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Fluorescence resonance energy transfer (FRET) technology had been widely used to study pro-
tein—protein interactions in living cells. In this study, we developed a ROI-PbFRET method to
real-time quantitate the FRET efficiency of FRET construct in living cells by combining the
region of interest (ROI) function of confocal microscope and partial acceptor photobleaching. We
validated the ROI-PbFRET method using GFPs-based FRET constructs including 18AA and
SCAT3, and used it to quantitatively monitor the dynamics of caspase-3 activation in single live
cells stably expressing SCAT3 during staurosporine (STS)-induced apoptosis. Our results for the
first demonstrate that ROI-PbFRET method is a powerful potential tool for detecting the

dynamics of molecular interactions in live cells.

Keywords: Fluorescence resonance energy transfer (FRET); partial acceptor photobleaching;

caspase-3; living cells.

1. Introduction

Fluorescence resonance energy transfer (FRET) has
become a powerful tool to determine the distances
between donor and acceptor fluorophores and mol-
ecular conformation variations.! Because of its
potency, FRET is increasingly used to visualize and

fCorresponding author.

quantify the dynamics of protein—protein inter-
action in living cells, with high spatio-temporal res-
olution.? Several FRET methods, including emission
ratio method® and sensitized emission-based
method,*® have been proposed to monitor the
dynamics of protein—protein interaction in live cells.
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Emission ratio method is a semi-quantitative
method for the evaluation of changes in FRET effi-
ciency (FE). Sensitized emission-based method is
subject to variability because of their strong depen-
dence on external controls for the calibration of
FRET efficiency, which introduce a high level of
instability to the measure. Most importantly, most
of the published correction schemes of sensitized
emission-based methods have been implemented on
wide-field fluorescence microscope, and the correc-
tion is distinctly more complex for confocal images
because the sensitivities of the detection channels are
varied independently.® On wide-field imaging setups,
it suffices to calibrate the setup just once for a given
set of filters and fluorophores, and then use it for
weeks or months without bothering about it. In
contrast, calibrations must be made every time even
if identical filter and pinhole settings were used from
experiment-to-experiment for confocal FRET ima-
ging. In addition, sensitized emission-based method
complicates the experimental design because it
requires user to establish co-cultures with donor- and
acceptor-expressing cell lines.

The most easily implemented quantitative FRET
method is acceptor photobleaching as it does not
rely on external references.” There are complete
acceptor photobleaching method and partial
acceptor photobleaching method. Complete accep-
tor photobleaching prevents repeated measure-
ments on the same cell® and then it is unsuitable for
the dynamics measurement in single live cells. Elder
et al.” reported a partial acceptor photobleaching
FRET method, here named Pa-FRET, by measur-
ing the bleached degree at the acceptor excitation
wavelength and donor intensities change at the
donor excitation wavelength before and after pho-
tobleaching. Our group recently developed another
partial acceptor photobleaching FRET method,
named Pb-FRET, to quantitatively monitor the
FRET efficiency by simultaneously measuring the
fluorescence intensities in both donor and acceptor
detection channels before and after partial acceptor
photobleaching only at donor excitation wave-
length.'? Partial acceptor photobleaching FRET
method largely reduces the photodamage to live
cells and is not affected by diffusion during photo-
bleaching. Most importantly, partial acceptor pho-
tobleaching FRET method is independent of the
degree of photobleaching.

Fluorescence confocal microscopy, combined with
the availability of genetically encoded fluorescent

proteins, has become a powerful technique for
studying molecular interactions inside living cells
with improved spatial and temporal resolution,
distance range, and sensitivity and a broader range
of biological applications.!! The region of interest
(ROI) function of fluorescence confocal microscopy
combined with partial acceptor photobleaching
FRET technique, named ROI-PbFRET, which
provide a powerful imaging technique for exploring
the molecular interactions in living cells.

The activation of caspase-3 is a central event in
the process of apoptosis.'? To examine the caspase-3
activation by real-time imaging analysis, a FRET
plasmid (SCAT3) was constructed, which is com-
posed of ECFP as the FRET donor and Venus as
the FRET acceptor, linked by peptides containing
the caspase-3 cleavage sequence, DEVD.'® The
activated caspase-3 cleaves the linker DEVD, and
then induces a marked decrease in the FRET effi-
ciency. We recently used emission ratio imaging to
qualitatively monitor the dynamics of caspase-3
activation in living cells during anticancer drugs-
induced apoptosis.'*

To quantitatively monitor the protein dynamic
interaction, we here set up a ROI-PbFRET plat-
form. We validated ROI-PbFRET method by using
18AA construct. We used ROI-PbFRET method
to monitor the dynamic activation of casapse-3 in
live human lung adenocarcinoma (ASTC-a-1) cells
during taurosporine (STS)-induced apoptosis.

2. Materials and Methods

2.1. Materials

Turbofect™ in wvitro transfection reagent was
purchased from Fermentas (USA). Plasmid DNA
of 18AA was kindly supplied by Prof. Kaminski.’
This construct contains donor (ECFP) and accep-
tor (enhanced cyan fluorescent protein, EYFP) as
well as a linking sequence coding with a short
18AA (amino acid) long polypeptide (GLRSRA-
QASNS AVEGSAM) between donor and acceptor.
Plasmid DNA of SCAT3 was kindly provided by
Dr. Miura.'® SCAT3 consists of a donor (enhanced
cyan fluorescent protein, ECFP) and an acceptor
(Venus, a mutant of yellow fluorescent protein).
The donor and the acceptor are linked with a
caspase-3 recognition and cleavage sequence
(DEVD).U’B’M
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2.2,

ASTC-a-1 cells were obtained from the Department
of Medicine, Jinan University (Guangzhou, China),
and cultured in DMEM (GIBCO) supplemented
with 10% fetal calf serum (Sijiging, Hangzhou,
China) in 5% CO, at 37°C in a humidified incu-
bator. For transfection, ASTC-a-1 cells were cul-
tured in DMEM supplemented with 10% serum at a
density of 4 x 10* cells/ml in 35-mm glass dish.
After 24h, when the cells reached 70—90% con-
fluence in DMEM containing 10% fetal calf serum at
37°C in 5% CO,, plasmids of 18AA, were trans-
fected into the cells by using Turbofect ™ in vitro
transfection reagent (Fermentas, USA) in 35-mm
dish for 24—48 h.

Cell culture and transfection

2.3. Two-photon excitation fluorescence
lifetime 1maging

Fluorescence lifetime measurements were performed
as described earlier.!” Two-photon excitation flu-
orescence imaging was performed using a Leica
TCS SP2 Confocal Laser Scanning Microscope
(Leica Microsystems Heidelberg GmbH, Mannheim,
Germany). The wavelength of the femtosecond laser
was tuned to 800 nm for the excitation of the donor
in the cells. Its lifetime was measured using a time-
correlate single photon counting (TCSPC) module
(SPC-150, Becker and Hickl GmbH, Germany). A
bandpass filter was placed in front of the MCP-
PMT for detecting fluorescence only from the
donor. The FLIM data were processed using the
SPCImage software by Becker and Hickl GmbH.
Decay curves are analyzed by three exponential fits
for 18A A,” while double exponential fits for SCAT3.
For FLIM-FRET measurement, the fluorescence
lifetime of the donor alone (7p) and also in the
presence of the acceptor (7p4) were measured.
FRET efficiency can be obtained by £ =1 — 24

TD'

2.4. Fitting emission spectral analysis

Spectral images for fitting emission spectral (FES)
analysis were acquired as described earlier.'® Briefly,
cells expressed 18 A A constructs, SCAT3 were cultured
in 96-well flat-bottomed microtiter plates at 5 x 10°
per well in PBS. The emission spectra of these plasmids
were acquired by auto-microplate reader, respectively.
The excitation wavelength of 18AA, (SCAT3) was
418 + 20 nm and the emission fluorescence was detec-
ted by a 470—600 nm bandpass filter.

2.5. FEzxcitation modes

In this study, we defined two excitation modes: D/A-
excitation mode and A /D-excitation mode. In the
case of D/A-excitation mode, signal from donor is
first recorded with the donor excitation, and then the
signal from acceptor is recorded with the acceptor
excitation; similarly, the A/D-excitation mode
means that signal from acceptor is first recorded with
the acceptor excitation, and then signal from donor is
recorded with the donor excitation.

2.6.

Both fluorescence imaging and acceptor photo-
bleaching are carried out on Laser Scanning Confocal
Microscope system with a 40 x NA 1.3 oil objective
(LSM510 Meta, Zeiss, Germany). Donor excitation
wavelength is 458 nm. Acceptor excitation wave-
length is 514 nm. The acceptor in the chosen region
inside the living cells is selectively bleached with the
maximum of 514nm laser line. For Pa-FRET
method, CH; channel is 475—496 nm, CH, channel is
507—529 nm. For Pb-FRET method, CH; channel is
475—496 nm, CH, channel is LP 560 nm. Both exci-
tation modes are used to measure the FRET effi-
ciency of the same sample and the mean FRET
efficiency obtained in both modes is considered to be
the actual FRET efficiency. Here, to minimize the
effect of photobleaching due to 514 nm excitation and
458 nm excitation before and after photobleaching,
the laser intensity used for image acquisition should
be as low as possible.

Microscope platforms

2.7. Statistical analysis

Results are expressed as mean &= SEM. Data were
analyzed by repeated-measures ANOVA with
parametric methods and LSD multiple comparison
using the statistical software SPSS 10.0 (SPSS,
Chicago). Throughout the work, P values less than
0.05 were considered to be statistically significant.

3. Results

3.1. FLIM analysis of the FRET
efficiency of 18AA

To verify ROI-PbFRET method, we first used FLIM

to measure the FRET efficiency of 18AA plasmid in

living cells. In our experiments, for the 18AA con-

structs, it was found that three exponential gave
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FLIM analysis of 18A A construct in living cells. (a) ECFP fluorescence lifetime decay curves obtained from single live cells

expressing ECFP only and 18A A respectively. (b) Histograms of the lifetimes of ECFP distribution for the whole cell expressing
18AA. Dashed lines mark the position of the peaks of the lifetime distribution curves. Inset: the corresponding spatial distribution of

the mean fluorescence lifetime. Bars: 20 pM.

the best fits. For the ECFP and SCAT3 constructs, it
was found that double exponential gave the best fits.
This is in good agreement with previous findings.'?
The fluorescence lifetime decay of ECFP emanating
from cells transfected with 18A A was faster than that
ECFP alone (Fig. 1(a)), indicating that the 18AA
was undergoing FRET. The fluorescent decay con-
stants (7) of 18AA was 1.494+0.036ns (n=17),
while ECFP was 2.42ns as reported in our previous
publication.!” Then the FRET efficiency of 18A A was
38.24+1.5% (Fig. 1(b)).

3.2. FES analysis of the FRET
efficiency of 18A A

Spectral imaging (FES) method was used to provide
a secondary transfer efficiency measurement for
comparison with the results of Pa-FRET and
Pb-FRET methods. FES analysis was performed as
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Fig. 2.

described previously.'” To obtain the FRET effi-
ciency, we need to measure the emission spectra of
donor and acceptor. The normalized emission
spectra of ECFP or EYFP measured by auto-
microplate reader were shown in Fig. 2(a). The
emission spectra of 18 AA in living cells acquired by
auto-microplate reader and the corresponding fit-
ting curve by FES method were shown in Fig. 2(b).
The FRET efficiency of 18AA obtained by FES
method was 35.7 +1.7%.

3.3. Validation of ROI-PbFRET
method using 18AA and SCAT3

We next used ROI-PbFRET and Pb-FRET method
to measure the FRET efficiency of 18AA in living
cells. The fluorescence images of cells expressing
18AA before and after partial acceptor photo-
bleaching in D/A-excitation mode (Left) and

18AA
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FES analysis of the FRET efficiency of 18A A plasmid in living cells. (a) Emission spectra of the ECFP only (black curve)

and EYFP only (gray curve). (b) Emission spectra of 18AA and the corresponding fitting curves under 398—438 excitation
wavelengths. The intensity of the spectra is normalized to one according to maximum value of the spectra.
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Fig. 3. The FRET efficiencies of 18AA and SCATS3 in living cells by Pa-FRET method. (a) The fluorescence image of cells
expressing 18A A from the CH; and CH, at D/A-excitation mode (Left) and A /D-excitation mode (Right) before (Upper panel) and
after (Lower panel) photobleaching. White circles indicate the bleached regions of interest. Scale bar: 5 ym. (b) The corresponding
intensities in the bleached regions of interest. (c) Statistical results of the FRET efficiency of 18AA in living ASTC-a-1 cells obtained
by FLIM, FES, Pb-FRET and Pa-FRET methods, respectively. *P < 0.05, compared with FLIM; #P < 0.05, compared with
spectral imaging method. (d) Statistical results of the FRET efficiency of SCAT3 in living ASTC-a-1 cells obtained by FLIM, FES,
Pb-FRET and Pa-FRET methods, respectively. *P < 0.05, compared with FLIM; #P < 0.05, compared with FES.

A /D-excitation mode (Right) were shown in
Fig. 3(a), and the corresponding changes of fluor-
escence intensity in both CH; and CH, were shown
in Fig. 3(b). The statistical result of the FRET effi-
ciency for 18AA from 41 cells in three independent

1250015-5

experiments was F = 39.1 + 1%, which was consist-
ent with those detected by FLIM, FES, and Pb-FRET
(38.2+1.2%, N = 15) methods, respectively. The
statistical result of the FRET efficiency for SCAT3
from 43 cells in three independent experiments by
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Fig. 4. Temporal profile of the FRET efficiency of SCAT3
(black line) and the degree of caspase-3 activation (gray line)
during STS-treated cells. The cells were exposed to 2 uM STS
(mean + SEM).

ROI-PbFRET method was E = 25.1 +0.6%, which
was consistent with those detected by FLIM,'” FES'’
and Pb-FRET methods,'® respectively (Fig. 3(d)).

3.4. Real-time dynamic analysis
of caspase-3 activation
in STS-treated cells

We used ROI-PbFRET method to measure the
dynamic activation of caspase-3 by real-time quan-
tiating the FRET efficiency of SCAT3 in living cells.
The FRET efficiency of the cells expressing SCAT3
after STS treatment and the corresponding degree of
caspase-3 activation at 0, 2, 4, 6 and 8 h were shown
in Fig. 4 (black line, N = 8). After treatment with
STS (2 uM, time = 0h), the FRET efficiency of the
SCATS3 in living cells remained unchanged for 2h
(25.77 £ 3.18% versus 26.48 £2.549%). The FRET
efficiency of SCAT3 decreased gradually, and
reached its minimum at 6 h after STS treatment. In a
control experiment, the FRET efficiency of SCAT3
and the corresponding activation degree of caspase-3
at 0, 2, 4, 6 and 8h were shown in Fig. 4 (gray
line, N = 9). From the graph, the FRET efficiency
of SCAT3-expressing cells remained unchanged
throughout the observation period, indicating that
the repeated photobleaching did not result in sig-
nificant changes in FRET efficiency during our time
course measurement.

4. Discussion

We here develop a ROI-PbFRET method for real-
time monitoring the dynamics of protein—protein
interaction in living cells, which oversteps the gab

that the acceptor photobleaching FRET methods
are unsuitable for dynamic study in live cells. In our
experiments, the degree of photodamage of a ROI
photobleaching is about 0.1% to the whole cell and
even less for spot photobleaching, making ROI-
PbFRET method more suitable for dynamic mea-
surement of molecular interaction.

ROI-PbFRET method can also be used to deter-
mine the key optical parameter which is necessary for
quantitative measurement of FRET efficiency using
sensitized emission-based method such as G fac-
tor.*” The G factor is the loss of donor signal due to
FRET with the donor filter set to the increase in
acceptor signal due to FRET with the filter set.* The
G factor is a constant for a given imaging system and
fluorophores. The previous methods used to measure
G factor require two reference specimens.?’ We can
determine the G factor by using the E value obtained
by ROI-PbFRET method.

Acceptor photobleaching method is considered to
be unsuitable for dynamic application because the
photobleaching process can destroy the cells ac-
tivity. In reality, the area of bleaching to the whole
cell was about 0.1%, and the bleaching time is very
short in our experiments. Thus, the photodamage of
once acceptor ROI photobleaching to the cell can be
ignored, making the ROI-PbFRET method become
a potential powerful technique for exploring the
molecular interaction in living cells.

Contrast to FLIM and spectral imaging method,
ROI-PbFRET method is insensitive to auto-
fluorescence and background. It is notable that
autofluorescence and background may also interfere
with precise measurement of fluorescence lifetime or
spectra.’’ ROI-PbFRET method only relies on the
ratio between the increased intensity of donor and
the decreased intensity of acceptor, avoiding the
disturbance of background signals and auto-
fluorescence. However, the complex photophysical
properties in living cells complicate the analysis of
FLIM.?? Careful and proper calibration of optical
setup and spectral signatures of all participating
fluorophores should be considered in spectral ima-
ging method due to high sensitivity to multiple
factors, such as considerable amounts of sampling
noise, background signals, autofluorescence, and so
on.?!?2 Therefore, ROI-PbFRET method improves
the reliability of the measurements in the presence
of autofluorescence and background in living cells.

In summary, we set up a ROI-PbFRET method
by combining the partial acceptor photobleaching
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and the ROI function of confocal microscopy, which
can be used to real-time quantitatively monitor the
molecular interactions in single live cells.
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