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Abstract The current advances of fluorescence microscopy
and new fluorescent probes make fluorescence resonance
energy transfer (FRET) a powerful technique for studying
protein-protein interactions inside living cells. It is very hard
to quantitatively analyze FRET efficiency using intensity-
based FRET imaging microscopy due to the presence of
autofluorescence and spectral crosstalks. In this study, we for
the first time developed a novel photobleaching-based
method to quantitatively detect FRET efficiency (Pb-FRET)
by selectively photobleaching acceptor. The Pb-FRET meth-
od requires two fluorescence detection channels: a donor
channel (CH;) to selectively detect the fluorescence from
donor, and a FRET channel (CH,) which normally includes
the fluorescence from both acceptor and donor due to
emission spectral crosstalk. We used the Pb-FRET method
to quantitatively measure the FRET efficiency of SCAT3, a
caspase-3 indicator based on FRET, inside single living
cells stably expressing SCAT3 during STS-induced apo-
ptosis. At 0, 6 and 12 h after STS treatment, the FRET
efficiency of SCAT3 obtained by Pb-FRET inside living
cells was verified by two-photon excitation (TPE) fluores-
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cence lifetime imaging microscopy (FLIM). The temporal
resolution of Pb-FRET method is in second time-scale for
ROI photobleaching, even in microsecond time-scale for
spot photobleaching. Our results demonstrate that the Pb-
FRET method is independent of photobleaching degree,
and is very useful for quantitatively monitoring protein-
protein interactions inside single living cell.
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Introduction

Laser scanning confocal fluorescence microscope (LSCFM)
has gained major attraction not only due to their superior
sensitivity to environmental properties and its multidimen-
sionality, i.e., its ability to provide various simultaneous
readouts (e.g., intensity, anisotropy, spectral characteristics),
but also due to their ever-growing range of measurement
techniques [1]. There is now widespread interest in the
ability to detect protein—protein interactions in living cells
using fluorescence resonance energy transfer (FRET)
technology. FRET was first described by Forster [2] and
has become increasingly important for modern cell biology
due to the ability of FRET to measure the distance between
molecules on a scale of a few nanometers that is far below
the resolution of modern optical far-field microscope [3].
FRET, as a dipole-dipole interaction between neighboring
molecules, derives the dependence of the energy transfer
efficiency E on the inverse sixth power of intermolecular
separation. FRET occurrence should lead to a decrease of
the fluorescence intensity of donor and an increase of the
fluorescence intensity of acceptor increases [3].
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Several FRET microscopy techniques, including sensi-
tized acceptor fluorescence, quenching of donor fluores-
cence, and donor fluorescence lifetime, have been developed
to monitor FRET efficiency [4—7]. For sensitized acceptor
fluorescence method, the net FRET signal must be
corrected against bleed-through of the fluorescence of
non-FRET donor, which requires multiple sets of images,
as well as reference samples that contain only one of donor
or acceptor fluorophore [8]. FRET efficiency can be also
accomplished by comparing the donor fluorescence inten-
sity in the cells transfected with both donor and acceptor
fluorescent proteins before and after depleting the acceptor
fluorescence by photobleaching [9]. If FRET is present,
the fluorescence intensity of donor should increase after
acceptor is photobleached [10]. However, it is difficult to
photobleach all of the acceptor molecules, and long-time
photobleaching may cause a serious damage to the living
cell [11]. Measurement of the fluorescence lifetime of
donor by fluorescence lifetime imaging microscope
(FLIM), which is very expensive and not widely available,
is an alternative method to quantitatively obtain FRET
efficiency, but both photobleaching and photoconversion
might contribute to the decrease of the fluorescence lifetime
of donor, which could invalidate FRET measurements [12].
Many correction algorithms have been proposed to quan-
titatively analyze FRET efficiency [13—15].

Apoptosis, one of the programmed cell death (PCD), is a
highly ordered form of cell suicide [16], and its biochem-
ical process is activated via two well-studied pathways:
death receptor-mediated pathway and mitochondria-
mediated pathway. Activation of casepase-3 is considered
to be the final step in many apoptosis pathways [17]. In an
attempt to detect the caspase-3 activation in living cells,
Miura et al. constructed SCAT3, a FRET probe that consists
of a donor (enhanced cyan fluorescent protein, ECFP) and
an acceptor (Venus, a mutant of yellow fluorescent protein)
[18]. The donor and the acceptor are linked with a caspase-
3 recognition and cleavage sequence (DEVD) [18-20]. The
activated caspase-3 cleaves the linker DEVD, and then
induces a marked decrease in the FRET efficiency and a
significant increase in the lifetime of ECFP. Currently,
monitoring the cleavage of SCAT3 is mostly based on the
change of the fluorescence intensity ratio of Venus to ECFP
[18, 21, 22]. However, quantitative measurement of FRET
efficiency is hampered due to the emission and excitation
spectra crosstalks.

Staurosporine (STS), used as a positive control on
caspase-3 activation study [23-26], is known to be a
powerful inducer of apoptosis in variety of cell types. In
this study, we for the first time developed a novel
photobleaching-based method to quantitatively measure
FRET efficiency (Pb-FRET) by selectively photobleaching
acceptor. In contrast to the method of photobleaching
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acceptor [10], Pb-FRET is independent of the bleaching
degree,which make it quantitatively obtain FRET efficiency
at less bleaching degree. We used Pb-FRET to quantita-
tively analyze the caspase-3 activation induced by STS.
The FRET efficiency of SCTA3 after STS treatment
obtained by Pb-FRET method is consistent with the results
obtained by fluorescence lifetime imaging microscopy
(FLIM) [27, 28]. Our results demonstrate that the Pb-
FRET method is independent of the bleaching degree, and
is very useful to monitor protein-protein interactions inside
single living cell.

Materials and methods
Cell culture

Cells were cultured in DMEM supplemented with 15%
fetal calf serum (FCS) with 5% CO, at 37 °C in a hu-
midified incubator. Plasmid DNA of SCAT3 was provided
by Dr. Miura [18] (Kiwamu et al., 2003). The cells stably
expressing SCAT3 reporter were screened with 0.8 mg/ml
G418 [19, 20].

Cell viability assay

The cell viability after STS treatment was measured by
CCK-8 assay. Cells were plated in 96-well plates at 5x10°
cells per well and cultured in the medium with 1 pmol/L
STS. At the indicated time points, the cell numbers in five
wells were measured as the absorbance (450 nm) of
reduced WST-8. Absorbance was measured at 450 nm
using auto-microplate reader (infinite M200, Tecan, Aus-
tria). All experiments were performed in five wells on three
separate occasions (n=3).

Western blotting

The STS treated and untreated cells were lysed in a buffer
containing 50 mM Tris—HCI pH 8.0, 150 mM NaCl, 1%
Triton X-100, 1 mM NazVO,, 100 mM PMSF and 1 _
protease inhibitor cocktail set I (Calbiochem, La Jolla, CA).
The samples were separated by 10% SDS—polyacrylamide
gel electrophoresis and transferred onto PVDF membrane
(Roche, Mannheim, Germany). The resulting membrane
was blocked with 5% skim milk, incubated with a
designated primary antibody and the secondary antibody.
The signals were detected with an ODYSSEY lInfrared
Imaging System (LI-COR, Lincoln, NE). The following
antibodies were used for immunoblot: the rabbit poly-
clonal anti-caspase-3 (Cell signaling, Cat. No. 9746),
secondary anti-rabbit IgG-HRP (Rockland, Gilbertsville,
PA, USA).
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Spectral analysis of cells expressing SCAT3
after STS treatment

Cells stably expressing SCAT3 were cultured for 24 hours
in 96-well flat-bottomed microtiter plates at 5x 10° per well
in DMEM medium supplemented with 15% fetal calf
serum. The emission spectra of the SCAT3 was detected
0, 6, and 12 h after STS treatment by auto-microplate
reader (infinite M200, Tecan, Austria), respectively. The
excitation wavelength of SCAT3 was 398438 nm and the
emission fluorescence channel was 460—600 nm band-pass.

Two-photon excitation fluorescence lifetime imaging

Fluorescence lifetime of ECFP was measured by two-
photon excitation fluorescence lifetime imaging [29, 30].
The method was described in our previous work (Pan et al.,
2008). The FLIM data were processed using the SPC Image
software (Becker & Hickl GmbH, Germany). For FLIM-
FRET measurement, the fluorescence lifetime of the donor
alone (7p) as well as in the presence of the acceptor (7p,4)
are measured, and FRET efficiency can be obtained by
E=1-7 D A/ p.

Pb-FRET method

Both fluorescence imaging and acceptor photobleaching
were performed using the Laser Scanning Confocal
Microscope system (LSM510/ConfoCor2, Zeiss, Ger-
many). A band-pass fluorescence channel (CH;) was used
to selectively detect the fluorescence from donor, and a
long-pass fluorescence channel (CH,) was used to collect
the fluorescence normally from both donor and acceptor.
We set Cp_cy; as the ratio of fluorescence intensity
collected by the first channel (CH)) to the total fluorescence
intensity emitted by donor, and C,_cg> as the ratio of
fluorescence intensity collected by the second channel
(CH,) to the total fluorescence intensity emitted by
acceptor, and Cp_ > as the ratio of fluorescence intensity
collected by CH, to the total fluorescence intensity emitted
by donor. Therefore,

Cocm = | Fit (/I)SPd(l)dl/JxSPd(l)dl ()
A 0

Crocm = | Fi)sp.a)da) J s, (2)da 2)
3 0
0 o)

Co-cin = | Fis (/I)SPd(l)d/l/JO SP4(A)dA (3)

where Fil;(A) and Fil,(1) are the permeate coefficient
spectra of the filters used for the CH; and CH, channels,

respectively. and SP, (1) and SP, (A) are the normalized
emission spectra of donor and acceptor, respectively.

Here, we set the excitation laser intensity absorbed by
donor is /), and that absorbed by acceptor is RI,, the
coefficient R can be obtained by the ratio of absorbance
coefficients of acceptor to donor at the excitation wave-
length. We set that the FRET efficiency of FRET pair is E,
and Gp and G, are the gain coefficients for CH; and CH,
fluorescence detection channels, respectively (Fig. 1 [18]).

Before photobleaching acceptor, Ip, the fluorescence
intensity in CH; channel, accounts for the fluorescence
intensity from donor alone due to direct excitation and
FRET, thus

Ip =1v9p(1 — E)Cp_cu1Gp (4)

The fluorescence intensity 7, in CH, channel normally
includes three parts of fluorescence: FRET, the direct
excitation of acceptor and the donor emission bleed , so
1, can be expressed as

I = [Io¢pE¢4Ca_cir + RIo94Ca—cinr + Todp(1 — E)Cp_cia|Gy
(5)

All data were normalized to 100 in arbitrary unit at the
start point of bleaching, thus /5 and I, are equal at the start
point of bleaching as shown in Fig. 2d, therefore

1o¢p(1 — E)Cp-cm1Gp .

T06pEp,Cacrr + RIop,Cycrr + Todp(1 — E)Cp_cu2]G 4
(6)
The acceptor in the chosen region of cells expressing
FRET plasmid was selectively photobleached with the
maximum dose of photobleaching laser line. Selectively

Cleavage site

435nm 475nm

435nm X / \ /

d by aclivated caspase

SCAT3(DEVD)

ECFP SSSELSGDEVDGTSGSEF@

Fig. 1 Schematic representation of SCAT3 [18]. SCAT3 consists of a
donor (enhanced cyan fluorescent protein, ECFP) and an acceptor
(Venus, a mutant of yellow fluorescent protein). The linking sequence
contains a caspase-3 cleavage, DEVD. The activated caspase-3 should
cleave the linker and lead to a significant reduction of FRET efficiency
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Fig. 2 Fluorescence intensity in both donor (CH;) and FRET (CH2)
channels during selectively photobleaching acceptor. a Confocal
fluorescence images of ECFP and Venus. The acceptor (Venus) was
photobleached by the maxium 514-nm laser in the ROI pattern
corresponding to the circle area. The fluorescence intensity of ECFP
channel (CH,) increases during photobleaching Venus (CH;). b the
absorption spectra of ECFP and Venus. ¢ The emission spectra of
ECFP and Venus, and the spectra of filters used for Confocal

photobleaching acceptor leads to a decrease of the
fluorescence intensity in CH; and an increase of the
fluorescence intensity in CH,. After photobleaching accep-
tor, the decreased excitation laser directly to excite acceptor
is R41, and the decreased absorption of acceptor due to
FRET is 2lppE. We set the increased fluorescence intensity
in CH; channel as Al, , and the decreased fluorescence
intensity in CH, channel as 4/,, therefore

AI$pECp i Gp = Al (7)
(Al¢ppE@Cy—_crr + RAIY,Cy_crr — AlopECH_c12) Gy = Al 4

(3)
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fluorescence images, 470-500 nm band-pass for ECFP channel
(CH,), 530 nm long-pass for Venus channel (CH,). d The fluores-
cence intensity of ECFP and Venus channels before and during
acceptor photobleaching. The fluorescence intensity in CH; and CH,
at the start of bleaching was normalized to 100 in arbitrary unit. Al
was the increased intensity of donor. Al, was the decreased intensity
of acceptor at the end of bleaching

In this study, the FRET plasmid is SCAT3, and 458 nm
laser from an Argon ion laser is used for ECFP excitation.
Zeiss Plan-Neofluar 40 x oil immersion objective lens
(NA=1.45) is used. Images are acquired through ECFP
(CH,) and Venus (CH,) filter channels, respectively. The
emission fluorescence channels are 470-500 nm band-pass
for donor ECFP (CH;), 530 nm long-pass (CH,) for the
acceptor Venus. The acceptor (Venus) in the chosen region
inside the living cells stably expressing SCAT3 is selec-
tively bleached with the maximum of 514 nm laser line.
Figure 2a shows the images obtained by ROI (region of
interesting) mode in LSCM during photobleaching. Figure 2b
shows the absorption spectra of ECFP and Venus. As the
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absorbance coefficients of ECFP at 434 nm and Venus at
515 nm are 32500 M 'cm ' [31] and 92200 M 'cm ',
respectively [32], the absorbance coefficients of ECFP and
Venus at 458 nm are 27500 M 'cm™' and 8125 M 'em™!
can be obtained from the absorption spectra, and the
coefficient R is 0.29. Figure 2c shows the emission spectra
of ECFP and Venus, and the filter spectra of CH; and CH,.
The fluorescence intensities of ECFP and Venus channels
before and during photobleaching acceptor are shown in
Fig. 2d. The Fil;(1) and Fil,(1) for our system approximate
to 1, substituting the standard emission spectra data of ECFP
and Venus into Egs. (1), (2) and (3), we get

500 600
Cp-cm = SPd(/l)d/l/J SP;(A)dA = 0.44 (9)
470 430
600 600
Cycm = SPa(/l)dl/J SP,(1)dA = 0.67 (10)
J 530 500
600 600
Cp_cp = SP,(A)dA/ [ SP,(A)dA =0.18 (11)
530 J 430

The quantum yields of ECFP and Venus are ¢, = 0.40
[31] and @4 = 0.57 [32]. Substituting Egs. (9), (10), (11)
and R, ¢p, ¢, into Egs. (6), (7) and (8), and we can get

E2(0.08A1; + 0.08AIp) + E(0.18AI, + 0.03AI) = 0.11AI,

(12)
From Eq.12, the FRET efficiency F is:

—(18AL, + 3AI) + \/(ISAIA + 3AIp)? + 352AI (A1, + Alp)

When E is less than 0.3, EY/E <0.3, 4I, is normally
much bigger than 4/ . In this case, the FRET efficiency £
can be simply obtained by

11AIp

- g 14
18A14 + 3AIp (14)

If we get 4[p and 21, by photobleaching acceptor, the
FRET efficiency can be quickly obtained by Eq.13 or 14.

Statistical analysis

Results are expressed as mean + standard deviation (SD).
Student’s #-test is used to compare the mean differences
between samples using the statistical software SPSS version
10.0 (SPSS, Chicago). Throughout this work, it is consid-
ered to be statistically significant when P value is less than
0.05.

Results

Inhibition of cell viability and activation of caspase-3
by STS

The effect of STS on the cell viability was assessed using
CCK-8. Cells were treated with 1 pumol/L of STS for 0, 6 or
12 h, respectively. Figure 3a showed that the cell viability
decreased with increasing time of STS treatment. The
OD s values of cells under STS treatment for 0, 6, 12 h
were 2.14+0.02, 1.66+0.07, 0.84+0.05 (n=4), respective-
ly. These results demonstrated that STS inhibited the cell
viability in a time-dependent manner. To verify whether
caspase-3 was involved in STS induced-cell death, western
blot assay was performed (Fig. 3b), and demonstrated that

16(AL, + Alp) STS induced caspase-3 activation in a time-dependent
(13)  manner.
8 o5, b c
' 150 .
Control 6h 12h 3 ) —
20 L R e ——" Pro-Caspase-3 E P &ﬂ%m + o6h
815 g 100 e D Ooot* +12h
Dv ' £ P ++++ QD."
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0 10 8 | %,
o 50¢F ‘«._“ ]
05 § "N“H
= >
00+ e 9 - ; ; -
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Fig. 3 Inhibition of STS on cell viability in ASTC-a-1cells. The cells
were treated by 1 pmol/L STS for 0, 6, or 12 h. The cell viability was
measured by the cell counting kit method (CCK-8). * denotes P<0.05.
Data were analyzed with the SPSS10.0 software. b The Western blot
assay signals were detected by an ODYSSEY1 Infrared Imaging
System. Cell used for Western blot assay were treated with STS for 0,

6 or 12 h. ¢ The emission spectra of SCAT3 inside living cells
obtained by auto-microplate reader after cell were treated by STS for
0, 6, or 12 h after STS, respectively. The excitation wavelength for
SCAT3 was 409-427 nm and the emission fluorescence channel was
454-600 nm band-pass
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The emission spectra of the SCAT3 were acquired at 0,
6, or 12 h after STS treatment using auto-microplate reader
(infinite M200, Tecan, Austria) as in our previous study
[28]. The excitation wavelength for SCAT3 was 398—
438 nm while its emission fluorescence was detected by a
460-600 nm band-pass filter. As shown in Fig. 3¢, bimodal
emission peaks at 480 and 526 nm were observed inside
living healthy cells expressing SCAT3 before the cells were
treated with STS. The strong peak at 526 nm of Venus was
due to the FRET between ECFP and Venus. The peak at
526 nm gradually decreased after STS treatment, and
completely disappeared at 12 h after STS treatment, while
the peak of 476 nm increased to the maximum, implying
that STS activated caspase-3, which in turn cleaved SCAT3,
and leading to the loss of the FRET efficiency of SCAT3.

Pb-FRET method is independent of bleaching degree

To analyze the influence of bleaching degree on the FRET
efficiency obtained by Pb-FRET, the Venus of SCAT3 in
different ROIs inside living cells expressing stably SCAT3
was photobleached for various photobleaching times. The
ratio of Al,/100 was used to define the bleaching degree.
The fluorescence intensities at various bleaching degrees of
30%,40%,50% and 60% were shown in Fig. 4a—d, and the
FRET efficiencies of SCAT3 inside living cells have no
noticeable change under different photobleaching degrees
(Fig. 4e,). These results showed that Pb-FRET method is
independent of bleaching degree. Thus we can conveniently
obtain the FRET efficiency at less bleaching degree by a
short bleaching, which has little damage to the living.

Fig. 4 The fluorescence inten- a b
sity in CH; and CH, under O— Donor 130+ —o— Donor
varying bleaching degree with 5 1201 *— Acceptor S5 120 ] —*— Acceptor
30%(a), 40%(b), 50 %(c), and « 110 € 0.
60%(d). (e) The FRET efficien- 2 1001 % 100 Bleaching,,,,=40%
cy obtained by Pb-FRET g 90 A S 0]
corresponding to (a)—(d). The £ 801 < ]
results have no noticeable dif- 8 70 8 80
ference at different photo- § 60 s 01 Nl
bleaching degrees for the cells @ ] 3 607
: o 50 © 501
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normal condition 2 £ 401
30 +——r———r———r—r——r———— 30 . . . , ;
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Time (s) Time (s)
C
N —O— Donor i 150 o— Donor
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Fig. 5 Quantitative Pb-FRET
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Monitoring dynamic of the FRET efficiency of SCAT3
in single living cells by Pb-FRET method
during STS-induced apoptosis

Photobleaching Venus, the acceptor of SCAT3, was per-
formed inside living cells stably expressing SCAT3 at 0, 6,
or 12 h after STS treatment (Fig. 5a). We found that the
fluorescence intensity in CH; channel increased to about
120 (in arbitrary unit), while the fluorescence intensity in
CH, channel decreased to about 65 (in arbitrary unit),
implying that there were noticeable FRET between ECFP
and Venus of SCAT3 in the control living cells. At 6 and
12 h after STS treatment, the fluorescence intensity in CH,
channel increased to about 115 (Fig. 5b) and 105 (Fig. 5¢)
(in arbitrary unit), but that in CH, channel decreased to
about 63 (Fig. 5b) and 70 (Fig. 5c¢) (in arbitrary unit) after
photobleaching acceptor. The increase of fluorescence
intensity in ECFP channel (CH;) was not noticeable after
Venus was bleached (Fig. 5¢) compare with that in Fig. 5a,
implying that STS activated caspase-3, which in turn
cleaved SCAT3. Our quantitative analysis of the SCAT3
FRET efficiency in living cells by Pb-FRET method was
shown in Table 1, the FRET efficiency was about 25.5% in
control healthy living cells, and it decreased to about 16.7%
and 4.5% at 6 and 12 h after STS treatment, implying that
STS induced time-dependent caspase-3 activation.

FLIM was used to further validate the Pb-FRET method.
In the cells expressing ECFP alone, the mean fluorescence
lifetime of ECFP over the whole cell was 2.45 ns, which
was consistent with previous results [27, 28]. In compari-
son, the mean fluorescence lifetime of ECFP in the cells
stably expressing SCAT3 was 1.85 ns (control). The
lifetime of ECFP, the donor of SCATS3, increased from
1.85 ns to 2.05 ns or 2.33 ns at 6 h or 12 h after STS
treatment, respectively. The corresponding FRET efficiency
decreased from 24.4% (control) to 15.3% (6 h) or 3.7%
(12 h), respectively. The fluorescence lifetimes of ECFP
from 40-50 different cells in at least three independent
experiments were listed in Table 1. The FRET efficiency
obtained by FLIM method was in good agreement with that
obtained by Pb-FRET method, and the correlation coeffi-

Table 1 FRET efficiency of SCAT3 obtained by Pb-FRET and FLIM
after STS treatment

STS Treatment Pb-FRET FLIM FRET

Time (h) Efficiency (%) Efticiency (%)
0 25.5+1.7 24.4+0.9
6 16.7+2.1 15.3+0.7
12 4.5£1.0 3.7+0.6
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cient between the Pb-FRET method and FLIM FRET
efficiency was 0.991 (Fig. 5d).

Discussions and conclusions

When and where proteins associate with each other in
living cells are essential questions in many biological
processes. Real-time quantitative analysis of FRET micros-
copy techniques has recently become extremely important
for monitoring the dynamics of protein-protein interactions
in living cells. However, excitation and emission spectral
crosstalks make it very difficult to quantitatively analyze
FRET efficiency in living cells. Although the Pb-FRET
method eliminates the excitation spectral crosstalks and the
emission spectral bleed of donor into the FRET channel
(CH,), it has two requirements: the first detection channel
(CH,) selectively collects fluorescence only from donor,
and photobleaching laser can selectively photobleach
acceptor. Fortunately, the two requirements of Pb-FRET
method can be easily performed on current confocal laser
scanning fluorescence microscope (CLSFM) for most of the
FRET pairs based on green fluorescent proteins (GFPs),
such as ECFP-EYFP, ECFP-Venus, ECFP-EGFP, ECFP-
RFP, EGFP-RFP, and Venus-RFP.

The emission crosstalk can be linearly corrected for
measuring FRET efficiency. In this study, we introduced the
coefficient Cp_cpyy, Cy—crr and Cp_cpor to correct the
artifacts due to crosstalks in acceptor fluorescence channel,
and developed a novel algorithm for selectively photo-
bleaching acceptor that accounts for FRET activity. For this
method, what we concerned about was the fluorescence
intensities of donor and acceptor at the acceptor bleaching
start and end points. Therefore the fluorescence recovery
after photobleaching (FRAP) would have no influence on
the FRET efficiency detection. Equation 4 used the initial
normalized intensity at the bleaching start point. Equations
(5) and (6) consider the decrease of fluorescence intensity
from acceptor, and the increase of fluorescence intensity
from donor at bleaching end point. Only the bleached
acceptors contribute to the intensity changes, and the
unbleached acceptors have no influence on the change of
fluorescence intensity in both CH; and CH, channels.
Therefore the Pb-FRET method is independent of the
bleaching degree. Due to these advantages, Pb-FRET
method can detect FRET efficiency at second time-scale,
and even at microsecond time-scale when combined with
spot photobleaching [33], which makes it convenient to
quantitatively monitor FRET efficiency in real-time inside
single living cells.

Two-photon excitation FLIM was used to validate Pb-
FRET method in this study. FLIM-FRET exploits the
decrease of donor lifetime due to FRET, so the significant
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advantage of FLIM-FRET is free to spectral detection
crosstalks and fluophor concentration. However, several
processes can contribute to the decrease in fluorescence
lifetime and invalidate FRET measurements. The first is
photobleaching, which should decrease the lifetime of
donor during measurement, resulting in over-estimated
FRET efficiencies. The second is photoconversion which
might erroneously contribute to FRET. Irradiation of donor
and acceptor might induce a photochemical reaction of
chromophore that yielded an isomer with a shorter
fluorescence lifetime. Pb-FRET is based on the selectively
photobleaching acceptors and the fluorescence intensity
data of donor and acceptor at the start and end points of
bleaching acceptor, thus Pb-FRET is not suffered from
photobleaching and photoconversion.

Traditional intensity-based FRET requires multiple sets
of images with varying excitation and detection conditions,
as well as with reference samples that contain only one of
the fluorophores [10, 11, 34, 35]. In this process, the
fluorescence intensity of donor in the absence (Ip) and
presence (Ip,) of acceptor should be measured, with the
FRET efficiency being £ = [-Ip,/Ip . In order to detect I ,
it is necessary to take very long time to photobleach all of
the acceptors, which may cause serious damage to living
cells. Therefore, although this photobleaching acceptor is
an alternative method avoiding these complex correction
schemes, it is not suitable for measuring FRET efficiency
inside living cells in real-time. Compared with those
intensity-based FRET methods, the data analysis of Pb-
FRET does not need to perform a large number of negative
controls and some very difficult corrections. Furthermore,
the temporal resolution of Pb-FRET method is in second
time-scale for ROI photobleaching, and even in microsec-
ond time-scale for spot photobleaching, so Pb-FRET
method may be used to quantitatively monitor the FRET
efficiency in real-time. More importantly, Pb-FRET method
is not influenced by FRAP. These advantages make Pb-
FRET method have great potential to quantitatively detect
protein-protein interactions in living cells.
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