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ABSTRACT: The fluorescence lifetime of fluorescent pro-
teins is affected by the concentration of solutes in a medium, in
inverse correlation with local refractive index. In this paper, we
introduce the concept of using this dependence to probe
cellular molecular environment and its transformation during
cellular processes. We employ the fluorescence lifetime of
Green Fluorescent Protein and tdTomato Fluorescent Protein
expressed in cultured cells and probe the changes in the local
molecular environment during the cell cycle progression. We
report that the longest fluorescence lifetimes occurred during
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mitosis. Following the cell division, the fluorescence lifetimes of these proteins were rapidly shortened. Furthermore the
fluorescence lifetime of tdTomato in the nucleoplasm gradually increased throughout the span of S-phase and remained
constantly long until the end of interphase. We interpret the observed fluorescence lifetime changes to be derived from changes
in concentration of macromolecular solutes in the cell interior throughout cell cycle progression.

P robing of local molecular environment in cells is of
significant value in creating a fundamental understanding
of cellular processes and molecular profiles of diseases, as well
as studying drug cell interactions. A number of spectroscopic
and time-sequenced imaging approaches have been utilized for
this purpose.' Recently we showed the utility of an integrated
biophotonic imaging coupled with Raman spectroscopy to
study the molecular environment and its transformations
during cellular processes.>® In this report we demonstrate
that fluorescence lifetime of intracellular fluorescent proteins
can be used as a valuable probe for monitoring of the cell-cycle-
dependent changes in the cellular molecular environment.

In recent years a growing number of studies have been
dedicated to characterization of biomolecular properties of
nucleoplasm, the liquid content of the cell nucleus. The
nucleoplasm represents a viscous medium abundant in organic
and inorganic solutes, which diffuse and freely interact,
participating in regulation of cellular functions.*”® The
molecular content of nucleoplasm is continuously balanced
by a complex interplay of timely coordinated synthesis and
degradation of macromolecules as well as by a gradual decrease
in their concentration, caused by growth of the nuclear volume
throughout the interphase of the cell cycle.™"" The
biomolecular properties of the cell nuclear interior have been
investigated by a number of techniques such as motion tracking
of nanoparticles or small fluorescent molecules,"* ' inter-
ferornetry,15 and probing of mechanical deformations of the cell
nucleus.'® An interesting approach was taken by Choi et al,
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who developed a high resolution tomographic phase micros-
copy for mapping of refractive index in live cells and tissues.'”
These methods, however, are not fully adequate for studies of
the nucleoplasm, due to inability to analyze it separately from
the nuclear structure—function compartments and chromatin
domains, which are immersed in the nucleoplasm but have a
different molecular composition.>">"*7>°

Here we illustrate the use of the fluorescence lifetime of
fluorescent proteins (FPs) as a probe for monitoring of
nucleoplasm saturation with macromolecular solutes. FPs are
unique naturally fluorescent macromolecules, cloned from
several marine organisms. Despite differences in their origin,
the basic structure of various FPs is nearly identical, featuring a
fluorophore embedded inside a rigid, barrel-shaped do-
main.”"** Biomedical applications of FPs include probing of
molecular interactions via fluorescence lifetime imaging
(FLIM)."**7*® In this technique the fluorescence lifetime (7)
in every pixel of the acquired image is determined as a function
of radiative and nonradiative pathways of fluorophore transition
from excited to the ground level, as described by the equation
1/t = k, + k,, where k, and k, are the radiative and
nonradiative decay rates, respectively; k, is known to be a
function of the local refractive index.”” The relation between
fluorescence lifetime, 7, and the refractive index in the
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fluorophore’s vicinity, n, is described by the Strickler—Berg
[1(5) do

equation:30
/ £0) 45
[1()5 dv 7

where I is the fluorescence emission intensity, ¢ is the
extinction coefficient, and 7 is the wavenumber. The
fluorescence lifetime of FPs in solution was experimentally
shown to be modulated by change of the concentration of
solutes in the fluorophore medium, in accordance with an
inverse dependence of 7 on the square of refractive index of the
medium, in agreement with the Strickler—Berg formula.>*3'32
This dependence was later used to probe a comglex
intracellular environment in both fixed and live cells.>>**
Furthermore, little has been reported on the sensitivity of the
lifetimes of FPs to other than refractive index factors in the
cellular environment, in the absence of fluorescence quench-
ers.>?> It should be discussed. however, that FPs' s7pectral
characteristics are known to depend on pH.**73” This
dependence is based on difference in absorption and
fluorescence of the anionic and neutral forms of the FP
chromophores. Equilibrium between these forms is changed
together with pH, resulting in corresponding changes in
absorption and fluorescence.” For GFP, the neutral form of the
fluorophore (absorption/emission at ~400/470 nm, corre-
spondingly) is progressively converted to the anionic form
(absorption maximum at ~490 nm) as the pH increases. This
causes an increase in the intensity of fluorescence from the
anionic form peaked at ~510 nm. The reported pH indicators
(ratiometric and nonratiometric) based on different FPs
mutants undergo similar conversion from weaker fluorescent
neutral form absorbing at shorter wavelengths and to an anionic
form absorbing at longer wavelength and producing more
intense fluorescence.”>>" At the same time, in contrast to the
fluorescence intensity, which was unambiguously determined
by the amount of the anionic GFP fluorophore, the lifetime of
GFP fluorescence was shown to not be sensitive to the change
in pH.36

Interestingly enough, in another study® an application of
FLIM of enhanced GFP to intracellular pH measurement has
been developed. Utilizing the difference in excitation/emission
spectra of neutral and anionic forms of the GFP fluorophore,
Nakabayashi and coauthors used an excitation at 405 nm and
monitored emission at 510—515 nm to measure the
fluorescence lifetime response to changing pH. As a result,
they determined a pH dependence of the average lifetime,
defining it from a mixture of decays of neutral and anionic
fluorophores. However, if the excitation is in the range where
only an anionic fluorophore absorbs (e.g, 470—480 nm), the
pH dependence is not measurable.>® Furthermore, the lifetime
changes in the interval of the physiologic intranuclear pH (7—
7.5) were shown to be insignificant even with 405 nm
excitation.” We thus agree with a concept that the fluorescent
lifetime of intracellular FPs can be used as a probe of local
refractive index in the cell interior,**** as a significant input of
other factors in the measured value of 7 is not expected.

In diverse biological applications the link existing between
the refractive index and fluorescence lifetime opens the way for
sensitive probing of concentration of macromolecular solutes
(e.g, proteins), whose contribution to overall refractive index of
the cell nucleus is much higher than that of small organic and
inorganic molecules and ions in the cell interior. In this context,

1/7 = 2.880 X 10>
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FPs are optimal nucleoplasmic probes, as in mammalian cells
they are not participating in specific molecular interactions and
also not recruited to the nuclear structure—function compart-
ments, and thus the changes in FPs fluorescence lifetime would
specifically reflect transformations in the content of nucleo-
plasm. Moreover, fusions of FPs with specific cellular protein
markers of the nuclear structure—function compartments show
potential for noninvasive monitoring of the refractive index in
these local nuclear environments.

B RESULTS AND DISCUSSION

Here, by utilizing a high temporal and spatial resolution Streak-
FLIM technique,”® we explored whether the fluorescence
lifetime of FPs can be used for sensing of fluctuations of the
macromolecular environments in the cell interior. A mono-
meric GFP (derived from Aequorea victoria,*® with the
fluorescence peak at ~508 nm) and tandem dimer tdTomato
(a head-to-tail fusion of two monomeric protein units, cloned
from Discosoma coral*’ with the fluorescence peak at ~581
nm) were used as intranuclear FLIM probes. The choice of
these FPs was motivated by their chemical stability, extensive
FLIM studies reported on them, and by differences in their
origin, dimerization, and photophysical properties.22

For the FLIM experiments, the populations of asynchronous
HeLa cells were transiently transfected with the DNA
constructs coding for either GFP (Clontech) or tdTomato
(Addgene). Their fluorescence lifetimes in the interphase nuclei
were measured and statistically analyzed. Notably, we
documented a substantial cell-to-cell variability in the measured
fluorescence lifetimes values, which ranged from ~2.82 to
~2.97 ns for GFP and from ~2.85 to ~3.34 ns for tdTomato.
The distributions of fluorescence lifetimes of GFP and
tdTomato measured into the nuclei of interphase cells
randomly chosen in the cell culture are presented in Figure 1.
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Figure 1. Fluorescence lifetimes of GFP and tdTomato measured in
the nuclei of asynchronous HeLa cells. The charts represent
distributions of fluorescence lifetimes of (a) GFP and (b) tdTomato
measured into the interphase cell nuclei, randomly chosen in the cell
culture. The values were rounded to the nearest 10th of a nanosecond.

Taking into account that the molecular structure of the FPs
expressed by different cells is identical, the observed cell-to-cell
differences in fluorescence lifetime were attributed to different
molecular environments, existing in the nucleoplasm of
individual cells. The average fluorescence lifetimes for GFP
and tdTomato in the interphase cells nuclei were determined to
be 2.88 + 0.05 and 3.14 + 0.15 ns (mean + SD), respectively
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Figure 2. Fluorescence Lifetime of GFP and tdTomato Rapidly Shortens at Mitosis-to-Interphase transition. (a, b) FLIM time lapse tracking of
representative cells expressing (a) tdTomato and (b) GFP, throughout the cell division. The mitotic (metaphase) cells expressing FPs were identified
by transmission light, and fluorescence lifetime was acquired in these cells in a time-lapse mode throughout the mitotic process. We observed that
fluorescence lifetime was constant from metaphase to anaphase and then was rapidly shortened during the telophase. (c) Histograms of tdTomato
and GFP fluorescence lifetime distributions in the cells shown in panels a and b. (d) The statistical analysis of fluorescence lifetimes measured in
interphase cells nuclei and in mitotic cells. Plot represents averaged values + SD. The presented p values were obtained in an unpaired ¢ test.
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Figure 3. Change of the fluorescence lifetime of the cell nuclear fraction of tdTomato along the S-phase progression. (a) PCNA- GFP and tdTomato
(intensity and fluorescence lifetime images) were acquired in the nuclei of same S-phase cells. Early, mid, and late S-phase substages were identified
by the PCNA-GFP patterns (left panels, as indicated). (b) Averaged fluorescence lifetime of tdTomato measured in the cell nuclei in early, mid, and
late S-phase. Obtained data illustrate a steady increase of the fluorescence lifetime throughout the S-phase. Error bars represent standard deviations.

The presented p values were obtained in an unpaired ¢ test.

(Supplementary Figure S2) based on measurements in 26 cells
transfected with GFP and 58 cells transfected with tdTomato.

Next, we explored whether a correlation exists between the
fluorescence lifetimes of FPs and the cell cycle progression.
Throughout the cell cycle, major changes in the nucleoplasmic
environment occur during mitosis, when the nuclear envelope
disintegrates, contents of nucleoplasm and cytoplasm mix
together and then divide between two daughter cells. In order
to characterize how these structural transformations impact the
fluorescence lifetime of FPs, the mitotic metaphase cells were
located by the transmission light and proceeded with FLIM.
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We found that the fluorescence lifetimes of GFP and tdTomato
are significantly longer in the mitotic cells than in the nuclei of
the interphase cells. The average lifetimes in the mitotic
(metaphase) cells were ~2.96 + 0.05 ns and ~3.36 + 0.03 ns
for GFP and tdTomato, respectively. Thus, the differences in
average fluorescence lifetimes between the metaphase and the
interphase cells were ~80 ps for GFP and ~220 ps for
tdTomato. We further monitored the metaphase cells until the
completion of mitotic process and found that the fluorescence
lifetime of both GFP and tdTomato remained constant
throughout almost the entire span of mitosis but was rapidly
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shortened at the final stage of cell division in the telophase
(Figure 2a and b). Noticeably, tdTomato fluorescence lifetime
values were more reproducible and showed less variability in
mitotic cells than in the interphase cells nuclei (Figure 2d).
Following the cytokinesis, in the early G1 phase (1-2 h after
mitosis), the fluorescence lifetime of FPs was found to be
~3.13 + 0.05 and ~2.83 + 0.11 ns for tdTomato and GFP,
respectively. These values measured in the G1-phase were close
to the corresponding average values for the entire population of
the interphase cells (Supplementary Figure S2 and Table S1).

We have further monitored the fluorescence lifetime of FPs
in cell nuclei during the S-phase progression (Figure 3a), which
involves genome duplication and lasts approximately half of the
cell cycle in the HeLa cells.*” In these experiments, cells were
co-transfected with tdTomato and another DNA vector, coding
for proliferating cell nuclear antigen (PCNA), a cofactor of
DNA polymerase, fused to GFP. The cells undergoing the
DNA synthesis were identified by the characteristic signal of
PCNA-GFP concentrated in the DNA replication sites. The
PCNA distribution dynamically changes throughout the S-
phase, and we identified cells in the early, mid, or late S-phase
[each substage lasts for ~3—4 h] by their specific PCNA-GFP
distribution patterns.**** In order to characterize the
fluorescence lifetime of the nucleoplasmic pool of tdTomato
throughout the span of the S-phase, 15 or more cells into each
substage of the S-phase were statistically analyzed. We preferred
such identification of the cells at different subphases of S-phase
to chemical cell synchronization protocols, which fail to
produce biochemically and morphologically uniform popula-
tions of the cultured cells.* Also, our experimental design is an
attractive alternative to the monitoring of fluorescence lifetime
in the same cell for extended periods of interphase, since the
repetitive laser excitation in such FLIM experiments negatively
influences the cellular viability; meanwhile, unaltered cellular
physiology is required for accurate assessment of nucleoplasm
throughout the cell development.

Our data obtained for cells expressing both PCNA-GFP and
tdTomato indicated a steady increase of the fluorescence
lifetime of tdTomato throughout the S-phase. Specifically, in
the nuclei of cells exhibiting an early S-phase PCNA-GFP
pattern, the lifetime of tdTomato was measured to be 3.10 =+
0.16 ns, whereas in the nuclei of cells featuring mid and late S-
phase distribution of PCNA, the corresponding values were
~3.17 £ 0.14 and 3.23 + 0.13 ns, respectively (Figure 3,
Supplementary Table S1). At the same time, we did not
observe apparent changes in the fluorescence lifetime of FPs in
cells transiting from the late S- to the G2-phase (cells in the G2
phase were identified by a progressive disappearance of the late
S-phase PCNA pattern).

Thus, in the specific examples of the mitotic process, its
transition to Gl-phase, as well as progression of S-phase, our
FLIM experiments documented that these cell cycle events
coincide with changes in the fluorescence lifetime of FPs
present in the nucleoplasm or mitotic cell protoplasm (Figures
2 and 3 and Supplementary Table S1). Taking into account an
inverse correlation of fluorescence lifetime with local refractive
index, ' 3% we suggest that the fluctuations of macro-
molecular solutes concentration throughout the cell cycle is a
major factor causing the variability of the FPs fluorescence
lifetime in the individual cells. In particular, our data imply that
the longest lifetime, observed in mitotic cells, corresponds to
the lowest intracellular concentration of macromolecules during
the cell cycle. A rapid and substantial decrease of the
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fluorescence lifetime of GFP and tdTomato during the
completion of a mitotic division (Figure 2) coincides timely
with a decrease in the intracellular volume by a factor of ~1.4.
The ratio between the volumes of mitotic cell and daughter
cells can be calculated assuming a preservation of the cell
surface area in a process of division, even size for daughter cells
and ideal spherical shape of mitotic cells. The ratios between
the volumes of mitotic cell and daughter cells were calculated
assuming the ideal spherical shape of the mitotic cell. In such an
approximation, the surface of the cellular membrane is defined
by the sphere surface equation: S = 47R’. Considering that in
the process of mitosis the membrane is divided evenly between
two daughter cells, S,/S,= 47R*/2-4xr, where S, is a surface
area of the mitotic cell and S, is the combined surface area of
the two daughter cells (S, = S,); R and r are the radii of the
mitotic cell and daughter cells, respectively. Then R* = 2r%, R =
r\/ 2 and the ratio of the volumes of the cells before (V) and
after (V) cell division could be represented (using equation of
sphere volume) as follows:

_ (4/3)7R? _
2-(4/3)7r’

273

3 3
V2
R _( 2) = ~1. 41

Vi/v,

. This postmitotic decrease in the cellular volume results in the
same amount of macromolecular solutes becoming confined in
a smaller volume, leading to an increase in their concentration,
which is consistent with the fluorescence lifetime shortening
observed in our experiments (Figure 2).

In the subsequent stages of the interphase, the concentration
of macromolecules in the cell nucleus is balanced by the
biosynthetic activities increasing the macromolecular concen-
tration and by processes that down-regulate the intranuclear
concentration of these solutes such as growth of the nuclear
volume and degradation of macromolecules.'® In this context, it
should be noted that the HeLa cell nucleus is nearly doubling
its volume during the S-phase, as shown by our and other
groups.”*® This growth, if not fully compensated by the
synthesis of new biomolecules, would lead to a decrease in the
concentration of the macromolecular solutes in the nucleo-
plasm, causing an increase of the fluorescence lifetime of FPs, as
observed in our experiments (Figure 3a and b).

Thus, cell-cycle-dependent changes of the concentration of
macromolecular solutes in the nucleoplasm can produce a
variability of the FP fluorescence lifetimes in the population of
the asynchronous cells.

Moreover, cultured cells can exhibit tremendous differences
in the cellular growth and synthesis of macromolecules even on
the same stage of the cell cycle,*”*® further contributing to cell-
to-cell measurements variability.

Furthermore, in the control experiments, we have verified the
fluorescence lifetime response to the changing concentrations
of macromolecules in the FPs environment, in both aqueous
solutions and the interiors of the cell nuclei. The fluorescence
lifetime of GFP was examined in aqueous solutions, with
different concentrations of chemically inert protein bovine
serum albumin (BSA). Tested BSA concentrations were
covering the physiologic range for proteins (most abundant
type of cellular in the HeLa cell nucleus (100—150 mg
mL™).>'* The fluorescence lifetime of GFP was found to be
inversely dependent on the BSA concentration (Supplementary
Figure S4), confirming dependence of fluorescence lifetime of
FPs on the concentration of the macromolecular solutes.**
Next, to verify that this dependence is also manifested in live
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cells, we have altered the intracellular concentration of
macromolecules, forcibly changing the cellular volume by
reversible osmotic shock treatment. Alterations to osmotic
strength of the cell incubation medium induce water movement
in or out of the cell. Under hypotonic incubation conditions,
this leads to an increase in the cellular volume and,
consequently, to a decrease in the concentration of the
intracellular macromolecular solutes, caused by their dilution
in the expanding cellular volume. In contrast, upon exposure to
a hypertonic medium, cellular volume shrinks, which causes an
increase in the concentration of the intracellular and, in
particular, intranuclear macromolecules.*”*° In our experi-
ments, we have found that the fluorescence lifetime of both
GFP and tdTomato can be modulated in the same cell nucleus
by changing the osmotic strength of the cell incubation
solution. Both GFP and tdTomato in the nuclei of the
interphase cells manifested an increase in the fluorescence
lifetime when the cell medium was exchanged for hypotonic
buffer, which caused cell swelling and, correspondingly, a
decrease in the concentration of the intranuclear macro-
molecular solutes. When the same cell was immersed into a
hypertonic buffer, this caused an immediate shrinkage of the
cell and shortening of the fluorescence lifetime (Supplementary
Figure SS). Upon return to initial conditions (incubation in the
standard cell medium), the cells recovered the cell cycle
progression®® and manifested fluorescence lifetime values in the
previously observed range for nontreated cells. We conclude
that these control experiments confirm the sensitivity of FPs
lifetime to the saturation of their environment with macro-
molecules and support FPs feasibility to probe fluctuations of
concentration of macromolecules in the nucleoplasm.

Overall, our data demonstrate that FLIM of FPs can be used
as a reliable and sensitive tool for probing the macromolecular
environment within cells. Evidently, when FPs are tethered to
specific proteins, their fluorescence lifetime can be used to
probe the refractive index variations at the distinct sites within
same cell nucleus. For instance, in a study of van Manen et al,
FLIM was used to distinguish between cytosolic and
membrane-bound forms of phagocyte receptor fused to GFP,
exploiting the difference in the refractive index of cytosol and
membrane.** In another study of Treanor et al, heterogeneity
of fluorescence lifetime of GFP-tagged proteins at the cell
surface was revealed and discussed, proposing that FLIM can
detect even subtle perturbations of the refractive index and
serve as a tool for imaging of the membrane microdomains.>
Our studies are underway to explore a correlation of
distribution of fluorescence lifetime and distinct nuclear
domains via FLIM of specific proteins fused to FPs.

Conclusions. This study introduces fluorescence lifetimes
of fluorescent proteins for monitoring of the nucleoplasmic
content. We established the dependence of the fluorescence
lifetimes of GFP and tdTomato fluorescent proteins on the cell
cycle progression. In particular, the shortest fluorescence
lifetime of tdTomato in the cell nucleus was observed in the
early S-phase, gradually increasing throughout the span of the
S-phase of the cell cycle. The longest fluorescence lifetimes for
both GFP and tdTomato were observed in mitosis, being
quickly shortened during the cell division. Referring to a known
inverse correlation of fluorescence lifetimes with the local
refractive index, we suggest that the observed changes of
fluorescence lifetime were caused mainly by changes in the
concentration of macromolecules in the nucleoplasm through-
out the cell cycle.
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On the basis of this consideration, we propose that the FLIM
of fluorescent proteins offers unparalleled opportunities for
sensitive, real-time monitoring of local concentrations of
intracellular macromolecules, contributing to the character-
ization of dynamic molecular organization of the cell
Furthermore, it is important to emphasize that the phenom-
enon of fluorescence lifetime modulation by the cell-cycle
events observed in our study should be considered for a
comprehensive interpretation of FLIM data acquired in cycling
cells.

B METHODS

Cell Culture and Transfection. HeLa cells were grown in glass-
bottom dishes (Mattek, Ashland, USA) and cultured in Advanced
DMEM (Invitrogen, Carlsbad, USA) supplemented with 2.5% fetal
calf serum (Sigma-Aldrich, St. Louis, USA) at 37 °C in a humidified
atmosphere containing 5% CO,. The transfection of tdTomato
(Addgene), GFP (Clontech), and PCNA-GFP (Addgene) was
performed by using Fugene 6 transfection reagent (Roche) according
to manufacturer instructions, and fluorescence lifetime measurements
were performed within 24 h after the start of transfection procedure.
For the FLIM imaging, morphologically representative cells exhibiting
a moderate fluorescence signal were selected. Cells in the mitotic
phase were identified by the transmission light imaging.

FLIM Imaging. The FLIM imaging setup (Supplementary Figure
Sla) is equipped with a streak camera system (C9136 FLIM system,
Hamamatsu Photonics) coupled to an inverted fluorescence micro-
scope setup (Nikon TE2000U). The C9136 FLIM system is capable of
fluorescence lifetime measurements in the spectral range from UV to
near-infrared. The light from the picosecond pulse diode laser head
(Hamamatsu Photonics, PLP-10) with excitation wavelength of 470
nm was scanned by a pair of Galvo mirrors and directed into the left
side port of the microscope and focused onto the sample with a 60x/
NA1l4 oil-immersion objective for single-photon excitation. The
emitted fluorescence signal is collected by the same objective, passes
the dichroic mirror and the laser cut filter (S00 nm long pass), and
then is detected by the streak camera.

The electrical signal from the PLP controller passes through the
synchronous delay generator, which is in the EXT.TRIG mode before
triggering the streak camera through a Streak camera controller (Delay
and Trigger Unit in Supplementary Figure Sla). The galvo mirrors,
streak camera, and CCD camera are controlled by the control unit.
The Streak-FLIM setup is characterized by a high temporal resolution
(less than 20 ps), broad range of lifetime measurements (1 ns—10 ms),
short acquisition time (40—300 s/frame at various experimental
conditions), and high 2D spatial resolution (up to 0.2 ym).

In the Streak-FLIM optics, one of the Galvo mirrors scans the
excitation spot across the sample along a single line (x axis) while the
streak camera collects the fluorescence decay from every point along
this line, which produces a 2D streak image with space and time as the
ordinate and abscissa, respectively. A multimedia file demonstrating
the schematics of the Hamamatsu Streak camera is available online
(http://learn.hamamatsu.com/tutorials /java/streakcamera/). Another
Galvo mirror scans the excitation spot synchronously along the y
direction. This process gives a stack of streak images that contains
complete information on the fluorescence intensity as well as spatial
and temporal information from the sample. Numerical processing of
all of these raw streak images pixel-by-pixel gives the final FLIM image
of the sample. In this study, AquaCosmos software (Hamamatsu
Photonics, K.K.) was used for FLIM data acquisition and analysis. An
example of FPs fluorescence decay and instrument response function
(IRF) acquired and analyzed using C9136 FLIM system with
AquaCosmos software is shown in Supplementary Figure S1b.

It should be noted that although 470 nm is not the optimal
wavelength to excite fluorescence of tdTomato [absorption peak is at
552 nm>?], the FP does absorb light at this wavelength. Provided that
tdTomato is the brightest among all currently available FPs,*! the 470
nm laser line could be efficiently used to obtain FLIM data. When the
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FLIM was performed in cells co-transfected with PCNA-GFP, the
tdTomato signal was selected using the additional 600 nm long pass
filter in front of the streak camera. In GFP/tdTomato co-transfection
experiments the appropriate controls (cells transfected with GFP only)
were used to ensure complete cutoff of the GFP signal under
conditions of tdTomato FLIM.

The constancy and reproducibility of FLIM data were verified by
repetitive measurements of fluorescence lifetime in the same cells.
Representative Supplementary Figure S3 shows a time-lapse sequence
of a mitotic cell acquired with 20 min intervals and two daughter cells
resulted from this cell division. The difference in measured
fluorescence lifetimes was insignificant until the cell divided.

The lifetime fitting was performed using a single exponential model
for each pixel in the image. The FLIM images presented in the
manuscript were obtained using in-house software, developed with
Matlab (PFL V1.0) for the raw streak image processing, FLIM image
display, histogram and other analysis.

Statistical analysis was performed by using the unpaired ¢ test
incorporated in SigmaPlot software.

B ASSOCIATED CONTENT

© Supporting Information

Details on FLIM instrumentation, design and results of the
control experiments, as well as statistically analyzed fluores-
cence lifetimes values measured at specific stages of the cell
cycle. This material is available free of charge via the Internet at
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