Open Access Article. Published on 26 February 2018. Downloaded on 4/7/2026 8:43:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

W) Check for updates ‘

Cite this: Chem. Sci., 2018, 9, 3324

! ROYAL SOCIETY
OF CHEMISTRY

Fluorescent dyes and probes for super-resolution
microscopy of microtubules and tracheoles in

living cells and tissuest

Grazvydas Lukinavicius,

Alexey N. Butkevich, Hannah Barthel,

* Gyuzel Y. Mitronova,

Sebastian Schnorrenberg,
Vladimir N. Belov'® and Stefan W. Hell

We introduce fluorogenic tubulin probes based on the recently reported fluorescent dyes (510R, 580CP,
GeR and SiR) and chemotherapy agents — taxanes (docetaxel, cabazitaxel and larotaxel). The cytotoxicity
of the final probe, its staining performance and specificity strongly depend on both components. We

found correlation between the aggregation efficiency (related to the spirolactonization of fluorophore)

and cytotoxicity. Probe optimization allowed us to reach 29 + 11 nm resolution in stimulated emission
depletion (STED) microscopy images of the microtubule network in living human fibroblasts. Application
to living fruit fly (Drosophila melanogaster) tissues highlighted two distinct structures: microtubules and

Received 16th December 2017
Accepted 26th February 2018

tracheoles. We identified 6-carboxy isomers of 580CP and SiR dyes as markers for chitin-containing

taenidia, a component of tracheoles. STED microscopy revealed correlation between the taenidia
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Introduction

The fast development of super-resolution microscopy (nano-
scopy) is accompanied by the emergence of new fluorescent
dyes serving as molecular probes.* Particular attention is paid to
the compatibility of these probes with living cells.> Key features
of good live-cell imaging probes are high cell permeability,
excitation/emission in the far-red or near-infrared region,
acceptable photostability, brightness, lowest possible off-target
binding and little or no toxicity. Ideally, the probes are fluoro-
genic.®> The most straightforward strategy towards obtaining
such highly desirable probes is the linking of a small-molecule
ligand to the desired fluorophore.* In the majority of cases, the
fluorescent dye and the targeting moiety are of similar size, so
that both parts contribute to the properties of the final probe.
Paclitaxel (Fig. 1a) is one of the most successful anti-cancer
drugs used for the treatment of ovarian, breast, and lung
cancers.’ It is a natural product first isolated from the bark of
the yew tree Taxus brevifolia in 1971.° Since then, a large variety
of paclitaxel analogues was reported.>” Flutax-2 is the most
extensively used compound for fluorescent imaging of tubulin.
It comprises of paclitaxel linked at position 7 via a beta-alanine
linker to the fluorophore Oregon Green (OG).® Other tubulin
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periodicity and the diameter of the tracheole. Combined tubulin and taenidia STED imaging showed
close interaction between the microtubules and respiratory networks in living tissues of the insect larvae.

probes reported in the literature are the conjugates of taxanes
with boron-dipyrromethene (BODIPY) dyes, rhodamines,
coumarins, carbo-, germano- or silicon-rhodamines.??%%°
However, no systematic studies have been published describing
the influence of the fluorescent dye on cytotoxicity, staining
performance or fluorescence intensity change upon target
binding. On the other hand, a large set of taxane drugs,
designed to avoid multiple drug resistance (MDR) conferring
efflux pumps, offers a perspective to apply them for the gener-
ation of new fluorescent probes with improved cell-perme-
ability." For example, cabazitaxel and larotaxel are poorly
recognized by MDR proteins, and they are able to cross the
blood-brain barrier.** In our study, we chose and combined
recently reported fluorescent dyes compatible with stimulated
emission depletion (STED) microscopy (510R, 580CP, GeR and
SiR),"” with targeting moieties based on docetaxel,* cabazitax-
el"** and larotaxel'” (Fig. 1a-c). Next, we treated living cells
with these synthetic probes and examined their cytotoxicity. We
found a correlation between the fluorogenic properties of the
probe (related to spirolactonization or aggregation of the dye)
and toxicity. This observation enabled us to select the optimal
fluorescent tubulin probes (featuring minimal cytotoxicity, high
fluorogenicity and cell permeability) for three well separated
excitation wavelengths. Recently, live-cell reversible saturable
optical linear fluorescence transition (RESOLFT) nanoscopy on
fluorescent protein labelled microtubule filaments of
Drosophila melanogaster larvae was reported.’> To analyse the
performance of the generated tubulin probes, we stained living
tissues of dissected D. melanogaster larvae. The acquired images

This journal is © The Royal Society of Chemistry 2018
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Fig.1 Chemical structures and spectra of fluorescent tubulin-binding probes. (a) Structures of paclitaxel and taxanes used for probe generation:
docetaxel (Boc-DTX), cabazitaxel (Boc-CTX) and larotaxel (Boc-LTX). (b) Structures of fluorescent dyes together with the Cg-linker used for the
synthesis of the tubulin probes. (c) Absorption (dashed line) and emission (solid line) spectra of dyes used for the generation of the tubulin probes.
(d) High-resolution cryo-electron microscopy reconstruction of B-tubulin (grey) bound to paclitaxel (green). For clarity, a-tubulin molecule,
GTP/GDP and Mg?* were omitted from the original PDB file (PDB ID: 55YF). (e) Model of three different SiR probes (SiR-DTX — magenta, SiR-CTX
— orange and SiR-LTX — blue) docked to B-tubulin. The same B-tubulin structure as in (d) is used.

displayed high contrast and provided detailed characteristic
arrangement of the microtubule network in living tissues —
including brain, intestine and body wall muscle. Further anal-
ysis showed that the tubulin probes display off-target staining of
the insect tracheoles. We demonstrated that the ligand-free
fluorescent dyes could be applied for specific staining of tae-
nidia in the tracheoles of D. melanogaster. These results not only
emphasize that both the fluorophore and the targeting moiety
contribute to the specificity of the final probe, but also provide
a toolbox for further design of advanced fluorescent probes.

Results and discussion
Chemical synthesis of fluorescent tubulin probes

The design of new tubulin probes is based on the replacement
of the tert-butyloxycarbonyl (Boc) group in taxanes with a fluo-
rophore attached via a linear Cg-alkyl chain at the 3’-position
(Fig. 1a and b). This approach proved to be optimal for the
generation of SiR-tubulin, GeR-tubulin and SiR700-tubulin
probes based on docetaxel.?***¢ In this study, we designed
and systematically characterized these tubulin probes for their

This journal is © The Royal Society of Chemistry 2018

application in super-resolution STED microscopy. First, we
performed the docking of the model compounds - SiR-based
ligands - to the paclitaxel binding site of B-tubulin, by using
the AutoDock Vina' program and a recently published cryo-EM
structure (Fig. 1d and e).” In all cases, the fluorophore is
positioned in the binding pocket located on the surface of the
protein and formed by the first alpha helix (11-28 aa) followed
by the loop (29-41 aa). This suggests that the fluorophores
should be located inside the microtubule lumen and under
ideal conditions, the labelled structure should appear as a tube
of ~20 nm diameter in the microscopy images (Fig. 1d and e
and S17).

We synthesized all possible 12 probes containing 510R,
580CP, GeR and SiR fluorophores conjugated with three tubulin
binding moieties - docetaxel (Boc-DTX), cabazitaxel (Boc-CTX)
and larotaxel (Boc-LTX) (Fig. 1a-c and Table S1t). Importantly,
the selected fluorophores can form the non-fluorescent spi-
ronolactones depending on the dielectric constant of the envi-
ronment (D).'*** D, parameter allows to estimate the
sensitivity of the dye to surrounding polarity and is equal to the
dielectric constant at which dye has half maximum absorbance.

Chem. Sci,, 2018, 9, 3324-3334 | 3325
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This advantageous property is required for fluorogenicity and
therefore, dyes with sufficiently high D, 5 values (580CP, GeR
and SiR)***>** were chosen (Table S11). We assumed that our
new probes were fluorogenic as well.*>**** As the D, 5 value of
the 510R dye has not been reported, we measured it to be equal
to 53, predicting the possibility of desirable fluorogenic
behaviour (Table S17).*>

Fluorogenic properties of the tubulin probes

First, we characterized the spectroscopic properties of the new
probes by measuring their absorbance and fluorescence spectra
as well as quantum yields (QY) (Table S2 and Fig. S3t). Conju-
gation of the fluorophores to the targeting moieties induced
~5 nm bathochromic shift of the absorbance and emission
maxima compared to the unconjugated dyes (Tables S1 and S27).
The absorbance and QY of the dyes are considerably decreased
upon conjugation and this effect is especially significant for the
larotaxel derivatives (Table S21). The addition of an anionic
detergent sodium dodecyl sulfate (SDS, 0.1%) recovers both the
absorbance and the fluorescence intensities (Fig. S3, Tables S2
and S3t). Based on our previous work,***?” we hypothesized that
the fluorescence intensity of the new probes is modulated by
both spirolactonization and aggregate formation (Fig. 2a). If only
spirolactonization occurred, the changes in absorbance and
fluorescence should be proportional, resulting in a constant
fluorescence QY. However, we observed significant decrease in
QY of the probes compared to the free dyes (Tables S1 and S27).
This phenomenon directly indicated possible aggregation
leading to fluorescence quenching (e.g. by homo FRET, energy
transfer from the excited state of the dye to the neighbouring
ligand or the closed-ring form of another dye residue). The loss
of charges due to spirolactonization of the fluorophore might
induce self-aggregation of the probe and fluorescence quench-
ing as reflected by the drop in QY (Fig. 2a and Table S27). To
further test this, we plotted the changes of fluorescence versus
absorbance upon SDS addition and observed significant devia-
tion from the linear equation going through the axis origin (y =
x) (Fig. S4aft). All data points are above the direct proportionality
line supporting our model based on aggregation and spi-
rolactonization (Fig. 2a). The larotaxel derivatives demonstrated
the largest deviations from the line of equality suggesting the
strongest aggregate formation characteristic of these probes
among the tested fluorescent taxanes.

We further investigated the formation of aggregates and
imaged them by phase contrast light microscopy (Fig. S4bt). The
formed aggregates were clearly detected in the images corre-
sponding to PBS (phosphate buffered saline) solutions of 510R-
docetaxel (510R-DTX), 510R-larotaxel (510R-LTX), 580CP-cab-
azitaxel (580CP-CTX) and SiR-larotaxel (SiR-LTX) probes. In
contrast, less pronounced aggregation was observed in case of
580CP-LTX and GeR-DTX. Encouraged by these observations, we
developed an assay which permits estimation of the aggregation
extent (Fig. S5at). It is based on the separation of the aggregated
and soluble fractions of the probes by centrifugation. In addition,
the collected pellet can be completely dissolved in the PBS con-
taining 0.1% SDS. This allows measurement of the fluorescence
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in the supernatant and in the dissolved pellet fractions after the
aggregates were spun down. If the centrifugation step is omitted,
the fluorescence was mainly present in solution (Fig. S5bt). The
distribution of fluorescence between the two fractions correlated
well with the fluorogenicity of the probes (Fig. S5ct).

Finally, we measured the fluorescence intensity changes
upon addition of the target protein - tubulin. The most fluo-
rogenic probes are based on GeR and SiR fluorophores, which
have the highest D, 5 value (Fig. S6, Tables S1 and S3t). Inter-
estingly, the fluorescence intensity change was lower for lar-
otaxel derivatives, as compared to cabazitaxel or docetaxel-
derived probes. This suggests that these aggregates formed in
aqueous buffers are very stable and cannot dissociate upon
binding to tubulin. In contrast, the 580CP-larotaxel probe
(580CP-LTX) displayed the largest fluorescence increase among
the 580CP-based probes indicating the dissociation of the
aggregates after binding to tubulin. These observations
prompted us to verify whether the synthetic probes induce
tubulin stabilization as efficiently as the corresponding parent
compounds. We found that the replacement of an N-Boc group
with a Cg-alkyl-dye functionality decreases the apparent tubulin
polymerization rate up to 5-fold (Fig. S7 and Table S37). The
smallest reduction was observed for 510R dye derivatives, while
580CP-, GeR- and SiR-containing probes were significantly less
potent in stabilizing tubulin.

Cytotoxicity of the fluorescent tubulin probes

Taxanes are well known cytotoxic chemotherapy agents, but
derivatization of these drugs may reduce their impact on cell
cycle because of the changes in the cell membrane permeability
and/or the target binding efficiency. Goodwin et al. demon-
strated that transcellular permeability is a function of the
molecule’s hydrophobicity.” On the other hand, the hydro-
phobicity of SiR probes, as it has been shown recently, is
proportional to their fluorogenicity and vice versa.>'® We
assumed that this might also be true for 510R-, 580CP- and GeR-
based probes. We also assumed that the probe cytotoxicity is
a superposition of the ability to enter the cell and the target
binding efficiency. The spirolactone form is largely responsible
for the cell permeability of the probe, as it is significantly more
hydrophobic than the zwitterionic form (Table S27). In addi-
tion, if aggregates are formed, they can be internalized into the
cell via endocytosis pathways employing similar mechanisms
described for nanoparticles (Fig. 2a).* Indeed, nanoparticles
have been extensively exploited for improving the permeability
of paclitaxel.

To test this hypothesis, we examined the toxicity of our
probes by incubating them with living Hela cells for 24 h and
measuring the distribution of the cell population over the cell
cycle (Fig. S87). Paclitaxel derivatives are known to halt the cell
cycle at the mitosis (M) phase leading to apoptosis and frag-
mentation of the cell DNA.>* We measured the accumulation of
cells containing less DNA than cells at the G1 phase. The
highest toxicity was observed for the probes derived from cab-
azitaxel, while larotaxel- and docetaxel-based probes were
considerably less toxic (Fig. S87). In the fluorophore series, the

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Properties of fluorescent tubulin probes. (a) Proposed mechanism of cell permeability and cytotoxicity in living cells. Targeting moiety
(grey triangle) of these probes contains taxanes (DTX — docetaxel, CTX — cabazitaxel or LTX — larotaxel), which are able to stabilize polymerised
tubulin resulting in increased apparent polymerization rate. Black structure shows the spirolactone form, which is non-absorbing and non-
fluorescent in the visible light spectral region, red — the absorbing and fluorescent zwitterion form. Grey hexagons indicate aggregates presentin
the equilibrium. The spirolactone form and aggregates (grey background on the left) are efficiently entering the cell. Inside, free spirolactone and
zwitterion (grey background on the right) can stabilize tubulin and induce cytotoxicity. GTP — guanosine-5’-triphosphate, GDP — guanosine-5'-
diphosphate. (b) Correlation between the fluorescence increase upon binding of 2 pM probes to 1 mg ml~* tubulin and measured cytotoxicity in
cells incubated in growth medium containing 1 uM probe after 24 h. Blue symbols correspond to 510R derivatives, green — 580CP derivatives,
purple — GeR derivatives and red — SiR derivatives. Black line represents fitting to a linear equation. (c) Correlation between the probe aggregation
efficiency in vitro and cytotoxicity after 24 h. In both cases probe concentration is 1 pM. Black line represents fitting to a dose—-response equation
in GraphPad Prism 6 (ECsq = 83 + 22%). Data are presented as mean values with standard deviations, N = 3. Dashed ellipse shows the region
corresponding to the optimal probes showing moderate toxicity.

Aggregation (%)

cytotoxicity decreased in the order GeR > SiR > 580CP = 510R.
In contrast, non-conjugated dyes did not change the population
distribution over the cell cycle histograms (Fig. S87).

Finally, we correlated the probe-induced toxicity with the
fluorescence increase upon binding to tubulin and the aggre-
gation extent. We assumed that if the concentration of free
tubulin largely exceeds the probe concentration, the binding
efficiency of the fluorogenic ligands will also be proportional to
the fluorescence intensity increase, which is likely to occur in
living cells due to high tubulin abundancy (2.4 mg ml~* or 24 uyM
dimer).* In agreement, we observed a significant correlation

This journal is © The Royal Society of Chemistry 2018

(R* = 0.57) between the probe cytotoxicity and fluorescence
increase upon tubulin binding (Fig. 2b). Furthermore, we
observed a strong correlation between the cytotoxicity and the
aggregation extent (R* = 0.93, Fig. 2c), but no significant corre-
lation between apparent tubulin polymerization rate and cyto-
toxicity (Fig. S97). This behaviour can be explained if the cell
permeability of probes is enhanced by the formation of aggre-
gates. Similarly, nanoparticles, a higher order structures of small
molecules, are known to demonstrate improved cellular uptake
profiles.**® This supports our suggestion that the probe cyto-
toxicity is a superposition of the ability to enter the cell and the

Chem. Sci., 2018, 9, 3324-3334 | 3327
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target binding efficiency. However, if we assume that the devia-
tions from the linear correlation observed for 510R-DTX, 510R-
LTX, 580CP-CTX and SiR-LTX probes are significant (Fig. 2b
and c), we may conclude that a certain degree of off-targeting,
specific to the particular combination of a dye, a linker and
a targeting moiety, is taking place. These results highlights the
importance of a full experimental study of newly generated
probes regarding their staining performance and cytotoxicity.

Staining of tubulin in living cells

The most critical parameter of all fluorescent probes is the
target staining efficiency. We imaged living human fibroblast
cells labelled with our tubulin probes using confocal micros-
copy. The staining intensity of microtubules varied significantly
among the probes (Fig. S101). In general, docetaxel-based
probes showed a lower staining intensity compared to the
probes based on the other two ligands. Cabazitaxel-derived
probes stained tubulin efficiently in combination with all fluo-
rophores (Fig. S10f). This behaviour correlates with the
observed cytotoxicity, suggesting that the better binding to
tubulin leads to a higher microtubule stabilization resulting in
higher cytotoxicity of the probes. However, larotaxel-derived
probes demonstrated the highest variation: 580CP-LTX
showed low toxicity and excellent microtubules staining, GeR-
LTX was highly toxic and stained microtubules poorly, 510R-
LTX demonstrated low cytotoxicity, but highlighted the
cytosol without microtubule structures, and SiR-LTX was
neither toxic nor staining microtubules (Fig. S10 and Table S37).
This complex behaviour might stem from the strong aggrega-
tion of larotaxel probes (and higher content of the closed-ring
isomer in the equilibrium) affecting both permeability and
the binding efficiency to tubulin in vitro and in vivo.

Taking into account the known mechanisms of fluo-
rogenicity, cell permeability, as well as cytotoxicity, we attemp-
ted to identify the probes that efficiently stain microtubules and
induce minimal perturbation to the cell cycle. Our results
clearly show that the best combinations of the targeting moiety
and fluorescent dye are the following: cabazitaxel in combina-
tion with 510R and SiR dyes (510R-CTX and SiR-CTX), larotaxel-
580CP (580CP-LTX), and docetaxel-GeR (GeR-DTX). For the first
time, we demonstrate that larotaxel derivative 580CP-LTX can
be used for the staining of microtubules in living cells. It should
be noted that most of the probes showed cytotoxicity at high
concentrations (1 uM) after 24 h of incubation. We addressed
this by determining the concentration of the probe at which it
can be used for tubulin staining without substantial toxic
effects over a 24 h period: < 250 nM for 580CP-LTX and GeR-
DTX; =62.5 nM for 510R-CTX and SiR-CTX (Fig. S11 and Table
S37). In addition, we recorded time-lapse movies of the micro-
tubule dynamics at these concentrations (Videos S1-5S47).

Super-resolution imaging of tubulin in living mammalian
cells

After the characterization of the probes, we turned our attention
towards their performance in live-cell STED nanoscopy. We
stained and imaged living human fibroblasts with optimal
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probes: 510R-CTX, 580CP-LTX, SiR-CTX and GeR-DTX (Fig. 3a).
The optical resolution in STED microscopy strongly depends on
the de-excitation beam power and the fluorophore-specific
saturation intensity I, defined as the intensity needed to
deplete half of the excited molecules.*® For 580CP-, GeR- and
SiR-based probes, we used a 775 nm STED laser, and for the
510R dye — a 587 nm STED laser. We measured the full width at
half maximum (FWHM) of microtubule filaments at different

510R-CTX

580CP-LTX

-e-580CP-LTX
-»- GER-DTX
-~ SiR-CTX

Apparent microtubule © [
FWHM (nm)
Apparent microtubule ©
FWHM (nm)
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STED intensity (MW/cm?)

-
O

2
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Fig. 3 STED nanoscopy of living cells stained with fluorescent tubulin
probes. (a) Selected images of tubulin filaments chosen for each
fluorescent dye. 510R-CTX images were acquired on a custom built
STED microscope equipped with a 587 nm STED laser. 580CP-LTX,
GeR-DTX and SiR-CTX images were recorded on an Abberior STED
775 QUAD scanning microscope. Scale bars: 1 um. (b) The apparent
microtubule FWHM as a function of the intensity of the 587 nm STED
laser used for imaging of specimens stained with 510R-CTX. Data are
presented as mean values with standard deviations, N = 10 microtu-
bules in at least 3 different fields of view. Insert shows Cryo-electron
microscopy model of 13 reconstructed tubulin (orange) protofila-
ments in the microtubule cross-section bound to paclitaxel (blue). The
model predicts the apparent diameter of the microtubule stained with
taxane derivatives to be ~20 nm. (c) The apparent microtubule FWHM
as a function of the 775 nm STED laser intensity used for imaging of
specimens stained with 580CP-LTX (green), GeR-DTX (purple) and
SiR-CTX (red). Data are presented as mean values with standard
deviations, N = 10 microtubules in at least 3 different fields of view.

This journal is © The Royal Society of Chemistry 2018
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de-excitation laser powers and calculated the I, values (Fig. 3b
and c and Table S31). The highest optical resolution corre-
sponding to the smallest microtubule FWHM could be achieved
using the 510R-CTX and SiR-CTX probes (Table S37). The
apparent diameter of the microtubules is 35 + 13 nm corre-
sponding to 29 £ 11 nm optical resolution in living cells after
taking into account the real microtubule diameter of ~20 nm
(Fig. 3b and ¢, S1 and S12a, Table S3t).** To the best of our
knowledge, this is the highest STED image resolution as yet
reported in living cells. In addition, excellent performance of
the probes was confirmed by acquiring high quality STED
images at the sub-cytotoxic concentrations (Fig. S137).

Super-resolution imaging of tubulin in living fruit fly tissues

Finally, we examined our probes for tubulin staining in living
tissues of D. melanogaster and embarked on the probes based on
the red-emitting dyes 580CP and SiR to minimize phototoxicity
and light scattering in the tissue. Further, this dye combination
allows two-colour STED nanoscopy.**»* To this end, we stained
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tissues from D. melanogaster larvae with 1 pM of 580CP-LTX or
SiR-CTX probes. We observed bright tubulin staining of all ana-
lysed cell types, including cells of intestine, body wall muscles
and brain of dissected third instar larvae. SiR-CTX staining of the
microtubules allowed us to image their dynamics in the body
wall muscles (Video S57). Next to this, we noticed strong tubulin
staining in the tracheole cells. STED images of the labelled
microtubule network demonstrated significantly better resolu-
tion (~60 nm) in various cell types and structures when
compared with confocal images (Fig. S12b and ct).

Staining of taenidia in insect tracheole with unconjugated
fluorescent dyes

Besides the specific staining of microtubule filaments in the
tracheole cells, we also observed a periodic pattern (Fig. S147).
Most likely, our probes could stain tracheoles themselves,
which were previously observed and reported by Yalgin et al. as
being surrounded with the tubulin network.?® This study used
an anti-tubulin antibody to label the microtubule network in

0 T T T L] L}
0 200 400 600 800 1000
Tracheole diameter (nm)

- SiR-COOH

Fig.4 STED nanoscopy images of living tissues of Drosophila melanogaster larvae. (a) Larval brain stained with 1 uM SiR-CTX. (b) Intestine stained
with 1 uM SiR-CTX. (c) Body wall muscle stained with 1 uM 580CP-LTX. White rectangles show locations of the zoom-in regions shown in the
inserts. Scale bars: 10 um in the large field of view and 1 um in the zoom-in images. (d) Confocal and STED images of tracheoles stained with 1 uM
SiR—COOH for 1 h. Scale bar: 1 um. (e) Correlation between the tracheole diameter and periodicity of its taenidia. Periodicity is presented as mean
with standard deviation, N = 7. Tracheole diameter is presented as a single measurement in the region where periodicity was measured. (f) Two-
color image of body wall muscle microtubule network stained with 1 uM 580CP-LTX and tracheoles stained with 1 pM SiR—COOH. Insert shows
zoom-in image of the region shown in panel as a white rectangle. Image shows microtubule network following tracheole. Images were acquired
on an Abberior STED 775 QUAD scanning microscope. Scale bars: 5 um in the large field of view and 1 um in the zoom-in image.
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tracheole cells but observed neither periodical structures nor
pattern. In a control experiment, we performed a competitive
displacement of the fluorescent probes with non-fluorescent
parent compounds in order to test if the periodic structures
were indeed tubulin-specific (Fig. S15a and ct). In the images
obtained, we could not detect the stained microtubules,
however, the tracheolar network and its periodic structures
were clearly highlighted. We therefore tested whether the
tracheoles could be efficiently stained by simply adding non-
conjugated carboxyrhodamine dyes. Indeed, 6-carboxy isomers
of 580CP-COOH and SiR-COOH showed clearly visible enrich-
ment in the respiratory system of D. melanogaster larvae living
tissues (Fig. S15b and dt). We thought that such staining was
arising from the affinity of non-conjugated dye to the chitin
present in these insects. Accordingly, in addition to a diffuse
background staining we observed an excellent co-localization of
SiR-COOH fluorescence signal with the chitin-specific dye
Calcofluor White M2R (Fig. S16at).> Furthermore, the chitin-
rich larva cuticle showed bright staining with both 580CP-
COOH and SiR-COOH (Fig. S16b and c7). Importantly, we could
obtain STED images of the labelled taenidia of tracheoles and
measure their periodicity, which correlated with their diameter
(Fig. 4d and e, S15e and ff). The observed direct correlation is
not surprising since the main function of taenidia is to keep the
tracheole open for air flow and bigger diameter tracheoles
require thicker taenidia with larger spacing.?® For the first time,
it allowed us to identify 6-carboxy isomers of 580CP and SiR
dyes as chitin-specific stains compatible with STED nanoscopy.
We took advantage of this knowledge and recorded two-colour
STED images of tracheole taenidia surrounded by the tubulin
network of tracheole cells stained with 580CP-LTX and SiR-
COOH (Fig. 4f). Both structures are of size below the diffraction
barrier, and STED nanoscopy images enabled us to see the
details in living tissues and with high specificity that were
previously only visible using (cryo-)electron microscopy.

Conclusions

In conclusion, we designed and prepared a set of fluorescent
probes targeting tubulin by linking fluorescent dyes and tax-
anes. These probes are suitable for super-resolution STED
microscopy of living cells and tissues and allow observation of
tubulin structures with optical resolution below the diffraction
limit (<250 nm). We provide further evidences supporting the
mechanism of fluorogenicity proposed earlier and demonstrate
the correlation between the aggregation efficiency in vitro and
cytotoxicity in cellulo. We have reached 29 £ 11 nm resolution in
STED microscopy images using our optimal probes. To the best
of our knowledge, this is the highest STED image resolution
reported in living cells. We envision that the optimization of
both the fluorophore and the ligand part of a fluorescent probe
will be extended to the probes targeting other cellular struc-
tures. For the first time, we identified the 6-carboxy isomers of
580CP and SiR dyes as efficient stains for chitin and successfully
used them for labelling of taenidia in tracheoles of living insect
tissues. This allowed us to reveal the periodic taenidia pattern
present in tracheoles. The combination of a free
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carboxyrhodamine fluorescent dye with a specific tubulin probe
allowed us to acquire two-colour STED images of both trache-
olar and microtubular networks in living insect tissues. We
anticipate that our new specific tubulin and chitin probes will
enable further studies of these structures using STED nano-
scopy in living cells and tissues.

Experimental
Molecular docking

A Tubulin structure was downloaded from PDB database (PDB
ID: 5SYF) and only B-tubulin molecule was used for the docking
experiment. Ligands were drawn using ChemDraw Professional
15.1 and prepared for docking with AutoDock Tools version
1.5.6 (ref. 31). The docking simulation was performed using the
Vina Autodock version 1.1.2 (ref. 17). Twenty binding modes
were generated starting from random configurations of ligand
that had fully flexible torsional degrees of freedom. The
dynamics of B-tubulin was not taken into account. Only the
conformation with lowest binding energy was selected.

Evaluation of the fluorogenic properties of 510R

The absorption spectra of 510R free carboxylic acid were
recorded on a Varian Cary 4000 UV-Vis spectrophotometer in
quartz cuvettes (3 ml) in aqueous dioxane solutions (4 uM) with
water content varying from 10 to 100% and dielectric constant
values (D) from 5.6 to 78.3 respectively. The maximal extinction
(emax) at 496 nm was detected in water solutions. The normal-
ized e/emax ratio at 496 nm were taken for D, 5 determination.

Measurements of quantum yields

Fluorescence quantum yields (absolute values) were obtained
on a Quantaurus-QY absolute PL quantum yield spectrometer
(model C11347-12, Hamamatsu) at ambient temperature (25
°C), excitation wavelengths were 20 nm shorter than the
absorption maxima of the measured compounds; all measure-
ments were performed in triplicates.

Estimation of probe fluorescence increase upon SDS addition
and target binding

Fluorescence increase of the probes upon SDS addition was
measured by preparing 2 pM probe solution in PBS buffer
(Lonza, Cat. no. BE17-516F) with or without 0.1% SDS (Acros
Organics). The samples prepared in 1.5 ml tubes (Eppendorf)
were incubated at room temperature for 1 h before
measurements.

Fluorescence increase of taxane-based probes binding to
tubulin was estimated using the following procedure: the
substrate from 1 mM DMSO stock solution was diluted to the
final concentration of 3 uM in 1 mg ml~" tubulin (Cytoskeleton,
Cat. no. T240-C) solution in the general tubulin buffer (80 mM
PIPES pH 6.9, 2 mM MgCl, and 0.5 mM EGTA, Cytoskeleton,
Cat. no. BST01-010) supplemented with 1 mM GTP (Thermo
Fisher Scientific, Cat. no. R0461). Each sample of the final
volume of 0.5 ml prepared in 1.5 ml tubes (Eppendorf) was
incubated at 37 °C for 5 h before measurements. During this

n
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incubation tubulin polymerization occurs which can be detec-
ted by significant increase of the solution viscosity.

Absorption and fluorescence were measured with a multiwell
plate reader Spark® 20M (Tecan) in glass bottom 96-well plates
(MatTek, Cat. No. PBK96G-1.5-5-F) at room temperature (25 °C).
Absorption of solutions was recorded from 320 nm to 850 nm
with wavelength step size of 1 nm. The background absorption
of a glass bottom plate was measured in wells containing only
buffer and subtracted from the spectra of the samples. Fluo-
rescence emission of the free 510R dye or its probes was
recorded from 480 nm to 850 nm with 5 nm bandwidth and
2 nm step size while exciting at 470 nm with a 20 nm band-
width. Fluorescence emission of the free 580CP or its probes
was recorded from 550 nm to 850 nm with 5 nm bandwidth and
2 nm step size while exciting at 525 nm with a 15 nm band-
width. Fluorescence emission of the free SiR/GeR or their
probes was recorded from 620 nm to 850 nm with 5 nm band-
width and 2 nm step size while exciting at 595 nm with a 15 nm
bandwidth.

All samples were prepared in technical duplicates, which
were repeated three times as three independent experiments
performed on different days. Ratios F(pgsisps)/F(pes) OF
F(pps+eubutin)/Fpas+asa) Of fluorescence signals at emission
maxima were calculated.

Estimation of the probe aggregation

The estimation of aggregation extent was performed using
a centrifugation-based assay. The 1 uM solutions of probes were
prepared by adding 1000 x DMSO stock solution to PBS (Lonza,
Cat. no. BE17-516F). After 1 h incubation at RT, the solutions
were centrifuged for 1 h at 20 °C in a centrifuge set at 16000g.
The pellet and solution fractions were separated, the pellet was
suspended in PBS + 0.1% SDS and the supernatant was sup-
plemented with SDS to 0.1% concentration. After 1 h incubation
at RT, the pellet was fully dissolved, and fluorescence was
measured for both supernatant and pellet fractions with
a multiwell plate reader Spark® 20M (Tecan) in a glass bottom
96-well plate (MatTek, Cat. no. PBK96G-1.5-5-F) at room
temperature (25 °C). The following settings were used for exci-
tation and emission: 510R - 500 and 525 nm, 580CP - 585 and
610 nm, GeR - 640 and 660 nm, SiR - 650 and 670 nm,
respectively. In all cases, the bandwidth was set to 5 nm.
Aggregation percentage was calculated using the following
formula:

F pellet

Aggregation (%) = W
pellet solution

x 100% (1)
where Fyepiee and Fyorution — fluorescence intensity in the pellet
and solution fractions, respectively.

In vitro tubulin polymerization assay

Measurements of the polymeric tubulin stabilization enhance-
ment upon addition of the probes were performed using the
commercial tubulin polymerization fluorescence assay kit
available from Cytoskeleton, Inc. (Cat. BKO11P). It is based on
DAPI (4/,6-diamidino-2-phenylindole) fluorescence change
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upon tubulin polymerization.** Taxanes are known to stabilize
tubulin in the polymerized state resulting in an increased
apparent polymerization rate. All measurements were carried
out according to the manufacturer's standard protocol. Samples
were measured with a multiwell plate reader Spark® 20M
(Tecan) in a half-area 96-well plate (Greiner Bio-One Cat.
675076) at 37 °C. Fluorescence emission was detected at 430 nm
while exciting at 350 nm. The excitation and emission band-
widths for all measurements were set to 20 and 10 nm,
respectively. All samples were prepared in duplicates and fluo-
rescence was measured over 45 min (one measurement per
minute) until a stable signal was achieved. The data points were
normalized to the highest value of each set. The obtained
polymerization curves were analysed using GraphPad Prism
version 6.0 and fitted to a model describing plateau followed by
one-phase exponential association:

y = yo + (plateau — yg) x (1 — e X*C70), 2)

where x, is the time when the tubulin polymerization begins, y,
is the average y value up to time x,, plateau is the y value at
infinite times, and K is the rate constant.

Maintenance and preparation of cells

Human primary dermal fibroblasts and HeLa cells were
cultured in high-glucose DMEM (Life Technologies, Cat. no.
31053-028) supplemented with GlutaMAX-1 (Life Technologies,
Cat. no. 35050-038) and 10% fetal bovine serum (FBS, Life
Technologies, Cat. no. 10270-106) in a humidified 5% CO,
incubator at 37 °C. The cells were split every 3-4 days or at
confluence. Cells were seeded in glass bottom 12-well plates
(MatTek Corporation, Cat. no. P12G-1.0-14-F).

Cells were stained with the fluorescent probes in DMEM
(Thermo Fisher Scientific, Cat. no. 31053-028) supplemented
with 10% FBS (Thermo Fisher Scientific, Cat. no. 10082139)
at 37 °C and 5% CO,. Afterwards, the cells were washed 2 times
with HBSS (Hanks' balanced salt solution, Lonza, Cat. no. BE10-
527F). Imaging was performed in DMEM with 10% FBS.

Maintenance and preparation of Drosophila melanogaster

Wildtype OregonR Drosophila melanogaster were raised on stan-
dard cornmeal-yeast-agar medium at 25 °C and used for all
experiments. For staining of living Drosophila melanogaster
tissues, wandering third instar larvae were dissected in 1x PBS
(Phosphate Buffered Saline) pH 7.4 (Life Technologies, Carlsbad,
California USA) and the inverted front half of the larva was incu-
bated with probes of 1 pM in 1x PBS for 1 h at room temperature.
After single washing step with 1x PBS, isolated tissues were
mounted in 1x PBS under a coverslip and sealed with nontoxic
duplicating silicone (picodent, Wipperfuerth, Germany) to prevent
evaporation of the medium during imaging.

Cell cycle analysis by imaging flow cytometry

HelLa cells were grown in 6-well plates (250.000 cells per well) for
24 h in the presence of the fluorescent probe in variable
concentrations. The probes were dissolved in DMSO to 1 mM
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concentration, thus control samples were prepared by adding
only DMSO. We found that HeLa cells do not adhere strongly to
the plastic bottom of the 6-well plate and thus the trypsinisation
step could be omitted. The cells were simply washed off and
suspended in 1 ml of the growth medium by intensively pipet-
ting up and down. Next, the cells were processed according to
the NucleoCounter® NC-3000™ two-step cell cycle analysis
protocol. Specifically, ~500.000 cells were harvested by centri-
fuging at room temperature for 5 min at 400g. Afterwards, the
cells were resuspended in 250 pl lysis solution (Solution 10,
Chemometec Cat. no. 910-3010) supplemented with 10 ug ml ™"
DAPI (Solution 12, Chemometec Cat. no. 910-3012), incubated
at 37 °C for 5 min. Then 250 pl of stabilization solution (Solu-
tion 11, Chemometec Cat. no. 910-3011) was added. Cells were
counted on a NucleoCounter® NC-3000™ in NC-Slide A2™
slides (Chemometec, Cat. no. 942-0001) loaded with ~30 ul of
each of the cell suspensions into the chambers of the slide.
Each time, ~10.000 cells in total were measured, and the ob-
tained cell cycle histograms were analysed with ChemoMetec
NucleoView NC-3000 software, version 2.1.25.8. All experiments
were repeated three times and the results are presented as
means with standard deviations. The obtained mean values
were compared by running multiple ¢-tests on GraphPad Prism
version 6.0 software.

Confocal microscope

Confocal imaging was performed on a Leica SP§ (Leica Micro-
systems, Mannheim, Germany) inverted confocal microscope
equipped with an HC PL APO CS2 63x/1.40 OIL objective.
Images were acquired using a 700 Hz bidirectional scanner,
a pixel size of 70 nm x 70 nm, a pinhole of 95.6 um (1 AU) and
frame averaging of 3. Hoechst 33342 and Calcofluor White M2R
were excited with a 405 nm laser and detected with a regular
PMT in the 415-470 nm range. Fluorescent tubulin probes were
excited and detected using the following parameters: 510R
probes - excited with 488 nm laser and detected with Leica HyD
detector set within the spectral range of 520-570 nm, 580CP
probes - excited with 561 nm laser and detected in the range of
600-650 nm, GeR or SiR probes - excited with 633 nm laser and
detected in the range of 670-720 nm.

STED microscope with 775 nm depletion laser

Confocal and STED images were acquired on an Abberior STED
775 QUAD scanning microscope (Abberior Instruments GmbH,
Germany) equipped with 485 nm, 561 nm and 640 nm 40 MHz
pulsed excitation lasers, a pulsed 775 nm 40 MHz STED laser,
and an UPlanSApo 100x/1.40 Oil objective. The following
detection windows were used: GFP/A488 channel 525/50 nm,
TMR/Cy3 channel 615/20 nm and Cy5 channel 685/70 nm. Pixel
size was 20-50 nm for all confocal and STED images acquired
on this setup. Laser powers were optimized for each sample.
Estimation of STED effect was performed by varying STED laser
power from 0 to 100% while measuring cells stained with
tubulin probes. The given STED laser intensities were calculated
from the power entering the back aperture of the objective and
the donut area in the sample plane. We estimated the size of the
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donut based on the reflection of the STED laser beam from gold
nanoparticles (Sgonut775 = 4.23 x 10~° cm?, delimited by the
FWHM of the donut crest). The obtained data were fitted to the
following equation using GraphPad Prism 6:

do o
Y = conf 7 (3)
VI0+1) I
where d.onf — confocal resolution, I - STED laser intensity, Ig, -
STED saturation intensity.

STED microscope with 587 nm depletion laser

STED pulses were delivered by a Raman-shifted fiber laser
(Rainbow prototype system, IPG Photonics, Mountain View, CA,
USA), which was operated at a wavelength of 587 nm with
a repetition rate of 20 MHz and a pulse duration of 1.2 ns. For
spectral clean-up, we used a BrightLine 591/6 filter (Semrock,
Inc., Rochester, NY, USA). To create the helical phase pattern for
lateral resolution enhancement, we applied the 582 nm vortex
of a VPP-1b vortex phase plate (RPC Photonics, Inc., Rochester,
NY, USA). For excitation at 488 nm, we used a PicoTA laser
(TOPTICA Photonics AG, Grifelfing, Germany and PicoQuant,
Berlin, Germany) with a pulse duration of ~100 ps, filtered by
a BrightLine 488/6 clean-up filter (Semrock, Inc.). The output of
the lasers was passed through appropriate acousto-optical
modulators (MT110-1.5-VIS and MT110-A1-VIS, AA Opto-
electronics, Orsay, France) for intensity modulation and
switching, and delivered to the setup via polarization-
maintaining single-mode fibers.

Laser beams were overlaid using the following dichroic
mirrors: 460DCXRU (angle-tuned) and 565DCXRU (both
Chroma Technology Corp., Bellows Falls, VT, USA). Beam
scanning was accomplished with a home-built scanner (“Quad-
Scanner”) consisting of four galvanometric mirrors. Further-
more, we used a tube lens from Leica Microsystems GmbH
(Wetzlar, Germany) in combination with a 100 x NA 1.4 plan-
apo oil-immersion objective lens (HCX-PL-APO 100x/1.4-0.7
OIL CS, Leica Microsystems GmbH). A piezo translator (Mipos
100 PL CAP, piezosystem jena GmbH, Jena, Germany) moved
the objective lens along the optical axis for precise focus
control.

Fluorescence was collected with the same objective lens,
descanned and imaged onto a pinhole of variable size (MPH16,
Thorlabs, Inc., Newton, NJ, USA). For the present experiments, it
was set to correspond to 1.0 x the diameter of the Airy disc at
the location of the pinhole. Fluorescence was filtered with
a BrightLine 525/50 emission filter (Semrock, Inc.) and detected
with an avalanche photodiode (SPCM-AQRH-13, Excelitas
Technologies Corp., Waltham, MA, USA).

STED laser pulses were sampled to trigger excitation pulses
and to synchronize both lasers on a pulse-to-pulse basis using
home-built electronics. For STED imaging, fluorescence detec-
tion was time-gated on a nanosecond timescale using home-
built electronics. For both experiment control and image
acquisition, we used the ImSpector software (Abberior Instru-
ments GmbH, Gottingen, Germany). We realized hardware

n
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control via a field-programmable gate array board (PCIe-7852R,
National Instruments Corp., Austin, TX, USA).

For STED imaging with a 587 nm de-excitation laser, we
performed 4 line scans with 5 ps pixel dwell time and 23 nm
pixel size. We calculated the STED laser intensities in the same
manner as described for the 775 nm depletion laser, based on
the power values and the measured donut area (Sqonut,s87 = 2.96
x 107° cm?®). Obtained data were fitted to eqn (3) using
GraphPad Prism 6.

Processing and visualization of acquired images

All acquired or reconstructed images were processed and visu-
alized using Fiji.*® Line profiles were measured using the
“straight line” tool with the line width set to 3 pixels. All profiles
were fitted to Gaussian or Lorentz distributions using appro-
priate tools available on GraphPad Prism 6.

The optical resolution of STED microscopy images was
calculated using the equation:

r= 1\/Dn?— D2, (4)

where r is the optical resolution of the microscope, D, - the
diameter of the cylinder formed by paclitaxel binding sites
measured in the high-resolution cryo-EM model (20 nm), and
D, - the apparent microtubule diameter measured in the STED
images.
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