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Abstract

Molecular organization of a cell is dynamically transformed along the course of cellular physiological
processes, pathologic developments or derived from interactions with drugs. The capability to measure
and monitor concentrations of macromolecules in a single cell would greatly enhance studies of cellular
processes in heterogeneous populations. In this communication, we introduce and experimentally
validate a bio-analytical single-cell assay, wherein the overall concentration of macromolecules is es-
timated in specific subcellular domains, such as structure-function compartments of the cell nucleus as
well as in nucleoplasm. We describe quantitative mapping of local biomolecular concentrations, either
intrinsic relating to the functional and physiological state of a cell, or altered by a therapeutic drug ac-
tion, using two-photon excited fluorescence lifetime imaging (FLIM). The proposed assay utilizes a
correlation between the fluorescence lifetime of fluorophore and the refractive index of its microen-
vironment varying due to changes in the concentrations of macromolecules, mainly proteins.
Two-photon excitation in Near-Infra Red biological transparency window reduced the photo-toxicity in
live cells, as compared with a conventional single-photon approach. Using this new assay, we estimated
average concentrations of proteins in the compartments of nuclear speckles and in the nucleoplasm at
~150 mg/ml, and in the nucleolus at ~284 mg/ml. Furthermore, we show a profound influence of
pharmaceutical inhibitors of RNA synthesis on intracellular protein density. The approach proposed
here will significantly advance theranostics, and studies of drug-cell interactions at the single-cell level,
aiding development of personal molecular medicine.

Key words: Fluorescence lifetime imaging (FLIM), two-photon excited fluorescence, macromolecular crowding,
protein concentration, nuclear organization, nucleoplasm, nucleolus, nuclear speckles.

Introduction

One of the most intriguing problems in the
post-genomic biomedical research is why the cells
with identical genomes, demonstrate profound dif-
ferences in metabolism, kinetics of individual bio-

chemical processes and response to drug treatment.  single cells and specific organelles.

Therefore, a rapidly developing area of personal mo-
lecular medicine requires capability of comprehensive
analysis and precise monitoring of cellular molecular
organization and drug-cell interactions at the level of
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It becomes increasingly recognized that numer-
ous molecular processes inside live cells are governed
by Brownian motion, wherein thousands of types of
soluble macromolecules chaotically move and collide,
and wherein specific molecular interactions are
strictly probabilistic. At the same time, in the complex
live cell environment, all biochemical reactions occur
at significantly different pace than reactions in
test-tubes. In this regards, it was shown that the rate
of molecular diffusion, and thus probability of specific
molecular interactions, correlate with concentration of
all macromolecular species present within a cell. In
this phenomenon, known as “macromolecular
crowding”, the volume collectively occupied by all
the cellular macromolecules is excluded from the
volume where other molecules can diffuse and inter-
act. Such a volume reduction, leads to an increase of
effective concentration for interacting macromole-
cules and fundamentally changes kinetics and physi-
cal chemistry of macromolecular processes in the cell
[1,2].

The impact of macromolecular crowding on
cellular molecular organization has been thoroughly
studied using experimental, theoretical and computa-
tional approaches for several decades [3, 4]. Especially
complex role of macromolecular crowding is played
in eukaryotic cells, which are subdivided on multiple
organelles with unique molecular environment. For
example, modulation of molecular density in mito-
chondria was shown to regulate rates of metabolic
processes in this organelle [5].

Furthermore, characterization of the local mo-
lecular density is especially important in studies of the
eukaryotic cell nucleus - the largest cellular organelle,
which harbors the genome and accommodates a mul-
titude of essential molecular functions. Volume of the
cell nucleus is highly compartmentalized, wherein
numerous molecular processes occur within the spe-
cialized structure-function compartments. The nucle-
ar compartments, also dubbed as “nuclear orga-
nelles”, represent agglomerates of complex macro-
molecules, which unlike organelles in the cytoplasm
are not confined by any membranes, and dynamically
interchange their molecular content with the sur-
rounding nucleoplasm [6]. Although the molecular
profiling of nuclear compartments has been actively
pursued for several decades, leading to the discovery
of specific biochemical processes [7] and modeling of
molecular interactions at various crowding conditions
[1, 3], our ability to analyze the physico-chemical
properties of sub-nuclear sites lags behind. Estimated
intranuclear concentrations of protein macromolecu-
lar complexes vary broadly depending on experi-
mental methodology and type of studied cells. Ob-
tained in different studies protein concentrations

range between ~100 mg/ml in nucleoplasm, ~150 -160
mg/ml in the nuclear speckles, ~150-300 mg/ml in
nucleolus [8-12] and 150-400 mg/ml in condensed
chromatin [10, 13]. Recently, average concentration of
macromolecules in the cell nucleus was estimated at
170-400 mg/ml [14], and reviewed in [15]. In addition
to this disparity in reported concentrations, little is
known about how the intranuclear concentrations of
proteins correlate with the physiological state of a cell
and whether they can significantly change along the
cell development, although such information would
have a fundamental significance. As an example,
changes in the macromolecular concentration in the
compartments accommodating splicing of pre-mRNA
sequences (e.g. nuclear speckles) would influence
expression rates for multiple genes, triggering corre-
sponding changes in cellular homeostasis, viability
and functions.

In the context of biomedicine, another important
problem which has not been solved yet, is whether
certain macromolecular concentrations in both cyto-
plasmic and nuclear organelles can serve as quantita-
tive hallmarks of pathologic cellular transformations,
such as cancer, although such link is hypothesized
[16]. In this regards, a number of characteristic
changes in the morphology of nuclear compartments,
developing during the malignant transformations,
have been identified and even utilized as prognostic
markers [17-19]. However, we do not know whether
changes in the morphology of nuclear compartments
are accompanied with any changes in local molecular
density, which limits the analysis of molecular pro-
cesses at pathologic cellular states. Furthermore, in
pharmaceutical field, the ability to monitor concen-
trations of macromolecules in the cells and subcellular
domains would facilitate organelle-specific drug de-
sign [20].

Up to date, several approaches aimed at char-
acterization of molecular density in the nuclear
structures have been developed. One of them involves
cell fractionation and isolation of the nuclear com-
partments [21], which on one hand provides for an
all-inclusive biochemical characterization of nuclear
structures, but on another cannot be used for assess-
ment of live cells. In addition, isolation of nuclear
compartments is cumbersome and prone to artifacts
procedure, where the local molecular content cannot
be fully preserved. Another common approach in-
volves motion tracking of fluorescence reporters in
the nuclear compartments of live cells [22, 23]. How-
ever, while this approach is valuable for comparative
evaluation of the molecular permeability and different
nuclear sites, it does not provide any direct infor-
mation on the local concentrations of biomolecules.

More recently, the vibrational Raman spectros-
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copy technique was employed for the selective detec-
tion and concentration measurements of proteins,
RNA, DNA and other types of biomolecules in the
nuclear compartments [8, 10-12]. Albeit this approach
is accurate and could be readily utilized in live cell
studies, it typically does not allow for data acquisition
in more than a single site in the cell nucleus at a time.
Besides, determination of concentration values from
the vibrational spectra requires time consuming data
processing, which further limits the applications of
this technique.

One of the most promising approaches for bio-
molecular concentration studies involves measure-
ments of local refractive indexes (RI) in the nuclear
compartments. In the biological cells, Rls are chiefly
defined by the local concentrations of macromole-
cules, mainly proteins and ribonucleoproteins, while
contributions of small organic and inorganic mole-
cules are not substantial. Using the interferometry
microscopy, the RI in the nuclear compartments of
amphibian cells were measured, which enabled the
estimation of local concentrations of proteins in these
nuclear sites [9]. However, this RI measurement tech-
nique required an isolation of the nuclear compart-
ments, which, inherently, cannot be applied for stud-
ies of physiological processes in live cells [9].

Recently, a novel tomographic phase microscopy
was developed for measurements of RI in live cells
[24]. However, this advanced microscopy method is
dependent on the availability of sophisticated optical
instrumentation and has not been validated for stud-
ies of microscopic subcellular sites, with the exception
of nucleolus, the largest nuclear compartment with
the highest RI [24].

Fluorescence lifetime imaging (FLIM), which
maps fluorophore excited-state lifetimes within mi-
croscopic images [25], is an alternative and efficient
technique for precise RI measurement in live cells. It is
important to emphasize that fluorescence lifetime
does not depend on photobleaching, light scattering
and fluctuation of excitation light intensity. Therefore
FLIM is more robust than fluorescence intensity based
measurements and allows performing accurate cellu-
lar microenvironment analysis [26]. Combined with
two-photon excitation fluorescence microscopy, FLIM
has all inherent advantages of two-photon excited
fluorescence, including high 3D resolution, reduced
photodamage, enhanced penetration depth and high
signal-to-noise ratio [27].

FLIM probing of molecular concentrations is
based on an inverse quadratic relation between the
fluorescence lifetime of a fluorophore and the local RI
[28]. Specifically, the fluorescence lifetime (7) is de-
termined 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 + kny; where k; and kn, are the radiative and
nonradiative decay rates, respectively. The k; is
known as a function of the RI. The relation between
fluorescence lifetime, (7) and the RI in the fluoro-
phore’s vicinity, (1), is described by the Strickler-Berg
equation.

j 1(F)dv

1/4=2.880 X 10 n2
j IGW v

J.@dv

v

where (I) is the fluorescence emission intensity, (¢) is

the extinction coefficient, and (V) is the wavenumber
[29]. As follows from the equation, the fluorescence
lifetime of a fluorophore is inversely dependent on
the square of RI of the medium, which is the only
known factor in a cellular environment changing the
fluorescence lifetime in the absence of energy transfer.
This dependence has been well validated both, by
theoretical modeling and experimental measurements
on fluorophores solutions [28, 30, 31]. Furthermore,
FLIM approach has been utilized for probing of RIs in
both fixed and live cells [32-34]. Nevertheless, to our
knowledge, FLIM has never been utilized for meas-
urements and monitoring of macromolecular concen-
trations in cell interior.

In the present communication, we describe and
apply an efficient and facile FLIM-based technique for
the measurement of protein concentrations in the cell
in real-time. We determined protein concentration
values in specific compartments of the cell nucleus,
namely the nucleolus and the nuclear speckles. We
also show that concentrations of proteins in subcellu-
lar domains are not static, but dynamically changing
over the time. Treatment of the cells with common
anti-cancer drug actinomycin D triggers drastic
change in the macromolecular profiles of compart-
ments of the cell nucleus. The approach proposed
here provides computational biology and biophoton-
ics tools for research in molecular theranostics.

Materials and Methods

Cell Culture, Transfection and Drug treat-
ment

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% COs..

For fluorescence imaging of nucleolus and nu-
clear speckles cells were transfected with plasmids
encoding for fibrillarin-GFP or ASF/SF2-GFP, respec-
tively. In some experiments cells were transfected
with histone H2B-GFP, as indicated.
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The transfection of H2B-GFP, Fibrillarin-EGFP
and ASF/SF2 -EGFP (Addgene, Cambridge, USA),
was performed with 2 pg/ml of each type of plasmid
per 35 mm dish, using Fugene 6 transfection reagent
(Roche, Indianapolis, USA) according to manufactur-
er instructions. The fluorescence lifetime measure-
ments were performed within 24-48 hours after the
start of transfection. For inhibition of RNA synthesis
cells were treated with 10 pg/ml actinomycin D
(Sigma Aldrich, St Louis, USA) for up to 3 h, and for
selective inhibition of RNA polymerase II cells were
treated with 50 pg/ml 5,6-dichloro-1-beta-D-
ribofuranosylbenzimidazole (DRB) (Sigma Aldrich, St
Louis, USA) for up to 6 h.

For calibration of the fluorescence lifetime of
GFP, and RI of the medium, cells were fixed in 4%
formaldehyde in PBS for 10 minutes and immersed in
solutions of glycerol with known RI (Sigma Aldrich,
St Louis, USA).

FLIM imaging was performed under the physi-
ological conditions, using a microscopy stage incu-
bator.

For FLIM data acquisition, morphologically
representative cells exhibiting moderate fluorescence
signal were selected. Data for each experiment pre-
sented in the study was averaged from 15 cells or
more.

Two-photon FLIM Microscopy

A Leica TCS SP2-AOBS Spectral Confocal Scan-
ner mounted on a Leica DM IRE2 inverted fluorescent
microscope was used for all imaging, spectral anal-
yses, and other microscopic measurements. This mi-
croscope is equipped with a mode-locked Ti:Sapphire
ultrafast laser (Chameleon from Coherent Inc., tuna-
ble from 690 to 1020 nm, 140 fs pulse width, 80 MHz
repetition rate) for multiphoton excitation. The power
under the microscope was controlled using neutral
density filters and was maintained at ~10 mW for
two-photon excitation fluorescence imaging. A 63x oil
immersion objective (HCX PL APO CS 63x Oil/ NA
1.40) was used for all imaging studies. For FLIM
measurements, time-correlated single-photon count-
ing (TCSPC) technique was used with a Becker &
Hickl SPC-830 unit. A Hamamatsu H7422 PMT was
attached to the X1 port (an external port adapter in the
Leica TCS-SP2 system for an external detector)
through which the fluorescence signals were sent to
the SPC-830 unit.

To obtain fluorescence lifetime images of cells
expressing GFP, the 920nm ultrashort pulse laser was
focused onto samples for scanning point-by-point
within the chosen areas. This excitation wavelength is
within the biological transparency window and we
observed no measurable photo-toxicity in the studied

cells. An IR-cut filter E700 SP (Chroma) and a cus-
tomized band-pass filter HQ550/80 (Chroma) were
used in front of the detector to specifically acquire
GFP signals. All images were acquired at 128 x 128
pixels and the integration time for a single image was
usually less than 2 minutes. The instrument response
function IRF was generated using second-harmonic
generation (SHG) from urea crystals. The obtained
lifetime data was then analyzed by iterative reconvo-
lution with the IRF using SPC-Image (Becker & Hickl)
software. By using this software, the fluorescence de-
cay values for each pixel in selected image areas were
obtained. The instrument response function of our
setup is demonstrated on the Supplementary Figure
S1.

Calibration of Fluorescence Lifetime in Solu-
tions with Different RI

As follows from the Strickler-Berg equation flu-
orescence lifetime of fluorophore inversely depends
on the local RI. This inverse correlation between rand
RI was verified on our setup by FLIM measurements
on Rhodamine 6G, which is a standard FLIM reporter,
diluted in different glycerol concentrations (Supple-
mentary Figure S2a). We also documented shortening
of fluorescence lifetime of YOYO- DNA complex,
when RI of the solution was increased by adding bo-
vine serum albumin (Supplementary Figure S2b).
Next, we calibrated this correlation for GFP to enable
measurements of RI by the FLIM approach. In these
experiments, the cells were transfected with a histone
H2B-GFP construct. In our experimental procedure,
cells expressing H2B-GFP” were fixed in 4% PFA/PBS
for 10 min, permeabilized in 0.2% glycerol for 5 min
and immersed in either PBS, or 25%, 50% 75% solu-
tions of glycerol in PBS with known RI. Measure-
ments were averaged for each experiment and statis-
tically analyzed by using a one-way ANOVA.

Calculation of Protein Concentrations

The cellular RI is mostly determined by protein
macromolecules, including protein complexes with
nucleic acids and lipids, while contributions of other
organic and non-organic molecules are not significant
[35]. Concentrations of proteins in nucleoplasm, nu-
clear speckles and nucleolus were calculated from the
known RI, using earlier described approach [9].
Briefly, RI of an aqueous protein solution and the
concentration of dissolved proteins are linked with
the equation n, = n,, + aC, where n, is the RI of the
solution, ny is the RI of the solvent, C (g/cm?) is the
concentration of proteins in the solution and a is the
refractive index increment of the solute, which de-
termines the change of n, with change of C. Hence, C
= (No- Nw)/ Q.
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In our approximation, for the ny parameter, we
selected RI of the serum-free cell culture medium
(~1.336). For o we utilized 0.19 which is a refractive
increment for “average” cellular protein or ribonu-
cleoprotein [35]. To simplify data presentation, the
calculated concentration values were converted from
g/cm?to mg/ml.

Results

Correlation among fluorescence lifetime of
GFP, refractive index of a medium and local
concentration of proteins in the cell

In our initial experiments we performed a cali-
bration of fluorescence lifetime of GFP in buffers with
different RI. The calibration was performed using
cells expressing the histone H2B-GFP protein; we se-
lected this protein for it relatively uniform distribu-
tion pattern, which facilitates the analysis of fluores-

cence lifetime across the cell nucleus. The cells were
fixed and placed into series of concentrations of glyc-
erol to increase the RI in the immediate environment
of H2B-GFP. Then, the lifetime data for GFP in solu-
tions with different RI were acquired. As demon-
strated by FLIM images at Figure 1A, an increase of RI
of glycerol media leads to a reduction in the fluores-
cence lifetime of H2B-GFP, which is consistent with
previous findings of others and our group [32, 34]. To
enable a simple matching of the fluorescence lifetime
of GFP and RI of the media, we plotted the FLIM data
onto a correlation chart (Fig. 1B). Using the approach
of Handwerger et al., [9], we calculated the concen-
trations of proteins corresponding to each measured
RI, as described in the Methods. Finally, the depend-
ence between the fluorescence lifetime and sought
concentration of proteins was plotted on the chart
(Fig.1C).

2500 ps

B 0.50{ m Iéxperimenla\ d'ata 2.00
Linear fit of experimental data |
% 019ns in [2-0%
. 0.484 75% Glycerolt2.10
o +=2.134ns in 215 @
- 0.464 50% Glycerol (520 ©
- t=2.224nsin +2.25
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Figure 1 Dependence of fluorescence lifetime on refractive index: (A) Fluorescence lifetime images of H2B-GFP in the cells, which were immersed into PBS or
glycerol solutions of different concentration. From left to right: PBS, Glycerol 25%, Glycerol 50%, Glycerol 75% (% by weight). (B) Chart shows an inverse correlation
between the square of the refractive index (n) and the fluorescence lifetime of GFP (t) — (1/1 on the left and 1 on the right Y axis). (C) Chart presents the dependence
between the fluorescence lifetime of GFP and the estimated concentration of proteins. Error bars show the standard deviations.
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Mapping of concentrations of macromolecules
in nucleoplasm and in nuclear compartments

We validated the FLIM technique for monitoring
of macromolecular concentrations in the cell nucleus
on examples of two well-studied types of nuclear
compartments: (i) the nucleolus, which is the site of
ribosome biogenesis [36] and (ii) the nuclear speckles,
which are the sites for storage and modifications of
mRNA synthesis/processing machinery and for
pre-mRNA splicing [6, 37]. Cells, transfected with
either fibrillarin-GFP or ASF/SF2-GFP for visualiza-
tion of nucleoli and nuclear speckles, respectively,
were processed for imaging. FLIM images were gen-
erated and the fluorescence lifetime values for these
proteins were analyzed. In our approach, first, we
measured the fluorescence lifetime of GFP fusions;
next using a calibration chart in Figure 1B we deter-
mined the RI in the subcellular environment of this
fluorophore, and then we calculated the concentra-
tions of protein macromolecules, which correspond to
the measured RI values (Fig. 1C).

Fluorescence imaging of fibrillarin- and
ASF/SF2- GFP fusions, demonstrated distinctive for
these proteins accumulations in the nucleolus or the
nuclear speckles, respectively. At the same time a
significant fraction of these proteins was present in
the nucleoplasm, outside of their nuclear compart-
ments [22, 23]. Using these proteins as fluorescence
lifetime probes, we observed considerable cell-to-cell

A

Fluorescence
Lifetime

Fluorescence
Intensity

Fibrillarin-GFP

ASF/SF2-GFP

| 2000 2200 2400 ps

2100 2200 2300 ps

variations in the intracellular concentrations of mac-
romolecules.

We found that the ASF/SF2-GFP molecules have
approximately the same fluorescence lifetime, both in
the nucleoplasm and in the nuclear speckles. The
measurements in different cells were ranging from
~2180 to ~2250 picoseconds (Fig. 2A), which corre-
spond to protein concentrations of ~230 mg/ml and
120 mg/ml in these regions of the cell nucleus, ac-
cording to our calibration (Fig. 1C). The average pro-
tein concentration was ~168 mg/ml in the nucleo-
plasm and ~152 mg/ml inside the nuclear speckles;
however this difference was not statistically signifi-
cant. In contrast to ASF/SF2, which had relatively
uniform fluorescence lifetime values across the cell
nucleus, we found that the lifetime of fibrillarin-GFP
strongly depends on its intranuclear location. In the
nucleoplasm, the fluorescence lifetime for this protein
was ranging from ~2180 ps to ~2270 ps (RI equivalent
of 230 mg/ml and 90 mg/ml, respectively), which
was close to data obtained with ASF/SF2-GFP. At the
same time, fluorescence lifetime of fibrillarin-GFP was
significantly shorter inside the nucleolus measuring
2110 ps to 2190 ps, which represents protein concen-
trations of 354 mg/ml and 217 mg/ml, respectively.
The average fluorescence lifetime of fibrillarin-GFP in
nucleolus was 2150 ps, which corresponds to ~284
mg/ml of protein concentration (Fig. 2B).

Lifetime
Histogram e
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100

Proteins concentration mg/ml
o 8
I

Nucleolus

Nucleoplasm
Nucleoplasm
Nuclear speckles

Fibrillarin-GFP ASF/SF2-GFP

Figure 2 Mapping of the intracellular protein concentrations by using FLIM approach: (A) Fluorescence intensity images, fluorescence lifetime images, and corre-
sponding lifetime histograms of fibrillarin-GFP and ASF/SF2-GFP (in picoseconds). (B) Estimated average protein concentration for the nucleolus, nuclear speckles and

the nucleoplasm. Error bars show the standard deviations.
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Figure 3 Monitoring of the fluorescence lifetime of Fibrillarin-GFP: (A) Intensity image of fibrillarin-GFP expressing cell. Nucleolus in white rectangle was acquired
every 15 min. (B) Time sequenced FLIM images of nucleolus. A color-coded image demonstrates changing distribution of fluorescence lifetime values and corre-

sponding concentrations of nucleolar proteins at each time point.

A

2100 2200 2300 2400 ps
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2180 4 Tlmel min -
240
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Figure 4 Monitoring of the fluorescence lifetime of ASF/SF2-GFP: (A) A high magnification of nuclear speckles is shown. Same cell area was scanned with 10 min
intervals, and the FLIM images were generated. (B) Charts demonstrate changes in average fluorescence lifetime (black) and corresponding protein concentrations

(blue) in the nuclear speckles shown at (A).

Monitoring of macromolecular concentrations
in the same nuclear compartments

FLIM imaging has shown that the fluorescence
lifetimes and the corresponding concentrations of
proteins were relatively uniform in the nuclear
speckles. At the same time, in the nucleolus, we could
frequently distinguish sub-domains with different RI,
evidently reflecting a higher-order heterogeneous
molecular structure of this nuclear domain [38]. To
explore how the molecular structure of nucleolus may
change in time, we performed a number of time-lapse
studies wherein the FLIM data were sequentially ac-
quired from the same cell with 10-20 min intervals. In
cells expressing fibrillarin-GFP, our data has revealed
that the intranucleolar distribution of proteins is
highly dynamic. The fluorescence lifetime values in-
dicated that the molecular density in various nucleo-

lar domains changed considerably over time. An
example of dynamic changes in distribution of pro-
teins in the nucleolus is shown in Figure 3. We ob-
served that concentration of proteins in different parts
of the nucleolus changes by several tens of milligrams
at subsequent FLIM image acquisitions.

A different type of molecular dynamics was
found in the nuclear speckles. In these nuclear do-
mains, the molecular concentration appeared more
homogeneous than in the nucleolus. At the same time,
the average fluorescence lifetime periodically fluctu-
ated. These changes were synchronous for different
nuclear speckles located in the same cell nucleus (Fig.
4). Overall, our time-lapse experiments revealed that
the fluorescence lifetime within the same nuclear
domain is not static, but is dynamically changed over
the time, which indicates that nuclear compartments
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undergo through constant changes in concentration of
macromolecules.

Drug-induced changes in global proteins dis-
tribution

Cells treated with inhibitors of RNA synthesis
exhibit profound changes in the morphology of the
nuclear speckles and the nucleolus. Here we utilized
FLIM approach, to investigate whether the
drug-induced morphological transformations are ac-
companied with the changes in local macromolecular
concentrations. In the first series of experiments, the
cells expressing ASF/SF2-GFP were incubated with
actinomycin D, which is a known cancer drug, inter-
calating into the DNA and inhibiting RNA synthesis
by all three classes of RNA polymerase. Consistent
with previous reports, monitoring of ASF/SF2-GFP
signal revealed an enlargement of the nuclear speck-

ASF/SF2-GFP
Fluorescence Fluorescence
Intensity Lifetime

2000 2200 2400 ps

les and emergence of doughnut-shaped structures in
vicinity to nucleolus, in response to actinomycin D
treatment [37].

The fluorescence lifetime values indicate that
the drug treatment leads to a substantial increase in
the protein molecular density in the nuclear speckles
from ~150 mg/ml found in non-treated cells to an
average ~525 mg/ml following the actinomycin D
treatment (Fig. 5). Furthermore, the doughnut-shaped
structures in the treated cells were found to accom-
modate very high concentrations of proteins at nearly
~600 mg/ml. This concentration range is not expected
for soluble proteins, however, protein clustering is
known during the drug-induced apoptosis develop-
ment [39]. Thus, emergence of highly concentrated
agglomerates of proteins, likely represents a hallmark
of apoptotic cells.
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Figure 5 Inhibition of RNA synthesis by actinomycin D induces changes in subnuclear protein density: (A) The fluorescence intensity image, the fluorescence lifetime
image and the fluorescence lifetime histogram are shown for the cell expressing ASF/SF2-GFP and treated by actinomycin D for 3h. White arrows point to
doughnut-shaped structures, which emerge in response to the drug treatment. (B) Averaged protein concentrations in the nuclear speckles before the drug
treatment and in drug-treated cells (both in nuclear speckles and in the doughnut-shaped structures). Error bars show the standard deviations. (C) FLIM monitoring
of the nuclear speckles in a course of actinomycin D treatment. (D) Dynamic changes of fluorescence lifetime values (black) and corresponding concentrations of
proteins (blue) in the nuclear speckles during actinomycin D treatment. The plot is generated from data shown in (C).
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Fibrillarin-GFP
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Figure 6 FLIM imaging of fibrillarin-GFP in the DRB treated cell: (A) Fibrillarin-GFP: the fluorescence intensity image, the fluorescence lifetime image and the
fluorescence lifetime histogram are shown. Fibrillarin GFP is accumulated in the necklace beads-like structures (indicated by white arrows) and in the nucleolar
remnants (indicated by blue arrowhead). (B) Averaged fluorescence lifetimes in the nucleoli and in the bead-like structures before and after the DRB treatment, as

indicated.

In the second group of experiments the influence
of 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole
(DRB) was investigated. This drug inhibits pre-mRNA
synthesis by RNA polymerase II, and induces reor-
ganization of nucleolus, wherein DNA with riboso-
mal genes unwinds from nucleoli into necklace-beads
like structure. Strikingly, in DRB treated cells, syn-
thesis of ribosomal RNA continues in the “beads” of
“necklace” [40]. Our FLIM data shows roughly the
same fluorescence lifetime values in remnants of the
nucleoli of and in necklace-like structures of DRB-
treated cells as in the nucleoli untreated cells (2150
and 2140 picoseconds respectively), roughly corre-
sponding to 280-290 mg/ml of proteins concentration
(Fig. 6). These data suggest that RI of nucleolus is
dependent on synthesis of ribosomal RNA, while se-
lective inhibition of mRNA synthesis by DRB has no
significant effect on molecular density of nucleolus
during first hours of drug treatment.

Discussion

Essential biochemical activities in the cell rely on
purely stochastic processes, such as Brownian diffu-
sion and random interactions of biomolecules [41]. At
the same time, all molecular reactions in the cell are
strongly affected by the local concentrations of mac-
romolecules (i.e. macromolecular crowding phe-
nomenon), which represents one of the fundamental
regulatory mechanisms in the cell [4]. However, alt-
hough the probing of macromolecular concentrations

in specific cellular structures can significantly ad-
vance studies of cellular regulation, identify real-time
markers of cellular heterogeneity and enable new type
of molecular diagnostic of cellular state, such capabil-
ities in current technology are very limited.

This communication employs a FLIM approach
to determine and monitor local concentrations of
macromolecules in live cells. An important benefit of
this technique is a high efficiency, wherein concentra-
tion values in the cells can be obtained within only
several minutes. This is an inherent advantage of
FLIM as compared to vibrational spectroscopy, an-
other approach which is utilized for this task in live
cells [8, 10-12, 39]. Our study demonstrated that this
new FLIM approach is capable of monitoring an
overall concentration of proteins in individual nuclear
compartments, as well as in the surrounding nucleo-
plasm, - a protoplasm of the cell nucleus.

The obtained results in previous studies demon-
strated that macromolecular concentrations broadly
vary between ~75 and ~450 mg/ml [3, 10, 14, 42]. The
average concentrations of proteins, obtained in the
present study for the nucleoplasm, the compartment
of nuclear speckles, and the nucleolus (Fig. 2), and are
within the previously established range of values.

Earlier, our estimations using vibrational Raman
spectroscopy [8, 10-12, 39] demonstrated the overall
protein concentration of ~115 mg/ml for nuclear
speckles and ~150 mg/ml for nucleolus. The nucleolar
composition was also enriched with ~30-40 mg/ml of

http://lwww.thno.org



Theranostics 2015, Vol. 5, Issue 9

928

RNA [8, 11, 12], ~10 mg/ml of lipids and trace
amounts of DNA. A larger proteins concentration in
nucleolus, obtained by FLIM (~284 mg/ml), can be
derived from several factors. Raman spectroscopy
measurements rely on a concentration calibration
procedure, in which intensities of spectral Raman
bands obtained for a selected model protein, such as
bovine serum albumin, are used as the concentration
standard for all nucleolar proteins. At the same time,
mismatches inherently existing between any model
protein and native nucleolar proteins would influence
the concentration estimation. On the other hand, the
FLIM measurement technique has its own limitations.
In particular, conversion of RI to protein concentra-
tion depends on the refractive increment value used.
We utilized a generally accepted refractive increment
of ~0.19, although this value may be different for av-
eraged nucleolar proteins. In addition, the nucleolus
is known to contain a pool of lipids [8, 11, 12], which
generally exhibit higher RI than proteins, and thus
may bias the FLIM-based measurements of macro-
molecular concentrations.

It is useful to compare our data with that of
classical refractometry study of the cell nuclear com-
partments by the group of Joseph Gall. In that study,
nuclear domains were isolated from amphibian oo-
cytes and concentrations of proteins of 106, 162 and
215 mg/ml in the nucleoplasm, nuclear speckles and
nucleolus respectively, were reported [9], which is
close to our results for human cells (Fig 2). Some data
differences can be attributed both to variations pre-
sumably existing between different cell lineages and
different methodologies.

An important advantage of the FLIM approach is
the ability to monitor changes in macromolecular
concentrations over time, unachievable by conven-
tional  refractometry = techniques. = Moreover,
two-photon excitation used in our FLIM imaging sig-
nificantly reduces the cellular photodamage as com-
pared to a single-photon FLIM, which is valuable in
time sequenced studies of live cells. Using FLIM
technique, we have observed dynamic changes of
concentrations of macromolecules in the nucleoli and
in the nuclear speckles (Fig. 3 and Fig. 4). We believe
that such changes can reflect the dynamics of gene
expression. It has been postulated in the systems bi-
ology field, that gene expression is a fundamentally
stochastic process, wherein global rates of RNA pro-
duction in the cell are stochastically changed, together
with the abundance of participating molecules (e.g.
nucleotides, RNA polymerases, transcription factors,
etc.) [41]. In this regards, fluctuations of macromolec-
ular concentrations in the nucleolus (Fig. 3) may di-
rectly reflect changes of RNA synthesis levels and
ribosome assembly in this nuclear compartment. At

the same time, nuclear speckles are predominantly
associated with splicing of mRNA and stor-
age/modifications of macromolecular complexes in-
volved in the pre-mRNA synthesis machinery. Hence,
periodical fluctuations of macromolecular concentra-
tions shown in Fig. 3 may influence the rates of these
global cellular processes.

An important outcome of our study is docu-
mentation of significant cell-to-cell variations in the
macromolecular concentrations in nucleoplasm, nu-
cleoli and the nuclear speckles (Fig. 2), which is also
consistent with our previous study using Raman
spectrometry [11]. Considering the correlation be-
tween the macromolecular concentration and kinetics
of molecular interactions, known as a macromolecular
crowding effect, such concentration variations clearly
signify cell-to-cell differences in the rates of molecular
processes associated with distinct nuclear compart-
ments.

In the study of drug-cell interactions we have
chosen common anti-cancer drug actinomycin D and
DRB. These drugs differ in the molecular mechanism
of action. Actinomycin D intercalates into DNA and
causes irreversible changes in levels of RNA synthe-
sis, leading to cell death [43]. In comparison, DRB
influences selectively activity of RNA polymerase II,
whereas the synthesis by RNA polymerase I and -III
remains unaltered and its action is reversible, upon
removal of DRB [40]. In classical cell biology, trans-
formations of cell nuclear architecture in response to
inhibition of RNA polymerase II activity by DRB and
actinomycin D have been extensively studied. Acti-
nomycin D is well known to induce enlargement of
the nuclear speckles and redistribution of many
components of nuclear speckles to the “dough-
nut-shaped” structures around the nucleolus [37]. At
the same time despite extensive morphological stud-
ies, comprehensive characterization of molecular
changes in the cellular structure has not been accom-
plished yet. The FLIM technique uniquely provides
quantitative characterization of the intracellular mo-
lecular environment during these transformations.
We found that the “doughnut-shaped” structures
contain proteins in concentrations up to 600 mg/ml
(Fig. 5). These concentrations may exceed proteins
solubility and are indicative of precipitation process.
We suggest that such high concentrations in
drug-treated cells could be hallmarks of irreversible
changes in cellular organizations, leading to cell
death. Remarkably, the FLIM approach may enable
for early detection of the drug effect, before any
characteristic changes in the morphology of actino-
mycin D treated cells became apparent (Fig. 5). Such
sensitivity is valuable for monitoring of the drug ef-
fect on the cell. Current technology is limited in iden-
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tification of subtle changes in the cellular metabolism
at early stages of the drug treatment. The FLIM ap-
proach overcomes this limitation.

Furthermore, probing of macromolecular con-
centrations by the FLIM technique is independent of
cell morphology, which enables reliable control of
organelles function. In the DRB treated cells, we
found that despite significant transformations of cel-
lular structure (Fig. 6), this drug does not cause
emergence of protein agglomerates, which is con-
sistent with reversible nature of DRB action [44]. Re-
markably, concentration of proteins in disintegrated
nucleoli of the treated cells did not significantly
change.

In conclusion, our study suggests that concen-
trations of macromolecules in distinct organelles can
serve as real-time indicators of cellular heterogeneity
and for monitoring of cellular transformations during
disease development or drug action, thus enabling
new type of molecular diagnostic of cellular state.

Conclusions

In this communication, we introduce and ex-
perimentally validate a new type of bioanalytical sin-
gle-cell assay, wherein the overall concentration of
cellular macromolecules is estimated in specific
structure-function compartments of the cell nucleus as
well as in nucleoplasm. Mapping of local biomolecu-
lar concentrations is performed via measurements of
fluorescence lifetime of fluorophores, applying a
two-photon excited fluorescence lifetime imaging
(FLIM) technique. Using the new assay, we estimated
concentrations of proteins in nucleolus and nuclear
speckles at ~ 284 and ~150 mg/ml in average. We
found that concentrations of biomolecules periodi-
cally fluctuate in time indicating changes in the ki-
netics of biochemical reactions. We also report signif-
icant changes in protein concentration values in re-
sponse to the actinomycin D drug treatment, appar-
ently resulting from emergence of intracellular pro-
tein precipitations.

The proposed single-cell FLIM assay can enable
rapid and noninvasive analysis of cell-to-cell varia-
tions and cell-function related classification of the
cellular heterogeneity. As such, our approach can
contribute to interdisciplinary research on the inter-
face between medicine, cell physiology and systems
biology. We believe that our approach will be a val-
uable tool for studies of drug-cell interactions, at the
single-cell level, enabling early detection and novel
categorization of cellular response to drug treatment
and supporting development of personal molecular
medicine.
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Figures S1-S2. http:/ /www.thno.org/v05p0919s1.pdf
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