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           Fluorescence (or Förster) resonance 
energy transfer (FRET) has been used 
as an important tool to study molecular 
interactions since its effi ciency is highly 
dependent on the distance between the 
two molecules as well as their relative orien-
tation. Recently, we developed an intermo-
lecular FRET-based binding assay for cAMP 
using cyan fl uorescent protein (CFP) fused 
to the cyclic-nucleotide binding domain 
of EPAC1 (EPAC1 CNBD -CFP) as donor and 
fl uorescein-labeled cAMP (8-(2-[Fluores-
ceinyl]aminoethylthio)  adenosine-3′,5′-
cyclic monophosphate, 8-Fluo-cAMP) 
 (Supplementary Figure 1)  as acceptor  [1] . 
This FRET-based binding assay is 

more sensitive than other fl uorescence-
based methods such as fluorescence 
anisotropy  [2]  or fl uorescence enhancement 
using the environment-sensitive fl uorophore 
8-(2-[7-Nitro-4-benzofurazanyl]amino-
ethylthio)  adenosine-3′,5′-cyclic monophos-
phate (8-NBD-cAMP)  [3] . The high sensitivity 
of the FRET-based binding assay is due to 
the direct measurement of the fl uorescence 
intensity of the bright donor (or the acceptor) 
being employed  [1] . 

 Despite its usefulness, this method 
suffers from cross-excitation of the 
acceptor, a well-known problem of almost 
every available FRET pair   [4] . Namely, 
the excitation light of CFP (donor) signifi -

cantly excites 8-Fluo-cAMP indepen-
dently  of FRET. In consequence, a part 
of 8-Fluo-cAMP emission is produced by 
direct excitation not only mediated through 
FRET  [1] . Therefore, a simple fl uorescence 
spectrum of the mixture of EPAC1 CNBD -CFP 
and 8-Fluo-cAMP cannot tell us reliably if 
FRET occurs or not. To determine the 
degree of FRET between EPAC1 CNBD -CFP 
and 8-Fluo-cAMP, we measured the fl uores-
cence spectra in the absence and presence 
of excess amount of nonfl uorescent cAMP 
analog (8-(4-Chlorophenylthio) adenosine-
3′,5′-cyclic monophosphate [8-CPT-cAMP]) 
 (Supplementary Figure 1) , and determined 
the difference of the donor fl uorescence 
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    Fluorescence (or Förster) resonance energy transfer 
(FRET) is a straightforward and sensitive technique to 
evaluate molecular interactions. However, most of the 
popular FRET pairs suffer cross-excitation of the accep-
tor, which could lead to false positives. To overcome this 
problem, we selected a large Stokes shift (LSS) fl uoro-
phore as a FRET donor. As a successful example, we 
employed a new FRET pair mAmetrine (an LSS yellow 
fl uorescence protein)/DY-547 (a cyanine derivative) to 
substitute CFP/fl uorescein that we previously employed 
to study molecular interactions between cyclic nucleotide-
binding domains and cyclic nucleotides. The new FRET 
pair is practically free of cross-excitation of the acceptor. 
Namely, a change in the fl  uorescence spectral shape im-
plies evidence of FRET without other control experiments.     
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METHOD SUMMARY
 We report a new fluorescence (or Förster) resonance energy transfer (FRET) pair that is free of cross-excitation of the 
acceptor by using a large Stokes shift fluorescent protein as donor. We used this advantage to study molecular interactions 
and developed a straightforward and reliable assay, based on intermolecular FRET, to monitor the binding of cyclic nucleo-
tides to the protein domain CNBD  in vitro .                      
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intensities between the two conditions [1]. 
It is also possible to confirm FRET by photo-
bleaching of the acceptor with intensive 
illumination and subsequent fluores-
cence recovery of the donor [4], although 
it is difficult to determine precisely the 
degree of FRET with this method. When 
the quantum yield of the acceptor is high 
enough, there is a noninvasive method 
to evaluate the degree of FRET based 
on the cross-excitation of the acceptor, 
the so-called three-cube method  [5,6]. 
However, this method requires a relatively 
complicated procedure to quantify a relative 
FRET efficiency and a certain calibration 
to determine an absolute FRET efficiency. 
Another straightforward and noninvasive 
method to determine the FRET efficiency is 
to measure the lifetime of the donor fluoro-
phore [4]. However, this parameter cannot 
be obtained with a conventional spectro-
fluorometer.

In general, bright fluorophores have 
small Stokes-shift, namely a small difference 
between the excitation and emission peaks. 
Since an efficient FRET pair needs a large 
overlap between the emission spectrum 
of the donor and the excitation spectrum 
of the acceptor (J[λ]), cross-excitation of 
the acceptor upon the donor excitation is 
almost unavoidable. However, there are 
several large Stokes shift (LSS) fluorescent 
proteins (FP) with comparable brightness 
to EGFP: T-Sapphire, mAmetrine, LSSmO-
range, mBeRFP and mCyRFP1 [7–10]. In 
theory, the use of a LSS-FP as a FRET 
donor should reduce cross-excitation of 
the acceptor without sacrificing the FRET 
efficiency. In actuality, this property was 
confirmed with T-Sapphire/DsRed pair as 
an intramolecular FRET pair [7,11].

In this study, we used mAmetrine [8,12], 
an LSS yellow FP, as a FRET donor and 
demonstrated an example of practically null 
cross-excitation of the acceptor upon the 
intermolecular FRET measurements. We 
propose that substitution of a FRET donor 
by an LSS fluorophore should reduce this 
cross-talk excitation, which would allow 
us to perform robust intermolecular FRET 
assays to study molecular interactions.

Materials & methods
Materials
Plasmid encoding mAmetrine1.2 (pBAD-
mAmetrine1.2)  [12] was provided by Dr 
Robert Campbell (University of Alberta, 
Canada) through Addgene (plasmid 

#42171). We used mAmetrine1.2, since 
its photostability is about three-times 
improved compared with the original 
version of mAmetrine  [8]. We call 
mAmetrine1.2 just mAmetrine in this 
manuscript for simplicity. The plasmid, 
pRSETB-EPAC1CNBD-CFP, was previ-
ously prepared in our group  [1]. Cyclic 
AMP analogs 8-Fluo-cAMP, 8-(2-[DY-547]
aminoethylthio)  adenosine-3′,5′-cyclic 
monophosphate (8-[DY-547]-AET-cAMP), 
and 8-CPT-cAMP were acquired from 
BioLog Life Science Institute (Bremen, 
Germany) through Axxora LLC. Their 
chemical structure is depicted in Supple-
mentary Figure 1. Bacterial strains 
JM109(DE3) and BL21(DE3) were obtained 
from the National BioResource Project, 
and the Escherichia coli strain from the 
National Institute of Genetics (Mishima, 
Shizuoka). Restriction enzymes and ligase 
were purchased from Thermo Scien-
tific™ (Waltham, MA, USA); Vent® DNA 
Polymerase from New England Biolabs 
(Ipswich, MA, USA) and the Protease 
Inhibitor Cocktail Tablet, cOmplete™ from 
Roche (Basel, Switzerland).

Construction of EPAC1CNBD-
mAmetrine & EPAC1R279E-mAmetrine
A DNA fragment encoding mAmetrine was 
obtained by PCR using the following oligo-
nucleotides, 5′ CCC GGA TCC GAT GGT 
GAG CAA GGG CGA GGA G 3′ and 5′ GGA 
AGC TTA CTT GTA CAG CTC GTC CAT G 
3′. The product of the PCR was inserted 
into pRSETB-EPAC1CNBD-CFP [1] by substi-
tution of CFP by mAmetrine using BamHI 
and HindIII as cloning sites. As a negative 
control of our experiments, we prepared 
a mutant of EPAC1CNBD-mAmetrine that 
does not interact with cAMP (EPAC1R279E-
mAmetrine) by substituting the arginine 
at the position 279 of human EPAC1 for 
glutamic acid [1].

Recombinant proteins 
e xpression & purification
For bacterial expression, the E. coli 
BL21(DE3) strain was transformed with the 
plasmid of interest and one colony of the 
freshly transformed bacteria was used to 
inoculate 100 ml of LB supplemented with 
ampicillin. Overexpression was achieved 
by growing the cultures at 20°C for 3–4 
days without induction by IPTG [13]. Cells 
were harvested by centrifugation (2500 × g, 
20 min, 4°C) and the cell pellet was frozen 
at −80°C until further use.

To purify the recombinant proteins, the 
frozen pellet was re-suspended in 2 ml of 
solution A (300 mM NaCl, 10 mM Tris-HCl, 
pH 7.4). Protein was released by sonication 
in the presence of the protease inhibitor 
cOmplete cocktail; the lysate was then 
clarified by centrifuging at 20,000 × g for 
30 min at 4°C. Since the N terminus of 
the expected proteins has a hexahistidine 
tag, the soluble protein fraction was loaded 
into a 1 mL Ni-NTA Superflow (Qiagen) 
chromatography column. Weakly bound 
proteins were washed by solution A with 
50 mM imidazole and the recombinant 
proteins were eluted by solution A with 
250 mM imidazole. Protein concentra-
tions were determined by absorbance at 
maximum peak of each FPs: mAmetrine1.2 
(31,000 cm−1M−1 at 408 nm) [12] and CFP 
(32,500 cm−1M−1 at 434 nm) [1]. Except 
where otherwise clearly indicated, the 
protein concentration used in the exper-
iments was 50  nM; the aliquots were 
stored at 4°C prior to performing spectral 
 characterization or binding assay.

Fluorescence  spectra acquisition
Steady-state fluorescence excitation and 
emission spectra were recorded on an Olis 
upgraded Aminco SLM 8000 spectrofluo-
rometer (On-Line Systems Inc., GA, USA). 
All the samples were prepared in recording 
buffer (150 mM NaCl, 10 mM Tris-HCl, pH 
7.4) with a final volume of 2 ml in disposable 
plastic cuvettes (Sigma-Aldrich) at room 
temperature. Spectra were collected 
with a 1 nm bandwidth and a dwell-time 
of 0.3 s per wavelength. The excitation 
and emission spectra of EPAC1CNBD-
mAmetrine were obtained using a fixed 
emission wavelength at 525 nm and a fixed 
excitation wavelength at 408 nm, respec-
tively. Likewise, the fluorescence spectra 
of 8-[DY-547]-AET-cAMP were collected 
at 585 nm (for excitation) and 525 nm (for 
emission). The spectra showed represent 
the average of at least three measurements 
from three independent protein isolations 
or dye batch.

FRET-based binding assay
The emission spectrum of the samples 
comprising donor-only, acceptor-only, 
donor in presence of acceptor (D+Acceptor), 
and donor with acceptor in the presence of 
nonfluorescent competitor 8-CPT-cAMP 
(D+A+Comp) were collected as described 
in the previous paragraph but the excitation 
wavelength used was 408  nm for the 
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experiments with EPAC1CNBD-mAmetrine 
and 8-[DY-547]-AET-cAMP and 434 nm 
for EPAC1CNBD-CFP and 8-Fluo-cAMP. 
Different donor:acceptor ratios (1:2, 1:5, 1:10) 
were assessed using 50 nM of EPAC1CNBD-
mAmetrine and 100 nM of EPAC1CNBD-CFP. 
The concentration of the competitor was 
100-times higher than that of the acceptor. 
The FRET efficiency (E) was calculated 
as E = 1-FDA/FD; where FDA is the fluores-
cence intensity measured at donor’s peak 
wavelength of D+Acceptor and FD, the 
fluorescence intensity at donor’s peak 
wavelength in donor-only condition.

Determination of dissociation 
constant in equilibrium conditions
The dissociation constant (Kd) between 
EPAC1CNBD-mAmetrine and 8-[DY-547]-AET-
cAMP in equilibrium conditions was deter-
mined by measuring emission spectra of 
the mixture of EPAC1CNBD-mAmetrine and 
8-[DY-547]-AET-cAMP in fixed molar ration 
(1:2) in different concentrations as previ-
ously reported [1]. In order to reduce the 
volume of the sample, we performed this 
experiment with 200 μl of the solution using 
96-well plates (Greiner high and medium 
binding 96-well plates, black flat bottom, 
Sigma-Aldrich). As a highest concentration, 
10 μM of EPAC1CNBD-mAmetrine and 20 μM 
8-[DY-547]-AET-cAMP were prepared in 
solution B (solution A with 0.1% BSA), then 
this solution was serially diluted by solution 
B with dilution factor 3.16. The emission 
spectra of samples excited at 408 nm 
were determined with FS5 Spectrofluo-
rometer with SC-40 96 Micro-well Plate 
Reader Cassette (Edinburgh Instruments, 
Livingston, UK). Spectra measurements 

of low concentration of samples were 
repeated according to an increase in the 
noise, and the average of spectra were used 
for further analysis. The net fluorescence 
intensities were obtained by subtraction 
of those of solution B alone. The ratio of 
fluorescence intensities at 525 nm (the peak 
of mAmetrine1.2) and 563 nm (isoemissive 
point) was plotted as function of the concen-
tration of EPAC1CNBD-mAmetrine. The Kd 
value was determined by best fitting using 
the equation 1 as previously reported [1].

where x is the total concentration of 
EPAC1CNBD-mAmetrine and α and β are 
constants to allow the fitting. When x is close 
to 0 (no interaction), Equation 1 = β. When 
x is at infinity (the CNBD is 100% occupied 
with the cAMP analogue), Equation 
1 = α + β. In our experiments, fluorescence 
spectra were quite noisy at a low concen-
tration of x (below 10 nM), therefore β value 
was obtained using 100 nM of EPAC1CNBD-
mAmetrine in the presence of an excess of 
competitor (20 μM of 8-CPT-cAMP).

Determination of o verlap integral 
(J[λ]) & Förster distance (R0)
J(λ) was obtained using the following 
equation [14] (Equation 2):

where FD(λ) is the fluorescence intensity of 
the donor in any wavelength (λ) from 0 to ∞ 
and eA(λ) is the extinction coefficient of the 
acceptor at λ.

R0 was obtained using the following 
equation [14] (Equation 3):

where n is the refrective index, QD is the 
quantum yield of the donor, κ2 is the orien-
tation factor and 2/3 was employed in this 
study. J(λ) must be expressed with M−1cm3 
to use Equation 3.

Results & discussion
In the field of Cell Biology, LSS fluorophores 
have been used mainly to determine the 
localization of multiple molecules or to 
determine multiple biological parameters 
simultaneously using intramolecular FRET 
sensors [7–11]. mAmetrine is a bright LSS 
yellow fluorescence protein, which is 
efficiently excited by violet light (∼400 nm) 
and was reported to function well as a 
FRET donor for tdTomate [8,12]. On the 
other hand, 8-[DY-547]-AET-cAMP is a 
fluorescent analog of cAMP [15], which 
has high extinction coefficient (Table 1) 
with a similar excitation spectrum to that 
of tdTomate, which was used as the best 
acceptor of mAmetrine  [8]. Therefore, 
we chose mAmetrine and DY-547 as a 
new FRET pair to substitute CFP and 
fluorescein for FRET-based binding assay 
between the CNBD of human EPAC1 and 
a fluorescent analog of cAMP [1].

We prepared the CNBD of human 
EPAC1 fused with mAmetrine in the 

Table 1. Spectroscopic property of the FRET pairs.

  mAmetrine†/DY-547 [Ref.] CFP/Fluorescein [Ref.]

Max eD (cm−1M−1) 31,000 at 408 nm [12] 32,500 at 434 nm‡

QD 0.59 [12] 0.4 [20]§

Max eA (cm−1M−1) 150,000 in EtOH at 559 nm¶ 79,000 at pH 9 at 494 nm¶

QA 0.07 [17]# 0.79 [21]#

J(λ) (M−1cm3) 6.20 × 10−13†† 2.56 × 10−13††

R0 (nm) 6.4†† 5.2††

FI408/FImax (%)‡‡ 0.1†† 2.2††

FI434/FI494 (%) – 6.6††

†Data of mAmetrine1.2.
‡These values are based on personal communication to Dr Nagai and confirmed in our laboratory.
§The QD of CFP we used in this study (monomeric super enhanced CFP provided by Dr Nagai) is higher than ECFP, but the exact value is not known.
¶These values are from Technical Information about 8-[DY-547]-AET-cAMP or 8-Fluo-cAMP of BIOLOG Life Science Institute, respectively.
#These values are based on the free fluorophores, DY-547 and fluorescein, respectively. The exact QA values for 8-[DY-547]-AET-cAMP and 8-Fluo-cAMP are not known.
††This study.
‡‡FI408/FImax means a fraction of the fluorescence intensity excited at 408 nm divided with that excited at a peak wavelength. For 8-[DY-547]-AET-cAMP, fluorescence emission was deter-
mined at 585 nm and the excitation peak wavelength is 559 nm (FI408/FI559). For 8-Fluo-cAMP, fluorescence emission was determined at 525 nm and the peak excitation wavelength is 
494 nm (FI408/FI494).
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C  terminus (EPAC1CNBD-mAmetrine) as 
described in the Materials & methods. 
Figure 1 shows excitation and emission 
fluorescence spectra of EPAC1CNBD-
mAmetrine and 8-[DY-547]-AET-cAMP. 
The fusion of the CNBD to mAmetrine did 
not modify its fluorescence spectra. As 
shown in the figure, there is an extensive 
overlap of the emission spectrum of the 
donor (mAmetrine) and the excitation 

spectrum of the acceptor (DY-547), an 
essential requirement of FRET (high value 
of J[λ] in Table 1). On the other hand, most 
importantly, the shape of the excitation 
spectrum of 8-[DY-547]-AET-cAMP around 
the excitation light for the donor (408 nm) 
is flat (Figure 1 red dashed line and FI408/
FImax of 0.1% in Table 1), which suggests 
cross-excitation of the acceptor is negli-
gible during the FRET-based binding assay. 

As the next step, we performed the 
FRET-based binding assay using the 
new FRET pair, EPAC1CNBD-mAmetrine 
and 8-[DY-547]-AET-cAMP (Figure 2). We 
performed these assays with a fixed donor 
concentration (50 nM) and three different 
acceptor concentrations (donor:acceptor 
ratios of 1:2, 1:5 and 1:10). As expected, 
the fluorescence intensity of the donor 
(mAmetrine) was diminished by the addition 
of the acceptor, 8-[DY-547]-AET-cAMP, 
and this reduction became more evident 
with the increasing acceptor concentra-
tions. On the other hand, the increase in 
fluorescence intensity of the acceptor is 
small even in high concentrations (1:10 
ratio). This is due to the low quantum yield 
of DY547 [16,17] (Table 1), which is a matter 
to be improved in the future. In addition, 
we performed the same experiments in the 
presence of competitor to prevent FRET and 
observed that the fluorescence spectra in all 
conditions were apparently identical to the 
spectrum of the donor alone. The calcu-
lated FRET efficiencies were 0.31 ± 0.04, 
0.47 ± 0.06 and 0.55 ± 0.04 (mean ± S.D.) 
for donor:acceptor ratios of 1:2, 1:5 and 
1:10, respectively. The FRET observed in 
this experiment is dependent on the specific 
interaction between the CNBD and cAMP 
since we did not observe any FRET signal 
using a mutant of the CNBD with arginine to 
glutamic acid substitution at the phosphate 
binding cassette (EPAC1R279E-mAmetrine) 
(Figure 3), as previously reported [1].  

Figure 1. Fluorescence spectra of the new fluorescence resonance energy transfer pair. Normalized 
fluorescence excitation (dashed line) and emission (solid line) spectra are shown. EPAC1CNBD-mAmetrine 
(mAmetrine in black) and 8-[DY-547]-cAMP (DY-547 in red). The excitation spectra of mAmetrine and 
DY-547 were determined using a fixed emission wavelength at 525 nm and 585 nm, respectively. For 
the emission spectra, mAmetrine and DY-547 were excited at fixed wavelength, 408 nm and 525 nm, 
respectively. In light gray is shown the excitation light (408 nm) used in the subsequent assays. Spectral 
overlap between mAmetrine excitation and DY-547 emission is indicated by red color.

Figure 2. Fluorescence resonance energy transfer (FRET)-based binding assay using the new FRET pair in distinct donor:acceptor ratios. In each panel, black 
line shows fluorescence of EPAC1CNBD-mAmetrine alone (donor), red line corresponds to EPAC1CNBD-mAmetrine with 8-[DY-547]-cAMP (D + acceptor) and 
blue line indicates the presence of the competitor (D+A+Comp). Panels (A, B & C) show the binding assay with different donor:acceptor ratios (D:A ratios); 
1:2, 1:5 and 1:10, respectively. The excitation light used in these assays was 408 nm. Error bars represent the standard deviations. All spectra are the mean 
of at least three experiments.

A B C

A B C
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In order to compare fluorescence 
spectra between the new and the previous 
FRET pairs, we performed a similar exper-
iment with EPAC1CNBD-CFP and 8-Fluo-
cAMP. The fluorescence of the donor 
(CFP) efficiently decreased by addition of 
the acceptor (8-Fluo-cAMP) in the absence 
of the competitor, whereas its fluorescence 
was almost constant in the presence of 
the competitor (Figure 4). Conversely, the 

fluorescence of the acceptor (fluorescein) 
increased depending on its concentration 
regardless of the presence or absence 
of the competitor (Figure 4). Namely, 
the acceptor was directly excited by the 
excitation light used for the donor (cross-
excitation of the acceptor), not only by FRET 
as previously shown [1]. Figure 5 shows 
normalized and superimposed spectra 
of the two FRET pairs in the presence of 

the competitor (practically without FRET). 
As expected, the shape of the fluores-
cence spectra of the CFP/fluorescein pair 
varies depending on the donor:acceptor 
ratio (Figure 5A). By contrast, the shape 
of the fluorescence spectra of mAmetrine/
DY-547 pair is constant independently of 
donor:acceptor ratio (Figure 5B). Therefore, 
we can rapidly and easily estimate the 
occurrence of FRET (molecular interaction) 
between the EPAC1CNBD and cAMP analog 
using the new FRET pair (mAmetrine/
DY-547) compared with previous FRET 
pair (CFP/fluorescein) [1].  

In our previous report, we observed 
that 8-Fluo-cAMP has much higher affinity 
(6 nM) to the isolated CNBD of EPAC1 [1] 
than intact cAMP (4 μM) [18]. To determine 
the affinity of 8-[DY-547]-AET-cAMP to the 
CNBD, we performed the binding assays 
using a fixed ratio of EPACCNBD-mAmetrine 
and 8-[DY-547]-AET-cAMP (1:2) but with 
varied concentrations by serial dilution as 
previously established [1]. As shown in Figure 
6A, the shapes of fluorescence emission 
spectra as well as absolute fluorescence 
intensities vary depending on the absolute 
concentration of EPACCNBD-mAmetrine. 
The normalized fluorescence spectra at 
the isoemissive point (563 nm) clearly show 
the changes of spectral shapes (Figure 6B), 
which directly indicate the changes of the 
FRET degrees and namely the changes 
of the binding status (Figure 6C). The 

Figure 3. Binding assay with a nonfunctional CNBD. Fluorescence resonance energy transfer-based 
binding assay was performed with EPAC1R279E-mAmetrine. Black line indicates 50 nM of EPAC1R279E-
mAmetrine alone (EPAC1R279E) and red dashed line indicates 50 nM of EPAC1R279E-mAmetrine with 
100 nM of 8-[DY-547]-cAMP (D + Acceptor). No spectral change in EPAC1R279E-mAmetrine was ob-
served in the absence or the presence of 8-[DY-547]-cAMP. The excitation light used in these assays 
was 408 nm. All spectra are the mean of at least three experiments.

Figure 4. Fluorescence resonance energy transfer-based binding assay using CFP/Fluorescein pair in distinct donor:acceptor ratios. In each panel, black 
line shows the fluorescence of EPAC1CNBD-CFP alone, red line corresponds to EPAC1CNBD-CFP plus 8-Fluo-cAMP (D+8-Fluo-cAMP) and blue line indicates 
the presence the competitor (D+A+Comp). Panels (A, B & C) show the binding assay with different donor:acceptor ratios: 1:2, 1:5 and 1:10, respectively. 
In each condition, 100 nM of the donor was used and the concentration of the competitor (8-CPT-cAMP) was 100 times-higher than that of acceptor (not 
enough to compete 100%). The excitation light used in these assays was 434 nm. Error bars represent the standard deviations. All spectra are the mean of 
at least three experiments.

A B C
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calculated Kd value between EPACCNBD-
mAmetrine and 8-[DY-547]-AET-cAMP is 
713 ± 146 nM. This value is much larger than 
that obtained for 8-Fluo-cAMP (6 nM) [1], 
but still lower than intact cAMP and similar 
to those of other cAMP with some modifi-
cation at the position 8 such as 8-CPT-
cAMP (250 nM) [1]. The maximum FRET 
efficiency between EPACCNBD-mAmetrine 
and 8-[DY-547]-AET-cAMP is approxi-
mately 75%. This value is smaller than the 
previous FRET pair CFP/Fluorescein (>80 %) 
although the calculated Förster distance of 
mAmetrine/DY-547 pair is larger than that of 
CFP/fluorescein (Table 1). This discrepancy 
could be partially explained by the difference 
of donor quantum yield (QD) between the 

ECFP (0.37) and the CFP we used (Table 1). 
Alternative reasons such as an orientation 
factor (it may be κ2 ≠ 2/3) in each condition 
may also account for the difference besides 
the difference of QD. 

We tried to determine lifetime of the 
donor fluorescence to corroborate the 
FRET efficiency of mAmetrine/DY-547 pair. 
However, we obtained longer lifetimes than 
those expected since the band-pass filters 
we used in our set-up were not appropriate 
(data not shown). In other words, we failed 
to determine the exact lifetime of the donor 
fluorescence owing to the bleed-through 
emission of the acceptor. In this sense, our 
new FRET pair is good at avoiding cross-
excitation of the acceptor, but it does not 

prevent the cross-talk of the fluorescence 
emission between the donor and the 
acceptor. Taking this limitation into account, 
FRET using two LSS fluorophores for both 
donor and acceptor [19] would be an ideal 
combination with more robust determi-
nation of FRET efficiency particularly when 
we use a band-pass filter to detect the 
donor fluorescence intensity instead of a 
monochromator.

In conclusion, mAmetrine and DY-547 
work well to perform an intermolecular 
FRET assay because the excitation light 
used for mAmetrine (approximately 400 nm) 
does not directly excite DY-547; namely, 
there is practically no cross-excitation of 
the acceptor (Table 1). Considering this 
experimental advantage, the new FRET 
pair, mAmetrine/DY-547, might be useful to 
study other types of molecular interactions, 
such as receptor–ligand and antibody–
antigen interactions. In principle, use of 
any LSS–FPs as FRET donors should 
reduce the cross-excitation of the acceptor 
in most of the FRET pairs currently used. 
Therefore, we should consider substituting 
a normal FP by a LSS-FP as a FRET donor 
to perform any intermolecular FRET experi-
ments.
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