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ABSTRACT: Fluorescent probes for specific inter-organelle communication are of massive significance as such communi-
cation is essential for a diverse range of cellular events. Here, we present the microviscosity-sensitive fluorescence marker,
Quinaldine red (QR), and its dual organelle targeting light-up response in live cells. This biocompatible probe was able to
localize in mitochondria and nucleolus simultaneously. While QR was able to sense the viscosity change inside these com-
partments under the induced effect of an ionophore and ROS-rich microenvironment, the probe’s ability to stain mito-
chondria remained unperturbed even after protonophore-induced depolarization. Consequently, a systematic quantifica-
tion was performed to understand the alteration of microviscosity. Similar behavior in two distinct organelles implied that
QR binds to Metaxin-2 protein, common to mitochondrial and nucleolar proteomes. We believe this is the first of its kind

investigation that identifies the inter-organelle communications marker and opens up a new dimension in this field.

INTRODUCTION

Cellular organelles, since their discovery, are primarily
considered as individual entities of particular composition
that are entitled to specific roles and functions to imple-
ment several intra-cellular events. Nevertheless, such soli-
tary roles are no longer pertinent as defied by the recent
scientific advancements on inter-organelle communica-
tion.” Organelles exchange information via certain bio-
molecules and metabolites to maintain long-term cellular
homeostasis through different modes of communication:
inter-organelle signaling, intracellular trafficking, mem-
brane contact sites (MCS), and inter-organelle transient
connections.” > In terms of organelle connectivity, mito-
chondria have remained in the center stage of communi-
cation being well-connected to the endoplasmic reticulum,
lipid droplets, peroxisomes, and nucleus. Such mitochon-
dria-centric communication is responsible for calcium sig-
naling and transport, phospholipid synthesis and transfer,
maintaining lipid balance through p-oxidation, and trans-
fer of noncoding RNA.%7 In this contribution, we took a
specific interest to explore the communication between
mitochondria and nucleolus using a molecular viscometer
as a red fluorogenic reporter. Upon investigation, it be-
comes apparent that the fluorescent signal acts as a tool to
quantify the effect in both mitochondria and nucleolus
compartments in certain homeostatic and non-homeo-
static conditions.

Mitochondria, often referred to as the ‘powerhouse of the
cell’, are present in the cytoplasm of most of the eukary-
otes. These unusual membrane-bound organelles primar-
ily produce cellular energy, participate in metabolic activi-
ties, while also participating in cell signaling, production
of heat, and mediating cell differentiation and death.®° Mi-
tochondria, owing to their tendency for aberrant free-elec-
tron release, remain a major site for ROS generation.”™
Despite the presence of its inbuilt ROS scavenging system,
often an antioxidant protein, sometimes they cause dam-
ages to mtDNA. Additionally, the production of ROS and
related oxidative stress alters microenvironmental viscos-
ity and polarity at a specific region.’® Retarded mitochon-
drial respiration and metabolism, a result of increased vis-
cosity attributable to dysfunctional biomolecular interac-
tions and metabolite diffusion, subsequently adds on to
cell death.” Mitochondrial dysfunction is also implicated
in several neurodegenerative diseases e.g. Alzheimer's dis-
ease and Parkinson's disease.” Although protein cross-
linking by ROS and subsequent formation of protein ag-
gregates are suspected to be the main factor for increasing
microenvironmental viscosity, the exact evidence remains
unclear.”® Therefore, monitoring mitochondrial viscosity
during various biological processes proves to be of enor-
mous importance in providing valuable insight into disease
surveillance, thus making the evolution of simpler mito-
chondria-targeted precise fluorescent probes crucial. In-
vestigation of mitochondrial viscosity copiously utilizes



fluorescent probes working on the molecular rotor princi-
ple.” 7 These are n-conjugated fluorescent molecules, usu-
ally containing electron donor and acceptor moieties con-
nected via a m-bridge/flexible linker.” Intramolecular free
rotation of the connected moieties (often termed as ‘rota-
tors’), around the m-conjugated bridge in a low-viscous en-
vironment, induces non-radiative thermal relaxation of ex-
citation energy and quenching of fluorescence while inhi-
bition of the rotation in high viscous media restores the
fluorescence.”™

Hydrophobicity of the inner mitochondrial membrane
along with a negative membrane potential has led to a mi-
tochondria-targeted probe being entitled to some specific
structural features.” The most popular mitochondria tar-
geting moieties are lipophilic cations, triphenylphospho-
nium (TPP) being the most celebrated example. The TPP
cation has been attached to a series of moieties e.g.,
branched polymer,” dendrimer,*, and small molecules
such as a-tocopherol,” peroxidase mimics,® and coen-
zyme Q,” to make them suitable for delivery to mitochon-
dria. 7 Rhodamine,”® BODIPY,* indoline*** and juloli-
dine ** derivatives are some other members to name from
the same group. Commercially available MitoTracker dyes
possess a delocalized positive charge to assist their plasma
membrane potential-dependent accumulation in mito-
chondria. Besides mapping mitochondrial viscosity, some
of these molecules were found useful in probing mem-
brane potential # and ROS inside these organelles.” De-
spite the evolution of numerous mitochondria targeting
molecular probes, the discovery of selective probes re-
mains challenging, as we extend our understanding and
unfold the function and involvement of the organelle in
several diseases and health conditions.

The nucleolus, known as the ‘ribosomal factory of the cell’,
is one of the most conspicuous and distinct membraneless
substructures inside the nucleus primarily involved in ri-
bosome biogenesis and monitoring proteins for cell cycle
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Scheme 1. Schematic representation of the present work
involving simultaneous dual organelle localization and vis-
cosity mapping using Quinaldine Red (QR) as a fluores-
cent probe.

regulation. It is a dynamic entity with a highly dense do-
main as compared to the surrounding nucleoplasm.?*
Mainly, it consists of three distinct structural components-
fibrillar center, dense fibrillar component, and granular
center. The nucleolus is also involved in cell cycle regula-
tion, growth, and development.”® However, little is known
about the microviscous response of nucleolus during intra-
cellular events. The probe of interest, QR is also capable of
staining nucleolus alongside mitochondria owing to the in-
teraction with a protein, namely metaxin-2. This dual or-
ganelle localization brings a new dimension to study the
synchronous behavior of the corresponding cellular com-
partments during non-homeostatic events such as induced
stress and apoptosis, arrested cell cycle checkpoints. With
this report, we introduce a well-known indicator dye, QR,
as an efficient fluorescent viscometer and aim to invigorate
the field of inter-organelle communication (Scheme 1).
For this study, a small molecular organic dye, QR was se-
lected having an electron-donating N, N-dimethylamino-
phenyl group connected to an electron-deficient quater-
nized quinoline moiety through a C-C double bond as de-
picted in the FMO picture (Figure S1). QR, a dark red
solid, has been proved useful as an indicator,**?, and a flu-
orescent tag.?® The molecule is biocompatible, easily syn-
thesized, and shows excellent fluorescence response upon
binding with a protein or nucleic acid. The electron-with-
drawing quinoline moiety present in the molecule was hy-
pothesized to be the key aspect for its targeting ability to-
wards mitochondria.

Thus, it becomes clear from the above facts that the quater-
nized nitrogen present in the dye may interact with the
phospholipids of the mitochondrial membrane and alt-
hough the aggregated state of the molecule may experience
some change,* the targeting ability of the molecule would
experience little to no change as pH gradient across the
membrane is affected or least destroyed. At the outset, we
became inquisitive to examine the photo-physical behav-
ior, viscosity-dependent emission enhancement of the dye,
and understand its usability. The dye working on the mo-
lecular rotor principle showed 57-fold fluorescence emis-
sion enhancement as viscosity increased from 1 to 480 cP.
Also, notable was its excellent sensitivity as a response to
the change in viscosity and photostability. The probe was
found to be non-cytotoxic, and it selectively localizes in
mitochondria, simultaneously staining the nucleolus. The
probe, based on its optical response, can distinguish be-
tween the homeostatic and induced viscosity state of the
mitochondrial matrix of living cells upon various subcellu-
lar stress conditions.

RESULTS AND DISCUSSION

QR as a molecular viscometer. The spectroscopic point-
of-view. The lipophilicity of any probe, that is being antic-
ipated to localize in the mitochondria,*’ is one of the most
important physicochemical parameters to look into. The
octanol-water partition coefficient is the commonest way
to express the lipophilicity of a compound.* It is defined as



the ratio of the concentration of a solute in a water-satu- lipophilicity modeled from the logarithm of the octanol-

rated octanol phase to its concentration in an octanol-sat- water partition coefficient (log P).** As QR bears a positive
urated aqueous phase. Now, the model of the structure-ac- charge (Z = 1) and its measured log P = 0.104 * 0.001, it is
tivity relation specifying a physicochemical parameter of a anticipated that QR is prone to localize inside the mito-
probe staining mitochondria should follow the criteria of chondria.
electric charge, Z > o and o < log P <+5, log P being the
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Figure 1. (A) Normalized absorption and emission spectra of QR in different solvents, (B) relative quantum yield of QR in different
solvents, (C) emission spectra of 10 uM QR in Ethylene glycol (GLY) / phosphate buffer (PB) mixture of varying ratios, (D) plot
of log I, and log 1, Aexjem = 480/640 nm. Insets of (B) and (D) show representative images of QR solution in phosphate buffer,
70% sucrose (SUC), and glycerol under UV irradiation (A, = 365 nm) and daylight, respectively. (E) Absorption and (F) emission
spectra of 10 uM QR in aqueous sucrose solution of varying concentrations (o, 5, 10, 20, 30, 40, 45, 50, 55, 60, 65, 70%), the inset
shows the intensity of QR with increasing percentage of sucrose, (G) plot of log Is,, and log 1, Aex/em = 480/640 nm, (H) emission
spectra of 10 uM QR in 70% aqueous sucrose solution with increasing temperature (20, 30, 40, 50, 60, 70 C).

The aqueous solution of the probe, orange in color, showed such as acetonitrile and methanol, QR shows weak fluo-
an absorption peak centered at 500 nm. While in highly rescence. However, the emission maxima in polar aprotic
viscous media the peak was shifted to 535 nm with a change solvents are centered around 650 nm, whereas in a polar
of solution color to pink. A strong fluorescence peak cen- protic solvent the maxima are centered on 630 nm. Thus,
tered at 640 nm was observed as the viscosity of the envi- solvent polarity-dependent fluorescence emission, as well
ronment increased. The probe exhibited a good linear re- as quantum yield, suggests the involvement of several re-
lationship (R* = 0.99, with a slope of x = 0.45, 1 in cP) be- laxation pathways. The broad nature of the absorbance and
tween the fluorescence intensity response (log I¢,,) and vis- fluorescence emission further infers the presence of con-
cosity (log n), by fitting the Forster-Hoffmann equation® formers with considerably broader distribution of the di-
(Egn. S1). Steady-state absorption and fluorescence spec- hedral angles between the planes of the N, N-dimethylani-
tra of QR were recorded in solvents of different polarities line, and the quinoline moieties in the S, state compared to
(Figure 1A) and the respective absorbance and intensities the ground electronic (S,) state, i.e., loss of structural pla-
have been normalized at the wavelength of maxima. In the narity of the excited state.

solvents of higher polarity e.g., DMF, a redshift of ~ 25 nm

is observed in the absorption band (w.r.t. water) recorded Unfolding the viscosity sensitivity of QR. The viscosity-
in solvents of different polarities (Figure 1A), and the re- dependent spectroscopic property of QR was investigated
spective absorbance and intensities have been normalized using various ratios of PB and ethylene glycol (EG). Upon
at the wavelength of maxima. The shift of absorbance max- increasing the EG fraction from o to 100, a 22-fold enhance-
ima (although very small, ~ 10 nm) in protic solvents fol- ment of fluorescence was observed (Figure 1C). The aque-
lows the viscosity order of the solvents. The quantum yield ous solution of QR looks orange in color, whereas in GLY
of QR determined in various solvents again follows the or- a pink solution was obtained (Inset, Figure 1D). The weak
der of increase of viscosity of the medium (Figure 1B, Ta- fluorescence intensity of QR in water may be rationalized
ble S1). In solvents of low viscosity, quantum yield does not based on the free rotation of the quinoline and N, N-dime-
exceed 0.015; in highly viscous media as glycerol, the value thylamino moieties, forming a twisted and non-radiative

reaches 0.21 = 0.03 (Figure 1B). In high polarity solvents



Figure 2. Confocal live-cell colocalization experiments in U-87 MG cells. (A), (F), and (K) show DIC images; (B), (G), and (L)
show the FITC channel images stained with 0.3 uM MitoTracker green, 0.3 uM ER-Tracker Green, and LysoTracker Green; (C),
(H), and (M) show the TRITC channel images stained with 5 uM QR; (D), (I), and (N) show the corresponding merge images; (E),
(J), and (O) shows the scatter plot to get the respective Pearson’s correlation coefficients. (Scale bar: 10 um).

decayed excited state. A linear relationship (R’= 0.99, slope
=1.08, n in cP) was observed from the log I vs. log n plot,
by fitting the Férster-Hoffmann equation (Figure 1D, Eqn.
S1). The fluorescent lifetime also was found to get en-
hanced with increasing viscosity (Figure S2B); good line-
arity was observed from log 7 vs. log i plot in sucrose solu-
tions with increasing viscosity (Figure S2C). The pH re-
sponse of QR, an important aspect of a probe for biological
applications, was investigated from UV-Vis. spectroscopy.
The absorption spectra of the dye showed typical pH re-
sponse patterns of a pH indicator. An increase of the ab-
sorbance maxima centered at 500 nm was observed with
an isosbestic point at 395 nm, with a simultaneous decrease
of a peak appearing at 360 nm (Figure S3). At lower pH,
the orange-red color of the dye disappeared and the solu-
tion turned colorless. The pK, value observed from the in-
flection point of the plot of absorbance at A, vs pH was
close to 2.7.” In viscous medium e.g., 70% sucrose, (Figure
1E & 1F) bright pink solution of QR displayed a strong flu-
orescence at 635 nm with a 57-fold increase (see inset of
Figure 1F), due to limited free rotation. The emission peak
in 70% sucrose was, however, narrower indicating a more
constrained environment now being experienced by the
chromophore. With an increase of viscosity from 1.1 to
480.6 P in different percentages of sucrose solutions (%
w/w) brilliant enhancement of fluorescence occurred.
Good linearity (R* = 0.99, slope = 0.45, n in cP) observed in
the viscosity range (Figure 1G) further validates the utility

of the probe for the detection of viscosity in various media,
including biological systems. To further validate the vis-
cosity-induced emission enhancement, temperature-de-
pendent emission spectra were recorded with the 70%
aqueous solution of sucrose (10 uM in QR). With an in-
crease in temperature, viscosity decreases as the greater
thermal energy allow the molecules to overcome intermo-
lecular forces responsible for generating viscous forces
across layers in a liquid. Figure 1H shows a decrease of flu-
orescence intensity as temperature increases, however, no
change of emission is observed beyond 70 °C.

Intracellular dual organelle localization of QR. As ev-
ident from the detailed spectroscopic studies, the viscos-
ity-based fluorometric response of QR prompted us for
live-cell imaging experiments for intracellular viscosity
measurements. Initially, the biocompatibility of the probe
was monitored by the standard MTT assay in U-87 MG gli-
oblastoma cell lines. Following a 24 h incubation with dif-
ferent concentrations of QR in live U-87 MG cells, the IC;,
value was found to be above 35 uM (Figure S4). Therefore,
for live-cell imaging studies, 5 M QR was used having
~80% viable cells. Confocal microscopy results suggested
the localization of QR in the mitochondrial compartments.
To confirm, commercially available Mitotracker green was
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Figure 3. Confocal microscopy images of U-87 MG cells stained with 5 uM QR and treated with monensin to monitor viscosity
changes at different time intervals. (A-D) DIC images; incubated with (F) QR only, and with 10 uM monensin for (G) 30 min, (H)
1h, (I) 4 h; bar plot shows (E) the mitochondrial viscosity increment, and (J) the nucleolus viscosity increment (Scale bar: 10 um)
(quantification performed considering at least 10 different ROIs for each time-points).

co-incubated with QR in U-87 MG cells, and Pearson’s cor-
relation coefficient was found to be 0.89 suggesting fast
and efficient localization of QR in mitochondria (Figure
2A-E). Furthermore, other commercially available orga-
nelle targeting dyes i.e., ER-Tracker Green (Figure 2F-I)
and LysoTracker Green (Figure 2K-N) were taken for co-
staining with QR to validate if there is any non-specific lo-
calization. Upon analyzing the colocalization results, in
both cases, Pearson’s co-efficient coefficient was found to
be quite less (Figure 2J & 20). Even though the mitochon-
dria were lit up by QR staining, Pearson’s coefficient wasn’t
as higher as we had anticipated. A strong fluorescence sig-
nal was also detected from the nucleolus upon staining

with QR, as small spherical compartments inside the nu-
cleus could clearly be distinguished. Therefore, QR proved
to be an efficient dual-mode mitochondrial and nucleolus
marker and can be useful to simultaneously monitor vis-
cosity changes in both of these cellular compartments.

Mapping intracellular microviscosity. In order to ex-
plore if QR could detect the microviscosity changes, we
used a well-known ionophore monensin that facilitates the
transport of Na* and K" ions between intracellular and ex-
tracellular spaces causing viscosity enhancement by swell-
ing of mitochondria through the disruption of ionic
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Figure 4. Confocal microscopy images of U-87 MG cells stained with 5 uM QR and treated with CCCP and etoposide; (A) & (E)
incubated with QR only, treated with 20 uM CCCP for (B) 15 min, (C) 30 min, (D) bar plot shows no change in the intensity even
after membrane potential uncoupling; treated with 50 uM etoposide for (F) 15 min, (G) 30 min, and (H) bar plot shows the viscosity
enhancement upon induced apoptosis. (Scale bar: 10 ym) (quantification was performed considering at least 10 different ROIs for

each time-points)



balance.**° The living U-87 MG cells were treated with 10

UM monensin and incubated for 30 min, 1 h, and 4 h before
staining with 5 uM QR. (Figure 3A-D, F-I). The post-stain-
ing analysis showed a gradual increase in the fluorescence
intensity with a longer incubation period as the mitochon-
drial viscosity shoots up to 2-fold after 4 h (Figure 3E). A
similar analysis was performed considering the ROIs from
nucleolus showed a 2-fold viscosity increment (Figure 3]J).
Noticeably, the viscosity increment of the nucleolus was
faster compared to mitochondria.

Does the membrane potential drive the localization?
Carbonyl cyanide m-chlorophenylhydrazone (CCCP) is a
typical uncoupler of oxidative phosphorylation in mito-
chondria, which is widely used in studies on mitochondrial
uncoupling.** Hence, the mitochondrial localization de-
pends on the disruption of the membrane potential. There-
fore, we treated the U-87 MG cells with 20 uM CCCP and
incubated them for two different periods (Figure 4A-D).
However, there was no change in the fluorescence inten-
sity coming from the mitochondrial compartment, and lo-
calization was observed with the same efficiency. Addi-
tionally, the mitochondrial morphology remained unal-
tered even after 30 min treatment of CCCP dismissing any
possibility of non-specific localization of QR upon mito-
chondrial membrane depolarization. This points towards
the fact that the localization of QR is independent of the
mitochondrial membrane potential (MMP).

Effect ofinduced apoptosis and cell cycle arrest on mi-
croviscosity. Further experiments were carried out to
monitor mitochondrial viscosity change upon induced
apoptosis. Etoposide increases the reactive oxygen species
production causing mitochondrial damage which eventu-
ally results in increased viscosity.” > U-87 MG cells were
treated with 50 uM etoposide and incubated for 15 min and
30 min, and a significant enhancement of mitochondrial
viscosity was observed (Figure 4E-H). This suggests the
utility of the probe to monitor mitochondrial viscosity
changes in different homeostatic and non-homeostatic
conditions. We have also explored the possibility of mi-
croviscosity changes upon cell cycle arrest and thereby be-
ing able to monitor it. Tunicamycin (Tm) is a well-known
antibiotic that inhibits the glycosylation of the nascent
proteins causing deficiency of the biologically important
glycoproteins in the cell.”™ It is also widely used for the
activation of unfolded protein response (UPR) and induces
endoplasmic reticulum stress.>*> Eventually, it acts as the
primary agent for the accumulation of cell cycle regulator
protein p27, essential for G,/S phase progression.”® Inter-
estingly, the ER stress induction also causes a significant
enhancement in the protein level in the mitochondrial
membrane, encouraging us to inspect any change in the
microviscosity. As the localization of QR is mitochondrial
potential-independent, the Tm treated (1 pg.mL”) cells
were stained with QR and the fluorescence signals were
measured thereafter. Much to our delight, the average in-
tensity measured from the mitochondrial compartment
was significantly higher post-Tm treatment for 24 h justi-
fies our rationale (Figure 5A-E). Therefore, we believe, QR

finds its way precisely to the mitochondrial membrane.
We, further, intuitively measured the intensity coming
from nucleolus under the same experimental conditions.
Based on the average signal intensity calculated from the
different nucleolus ROlIs, it was evident that nucleolar mi-
croviscosity also increased by Tm. Even though no reports
directly correlate the effect of Tm on nucleolar microvis-
cosity, we believe it plays a definite role in it. At the begin-
ning of mitosis, the nucleolus disassembles and gets dis-
persed in different parts of the cell while reassembly takes
place in the telophase and early G, phase. It is well-known
that condensation of the ribosome assembly factor occurs
after Tm addition to the cells leading to the enhancement
of the fluorescence signal.®*® In homeostatic conditions,
such condensation results in the increased molecular den-
sity of the nucleolus.”® However, the extent of signal en-
hancement, and thereby the microviscosity, is not too high
(Figure 5E). This can be explained by the effect of another
retrograding factor in this aspect. The synthesis of some
glycoproteins brings about the natural decrease of nucleo-
lar size. Nonetheless, such a natural decrease is delayed
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Figure 5. (Top) Confocal microscopy images of U-87 MG cells
stained with 5 uM QR (A) and (C) before, (B), and (D) after
G1 phase cell cycle arrest induced by 1 pg.ml-1 tunicamycin for
24 h; (E) bar plot shows the enhancement of mitochondrial
and nucleolar viscosity after G, arrest. (Scale bar: 20 um). (Bot-
tom) (F) Schematic representation of the metaxin-2 (MTX2)
protein that is localized in the outer mitochondrial membrane
(OMM) and nucleoli. The molecular docking shows strong hy-
drophobic interactions of QR with MTX2, (G) The human
proteome atlas shows that MTXz is localized to the mitochon-
dria and nucleoli; the green parts (mitochondria and nucleo-
lus) denote the presence of MTX2, (H) The subcellular loca-
tion is supported by literature; immunofluorescent staining of
human cell line A-431 shows localization to nucleoli & mito-
chondria.”




after Tm treatment due to inhibition of glycoprotein syn-
i, 62
thesis.

Mitochondria-nucleolus communication: The re-
sponsible factor. As these findings suggest, such simulta-
neous dual organelle localization of QR leads us to look for
a common factor. QR bears a positive charge and it is un-
likely to cross the outer mitochondrial membrane (OMM)
as the intermembrane space is rich in H* ions. Hence, our
observations could only be rationalized if QR binds to a
specific protein that is present in both these organelles.
Therefore, we have searched for proteins that are common
between the OMM proteome and the nucleoli proteome.”
% We restricted our search to only high confidence hits and
found only a single protein that was common to both pro-
teomes namely metaxin-2 or MTX2 (Figure 5G). This was
further verified by appropriate annotation of cellular local-
ization from the human proteome atlas.” A molecular
docking study of QR using PatchDock server® with default
parameters suggested a strong interaction with -7.81
kcal/mol binding energy mediated by 8 hydrophobic inter-
actions (Figure 5F and Figure Ss). The analysis and visu-
alization of the binding interactions were studied using
BIOVIA Discovery Studio Visualizer. MTX2, a 263 amino
acid residue protein, is a part of the metaxin protein family
that is found in OMM. MTX2 carries genetic information
and plays a major role in protein transport into the mito-
chondria ***"*, Deficiency of MTXz leads to fragmentation
of mitochondrial network, alteration of oxidative phos-
phorylation, the resistance of tumor necrosis factor-in-
duced (TNF-a) cell death while increasing the senes-
cence.””” Alongside, such deficiency results in morpholog-
ical abnormalities of the nucleus that has been ultimately

After 2h of RNas .
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Figure 6. Confocal microscopy images of U-87 MG cells
stained with 8 uM Hoechst 33342 (left panel), 5 yM QR (mid-
dle panel), and merge images of blue and red channel (right
panel); intracellular localization (A-C) before RNase treat-
ment, (D-F) after 100 uM RNase treatment for 2h, and (G-I)
100 uM RNase treatment for 4h. (Scale bar: 20 ym)

linked to mandibuloacral dysplasia, a rare genetic disor-
der.” More importantly, the literature suggests that MTX2
is also localized in the nucleolus %. As all proteins located
in the mitochondrial outer membrane are synthesized by
cytosolic ribosomes and encoded in the nucleus while ri-
bosome biogenesis occurs in nucleoli, the connection be-
tween nucleoli and mitochondria can be well-ascertained.

RNA digestion: Unaltered nucleolus staining. Intend-
ing to have further confirmation of the fact that QR binds
to a common nucleolar and outer mitochondrial mem-
brane protein MTX2, and not with RNA in the nucleolus,
we opted for an RNA digestion experiment. Small molecu-
lar cationic fluorescent probes are prone to interact with
the phosphate backbone and nucleotide of RNA 77,
Therefore, live U-87 MG cells, were treated with 100 yuM
DNase free RNase A for 4h and co-stained with 8 yM
Hoechst 33342 and 5 uM QR. The cells were imaged for dif-
ferent periods of RNase A treatment (2h and 4h) to check
for any alteration in the nucleolar staining (Figure 6).
However, the fluorescence signal from the nucleolar com-
partment remained unaffected even after 4h of RNase
treatment validating our finding of QR-MTX2 interaction.
Therefore, upon binding to one of the most important
OMM proteins, QR establishes itself as a marker for deci-
phering the mitochondria-nucleolus communication in
live cells.

Staining E. coli with QR: Presence of Metaxin-like pro-
teins. Identification of the specific interaction that enables
QR to simultaneously stain mitochondria and nucleolus
led us to further check the possibility of staining bacteria.
Metaxin like proteins are also present in bacteria, even
though, the metaxin family was initially considered to be
found in vertebrates 7*. Hence, we have treated E. coli
(OPs50 strain) with 10 yM QR and imaged them in a time-
dependent manner (Figure S6). Interestingly, as seen un-
der the microscope, the number of stained bacteria in-
creased with a longer incubation time with the probe.

CONCLUSIONS

In conclusion, we introduce a well-known indicator dye,
Quinaldine red as a microviscosity sensor and organelle
communication marker. The spectroscopic investigations
show that the emission enhancement caused by the inhi-
bition of ICT in the probe forms a basis for its sensitivity
towards micro-environmental viscosity. Notably, the
probe was able to sense solvent viscosity over a very wide
range from 1.1 to 480.6 cP, which broadens its future bio-
imaging applications. Intracellular localization studies in
live U-87 MG cells revealed its accumulation in both mito-
chondria and nucleolus and its permeability remained un-
perturbed with mitochondrial depolarization. This stable,
straightforward, and non-toxic dye may have future appli-
cations in effectively quantifying viscosity in the above-
mentioned organelles. Moreover, we have monitored and
rationalized the enhancement of the microviscosity in both
mitochondria and nucleolus in homeostatic and non-ho-
meostatic conditions. The live-cell imaging experiments



demonstrate how the local microenvironment behaves in
both these organelles during induced apoptosis and cell-
cycle arrest. The probe’s ability to sense microviscosity and
simultaneous dual-organelle localization were intuitively
employed to study the communication between mitochon-
dria and nucleolus. We have identified a protein, metaxin-
2, that is present in the outer mitochondria membrane and
the nucleolus, responsible for such communication. We
anticipate these findings would open up a plethora of di-
rections towards a better understanding of the inter-re-
lated behavior of mitochondria and nucleolus and thereby
further helping to decipher inter-organelle communica-
tions.
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