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Targeted solvatochromic fluorescent probes for imaging lipid order
in organelles under oxidative and mechanical stress

Dmytro I. Danylchuk,! Pierre-Henri Jouard,! Andrey S. Klymchenko®*

Laboratoire de Bioimagerie et Pathologies, UMR 7021 CNRS, Université de Strasbourg, 74 route du Rhin,
67401, Illkirch, France

ABSTRACT

Biomembranes constitute a basis for all compartments of live cells, and therefore monitoring their lipid
organization is essential for understanding cell status and activity. However, sensing and imaging lipid
organization specifically in different organelles of live cells remains challenging. Here, we designed an
array of solvatochromic probes based on Nile Red bearing ligands for specific targeting of endoplasmic
reticulum, mitochondria, lysosomes, Golgi apparatus, plasma membranes and lipid droplets. These polarity-
sensitive probes detected variations in the lipid order by changing their emission maximum, as evidenced
by fluorescence spectroscopy in model membranes. In colocalization microscopy experiments with
reference organelle markers, they exhibited good organelle selectivity. Using two-color fluorescence
microscopy, the new probes enabled imaging local polarity of organelles in live cells. To exclude the biased
effect of the probe design on the sensitivity to membrane properties, we calibrated all probes in model
membranes under the microscope, which enabled first quantitative description of lipid order in each
organelle of interest. Cholesterol extraction/enrichment confirmed capacity of the probes to sense lipid
order, revealing that organelles poor in cholesterol are particularly affected by its enrichment. The probes
also revealed that oxidative and mechanical stresses produced changes in the local polarity and lipid order
that were characteristic for each organelle, with mitochondria and lysosomes being particularly stress-
sensitive. The new probes constitute a powerful toolbox for monitoring the response of the cells to physical
and chemical stimuli at the level of membranes of individual organelles, which remains an underexplored
direction in the cellular research.



INTRODUCTION

Specific targeting and imaging of organelles in live cells attracted significant interest in recent years.'®
Possible strategies utilized to achieve organelle selectivity typically exploit biological or chemical methods
by tethering fluorophores either to biomolecules, such as peptides, lipids and oligosaccharides, or to
chemically designed moieties.® The organelle targeting is particularly interesting to monitor organization
of lipids, which are building blocks for all live cell compartments, present either in form membrane
bilayers®1° or spherical core-shell structures (lipid droplets, LDs).!! Lipid organization in biomembranes is
controlled by cholesterol (Chol) and sphingomyelin (SM), which are enriched in cell plasma membrane,
but less abundant in the intracellular membranes.!?® These lipids are responsible for formation of liquid
ordered (Lo) phase,'* which plays a crucial role in formation of lipid microdomains.®1% Unsaturation
degree of phospholipids is also of primary importance for biomembrane organization, as saturated lipids
favor Lo and gel phases, while unsaturated lipids constitute liquid disordered (Ld) phase.’*! Lipid
unsaturation is finely tuned by the cells to preserve lipid organization,'” and the distribution of unsaturated
lipids is uneven due to enzymes, such as desaturases, present in the endoplasmic reticulum (ER).® On the
other hand, most of triglycerides, cholesterol esters are localized in LDs, a storage of energy and lipids,
maintaining homeostasis of cells and protecting them from stress conditions.®
Environment-sensitive fluorophores such as molecular rotors, mechanosensitive and solvatochromic dyes
enable monitoring lipid organization of cell organelles by detecting local viscosity, mechanical tension and
polarity, respectively.?2* Molecular rotors, operating by excited-state planarization of dyes with high
rotational freedom, were successfully used to monitor membrane viscosity especially using fluorescence
lifetime imaging.2222 BODIPY molecular rotor bearing membrane-anchor moiety have been proposed for
imaging microviscosity in cell plasma membranes.?* Organelle-targeted molecular rotors have been also
recently reported by using genetically-encoded protein tag (HaloTag), which are able to sense
microviscosity in cytosol, nucleus, ER and mitochondria.?> Mechanosensitive dyes based on ground-state
planarization (flippers)?®-2” have recently emerged as powerful probes for membrane tension, parameter that
also correlates with lipid order in biomembranes.?®2° Their conjugates with organelle-targeting chemical
groups enabled monitoring membrane-tension specifically in plasma membranes, mitochondria, ER and
lysosomes.® Their reactive derivatives (HaloFlippers) for labelling HaloTag fused to membrane proteins
have also been recently developed for probing biomembranes in any desired organelles of interest.*
Solvatochromic dyes, which are push-pull fluorophores undergoing excited state charge transfer, change
their emission color in response to polarity. These dyes can report on the physical state of biomembranes®!
and its alterations during apoptosis,®- starvation,** oxidative stress,* while also distinguishing normal and
cancerous cells.®3¢ Owing to their sensitivity to membrane hydration, dielectric properties (polarity) and
solvent relaxation, solvatochromic dyes are particularly suitable for probing lipid order.?**-3 |ndeed, in
tightly packed Lo phase, characterized by lower hydration, polarity and fluidity, they show blue shifted
emission compared to Ld phase.®! A variety of solvatochromic dyes have been applied for this purpose,
which includes Laurdan,® styrylpiridinium dyes,*** 3-hydroxyflavones,** Nile Red,* push-pull
anthracene,* pyrenes,*® and dioxaborine,* etc. Previously, the efforts were mainly focused on targeting
cell plasma membranes with solvatochromic dyes by grafting both charged and lipophilic groups, as
exemplified for Di-4-ANEPPDHQ,*° C-Laurdan,*” Pro12A,* F2N12S,% NR12S,* etc. However, imaging
intracellular membranes with solvatochromic dyes emerged only in the recent years. Two approaches have
been followed. The first one uses a non-specific lipophilic probe that redistributes in biomembranes of
different organelles within the cell, thus allowing polarity and lipid order mapping irrespectively to a given
organelle.3445-46:49 It revealed that the intracellular biomembranes are significantly more polar (less ordered)
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than plasma membranes.*® Second approach exploited specific targeting of solvatochromic dyes to
organelle of interest,52535-36:50-53 including mitochondria®*%°%* and ER.% However, these studies were
focused on targeting one particular organelle. Specific targeting of different organelles using a family of
probes based on the same solvatochromic dye would enable direct comparison of properties of organelles
and their response to different stress conditions.

Nile Red, originally proposed as lipid droplet marker,® has a favorable position among existing
solvatochromic dyes, because it combines high brightness, operation in the optimal (yellow-red) spectral
region and good sensitivity to lipid order.*® Due to its fluorogenic character it enabled spectrally resolved
super-resolution (PAINT) imaging of lipid order.%®>" Its functionalization with membrane anchor groups
led to a family of probes, NR12S, NR12A and NR4A for ratiometric and spectral imaging of lipid order
specifically in the plasma membranes.***8 In particular, functionalization of Nile Red at the amino end was
found to improve dye photostability, which is crucial for advanced microscopy.*® Therefore, we considered
that functionalization of Nile Red with organelle targeting groups could yield a powerful toolbox for
addressing polarity and lipid order in any desired organelle in live cells.

In the present work, we synthesized a family of Nile Red derivatives bearing chemical groups for specific
targeting of organelles, such as mitochondria, ER, Golgi apparatus, lysosomes and LDs, in addition to
plasma membranes. The new probes preserved sensitivity of Nile Red to lipid order in lipid membranes.
Cellular studies confirmed their organelle-specific targeting. These probes revealed that that each organelle
is characterized by its unique polarity/lipid order profiles, which vary in different ways under oxidative and
mechanical stress.

RESULTS AND DISCUSSION

In order to obtain solvatochromic organelle-specific probes we conjugated Nile Red fluorophore with
targeting moieties (Figure 1A). We have already reported plasma membrane targeting of Nile Red using
alkyl sulfonate with dodecyl chain (probe NR12A).*® Conjugation from amino end of Nile Red dye
improved its performance compared to that using phenolic group,®® therefore, we selected the amino-end
conjugation strategy for all organelle-targeting probes. To target mitochondria, we used
triphenylphosphonium,®® which is known to accumulate in mitochondria by crossing the inner
mitochondrial membrane driven by the transmembrane potential.>>%¢* N-Alkylmorpholin moiety, owing
to its reversible protonation at physiological pH, was used for lysosomes.!>°262 Propylchloride’® and
pentafluorophenyl®36° were used for targeting ER, whereas myristic acid — for targeting Golgi apparatus.®
To improve affinity of Nile Red to lipid droplets we grafted it to two cyclohexyl moieties, which we earlier
used in LDs-specific statomerocyanines.®® All probes were synthesized starting from previously reported>®
Nile Red derivative bearing carboxylic acid (NR-COOH). The products were obtained in moderate to good
yields by an amide coupling with corresponding targeting ligands (Figure 1, see Figure S1 of the Supporting
Information).

Owing to the lipophilic nature of the Nile Red moiety, the designed probes are expected to report the local
polarity and lipid order in biomembranes of specific organelles by their characteristic emission
wavelengths. Moreover, they are expected to sense cholesterol content in biomembranes of organelles,
oxidative stress due to change in polarity of biomembranes caused by lipid peroxidation, and



hyperosmotic shock due to altered lipid order in organelle membranes, associated with mechanical stress
(Figure 1C).58:66
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Figure 1. Organelle-targeted solvatochromic probes based on Nile Red. (A) General scheme of synthesis,
(B) chemical structures (and the reaction yields) of the developed probes (NR12A was reported
previously®®). (C) Presentation of the color response of a solvatochromic probe to oxidative and mechanical
stress in lipid membranes.

In organic solvents of different polarity all new probes showed high fluorescence quantum yields and the
solvatochromic shifts with band position similar to that of parent Nile Red (Table 1, Table S1), which
indicates that the fluorophore preserved its optical properties, including solvatochromism. Then, we studied
the probes in large unilamellar vesicles (LUVS), which are model lipid membranes of different composition
presenting Ld phase (1,2-dioleoyl-sn-glycero-3-phosphocholine, DOPC and DOPC/Chol) and Lo phase
(SM/Chol). In DOPC LUVs, all probes showed fluorescence enhancement with good quantum yields
compared to buffer, which was accompanied by a blue shifted emission around 640-650 nm (Table 1, Figure
2, Figure S2). These results suggest that all studied probes partition well into Ld phase, where they sense
less polar environment compared to water. Further blue shift of the band was systematically observed in
the presence of cholesterol, showing their sensitivity to dehydration produced by cholesterol, similarly Nile
Red probes.®! Much stronger effects were observed in SM/Chol LUVs, where emission band shifted to the
blue by 40-60 nm vs DOPC LUVs, similarly to parent Nile Red, indicating that the probes preserved
capacity to detect much less polar/hydrated environment of tightly packed Lo phase, in line with other
solvatochromic dyes.?* The exception was NRER, which showed strong contribution of emission form the
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buffer with a blue shifted shoulder corresponding to the Lo phase (Figure S2). The latter indicates that the
probe is excluded from tightly packed Lo phase, probably due to the high bulkiness and/or polarity of its
targeting moiety. Nevertheless, the blue shifted shoulder suggests that non-negligible fraction of the probe
partitions into vesicles and identifies low-polar environment of the Lo phase. Overall, the new probes can
bind lipid membranes and distinguish the Lo phase as much less polar compared to the Ld phase.
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Figure 2. Fluorescence emission spectra of probes NRlyso, NRGolgir NRERc;, NRMito in lipid vesicles
(LUVs) of different composition. Probe concentration was 2 uM. Total lipid concentration was 1 mM.
Excitation wavelength was 520 nm.



Table 1. Fluorescence properties of probes in organic solvents and lipid vesicles of different composition.?

Solvent or medium Probe
NRMito | NRLyso | NR | NR NRERc | NRLD | NR12A" | Nile
ERr | Golgig Red®
DOPC Amax€m 641 640 647 | 630 639 645 641 639
QY, % 43 36 34 21 38 61 51 55
DOPC/ | Amaxem 632 626 644 | 618 632 626 636 636
Chol QY, % 50 41 48 31 55 61 47 71
SM/Chol | Amaem 639 587 653 | 586 586 582 592 589
QY, % 24 40 21 28 56 47 39 52
Phos. Amax€m 660 659 654 | 736 653 743 648 666
buff. QY, % 6.9 5.8 95 |04 6.5 0.33 0.36 42
MeOH | Amaxem 643 643 642 | 642 645 646 641 641
QY, % 37 41 43 41 42 42 44 38
Acetone | Amaxem 612 584 615 | 615 613 615 619 615
QY, % 59 58 74 77 86 74 70 70
Dioxane | Amaxem 602 580 591 | 586 584 584 602 585
QY, % 74 53 78 78 75 78 70 74

4 Probe concentration was 2 UM. For liposomes, the total lipid concentration was 1 mM. ° Data from a
previous work.%®

In order to evaluate the capacity of the probes to target a given organelle, we incubated them with live KB
(Figures 3 and S3) and HelLa (Figure S4) cells together with corresponding organelle markers. Importantly,
each new probe showed significant colocalization with corresponding commercial marker in both cells
lines, having Pearson’s correlation coefficient values in KB cells within the range from 0.89 to 0.96 (Sl
Table S2) (except NRGolgie showing a bit lower values). Probe NRLyso in both cell lines exhibited even
higher selectivity compared to commercial LysoTracker Green, which is clear from the observed lower
background noise in the images (Figure 3E and S4E). Moreover, NRLD in HeLa cells, showed higher
selectivity towards lipid droplets compared to the parent Nile Red dye (Figure S4 G,H), which is probably
because of much higher hydrophobicity and bulky nature of dicyclohexylamino group.
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Figure 3. Colocalization of solvatochromic probes (in red) with commercial organelle probes (in green) in

live KB cells. Solvatochromic probe concentration: 20 nM for NR12A; 50 nM for NRMito, NRLyso,
NRLD, NRERcj; 200 nM for NRERF; 2.5 uM (in form of BSA complex) for NRGolgik.

As the emission band position of Nile Red describes the local polarity and order of lipid structures, we
analyzed this parameter by recording the short- and long-wavelength parts of the dye emission band below
and above 600 nm and then constructed ratiometric images, in line with previously used methodology.*
Before cellular analysis, each probe was calibrated under the microscope in the model lipid membranes
(LUVs) presenting the Lo and Ld phases, which correspond to extreme examples of order and disorder in
lipid membranes. In case of NRLD probe, Lo phase vesicles were replaced with sesame oil, which was
expected to mimic non-polar environment in the oil core of LDs. Ratiometric fluorescence microscopy of
LUVs (appeared as homogeneous signal, because individual vesicles cannot be resolved on this timescale)
showed drastic difference in the pseudo-color (Figure 4A) of the probes when Ld and Lo phases were
compared. Indeed, green/red fluorescence intensity ratio was systematically higher the Lo phase, which
corresponded to the blue shift in the emission spectra observed by spectroscopy (Figure 2 and Figure S2).
Then, we analyzed the distribution of the green/red intensity ratio in the images (Figure 4C) and further
obtained an average ratio values (Figure 4D, Table S3), which allowed us to quantify the amplitude of probe
ratiometric response to Ld-Lo phase change. Both the ratio value and its variation in response to the phase
change were characteristic for each probe, in line with the spectroscopy data above. Having our calibration
data for Ld and Lo phases, we performed the ratiometric imaging of live KB cells (Figure 4B, Figure S5).
Strikingly, the pseudo-color showed dramatic variation in different organelles, which reflected strong
differences in the green/red ratio (Figure 4C,D) and thus local polarity. Indeed, the observed orange pseudo-
color in mitochondria and ER indicated the most polar microenvironment, whereas blue-violet dots for lipid
droplets and blue-green plasma membranes reflected much lower local polarity (Figure 4B).

Local polarity detected by solvatochromic dyes reflects lipid order in biomembranes: the higher lipid order
(and tighter lipid packing) the lower local polarity and hydration.®! To interpret these local polarity
variations in terms of lipid order, for each probe we compared the green/red ratio in cells with that in our
calibration images of LUVs (Figure 4C,D). While the ratio values for the plasma membrane probes were
close to those in Lo phase of LUVs, those for ER and Golgi (NRERr and NRGolgig) were close to those in
Ld phase. To quantitatively describe the effects, we introduce a lipid order parameter, LOP = (R-
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Roorc)/(Rsmichoi-Rporc), Which approaches 0 and 1, when the green/red ratio (R) is close to that in Ld
(Roorc) and Lo (Rsmicnol) phase LUVS, respectively (Figure 4E). According to this analysis, the plasma
membranes presented the highest level of lipid order, close to that of SM/Chol, in line with earlier works.**
4349 Intracellular, organelles displayed much lower LOP values, which decreased in the following order:
NRMito ~ NRERc; > NRLiso > NRGolgie > NRERr. The two probes, staining endoplasmic reticulum
(NRERci and NRERg), exhibited very different local lipid order, possibly due to much shallower insertion
of NRER¢ fluorophore inside ER membrane. In case of LDs, the LOP quantification was not applied,
because the core shell structure of LDs is different form lipid bilayers. The green/red ratio value for LDs
(NRLD) were close to those in sesame oil (Figure 4C), reflecting a non-polar environment in the oil core
of LDs.
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Figure 4. Solvatochromic organelle-specific probes reveal differences in polarity and lipid order within the
organelles in KB cells. (A) Ratiometric confocal imaging of LUVs presenting Lo (DOPC) and Ld
(SM/Chol) phases for calibration of the probes (in case of NRLD, sesame oil was used instead of the
SM/Chol LUVs). Lipid and probe concentrations were 500 and 1 uM, respectively. (B) Ratiometric
confocal imaging of KB cells by the solvatochromic organelle probes. Probe concentration: 20 nM for
NR12A; 50 nM for NRMito, NRLyso, NRLD, NRER¢;; 200 nM for NRERg; 5 uM (in form of BSA-
conjugate) for NRGolgig. (C) Distribution histogram of the green/red fluorescence intensity ratio (Isso-
600/Is00-650) for corresponding probes in KB cells. (D) Weighted arithmetic mean values of the Isso-s00/Is00-650
ratio obtained from LUVs and cell imaging data (A,B). (E) Lipid order parameter (LOP) calculated from
ratiometric images of organelle probes in KB cells and LUVs under various conditions.

Cholesterol is an essential component of biomembranes, distributing all over the cell.*!?!* Its excessive
accumulation in cells is associated with variety of diseases, including atherosclerosis®” and Niemann-Pick
C1 disease.®® On the other hand, cholesterol extraction by treating the cells with methyl-B-cyclodextrin
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(MBCD)® leads to an impaired signal transduction due to disruption of lipid microdomains.®° We applied
our new probes to study the effects of cholesterol extraction and enrichment on biomembranes in different
organelles. Cholesterol extraction produced significant changes in the ratiometric images (Figures 5A and
S6), corresponding to the decrease in the green/red ratio and the LOP values for all probes (Figures 5B and
6). Thus, our probes detect the increase in the local polarity associated with the loss of lipid order in all
targeted organelles. This implies that the Nile Red fluorophore in all these probes is indeed inserted in the
lipid membranes of corresponding organelles, which further validates our approach of organelle-specific
lipid order sensing. Moreover, this result also confirms that cholesterol is distributed all over the cells and
its removal affects local membrane properties in all studied organelles. Importantly, cholesterol enrichment
using MBCD/Chol complex produced the opposite effect, although the effect varied within the organelles.
The increase in the green/red ratio and corresponding LOP values was particularly strong in case of
lysosomes and ER (Figure 6), initially characterized by low lipid order and relatively low cholesterol
content according to the literature data.'? Thus, our probes reveal that cholesterol enrichment affects mostly
lipid order of the intracellular membranes with poor cholesterol content, in contrast to weakly affected
plasma membranes, rich in cholesterol.
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Figure S. (A) Confocal ratiometric imaging of live KB cells with varied cholesterol content, using
solvatochromic probes for organelles. Cholesterol enrichment (top panel) was produced by a saturated
Chol:MBCD complex (3h at 37°C); cholesterol extraction (bottom panel) was produced by 5 mM
MBCD (1h at 37°C). Probe concentration: 20 nM for NR12A; 50 nM for NRMito, NRLyso, NRLD,
NRERc;; 200 nM for NRERg; 5 uM (in form of BSA-conjugate) for NRGolgie. (B) Distribution histogram
of the green/red fluorescence intensity ratio (Isso-s00/Is00-650) for corresponding probes in KB cells.
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Figure 6. Quantitative analysis of fluorescence images of KB cells with solvatochromic probes for
organelles after cholesterol extraction/enrichment, oxidative stress and hyperosmotic shock. (A) Weighted
arithmetic mean values of green/red fluorescence intensities ratio (Isso-s00/ls0o-6s0) and (B) lipid order
parameter (LOP) values calculated from ratiometric images of organelle probes in KB cells and LUVs
under various conditions.

Exposing cells to hydrogen peroxide (H20.) leads to induction of oxidative stress, which is expected to
alter the polarity of organelle membranes due to lipid peroxidation.” First, colocalization imaging
experiments with reference organelle markers confirmed that the H>O, treatment did not affect organelle-
specificity of the new probes (Figure S7, see Table S2 for Pearson’s correlation coefficients). Second, after
treatment with H,O,, the pseudo-color in ratiometric images (Figures 7A and S8) changed in a different
way within the studied organelles, reflecting green/red ratio (i.e. local polarity) changes (Figures 6). The
most pronounced increase of polarity (decrease in the green/red ratio) was detected in case of LDs,
lysosomes and mitochondria (Figures 6 and 7B). Relatively high response in case of LDs is in line with our
previous results® indicating high sensitivity of these organelles to oxidative stress, supposedly due to large
guantity of easily oxidizable unsaturated lipids. In case of lysosomes, the treatment also resulted in a
significant polarity increase, possibly because the interior of lysosomes derives from extracellular medium
and therefore these organelles are highly exposed to the action of H,O.. The observed increase in
heterogeneity of lysosomal polarity values (broadening of distribution of the intensity ratio, Figure 7B) is
in line with literature data.” The polarity increase in mitochondria correlates well with literature data
concerning high sensitivity of mitochondria to the oxidative stress, which is directly linked to aging and
apoptosis.”>”™ According to the LOP analysis, oxidative stress significantly decreased the lipid order in
lysosomes and mitochondria, with LOP values reaching those after cholesterol extraction (Figure 6).
Plasma membrane showed lower changes, supposedly due to large quantity of saturated lipids, less prone
to oxidation. NRERc; and especially NRGolgie showed a decrease in polarity in comparison to intact cells.
In case of NRGolgig, this decrease is unexpected and could be related to increase in the fraction of
unsaturated lipids and cholesterol because of oxidative stress. In addition, oxidative stress could alter the
localization of the probe in the cells, even though they generally remain in the target organelles according
to the colocalization data (see above). Overall, oxidative stress produced significant polarity/lipid order
alternations in the membranes of the whole cell, with strongly varied response in different organelles.
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Figure 7. (A) Confocal ratiometric imaging of live KB cells under oxidative stress, using solvatochromic
probes for organelles. The stress was produced by 2 mM hydrogen peroxide (1h at 37°C). Probe
concentration 20 nM for NR12A; 50 nM for NRMito, NRLyso, NRLD, NRER¢;; 200 nM for NRERg; 5
uM (in form of BSA-conjugate) for NRGolgit. (B) Distribution histogram of the green/red fluorescence
intensity ratio (Isso-s00/Is00-650) for corresponding probes in KB cells.

Mechanobiology is a rapidly growing research field, which covers multiple aspects, including
development,’™ collective cellular behavior,” tumor growth,” etc. As mechanical stress can directly affect
lipid order of biomembranes, the fluorescent tools sensitive to membrane tension and viscosity have been
recently proposed to monitor mechanical stress at the level of organelles.>?>* A simple method to induce a
mechanical stress in the cells is to change osmolality of the media, for example by hyperosmotic stress,
accompanied by changes in lipid order and cell morphology.®®”” Here, we studied the effect of hyperosmotic
stress on organelles of live KB cells using our new probes for monitoring local polarity and lipid order. As
in the case of oxidative stress, colocalization imaging experiments confirmed that hyperosmotic stress did
not affect organelle-specificity of the new probes (Figure S9, see Table S2 for Pearson’s correlation
coefficients). Plasma membrane (stained with NR12A) upon induction of hyperosmotic stress exhibited a
change in morphology, yielding a jagged pattern together with appearance of more polar (and less ordered)
regions on the inner parts compared to the extremities (Figure 8 and S10). This could be attributed to the
drop in lipid order in the most displaced parts of membrane driven by cell shrinkage. These observations
are in line with the previous results,’® as these innermost parts of plasma membrane seem to undergo more
deformation, probably by stretching, compared to outmost ones. In the cell extremities the shrinkage is
limited, probably due to a presence of rigid cytoskeleton filaments. Overall, the decrease in the LOP values
(Figures 6) of PM reported by NRI12A correlated with the decreased lipid order revealed by
mechanosensitive flipper probe for PM.>* A decrease in the LOP values (and increase in polarity) were
also observed for mitochondria and Golgi apparatus, whereas lysosomes and ER showed the opposite effect
(Figures 6 and 8). The observed lower LOP values in mitochondria membranes after hyperosmotic shock
correlated well with the decrease in the lipid order and local viscosity reported by mitochondrial flipper’
and molecular rotor® probes, respectively. It is also in line with a recent report on a solvatochromic
mitochondria-specific probe.>* The peculiar behavior of lysosomes (e.g. lower polarity and higher LOP) is
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probably because they are expected to shrink, which induces higher lipid ordering at the inner leaflet of the
vesicles, where NRLyso locates. It should be noted that the green/red intensity ratio of the probes in plasma
membranes, lysosomes and ER (NRERF) (Figure 6A) varied within the control cells of different cell culture
passages (cells in Figure 8 were ~8 passages older than those in Figure 7 and ~13 passages older than those
in Figure 5). This interesting effect would require a dedicated study in order to verify whether polarity and
lipid order of these biomembranes are also affected by cell aging. The two probes for ER yielded different
response towards hyperosmotic stress: practically no response from NRERc, in contrast to a pronounced
increase in the LOP values (and decrease in polarity) reported by NRERr (Figures 6 and 8). As NRERGg,
bearing polar PEG linker, is poorly inserted into the lipid membrane according to data in LUV (Figure S2),
cell shrinkage during hyperosmotic stress produces compaction of ER, which can force deeper insertion of
the Nile Red moiety into the ER membranes. This result is in line with the previously reported increase in
the local viscosity revealed by molecular rotors targeted to ER,* although in this case ER flipper probe
showed some decrease in the lipid order.’ Overall, mechanical stress in cells produced very different
responses within organelles, probably because of different geometry and lipid composition of their
membranes as well as different location of the probe within the bilayer leaflets and varied insertion of their
fluorophore.
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Figure 8. (A) Confocal ratiometric imaging of live KB cells under hyperosmotic shock, using
solvatochromic probes for organelles. The shock was produced by replacing a half of the medium with 1
M sucrose solution. Probe concentration: 20 nM for NR12A; 50 nM for NRMito, NRLyso, NRLD,
NRERcy,; 200 nM for NRERF; 5 uM (in form of BSA-conjugate) for NRGolgig. (B) Distribution histogram
of the green/red fluorescence intensity ratio (Isso-s00/ls00-650) for corresponding probes in KB cells.

CONCLUSIONS

In this work, we synthesized an array of organelle-targeted solvatochromic fluorescent probes based on
Nile Red. Overall, the developed probes for ER, mitochondria, Golgi apparatus, lipid droplets, lysosomes
and plasma membrane (from the earlier report®®) are capable of selective organelle targeting with sensing
the local polarity, revealing fine differences in their lipid order. As we used the same solvatochromic dye,
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it became possible to directly compare local polarity for different organelles and thus establish the following
trend: lipid droplets << plasma membrane << Golgi apparatus < lysosomes < ER < mitochondria < ER
(with shallow probe NRERf). However, each probe, having different chemical design, reported slightly
different local polarity even for the same model lipid membrane, as evidenced by spectroscopy and
microscopy data in lipid vesicles. Therefore, to directly compare lipid order in different organelles, we
developed a methodology to convert the observed local polarity into quantitative lipid order parameter,
using calibration of each probe in model lipid bilayers of ordered and disordered phases. This approach
allowed us to establish the first quantitate comparison of lipid order in biomembranes of different
organelles, revealing the following trend, slightly different from that based on local polarity: plasma
membrane >> mitotochondria ~ ER > lisosomes > Golgi apparatus > ER (with shallow probe NRERg). All
new probes showed ratiometric response to cholesterol depletion and enrichment, thus confirming that the
probes sense lipid order in biomembranes of the studied organelles. Moreover, the effect of cholesterol
enrichment was particularly strong in cholesterol-poor organelles, such as ER and lysosomes, in contrast to
cholesterol-rich plasma membranes where the effect was very small.

The toolkit of solvatochromic probes revealed that organelles are differently sensitive to oxidative or
hyperosmotic stress in terms of their local polarity and lipid order: lipid droplets, mitochondria and
lysosomes being the most sensitive towards oxidative stress, where significant polarity increase was
observed, probably due to modification of fatty acid chains with polar superoxide groups. On the other
hand, lysosomes, ER (with shallow probe) and mitochondria showed the strongest response to hyperosmotic
conditions. Moreover, hyperosmotic stress increased heterogeneity in the plasma membrane, possibly due
to appearance of liquid disordered phase domains presumably at the places with the highest mechanical
stress. Overall, the new solvatochromic probes enable deciphering fine changes in the local polarity and
lipid order specifically in different organelles. However, a special care should be taken about the
fluorophore insertion into bilayer controlled by polarity and bulkiness of the targeting group, because it
may significantly alter the probe response. Even though the Nile Red moiety in these probes is lipophilic
and preferentially localizes in lipid membranes, one cannot totally exclude an additional effect of membrane
proteins, including those translocating between membrane and lumen of an organelle. The changes
observed in organelles under mechanical stress by our solvatochromic probes correlate with those reported
earlier by viscosity-sensitive molecular rotors and mechanosensitive flippers, although some differences
have also been noticed. On the one hand, for all these three types of probes, the increase in lipid order
produces profound changes in the bilayer, increasing viscosity and rigidity, while decreasing local polarity.
On the other hand, different stress conditions (e.g. chemical and mechanical) could produce different effects
on those three membrane parameters. A systematic work on comparing these three families of probes will
be needed to understand better the fine differences in their response profiles. Overall, the present work
highlights the importance of the use of the same fluorophore in the design of probes for studying and
comparing properties of different target organelles. Moreover, it proposes an approach for quantitative
comparison of local lipid order in organelles, based on calibration of probes in model vesicles with defined
lipid order. Finally, this work proposes a toolkit of probes that can be directly used in cell biology,
mechanobiology and biophysics for shedding light on the behavior of cellular organelles and their response
to external stress.

13



EXPERIMENTAL SECTION

General methods and materials. All the reagents were purchased from Sigma-Aldrich or Alfa Aesar or
TCI and used as received. MilliQ-water (Millipore) was used in all experiments. NMR spectra were
recorded at 20°C on BrukerAvance |11 400 spectrometer. Mass spectra were obtained using an Agilent Q-
TOF 6520 mass spectrometer. Absorption spectra were recorded on Cary 4000-HP spectrophotometer
(\Varian) and emission spectra were recorded on Fluoromax 4 (Jobin Yvon, Horiba) spectrofluorometer
equipped with a thermostated cell compartment. Fluorescence quantum yields were measured using Nile
Red (NR) in methanol (kex= 520 nm, QYrer = 38%)™ as a reference. Compounds 1 and NR12A were
synthesized according to the previously published procedure.®®

(3-(4-(Ethyl(5-0x0-5H-benzo[a]phenoxazin-9-yl)amino)butanamido)propyl)triphenylphosphonium

(NRMito). 30 mg of compound 1 were dissolved in 1 mL of dry DMF together with 31.9 mg (1.05 eq.) of
HATU, 5.4 mg (0.5 eq.) of HOBt and 61.9 mg (6 eq., 84 uL) of DIPEA under Ar atmosphere. After 5
minutes, a solution of 40.3 mg (1.05 eq.) of 3-aminopropyltriphenylphosphonium bromide in 1 mL of dry
DMF was added and the mixture was stirred for 24h (control by TLC) under Ar atmosphere. After the
reaction the solvent was evaporated in vacuo and the product was purified by preparative TLC (SiO,
DCM:MeOH 92:8). After the TLC the traces of DMF were removed by washing the crystalline product on
a filter twice with diethyl ether and drying. Yield: 26 mg (43.0%) as a dark red solid. *H NMR (400 MHz,
CDCls) 6 ppm 8.66 (d, J=7.5 Hz, 1 H) 8.31 (dd, J=7.8, 1.0 Hz, 1 H) 7.58 - 7.82 (m, 18 H) 6.86 (br t, J=6.0
Hz, 1 H) 6.76 (dd, J=9.2, 2.6 Hz, 1 H) 6.57 (d, J=2.5 Hz, 1 H) 6.36 (s, 1 H) 3.37 - 3.54 (m, 6 H) 3.16 - 3.27
(m, 2H) 2.38 (brt, J=7.0 Hz, 2 H) 1.86 - 2.02 (m, 4 H) 1.25 (t, J=7.0 Hz, 3 H). *C NMR (101 MHz, CDCls)
d ppm 183.66 (Ca) 173.59 (Camice) 152.16 (Car) 151.12 (Ca) 146.68 (Car) 139.53 (Car) 135.37 (Ca) 133.24
(d, J=10.0 Hz, C&) 132.07 (Ca) 131.65 (Ca) 131.22 (d, J=11.4 Hz, C4) 130.64 (d, J=12.65 Hz, C4) 129.79
(Ca) 125.57 (Car) 125.01 (Ca) 123.75 (Car) 118.15 (Cy) 117.29 (Car) 110.15 (Ca) 105.48 (Car) 96.42 (Ca)
50.22 (Ca) 45.56 (Ca) 39.14 (d, J=17.8 Hz, Ca) 32.82 (Ca) 23.25 (Ca) 22.49 (d, J=3.5 Hz, Cy) 20.17 (d,
J=53.5 Hz, Ca) 12.36 (s, Ca). HRMS (ESI), m/z: [M]* calcd for CasH41N3O3P, 678.2880; found, 678.2889.

4-(Ethyl(5-0x0-5H-benzo[a]phenoxazin-9-yl)amino)-N-(3-morpholinopropyl)butanamide (NRLyso0).
30 mg of compound 1 were dissolved in 2 mL of dry DMF together with 31.9 mg (1.05 eq.) of HATU, 5.4
mg (0.5 eq.) of HOBt and 41.2 mg (4 eq., 56 pL) of DIPEA under Ar atmosphere. After 5 minutes, 12.1
mg (1.05 eq, 12.2 pL) of 3-morpholinopropylamine were added and the mixture was stirred for 24h (control
by TLC) under Ar atmosphere. After the reaction the solvent was evaporated in vacuo and the crude product
was purified by preparative TLC (two consecutive purifications, SiOz; DCM:MeOH 90:10). Yield: 6 mg
(15.0%) as a dark red solid. *H NMR (400 MHz, CDCl3) & ppm 8.63 (dd, J=8.2, 1.1 Hz, 1 H) 8.29 (dd,
J=7.8, 1.0 Hz, 1 H) 7.72 (td, J=8.0, 1.8 Hz, 1 H) 7.65 (td, J=7.8, 1.0 Hz, 1 H) 7.58 (d, J=9.3 Hz, 1 H) 7.07
(brt, J=4.5 Hz, 1 H) 6.69 (dd, J=9.3, 2.8 Hz, 1 H) 6.49 (d, J=2.8 Hz, 1 H) 6.36 (s, 1 H) 3.68 (t, J=4.6 Hz,
4 H) 3.42 - 3.52 (m, 4 H) 3.39 (g, J=6.0 Hz, 2 H) 2.38 - 2.51 (m, 6 H) 2.26 (t, J=7.0 Hz, 2 H) 2.00 (quin,
J=7.3 Hz, 2 H) 1.70 (quin, J=6.3 Hz, 2 H) 1.25 (t, J=7.2 Hz, 3 H). *C NMR (101 MHz, DMSO-ds) 6 ppm
18376 (Car) 17160 (Camide) 15210 (Car) 15097 (Car) 14665 (Car) 14011 (Car) 13204 (Car) 13172 (Car)
131.35 (Ca) 131.12 (Cy) 129.97 (Ca) 125.65 (Car) 125.03 (Car) 123.83 (Car) 109.91 (Cy) 105.72 (Car) 96.54
(Car) 67.05 (Ca)) 57.81 (Ca)) 53.68 (Ca)) 49.95 (Ca) 45.44 (Cy) 39.45 (Cq) 33.18 (Cay) 24.93 (Cal) 23.20 (Ca)
12.35 (Ca)). HRMS (ESI), m/z: [M+H]* calcd for Cz9H35N404, 503.2659; found, 503.2679.

14



Tert-butyl (1-oxo-1-(perfluorophenyl)-5,8,11,14,17,20,23,26,29,32,35-undecaoxa-2-
azaheptatriacontan-37-yl)carbamate (2a). 260 mg of BocHN-PEG1:-NH; were dissolved in 5 mL of dry
DCM together with 730 mg (5.5 eq.) of Cs,CO3 and the mixture was cooled to 0 °C in an ice bath. Then,
415 mg (4.5 eq., 260 pL) of pentafluorobenzoyl chloride were added and the mixture was stirred for 1h at
0 °C and then for 1h at r.t. under Ar atmosphere. After the reaction the solvent was evaporated in vacuo,
then 98.7 uL of TFA together with 10 mL of DCM were added to neutralize Cs,COs;. After this the solid
residue was filtered off, and the solvent was evaporated in vacuo. The crude product was purified by column
chromatography (SiO.; DCM:MeOH 95:5, alkaline KMnOQO, staining for TLC analysis of the column
fractions). Yield: 259 mg (76.6 %) as a colourless oil. *H NMR (400 MHz, CDCl3) § ppm 7.09 (br s, 1 H)
5.04 (brs, 1 H) 3.55 - 3.69 (m, 44 H) 3.53 (br t, J=5.1 Hz, 1 H) 3.30 (br g, J=5.0 Hz, 2 H) 2.43 (br s, 1 H)
1.43 (s, 9 H). 3C NMR (101 MHz, DMSO-ds) & ppm 157.44 (Ccarbox) 156.00 (Cearbox) 145.29 (Car) 142.83
(Car) 138.81 (Car) 136.27 (Car) 112.04 (d, J=3.7 Hz, Car) 78.71 - 79.49 (m, Ca) 70.48 - 70.62 (m, Ca) 70.47
(Cal) 70.45 (Ca)) 70.43 (Ca) 70.37 (Ca) 70.26 (Car) 70.21 (Car) 69.35 (Ca)) 40.38 (Cal) 40.15 (Car) 28.41 (Ca).
HRMS (ESI), m/z: [M+Na]* calcd for CssHsoFsN2O14Na, 861.3786; found, 861.3807.

N-(35-Amino-3,6,9,12,15,18,21,24,27,30,33-undecaoxapentatriacontyl)-2,3,4,5,6-
pentafluorobenzamide (2b). 240 mg of 1a were dissolved in 2 mL of dry DCM, after that 2 mL of TFA
were added and the mixture was stirred for 2h at r.t. After the reaction the solvent was evaporated in vacuo.
In order to eliminate traces of TFA, 1 mL of methanol was added, followed by evaporation in vacuo (3
times). Yield: 238 mg (97.2%) as a colourless oil. *H NMR (400 MHz, CDCls) 6 ppm 7.43 (br s, 1 H) 7.02
(brs, 1 H) 3.78 (t, J=5.3 Hz, 2 H) 3.58 - 3.71 (m, 44 H) 3.15 (sxt, J=5.4 Hz, 2 H). 3C NMR (101 MHz,
DMSO-ds) 6 ppm 176.96 (Camice)159.68 (q, J=39.40 Hz, C4) 158.36 (Ca) 115.33 (q, J=287.69 Hz, Cu)
70.26 (Cal) 70.23 (Car) 70.15 (Ca) 70.12 (Ca) 70.09 (Car) 70.04 (Cay) 70.01 (Ca) 69.89 (Cal) 69.84 (Ca)69.79
(Cal) 6978 (Cal) 6974 (Cal) 6970 (Cal) 6963 (Cal) 6955 (Cal) 6941 (Cal) 6916 (Cal) 6664 (Cal) 4013 (Cal)
39.78 (Ca) 21.97 (Ca)). HRMS (ESI), m/z: [M+H]"* calcd for Cs1Hs,FsN2O12, 739.3441; found, 739.3471.

2,3,4,5,6-Pentafluoro-N-(37-oxo0-41-(5-0x0-5H-benzo[a] phenoxazin-9-y1)-6,9,12,15,18,21,24,27,30,33-
undecaoxa-36,41-diazatritetracontyl)benzamide (NRERg). 30 mg of compound 1 were dissolved in 1
mL of dry DMF together with 31.9 mg (1.05 eq.) of HATU, 5.4 mg (0.5 eq.) of HOBt and 61.9 mg (6 eq.,
84 uL) of DIPEA under Ar atmosphere. After 5 minutes, a solution of 71.4 mg (1.05 eq.) of 2b in 1 mL of
dry DMF was added and the mixture was stirred for 24h (control by TLC) under Ar atmosphere. After the
reaction the solvent was evaporated in vacuo. The crude product was purified by preparative TLC (SiO,
DCM:MeOH 95:5). Yield: 53 mg (60.6 %) as a dark red oil. tH NMR (400 MHz, CDCl3) § ppm 8.62 (d,
J=7.5Hz, 1 H) 8.25 (d, J=7.5 Hz, 1 H) 7.70 (td, J=7.53, 1.2 Hz, 1 H) 7.62 (td, J=7.53, 1.2 Hz, 1 H) 7.57
(d, J=9.3 Hz, 1 H) 7.32 - 7.40 (m, 1 H) 6.70 (dd, J=9.0, 2.5 Hz, 1 H) 6.56 (br t, J=4.5 Hz, 1 H) 6.49 (d,
J=2.5Hz, 1 H) 6.35 (s, 1 H) 3.55-3.69 (m, 44 H) 3.39 - 3.50 (m, 8 H) 2.30 (br t, J=7.0 Hz, 2 H) 1.98 (quin,
J=7.3 Hz, 2 H) 1.23 (t, J=7.0 Hz, 3 H). *C NMR (101 MHz, DMSO-dg) & ppm 183.73 (Car) 172.34 (Camide)
157.63 (Camige) 152.18 (Car) 151.09 (Car) 146.68 (Car) 145.29 (Car) 142.74 (Car) 139.71 (Car) 138.77 (Car)
136.28 (Ca) 132.05 (Ca) 131.62 (Car) 131.33 (Car) 131.17 (Car) 129.86 (Car) 125.57 (Ca) 125.09 (Car) 123.79
(Car) 112.09 (d, J=3.7 Hz, C4) 110.11 (Car) 105.52 (Car) 96.46 (Car) 70.41 (Cay) 70.35 (Car) 70.28 (Car) 70.27
(Ca) 70.21 (Cay) 70.18 (Car) 70.07 (Cay) 69.89 (Cal) 69.42 (Ca) 50.64 (Ca) 50.09 (Cal) 45.50 (Ca) 40.11 (Ca)
39.26 (Ca) 32.86 (Ca) 23.13 (Ca) 12.35 (Ca). HRMS (ESI), m/z: [M+Na]* calcd for CssHesoFsN4O1s5Na,
1119.4580; found, 1119.4619.
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N-(3-Chloropropyl)-4-(ethyl(5-o0xo-5H-benzo[a]phenoxazin-9-yl)amino)butanamide (NRERc;). 30
mg of compound 1 were dissolved in 1 mL of dry DMF together with 31.9 mg (1.05 eq.) of HATU, 5.4 mg
(0.5 eq.) of HOBt and 61.9 mg (6 eq., 84 uL) of DIPEA under Ar atmosphere. After 5 minutes, a solution
of 10.9 mg (1.05 eq.) of 3-chloropropylamine in 1 mL of dry DMF was added and the mixture was stirred
for 24h (control by TLC) under Ar atmosphere. After the reaction the solvent was evaporated in vacuo,
then the solid residue was dissolved in EtOAc and washed with water (x3), dried over Na;SO4 and the
solvent was evaporated in vacuo. The crude product was purified by preparative TLC (SiO,, DCM:MeOH
98:2). Yield: 14 mg (38.9 %) as a dark red solid. *H NMR (400 MHz, CDCls) & ppm 8.61 (dd, J=8.0, 0.8
Hz, 1 H) 8.22 (dd, J=7.9, 0.9 Hz, 1 H) 7.70 (td, J=7.6, 1.3 Hz, 1 H) 7.62 (td, J=7.6, 1.0 Hz, 1 H) 7.54 (d,
J=9.0 Hz, 1 H) 6.68 (dd, J=9.0, 2.8 Hz, 1 H) 6.48 (d, J=2.8 Hz, 1 H) 6.32 (s, 1 H) 6.24 (br t, J=5.8 Hz, 1
H) 3.59 (t, J=6.4 Hz, 2 H) 3.37 - 3.50 (m, 6 H) 2.31 (t, J=7.2 Hz, 2 H) 1.94 - 2.06 (m, 4 H) 1.22 (t, J=7.2
Hz, 3 H). *C NMR (101 MHz, DMSO-dg) & ppm 183.77 (Car) 172.50 (Camide) 152.38 (Ca) 151.24 (Car)
146.71 (Car) 139.33 (Ca) 132.09 (Car) 131.51 (Car) 131.42 (Cyr) 131.25 (Car) 129.83 (Car) 125.45 (Cy) 125.32
(Car) 12389 (Car) 11033 (Car) 10519 (Car) 9645 (Car) 5560 (Cal) 5007 (Cal) 4552 (Cal) 3717 (Cal) 3309
(Ca)) 32.15 (Ca) 23.25 (Ca) 12.36 (Ca)). HRMS (ESI), m/z: [M-H-Cl+Na]* calcd for CasH2sN3OsNa,
438.1796; found, 438.1802.

Tert-butyl (2-dodecanamidoethyl)carbamate (3a). 0.5 g of myristic acid were were dissolved in 5 mL of
dry DMF together with 874 mg (1.05 eg.) of HATU, 148 mg (0.5 eq.) of HOBt and 850 mg (3 eq., 1.15
mL) of DIPEA under Ar atmosphere. After 5 minutes, a solution of 368 mg (1.05 eq.) of N-Boc-
ethylenediamine in 5 mL of dry DMF was added and the mixture was stirred for 24h (control by TLC).
After the reaction the solvent was evaporated in vacuo and the product was purified by column
chromatography (SiO,, DCM:MeOH 95:5). Yield: 670 mg (80.6 %) as a pale yellowish solid. *H NMR
(400 MHz, CDCls) 6 ppm 6.10 (brs, 1 H) 4.88 (br s, 1 H) 3.32-3.39 (m, 2 H) 3.22-3.31 (m, 2 H) 2.16 (t,
J=8.0 Hz, 2 H) 1.61 (m, 4 H) 1.44 (s, 9 H) 1.20 - 1.34 (m, 18 H) 0.88 (t, J=6.8 Hz, 3 H).

N-(2-Aminoethyl)dodecanamide (3b). 240 mg of 3a were dissolved in 2 mL of dry DCM, after that 2 mL
of TFA were added and the mixture was stirred for 2h at r.t. After the reaction the solvent was evaporated
in vacuo. In order to eliminate traces of TFA, 1 mL of methanol was added, followed by evaporation in
vacuo (3 times). Yield: 241.9 mg (97.0 %) (in a form of TFA salt) as a pale yellowish solid. *H NMR (400
MHz, CDCls) & ppm 7.37 (br s, 1 H) 3.45 - 3.58 (m, 2 H) 3.05 - 3.21 (m, 2 H) 1.48 - 1.61 (m, 2 H) 1.17 -
1.33 (m, 20 H) 0.87 (t, J=7.0 Hz, 3 H).

N-(2-(4-(Ethyl(5-0x0-5H-benzo[a]phenoxazin-9-yl)amino)butanamido)ethyl)tetradecanamide

(NRGolgig). 30 mg of compound 1 were dissolved in 1 mL of dry DMF together with 31.9 mg (1.05 eq.)
of HATU, 5.4 mg (0.5 eq.) of HOBt and 41.23 mg (4 eq., 55.6 puL) of DIPEA under Ar atmosphere. After
5 minutes, a solution of 22.7 mg (1.05 eq.) of 3b and 28 pL of DIPEA in 1 mL of dry DCM was added and
the mixture was stirred for 24h (control by TLC) under Ar atmosphere. After the reaction the solvent was
evaporated in vacuo and the crude product was separated by preparative TLC. Yield: 22 mg (43.9 %) as a
dark red solid. *H NMR (400 MHz, CDCls) & ppm 8.63 (d, J=7.8 Hz, 1 H) 8.25 (d, J=7.8 Hz, 1 H) 7.71 (td,
J=7.5,1.0 Hz, 1 H) 7.63 (br td, J=7.5, 1.0 Hz, 1 H) 7.56 (d, J=9.0 Hz, 1 H) 6.82 (br s, 1 H) 6.69 (dd, J=9.0,
2.5 Hz, 1 H) 6.46 - 6.53 (m, 2 H) 6.35 (s, 1 H) 3.35 - 3.52 (m, 8 H) 2.31 (t, J=7.3 Hz, 2 H) 2.18 (t, J=7.7
Hz, 2 H) 1.93 - 2.03 (m, 2 H) 1.53 - 1.63 (m, 2 H) 1.16 - 1.32 (m, 23 H) 0.87 (t, J=6.9 Hz, 3 H). The 3C
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NMR spectra could not be obtained due to limited solubility of the probe. HRMS (ESI), m/z: [M+Na]* calcd
for CssHs2N4OsNa, 651.3889; found, 651.3902.

N,N-Dicyclohexyl-4-(ethyl(5-0x0-5H-benzo[a]phenoxazin-9-yl)amino)butanamide (NRLD). 30 mg of
compound 1 were dissolved in 1 mL of dry DMF together with 31.9 mg (1.05 eq.) of HATU, 5.4 mg (0.5
eq.) of HOBt and 51 mg (5 eq., 70 pL) of DIPEA under Ar atmosphere. After 5 minutes, a solution of 15.2
mg (1.05 eq., 16.7 pL) of dicyclohexylamine in 1 mL of dry DMF was added and the mixture was stirred
for 24h (control by TLC) under Ar atmosphere. After the reaction the solvent was evaporated in vacuo, the
solid residue was dissolved in DCM, washed with water and brine, dried over Na,SQOy, then the solvent was
evaporated in vacuo. The crude product was purified by preparative TLC (two consecutive purifications,
SiO;; DCM:MeOH 99:1 and SiO;; DCM:MeOH 98:2, respectfully). Yield: 30 mg (67.5 %) as a dark red
solid. *H NMR (400 MHz, CDCls) & ppm 8.63 (dd, J=8.0, 0.8 Hz, 1 H) 8.29 (dd, J=7.8, 1.0 Hz, 1 H) 7.71
(td, J=7.5, 1.5 Hz, 1 H) 7.63 (td, J=7.5, 1.5 Hz, 1 H) 7.58 (d, J=9.0 Hz, 1 H) 6.70 (dd, J=9.3, 2.8 Hz, 1 H)
6.50 (d, J=2.8 Hz, 1 H) 6.36 (s, 1 H) 3.43 - 3.51 (m, 5 H) 2.40 - 2.60 (m, 2 H) 2.36 (t, J=6.5 Hz, 2 H) 1.97
(quin, J=7.0 Hz, 2 H) 1.76 - 1.87 (m, 4 H) 1.59 - 1.70 (m, 4 H) 1.46 - 1.57 (m, 4 H) 1.03 - 1.33 (m, 10 H).
13C NMR (101 MHz, DMSO-ds) & ppm 183.72 (Car) 170.60 (Camice) 152.14 (Ca) 151.17 (Car) 146.69 (Car)
139.91 (Car) 132.07 (Car) 131.74 (Car) 131.27 (Car) 131.08 (Car) 129.87 (Car) 125.66 (Car) 124.99 (Cyr) 123.76
(Car) 109.97 (Car) 105.67 (Car) 96.52 (Car) 50.10 (Car) 45.40 (Car) 30.22 (Cal) 26.66 (Ca) 26.09 (Car) 25.42
(Ca) 25.23 (Ca) 22.99 (Ca) 12.36 (Ca). HRMS (ESI), m/z: [M+Na]* calcd for C2:H20N204Na, 562.3048;
found, 562.3062.

Preparation of liposomes. All types of large unilamellar vesicles (LUVS) used were prepared by the
following procedure. A stock solution of corresponding lipid(s) in chloroform was placed into a round-neck
flask, after which the solvent was evaporated in vacuo and phosphate buffer (20 mM, pH 7.4) was added.
After all the solid was dissolved a suspension of multilamellar vesicles was extruded by using a Lipex
Biomembranes extruder (Vancouver, Canada). The size of the filters was first 0.2 um (7 passages) and
thereafter 0.1 pm (10 passages). This generates monodisperse LUVs with a mean diameter of 0.12 pm as
measured with a Malvern Zetamaster 300 (Malvern, U.K.). Phospholipid:Cholesterol molar ratio in case of
DOPC/Chol and Sphing/Chol was 1:0.9.

Cell Lines, Culture Conditions, and Treatment. HelLa cells (ATCC CCL-2) cells were grown in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco Invitrogen), supplemented with 10% fetal bovine
serum (FBS, Lonza), 1% I-Glutamine (Sigma Aldrich) and 1% antibiotic solution (penicillin-streptomycin,
Gibco-Invitrogen) at 37 °C in a humidified 5% CO- atmosphere. KB (ATCC CCL-17)cells were grown in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco Invitrogen), supplemented with 10% fetal bovine
serum (FBS, Lonza), 1% I-Glutamine (Sigma Aldrich), 1% non-essential amino acid solution (Gibco-
Invitrogen) and 1% MEM vitamin solution (Gibco-Invitrogen).at 37 °C in a humidified 5% CO.
atmosphere. Cells were seeded onto a chambered coverglass (IBiDi) at a density of 5x10* cells/well 24 h
before the microscopy measurement. For microscopy imaging, the attached cells in ABIDI dishes were
washed once with warm Hanks™ balanced salt solution (HBSS, Gibco-Invitrogen), after that 1 mL of
corresponding dye solution in warm HBSS was added and the cells were incubated for: 10 min. at r.t. for
NR12A, NRLipD or Nile Red; 20 min at 37 °C for NRERr and NRERc;; 45 min at 37 °C for NRLyso and
NRMito. For NRGolgie probe the attached cells in ABIDI dishes were washed twice with cold Hanks’
balanced salt solution (HBSS, Gibco-Invitrogen), after that 1 mL of cold solution of dye conjugate with
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BSA (1:1 molar ratio) or with B-cyclodextrine (1:6 molar ratio) was added and the cells were incubated for
30 min at 4 °C followed by washing with warm HBSS and further incubation for 30 min at 37 °C.

For colocalization experiments, commercial organelle-targeting probes were added together with
solvatochromic probes in the following concentrations: 50 nM of WGA Alexa 488 conjugate (Invitrogen)
for NR12A; 50 nM of MitoTracker Green FM (Invitrogen) for NRMito; 50 nM of LysoTracker Green
DND-26 (Invitrogen) for NRLyso; 200 nM (for NREREg) or 500 nM (for NRERc|) of ERTracker Green
(Invitrogen); 500 nM of BODIPY 493/503 (Invitrogen) for NRLipD); 2.5 uM (in form of 1:1 molar ratio
conjugate with BSA) or 150 nM (in 1 mM solution of B-cyclodextrine) of BODIPY FL Cs-Ceramide
(Invitrogen) for NRGolgie.

Fluorescence microscopy. Cellular imaging was performed using Nikon Ti-E inverted microscope,
equipped with CFI Plan Apo %60 oil (NA = 1.4) objective, X-Light spinning disk module (CREST Optics)
and a Hamamatsu Orca Flash 4 sCMOS camera with a bandpass filter 531/40 nm (Semrock) or 600/50 nm
(Semrock). The excitation in confocal mode was provided by 488 nm or 532 nm diode laser (OXXIUS).
The exposure time in confocal mode was set to 500 ms per image frame. All the images were recorded
using NIS Elements and then processed using Fiji software. Pearson’s correlation coefficients for
colocalization were calculated using Coloc2 Fiji plugin.

Ratiometric confocal imaging of KB cells and LUVs was performed on a Leica TSC SPE confocal
microscope with HXC PL APO 63x/1.40 OIL CS objective. The excitation light was provided by a 488 nm
laser while the fluorescence was detected at two spectral ranges: 550-600 nm (Iss0-600) and 600—-650 nm
(leoo-650) in sequential mode by rapid switching to minimize drift, a sum of 5 images is shown (20 images in
case of hyperosmotic stress experiments with NR12A). All the parameters at each channel were left
constant, illumination power was adjusted to achieve good signal for each probe. The laser power settings
were: 8% of max. intensity for NRLipD; 9% of max. intensity for NRLyso; 12% of max. intensity for
NRERc and NRMito; 30% of max. intensity for NR12A for oxidative stress experiments and 60% for
hyperosmotic stress experiments; 45% of max. intensity for NRERg; 70% of max. intensity for NRGolgik.
The ratiometric images were generated by using special macros under ImageJ that divides the image of the
Iss0-600 Channel by that of the lgeo-650 Channel. For each pixel, a pseudo-color scale is used for coding the
ratio, while the intensity is defined by the integral intensity recorded for both channels at the corresponding
pixel. Cholesterol extraction was induced by incubating the cells with 5 mM of Me-B-cyclodextrine
(MBCD) in reduced serum medium (Opti-MEM, Gibco Invitrogen) for 1h at 37°C with consecutive
washing with fresh HBSS.” Cholesterol enrichment was induced by incubating the cells with a saturated
complex of MBCD+Cholesterol (48 mg/g of Cholesterol) in reduced serum medium (Opti-MEM, Gibco
Invitrogen) (total MBCD concentration was 5 mM) for 3h at 37°C followed by consecutive washing with
fresh HBSS.% Oxidative stress was induced by incubating the cells with 2 mM solution of H,O; in HBSS
for 1h at 37°C with consecutive washing with fresh HBSS.8 In all cases microscopy imaging was started
70 minutes after the end of incubation with H,O,. Hyperosmotic stress was induced by replacing half of the
cell medium with 1M sucrose solution immediately followed by imaging.®
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microscopy images in live KB cells in various conditions. Tables: spectroscopy data in LUVs and organic
solvents; Pearson’s correlation coefficients for colocalization experiments; weighted arithmetic mean
values obtained from ratiometric microscopy images in various conditions.
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