; Carl Zeiss GmbH). Orange FPs were excited with 510 nm light and emission was 
detected with a BP572/25 filter. As reference, mTurquoise2 was excited with 420 nm light and emission was 
detected with a BP470/30 filter. Clover and mNeonGreen are excited with 500 nm light and emission was detected 
with a BP535/30 filter. To prevent cross excitation, reference mTurquoise2 was excited with 405 nm light and 
emission was detected with a BP470/30 filter. After subtraction of background signal, the mean fluorescence 
intensity of the cells was calculated. The fluorescence intensity of the protein of interest relative to the fluorescence 
intensity of the reference mTurquoise2 reveals the relative brightness of the protein of interest42.

Data availability.  Raw spectral data is available online (http://doi.org/10.5281/zenodo.580169.), plasmids 
and plasmid information is available from addgene (http://www.addgene.org/Dorus_Gadella/), most experi-
mental data is presented in the manuscript, and the remainder is available from the corresponding author upon 
request.
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