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Abstract 

We report a new technique to detect enzyme activity inside cells. The method based on 
Fluorescence Lifetime Imaging (FLIM) technology allows one to follow sensor cleavage by 
proteolytic enzyme caspase-3. Specifically, we use the FLIM FRET of living cells via the confocal 
fluorescence microscopy. A specially designed lentivector pLVT with the DNA fragment of 
TagRFP-23-KFP was applied for transduction of A549 cell lines. Computer simulations are 
carried out to estimate FRET efficiency and to analyze possible steric restrictions of the re-
action between the substrate TagRFP-23-KFP and caspase-3 dimer. Successful use of the fuse 
protein TagRFP-23-KFP to register the caspase-3 activation based on average life-time 
measurements is demonstrated. We show that the average life-time distribution is dramat-
ically changed for cells with the modified morphology that is typical for apoptosis. Namely, the 
short-lived component at 1.8-2.1 ns completely disappears and the long-lived component 
appears at 2.4-2.6 ns. The latter is a fingerprint of the TagRFP molecule released after cleavage 
of the TagRFP-23-KFP complex by caspase-3. Analysis of life-time distributions for population 
of cells allows us to discriminate apoptotic and surviving cells within single frame and to 
peform statistical analysis of drug efficiency. This system can be adjusted for HTS by using 
special readers oriented on measurements of fluorescence life-time. 

Key words: FRET, FLIM, red fluorescent proteins (RFP), caspase, molecular dynamics (MD), lenti-
viral vector. 

INTRODUCTION 

Fluorescence imaging and spectroscopy is a 
powerful tool for visualizing dynamic processes in 
living cells at different levels of temporal and spatial 
resolution, from individual molecules to entire or-
ganisms [ 1 ]. Fluorescent proteins (FPs) are widely 
used as noninvasive fluorescence markers for gene 
expression and protein localization in cellular and 
molecular biology as well as efficient biosen-

sors [2,3,4,5,6,7,8]. Linking them to proteins of interest 
usually results in weak or negligible effects on the 
native properties of these proteins [5]. 

Numerous molecular and cellular processes in 
cells and intact living organisms can be traced by us-
ing fluorescent proteins as in vivo markers for con-
tinuous visual monitoring [1,9,10,11,12]; and heterol-
ogous expression of FPs can be accomplished in cells 
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and organisms of any type. We select proteolytic en-
zyme caspase-3 because of its importance for caspa-
se-dependent activation of programming cell death – 
apoptosis. Several mechanisms of apoptosis induction 
through mitochondria or outer membrane receptors 
are known. All corresponding pathways are crossed 
at the step of caspase-3 activation and measurement of 
caspase-3 activity what is vitally essential for drug 
design and screening [13].  

A key issue for imaging deeper into tissue is to 
use red excitation light because of the reduced ab-
sorption, scattering, and autofluorescence at these 
wavelengths [ 14 , 15 ]. Application of FPs with the 
emission spectrum in the orange/red region permits 
to increase the penetration depth of fluorescence im-
aging [6,16,17]. The greatest advantage of orange and 
red fluorescent proteins is due to their perspectives in 
translation of future cell sensors for small laboratory 
animals. 

An important application of FPs is the Förster 
Resonance Energy Transfer or FRET. Employing 
FRET between two fluorescent proteins opens new 
perspectives for using fluorescent proteins as the 
live-cell markers for monitoring biological and phys-
iological mechanisms. They can be constructed by 
using simple genetic manipulations, and these bio-
sensors can be targeted to organelles or tissues, that 
permits monitoring not only of organelles and indi-
vidual cells but also of entire organisms [10]. The 
sensors on caspase-3 described in literature usually 
employ either the BFG-GFP pair, which is excited by 
the UV light toxic for living cells, or the GFP-YFP pair. 
In both cases stationary fluorescence is measured 
within the very narrow range because of spectral 
overlap of donor and acceptor, and as a result, sim-
ultaneous excitation of donor and acceptor occurs 
[ 18 ]. One of the most precise methods for FRET 
measurements is the Fluorescence Life-time Imaging 
Microscopy (FLIM) [19,20]. The use of FLIM allows 
one to improve precision of measurement of energy 
transfer; however, the dynamic range of measure-
ments remains fairly narrow even upon measuring 
distributions of average life-times [21] and it does not 
take into account influence of fairly high autofluo-
rescence in the blue-cyan spectral range on accuracy 
of measurements. When using the TagGFP-TagRFP 
pair, primary spectral measurements are performed at 
the emission wavelength of TagGFP [22]; therefore, 
the dynamical range of measurements is also affected 
by high autofluorescence in blue-cyan spectral range. 

Red FP‟s (RFP) are promising acceptors in pro-
spective FRET pairs [23,24,25,26,27,28]. Using RFPs is 
especially promising to achieve better separation of 
emission peaks, to decrease auto-fluorescence of tis-

sues, and to increase penetration of light deeper into 
tissue. Additionally, the excitation light for RFPs is 
significantly less phototoxic to cells.  

To achieve efficient energy transfer, a favorable 
spectral overlap between donor and acceptor is re-
quired, and the spectra of donor and acceptor should 
be sufficiently distinct from each other, in particular 
to suppress spectral bleed-through and direct accep-
tor excitation. Usually FRET pairs compromise be-
tween these two requirements (spectral overlap and 
distinct spectra), which decreases the maximal 
achievable sensitivity of FRET. This problem can be 
solved by using non-fluorescent proteins. Construc-
tion of EYFP mutants with Y145W and 
Y145W/H148V substitutions led to the REACh1 and 
REACh2 dark proteins. Fluorescence lifetime of these 
mutant proteins was significantly lower (~320 ps) as 
compared with EYFP (~2.9 ns). Such fast decay of 
fluorescence decreases the amount of acceptor 
bleaching during FRET [29].  

Recently we reported construction of the FRET 
pair based on red proteins with the practically 
non-fluorescent chromoprotein KFP as the acceptor 
[33]. KFP derived from the chromoproteins asCP from 
the sea anemone Anemonia sulcata is characterized by 
unique spectral properties [30,31,32]. At low light 
intensities, the wild-type protein is weakly fluorescent 
with a very low quantum yield of φFl < 0.001, which 
depends on the specific arrangement of amino acid 
residues in the chromophore‟s environment. Howev-
er, high intensity irradiation with green light leads to 
a nonlinear dependence of the fluorescence intensity 
on excitation energy [30] and a drastic increase of φFl. 
This phenomenon, termed fluorescence „„kindling‟‟, is 
reversible since upon blue light illumination or in the 
dark, the protein returns to its initial non-fluorescent 
state. The kindling properties of asCP can be opti-
mized by the inclusion of the mutation Ala143Gly to 
produce the variant called KFP (kindling FP) [31]. The 
effect of “fluorescence kindling” is observed at high 
power density of exciting light source [32] which is 
not achieved at our device. Therefore, in these ex-
periments KFP may be considered as non-fluorescent, 
or in other words, in these conditions, KFP fluores-
cence is not compatible with TagRFP fluorescence. 
Proteatic cleavage of the linker between brightly flu-
orescent donor TagRFP and dark acceptor KFP re-
sulted in substantial increase of donor fluorescence 
intensity and lifetime [33,34]. Moreover, the use of 
dark acceptors opens the corresponding part of the 
spectrum for additional fluorescent labels, which is an 
additional advantage of such FRET pairs. Fuse protein 
TagRFP-23-KFP contains the caspase-3 recognition 
site DEVD which is cleaved upon caspase-3 activa-
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tion. Upon such cleavage, the life-time is changed 
from the two exponential decay (0.93 ns and 2.35 ns) 
to single exponential decay 2.42 ns which is typical for 
free TagRFP molecule.  

Here we report the use of the fuse protein Ta-
gRFP-23-KFP to register the caspase-3 activation 
based on average life-time measurements. A specially 
designed lentivector pLVT with the DNA fragment of 
TagRFP-23-KFP was applied for transduction of A549 
cell lines. Computer simulations are carried out to 
estimate FRET efficiency and to analyze possible ste-
ric restrictions of the reaction between the substrate 
TagRFP-23-KFP and caspase-3 dimer. 

MATERIALS AND METHODS 

Lentiviral vectors 

The pLVT-GFP transfer vector was originally 
derived from the pRRLsin.cPPT.PGK.GFP.Wpre vec-
tor kindly provided by Prof. D. Trono (Lausanne, 
Switzerland) by replacing the PGK promoter by the 
intron-less version of the human elongation factor 1-α 
(EF1-α) promoter. The DNA fragment of TagRFP 
from the pTagRFP-N expression vector (Evrogen, 
Russia) or TagRFP-23-KFP (TR23K) was inserted into 
pLVT-GFP vector between BamH1 и Sal1 restriction 
sites instead of GFP encoding fragment generating 
pLVT-TagRFP or pLVT-TR23K transfer vectors. The 
insert sequence was verified by JSC Evrogen (Mos-
cow, Russia).  

The production of lentivirus particles were per-
formed in the HEK 293Т cell line according to the 
method [35] with minor modifications. The HEK 293Т 
cells were cultured in DMEM (Paneco, Russia), sup-
plemented with 10% FBS (PAA, Austria) and antibi-
otics (50 U/ml penicillin G and 50 mg/ml streptomy-
cin) (Paneco, Russia). 293T cells were transiently 
transfected with FuGene 6 transfection reagent 
(Roche, France) with a transfer vector construct along 
with the packaging construct and the VSV-G coding 
envelope construct. 6-8 hours post transfection the 
growth medium was exchanged and vec-
tor-containing supernatants were harvested 48 hs post 
transfection. Supernatants were clarified 1 000 rpm for 
10 min, filtered through 0.45 µm filters (Corning) and 
concentrated on Amicon Ultracel-100K filter units 
(Millipore) if required. The lentivirus titers were de-
termined on HeLa cells and adjusted to105 TU/ml.  

Cell culture, in vitro transduction 

The A549 lung adenocarcinoma cell line was 
cultured in RPMI1640 (Paneco), supplemented with 
10% heat inactivated FBS (Bioclot) and antibiotics (50 
U/ml penicillin G and 50 mg/ml streptomycin (Pan-
eco). Cells were dissociated in Trypsin-EDTA (Pan-

eco), washed with Dulbecco‟s PBS (Paneco) and 
plated on 6-well plates in density 2*104 cells per well 
in RPMI1640 (Paneco), supplemented with 5% FBS 
(Bioclot) (hereinafter complete medium). After 24 h of 
cell culture growth lentiviral particles were added. 
For maximal transduction efficiency three-fold excess 
of lentiviral particles were used (300 µl). After 24 h the 
medium was changed. After 48 h fluorescence signal 
was examined by fluorescence microscopy (Nikon 
Eclipse TE2000-U, Japan). Transduced cells 
A549-TagRFP and A549-TR23K were propagated in 
5-8 passage. 

Detecting of caspase-3 activation 

A549-TR23K were seeded on 6-well plates in 
density 5*105 cells per well in complete medium. 
Apoptosis was induced in A549-TR23K monolayer by 
adding of 0.5 ng/ml of staurosporine in complete 
media. After 2 h of incubation cells were imaged by 
fluorescence microscopy. 

After 3 h of incubation the medium from every 
well was collected carefully. Cells on the plate were 
dissociated in Trypsin-EDTA (Paneco), combined 
with recollected medium, washed with Dulbecco‟s 
PBS (Paneco) by centrifugation. Every 5*105 of cells 
were tested in parallel for viability and activation of 
caspase-3 by fluorescence plate reader Labsystems 
Fluoroscan II. Cells viability was detected with fluo-
rescein diacetate test [36]. 

Caspase activity was analyzed with DEVD-FITC 
Caspase-3 Detection Kit (Calbiochem) according to 
protocol and by measuring change in intensity of 
TagRFP‟s fluorescence. 

FLIM 

A549-TR23K and A549- TagRFP were seeded on 
square glasses of 20 mm x 20 mm size in density 5*105 
cells per well of 6-well plates in complete medium. 
After 48 h of cells growth apoptosis was induced by 
adding of 0,8mM H2O2 in complete medium. Detec-
tion of caspase-3 activation was performed 2, 6, 24 h 
post-induction. 

Fluorescence lifetime measurements were per-
formed using the time-resolved fluorescence confocal 
microscope MicroTime 200 (PicoQuant GmbH, Ber-
lin), with excitation by 532 nm pulsed laser. Emission 
was detected using a narrow 580/14-25 nm filter 
(Semrock). 

Computational Protocol 

The full-atom 3D structures of TagRFP-23-KFP 
tetramer were modeled by using ZDOCK program 
package [37] (http://zdock.bu.edu/). The tetramer of 
KFP obtained from the crystal structure (PDB ID: 
1XQM) [38] was used as a receptor in the docking 
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procedure and the monomer of TagRFP (PDB ID: 
3M22) [39] as a ligand. Four best candidates obtained 
in molecular docking were used to construct the entire 
system consisting of four monomers of TagRFP and 
four monomers of KFP. Linkers were manually added 
to this structure to construct the TagRFP-23-KFP te-
tramer. The system obtained was then refined in mo-
lecular dynamics (MD) simulations. The protein was 
solvated in a rectangular box of TIP3P water mole-
cules of size 177 × 131 × 116 Å3, and the charge was 
neutralized by adding 24 sodium ions. Calculations of 
MD trajectories were performed using the NAMD 2.6 
software suite [40] freely available at http://www.ks. 
uiuc.edu/Research/namd/. The CHARMM force 
field parameters [ 41 ] (http://mackerell.umaryland. 
edu/CHARMM_ff_params.html) for the protein at-
oms, chromophores and Na+, and the TIP3P model 
parameters for all water molecules were employed. 
The 2300 ps MD simulation was carried out with a 1 fs 
integration step following initial 20000 step energy 
minimization. To analyze the equilibrium geometry 
parameters, the system was gradually heated during 

300 ps to 300K, executed for 500 ps at 300K and cooled 
down to 0 K during 1500 ps with the subsequent 5000 
step minimization. No restrictions were imposed on 
coordinates of all atoms in trajectory or geometry op-
timization calculations. The VMD program [42] was 
used for visualization (http://www.ks.uiuc.edu/ 
Research/vmd/). The structure corresponding to the 
enzyme substrate complex (caspase-3 and Ta-
gRFP-23-KFP) was obtained by manual alignment of 
the DEVD motif of the TagRFP-23-KFP linker with the 
inhibitor carbodezoxy-Asp-Glu-Val-Asp-chlorome-
thylketone from the crystal structure of the caspase-3 
dimer (PDB ID: 2DKO) [43]. 

Results and Discussion 

Calculated FRET efficiency and steric re-
strictions 

According to dynamic light scattering data the 
fuse protein TagRFP-23-KFP is best characterized as a 
tetramer [33]. Figure 1 shows the model system mim-
icking tetramer of TagRFP-23-KFP.  

 

 

Figure 1. TagRFP-23-KFP tetramer. The monomers are shown in red, orange, green and violet. The inset shows the 

distances (in angstroms) between bridge carbon atoms of the chromophore groups of TagRFP (shown in sticks) and KFP 

(shown in balls and sticks). Here, carbon, oxygen, nitrogen, hydrogen and sulfur atoms are shown in green, red, blue, white 

and yellow respectively. 
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It comprises tetramer of KFP as the core of the 
structure and four barrels of TagRFP at the periphery. 
Each monomer of TagRFP-23-KFP has a linker which 
is supposed to be in the solvent-exposed confor-
mation. One of the reasons of such assumption is that 
the linker does not contain vast amount of hydro-
phobic residues and therefore may be exposed to the 
solution. Another reason comes from the application 
of this FRET-sensor measuring caspase-3 activity [33]. 
Since caspase-3 can hydrolyze specific DEVD motif of 
the TagRFP-23-KFP linker, it means that the linker is 
available for the intermolecular interactions. The inset 
of Figure 1 shows the distances between bridge car-
bon atoms of chromophore groups of TagRFP and 
KFP. Distances between donors and acceptors can be 
clustered into three groups: 

 The closest neighboring donors and acceptors 
with the distances around 38 Å; 

 Medium neighbors with the distances around 
58 Å; 

 The well separated groups with the distances 
between donors and acceptors about 64 Å.  
This distance distribution shows a high degree of 

symmetry of the TagRFP-23-KFP tetramer. 
It is known that the efficiency of Förster reso-

nance energy transfer depends on several factors: 
spectral overlap between emission band of the donor 
and absorption band of the acceptor, quantum yield 
of donor, relative orientation of transition dipole 
moments and distances between donor and acceptor 

[44]. First two factors depend on the donor and ac-
ceptor types, in our system; those are TagRFP as a 
donor and KFP as an acceptor. Third and fourth fac-
tors depend on the relative orientation of donor and 
acceptor. Correspondingly, FRET efficiency can be 
determined as  

26

2










constr

const
E

 

where const incorporates first two factors, 
namely, spectral overlap between emission band of 

the donor and absorption band of the acceptor and 
quantum yield of donor. The value of const (1.6∙1010 Å6 
) can be estimated from the experimental results pre-
sented in Ref. [33]. The distance r between donor and 
acceptor molecules can be determined from the model 
system refined in MD simulation. Additional calcula-
tions are needed to evaluate the value of the orienta-
tion factor κ2. Herein we use κ2=2/3 which is appro-
priate for dynamic random averaging of the donor 
and acceptor orientations. We also assume that the 
resonance energy transfer can occur with the same 
probability between any donor and acceptor pair; 
therefore, we can use an average distance r=49.9 Å by 
analyzing data shown in the inset of Fig. 1. The value 
of the FRET efficiency at this level is 46.9 % that is 
comparable with the experimentally observed value 
of 51.1 %. Calculated value of the Förster radius is 
49.6 Å that is close to the value of 47 Å reported in 
Ref. [33]. Encouraged by a favorable consistency of 
the experimental and theoretical data (Table 1) we 
conclude that this model tetramer structure can be 
used to analyze the enzyme substrate complex be-
tween caspase-3 and TagRFP-23-KFP. 

Figure 2 shows the complex of caspase-3 dimer 
with the tetramer of TagRFP-23-KFP. This complex is 
constructed by alignment of DEVD motif of the Ta-
gRFP-23-KFP linker with DEV motif of the inhibitor 
presented in the crystal structure. One can find that 
caspase-3 does not have any steric difficulties when 
interacting with the loop as this linker is exposed to 
the solution and is long enough to keep DEVD motif 
apart from the barrels of TagRFP and KFP. In case of 
citoplasmic localization of substrate its tetrameriza-
tion is not essential for determination of enzymatic 
activity. It is important that the tetramer does not 
create steric hindrance for interactions with the 
caspase-3 dimer. Tetramerization of KFP, which is an 
acceptor, leads to substantial efficiency of energy 
transfer up to 51% (if the simplest approximation is 
used) due to substantial increase of extinction coeffi-
cient of the acceptor. 

 
 

Table 1. Comparison of FRET-biosensor parameters obtained in Ref. [33] for the value of orientation factor κ2 = 2/3 and in 

model system presented in this work. 

 Experimental values Theoretical results 

FRET efficiency (%) 51.1 46.9 

Distance between donor and acceptor (Å) 45 49.9 

Förster radius (Å) 47 49.6 
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Figure 2. Complex of caspase-3 dimer (shown in cyan) and TagRFP-23-KFP (colors are the same with those from the figure 

1). Monomer of TagRFP-23-KFP that forms the complex with caspase-3 is shown in orange. 

 
 

Lentiviral transduction 

 Lentiviral transduction allows us to obtain a 
large amount of gene copies. Lentiviruses, such as the 
human immunodeficiency virus, constitute a part of 
the retrovirus family. Unlike retroviruses, lentiviruses 
have special machinery for nuclear targeting, which 
allows the lentivirus to infect both the dividing and 
the non-dividing cells [45]. These properties of lenti-
viral vectors make them ideal tools for developing of 
fluorescent cell lines. For our purpose the important 
feature is the high yield of transductants. It allows one 
to avoid cloning procedure (cf lipofection) which 
might change cell morphology. By using such meth-
odology highly fluorescent cells A549-TagRFP and 
A549-TR23K were obtained. A549-TR23K emits weak 
fluorescence signal due to the quenching of Tag RFP 
emission by the FRET mechanism (Fig. 3). 

Upon A549-TR23K cultivation the fluorescent 
signal is continuously growing (Fig. 4А) what is ex-
plained by high level of fuse protein expression under 
the EF1alpha promoter. Induction of apoptosis by 
staurosporine leads to morphological changes of cells 
(Fig. 4B) and to increase in intensity of fluorescence by 
20-25% from the initial intensity level (Fig. 4C). Acti-
vation of caspase-3 is confirmed in independent ex-
periments with the DEVD-FITC test (Fig. 4C). Vitality 

test with fluorescein diacetate shows that no more 
than 50% of cells survive (Fig. 4C). 

FLIM FRET Imaging of caspase-3 activity 

This particular FRET pair is being developed for 
specific detection of caspase-3 activity under the life 
time mode of measurements in cancer cells which are 
characterized by increased red fluorescence because 
of fairly high concentration of porphyrins. The 
life-time of porphyrins (greater than 10 ns) differs 
considerably from that of TagRFP; therefore, unlike 
stationary state measurements of fluorescence shown 
in Fig.4, measurements of mean life-time are charac-
terized by very high contrast which is illustrated in 
Figs. 5 and 6. 

For average life-time measurements the apopto-
sis of A549 lung adenocarcinoma cells expressed Ta-
gRFP-23-KFP was induced by H2O2.  

Initially, cell line А549–TR23K is characterized 
by a narrow life-time distribution in the range of 
1.8-2.1 ns (Fig. 5A). Incubation of the cells with hy-

drogen peroxide with the concentration 800 M dur-
ing 24 hours leads to the morphological changes of 
some cells (Fig. 5B), as well as to the increase in the 
life-time. Life-time distribution became bimodal and 
in addition to narrow population with life-time 1.8-2.1 
ns a new small fraction with life-time in the range of 
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2.4-2.6 ns appeared that is typical for free TagRFP. 
These data provide a direct evidence of caspase-3 ac-
tivation and cleavage of fuse protein TagRFP-23-KFP 
to two separate proteins TagRFP and KFP. 

To verify the origin of fluorescence with the long 
life-time, an average life-time was measured for sep-
arate cells treated by hydrogen peroxide. For cells 
with normal morphology (Fig. 6A) an average 
life-time (Fig. 6C) is practically the same as for initial 

cells not treated by hydrogen peroxide (Fig. 5C). For 
cells with the modified morphology that is typical for 
apoptosis (Fig. 6B), an average life-time distribution is 
dramatically changed. Namely, the short-lived com-
ponent 1.8-2.1 ns completely disappeared and the 
long-lived component 2.4-2.6 ns that is typical for 
separate molecule of TagRFP due to cleavage of Ta-
gRFP-23-KFP by caspase-3 appeared. 

 
 

 

Figure 3. Lentiviral transduction of lung adenocarcinoma A549. (A) Genetically encoded caspase-3 sensor Ta-

gRFP-23aa-KFP (TR23K) based on red fluorescent proteins TagRFP and KFP linked by 23 a.a. with DEVD, site specific for 

cleavage by caspase-3. (B) Lentivector pLVT-GFP (www.evrogen.ru). The DNA fragment of TagRFP or TagRFP-23aa-KFP 

(TR23K) was inserted into pLVT-GFP between BamH1 и Sal1 restriction sites after GFP encoding fragment deleting. (C) 

Lung adenocarcinoma А549, transduced with lentivector pLVT–TagRFP, 7 passage. Nikon Eclipse TE2000-U, 20х. (D) Lung 

adenocarcinoma А549, transduced with lentivector pLVT –TR23K, 7 passage. Nikon Eclipse TE2000-U, 20х. 
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Figure 4. Detecting of caspase-3 activation. (A)Lung adenocarcinoma А549–TR23K, 14 passage. Nikon Eclipse TE2000-U, 

20х. (B) Lung adenocarcinoma А549–TR23K, 14 passage, after induction of apoptosis with staurosporine 0,5 ng/ml for 2 h. 

Nikon Eclipse TE2000-U, 20х. (C) Every 5x105 of cells were tested in parallel for viability and activation of caspase-3 by 

fluorescence plate reader Labsystems Fluoroscan II. Caspase activity was analyzed by measuring change in intensity of 

TagRFP’s fluorescence with excitation filter 544 nm and emission filter 607nm. Caspase activity was analyzed with Caspase 

-3 Detection Kit (Calbiochem) by measuring FITС (fluorescein isothiocyanate) with excitation filter 485 nm and emission 

filter 538 nm. Cells viability was detected by FDA (fluorescein diacetate) test with excitation filter 485 nm and emission filter 

538 nm. 
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Figure 5. Fluorescence lifetime images of A549 cells expressing TagRFP-23-KFP (A) before and (B) after incubation with 

H2O2. Lifetime distribution over the whole detecting area (C) before and (D) after incubation with H2O2. 
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Figure 6. Fluorescence lifetime images of A549 cells expressing TagRFP-23-KFP (A) nonapoptotic and (B) apoptotic cell. 

Lifetime distribution of (C) nonapoptotic and (D) apoptotic cell. 

 

Conclusions 

Computer simulations of the 3D structure of the 
TagRFP-23-KFP complex clearly show that it is suita-
ble for efficient energy transfer. Conformation of Ta-
gRFP-23-KFP has no steric restrictions for interaction 
with the dimer of caspase-3. FRET efficiency for Ta-
gRFP-23-KFP determined from the model system re-
fined in MD simulations correlates well with the ex-
perimental data published in Ref. [33]. 

Lentiviral transduction relies on active transport 
of the pre-integration complex and allows nuclear 
targeting both the dividing and the non-dividing cells 
that makes this method the ideal tool for fast devel-
oping of fluorescent cell lines. 

Analysis of an average life-time distribution for 
population of cells allows us to discriminate apoptotic 
and surviving cells within single frame and to make a 

statistical analysis of drug efficiency. We ascribe the 
main advantages of life –time mode of FRET effi-
ciency measurement to such features as independence 
on fluorophore concentration, excitation wavelength, 
exposure time and power of light illumination. All 
these features allow one to exclude calibration pro-
cedure from the protocol of FRET efficiency meas-
urements. This system can be adjusted for 
high-throughput screening (HTS) using special read-
ers oriented on measurements of fluorescence 
life-time as described in [46] and can be translated on 
small laboratory animals as shown in [33]. 
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