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Abstract

Photoactivatable fluorescent probes are invaluable tools for the study of biological processes with
high resolution in space and time. Numerous strategies have been developed in generating
photoactivatable fluorescent probes, most of which rely on the photo-“uncaging” and
photoisomerization reactions. To broaden photoactivation modalities, here we report a new
strategy in which the fluorophore is generated in situ through an intramolecular tetrazole-alkene
cycloaddition reaction (“photoclick chemistry™). By conjugating a specific microtubule-binding
taxoid core to the tetrazole/alkene pre-fluorophores, robust photoactivatable fluorescent probes
were obtained with fast photoactivation (~1 min) and high fluorescence turn-on ratio (up to 112-
fold) in acetonitrile/PBS (1:1). Highly efficient photoactivation of the taxoid-tetrazoles inside the
mammalian cells was also observed under a confocal fluorescent microscope when the treated
cells were exposed to either a mercury lamp light passing through a 300/395 filter or a 405 nm
laser beam. Furthermore, a spatially controlled fluorescent labeling of microtubules in live CHO
cells was demonstrated with a long-wavelength photoactivatable taxoid-tetrazole probe. Because
of its modular design and tunability of the photoactivation efficiency and photophysical properties,
this intramolecular photoclick reaction based approach should provide a versatile platform for
designing photoactivatable fluorescent probes for various biological processes.

Photoactivatable small-molecule fluorescent probes have become an indispensable tool for
microscopic studies of biomolecular dynamics in living cells, tissues and animals.! Several
strategies have been reported for the design of photoactivatable organic fluorophores,
including reversibly photoactivatable fluorophores based on a light-induced bond-breaking
and thermal bond-reforming process;? photo-uncaging of “caged” fluorophores such as
fluoresceins,3 coumarins,* rhodamine,® and FRET-based dyes:5 photorelease of
fluorophores from quenchers via cleavage of the photolabile linkers;’ and photoswitching of
the spiropyran-merocyanine-based nanoparticles.? In these systems, the latent fluorophores
are already in place, which may compromise the photoactivation efficiency due to the
filtering effect.® Furthermore, recent advance in the super-resolution microscopic techniques
such as PALM1? and STORM?! also demands new strategies for designing photoactivatable
fluorophores with increased biocompatibility, excellent turn-on efficiency, and greater
flexibility in bioconjugation. An elegant example is the development of photoactivatable
azido-DCDHF fluorophores by Moerner and coworkers that exhibit very high turn-on ratios
in fluorescence (up to 1270-fold) and are suitable for super-resolution imaging of targeted
proteins in live cells.1?
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We have recently reported a bioorthogonal chemistry strategy for fluorescent labeling of
proteins in live cells based on a photoinduced tetrazole-alkene cycloaddition reaction
(“photoclick chemistry™).13 Fluorescent pyrazoline cycloadducts were formed after the
reactions, ensuring that only alkene- or tetrazole-pretagged proteins were labeled. Because
the cycloaddition rate was modest (with k, values up to 10 M~1 s™1), relatively high
concentrations of reagents (~100 uM) were typically required for labeling in the intracellular
environment. To achieve faster fluorescent labeling at reduced reagent concentrations, we
reasoned that an intramolecular photoclick reaction of a pre-fluorophore containing both the
tetrazole and the alkene functionalities would greatly increase the reaction rate, resulting in
rapid turn-on fluorescence for more efficient protein visualization in vivo. To demonstrate
this approach, herein we report the design, synthesis, and photophysical characterization of a
class of ligand-directed, photoactivatable, turn-on fluorescent probes for the spatially
controlled imaging of microtubules in live mammalian cells.

We decided to design turn-on fluorescent probes for imaging microtubules because (i)
microtubules exhibit dynamic instability and are responsible for spatial organization and
rapid remodeling of the cytoskeleton during cell division,4 and (ii) specific microtubule-
binding molecules such as paclitaxel!® and its fluorescent derivatives® have been used in
the study of microtubule motility in vivo. A series of taxoid-tetrazoles 1-4 were thus
synthesized (Scheme S1-S4 in Supporting Information) in which 7-p-alanyltaxol corel’ is
conjugated to the para-position of the C-phenyl ring of two water-soluble tetrazoles bearing
an O-allyl group at N-phenyl ring via a variable flexible linker (Scheme 1). We expect that
upon photoirradiation, tetrazoles would undergo rapid cycloreversion reaction to generate
reactive nitrile imine dipoles which spontaneously react with the pre-aligned allyl group to
form the pyrazoline fluorophores. The substituted amines or amides on the N-phenyl ring
and the various linkers at the C-phenyl ring serve to fine-tune the reactivity of the tetrazoles
as well as the photophysical properties of the resulting pyrazoline fluorophores. To our
satisfaction, nearly quantitative conversions for the taxoid-tetrazoles 1-4 were observed
based on HPLC analysis of the reaction mixtures after photoirradiation using a 302 nm
handheld UV lamp (UVM, 0.16 AMPS, 2.3 mW/cm?)18 for merely 6070 sec (Figure S1-
S4).

To determine the magnitude of fluorescence turn-on effect, the corresponding taxoid-
pyrazolines 1a—4a were purified to homogeneity and their photophysical properties were
measured along with those of taxoid-tetrazoles 1-4 (Figures S5-S10). As shown in Table 1,
the N, N-dihydroxyethylamino substituted taxoidtetrazoles (1 and 2) showed a bathochromic
shift in Aynax compared to the glycolamide substituted ones (3 and 4) in acetonitrile/PBS
buffer (1:1), consistent with what we observed previously.1® However, taxoid-tetrazoles 3
and 4 showed higher coefficients at their Apax. On the other hand, the taxoid-pyrazolines
showed significant bathochromic shift, with A3« ranging from 330 nm to 358 nm. Whereas
none of the taxoid-tetrazoles was fluorescent, broad emission spectra were obtained for all
taxoid-pyrazolines, with Ay ranging from 528 nm for 4a to 617 nm for 1a. The fluorescent
properties of taxoid-pyrazolines appeared to be solvent-dependent; for example, the
fluorescence quantum yields of 1a and 2a jumped from 0.0024 and 0.0041 in ACN-mixed
PBS buffer to 0.036 and 0.022 in DCM, respectively (compare Figure S6 to S5; Figure S8 to
S7). Interestingly, taxoid-pyrazolines 3a and 4a exhibited significantly higher fluorescence
quantum yields in ACN/PBS buffer (1:1), with ®f values to be 0.034 and 0.056,
respectively. Because of the difference in their brightness, the four taxoid-tetrazoles showed
varying degrees of fluorescence turn-on effect, ranging from 21-fold for photoactivation of 1
to 112-fold for photoactivation of 4 in ACN/PBS buffer (1:1) (Table 1).

It is known that the modification of paclitaxel on position-7 does not affect its binding to -
tubulins,16 the building blocks for polymeric microtubules. To investigate whether this is
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also true for our pyrazoline-modified taxoids, HeLa cells were treated with 5 uM of pre-
activated taxoid-pyrazoline 1a for 30 min. After cell fixation and permeabilization, the
binding of taxoid-pyrazoline 1a to microtubules was confirmed by confocal fluorescent
microscopy in which the distribution of pyrazoline fluorescence overlaid nicely with that of
an Alexa Fluor-568 based immunostain for microtubules (Figure S11). Conversely, since the
binding of taxoid to B-tubulins may bring the hydrophobic pyrazoline fluorophores to the
microtubule surface, it is also possible that the photophysical properties of taxoid-
pyrazolines may be altered. To probe this possibility, CHO cells were treated with 1 pM of
the pre-activated taxoid-pyrazolines 1a—4a for 30 min, and the taxoid-pyrazoline
fluorescence upon binding to microtubules was examined with a spectrum-scan confocal
microscope. To our surprise, among the four taxoid-pyrazolines, compounds 1a and 3a
showed moderate and strong fluorescent labeling of microtubules, respectively (Figure 1),
while compounds 2a and 4a showed very weak intracellular fluorescence (Figure S12). This
drastic difference in fluorescent properties apparently is dependent on the linker length; the
long flexible linkers such as those in 2a and 4a (Scheme 1) possibly position the pyrazoline
fluorophores in a protein environment where their fluorescences are quenched. A closer
examination of in-cell fluorescence spectra revealed that the peak emission wavelengths
have shifted from 617 nm to around 569 nm for 1a (Figure 1c), and from 584 nm to 543 nm
for 3a (Figure 1f). These hypsochromic shifts are presumably due to the interactions of the
pyrazoline fluorophores with the microtubule surface, and have been observed previously
for the fluoresce-in-conjugated taxols.26P As expected, taxoid-pyrazoline 3a is a brighter
fluorescent probe than 1a as it showed a higher fluorescence intensity inside CHO cells.

Based on the in-cell spectrum scan results, taxoid-tetrazoles 1 and 3 were selected and their
photoactivation kinetics in vitro was examined (Figure 2). Because taxoid-tetrazole 1
showed broad absorption, we carried out the photoactivation using a 365 nm handheld UV
lamp (3.5 mW/cm?). Figure 2a shows that a complete conversion to the desired taxoid-
pyrazoline 1a was achieved in 320 sec, as evidenced by gradual increase in a new absorption
band centered at 330 nm and a broad emission band centered at 617 nm. On the other hand,
since taxoid-tetrazole 3 showed almost no absorption at 365 nm, it was subjected to 302 nm
photoirradiation (2.3 mW/cm?). Gratifyingly, complete conversion to fluorescent taxoid-
pyrazoline 3a was achieved in 40 sec, with the pyrazoline product showing an absorption
band at 358 nm and a strong emission band at 584 nm (Figure 2b). Overall, these two
taxoid-tetrazoles offer complementary features as photoactivatable turn-on fluorophores:
tetrazole 3 exhibits robust turn-on effect and higher brightness; while tetrazole 1 can be
activated with long-wavelength light (365 nm), which makes it potentially suitable for laser-
scanning fluorescent microscopy studies with improved spatiotemporal resolution.

To examine whether taxoid-tetrazoles can be photoactivated in vivo, CHO cells were treated
with 1 pM of taxoid-tetrazole 3 for 30 min and after washing with pre-warmed PBS three
times, the treated cells were illuminated continuously with a metal halide light source
(EXFO-XCite®, 25% of 13.3 mW/cm?2) through a filter with bandwidth of 300/395 nm, and
the in situ formed taxoid-pyrazoline fluorescent signals were recorded with an acquisition
window of 535-545 nm. A rapid, roughly 12-fold increase in fluorescence in the CHO
cytosols was detected after 5-sec photoirradiation (compare fluorescence intensity at 5 sec to
background fluorescence at 0 sec; Figure 3). By comparing the fluorescence intensity at 5
sec to the maximal intensity for the taxoidpyrazoline 3a (Figure 1f), a calculated 79% yield
was derived for the photoactivation in vivo. The fluorescence intensities decreased over the
extended photoirradiation; however, 56% of fluorescence signals still remained after 30 sec
photoirradiation, indicating that the pyrazoline fluorophore 3a is fairly resistant to photo-
bleaching. The photo-bleaching rate of 3a was similar to that of DAPI measured under the
identical microscopic conditions (Figure S13).
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Since taxoid-tetrazole 1 shows 365-nm photoactivatability and its UV-vis absorption
extends into 405 nm (albeit weak), a laser wavelength available in our microscope, we
decided to examine whether photoactivation can be carried out with the 405-nm laser, which
would allow a spatiotemporal control over the in situ fluorescence generation. Thus, CHO
cells were treated with 10 pM of taxoid-tetrazole 1 for 30 min and then washed with pre-
warmed PBS three times. Then, a select subpopulation of cells in the optical field (an area
circled in the red rectangle in Figure 4) was subjected to a brief (11 sec) 405-nm diode laser
irradiation (30 mW) at 100% power while the cells outside the selected area were not.
Afterwards, the entire population was scanned for fluorescence emissions with excitation at
405 nm at 20% power. Strong turn-on fluorescence was detected for cells within the
rectangular area, in sharp contrast to the weak fluorescence background for cells outside the
activation area (Figure 4). Quantification of cytosolic fluorescence intensity in CHO cells
revealed 7-fold enhancement in fluorescence for the activated cells relative to the
unactivated cells. With this photoactivatable microtubule fluorescent probe, in principal it
should be possible in the future to label microtubules asymmetrically within a single cell and
identify factors that break cellular symmetry during the cell division.2!

In conclusion, we have demonstrated a new strategy for designing turn-on fluorescent
probes in which a protein-targeting core is linked to a photoactivatable, alkene-appended
tetrazole. Using the tetrazole-modified taxoids as a model, robust fluorescence turn-on (up
to 112-fold) was observed within ~1 minute after the intramolecular photoclick reaction
under the 302 nm photoirradiation in acetonitrile/PBS buffer (1:1). Two taxoid-tetrazoles
with short linkers, 1 and 3, showed extremely fast photoinduced cycloaddition inside living
cells (in seconds), producing strong pyrazoline fluorescent probes in situ for cytosolic
microtubules. Moreover, taxoid-tetrazole 1 can be activated using 405 nm laser as the
photoactivation light source, enabling a spatially controlled fluorescent labeling of
microtubules in living cells. Compared to the photo-uncaging approach, this photoclick
chemistry based approach produces N as the only side product, which is non-toxic to cells.
Furthermore, the fluorescent properties of the resulting pyrazoline fluorophores are highly
tunable,?? e.g., through the appendage of other alkene dipolarophiles. By employing a
‘scaffold hopping’ strategy?3 we reported recently, it should be possible to further improve
the photoactivation efficiency, e.g., by increasing absorption at 405 nm through the use of
other aromatic scaffolds, and obtain turn-on pyrazoline fluorophores with increased
brightness and photostability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Confocal spectrum-scan micrographs of taxoid-pyrazoline labeled microtubules in live CHO
cells. CHO cells were treated with 1 uM of taxoid-pyrazoline 1a (a, b) or 3a (d, €) for 30
min and the fluorescence spectrum-scan in the region of 428-608 nm (a, d) and the
corresponding DIC images (b, €) were recorded with a Zeiss LSM 710 microscope; Aex =
405 nm. The colors rendered in the fluorescence micrographs were A-encoded (real color).
Scale bar = 20 um. The average intensities of the unsaturated fluorescence-labeled
cytoskeleton areas in 10 selected cells were plotted to give the in-cell fluorescence spectrum
of 1a (c) or 3c (f) along with the standard deviations.
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Figure 2.

Time courses of photoactivation of taxoid-tetrazole 1 (a) or 3 (b) monitored by UV-vis
(dashed lines) and fluorescence (solid lines). Compounds were dissolved in acetonitrile/PBS
(1:1) to derive concentrations of 25 uM, and the photoirradiation wavelength was set at 365
nm for 1 and 302 nm for 3. For fluorescence, Agx = 405 nm.
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Time I

Figure 3.

Time course of the photoactivation of taxoid-tetrazole 3 in live CHO cells. (a) Time-lapsed
confocal micrographs of tetrazole-treated CHO cells after photo-illumination, scale bar = 20
pm. Cells were treated with 1 uM of taxoid-tetrazole 3 for 30 min before photo-illumination.
ZEISS filter set #49 was used for incident light filtering; for fluorescence, Agyx = 405 nm. (b)
Plot of the changes of fluorescence of 3a over a period of 30 sec. For each time points, the
intensities of unsaturated fluorescence inside cytosols of 10 individual cells were used in the
calculation of the averaged intensities and the standard deviations.
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Figure 4.

Spatially controlled photoactivation of taxoid-tetrazole 1 in CHO cells. Cells were treated
with 10 pM of taxoid-tetrazole 1 for 30 min and then washed three times with pre-warmed
PBS. Cells in the red rectangle area were exposed to 405-nm laser at 30 mW for 11 sec
followed by fluorescence acquisition, Agx = 405 nm. For confocal micrographs, scale bar =
20 um. For the plot, the fluorescence intensities from the cytosols of all the activated cells
inside the red rectangle area were quantified using ImageJ program and compared to the
fluorescence intensities for the unactivated cells.
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Scheme 1.
Design of photoactivatable turn-on fluorescent probes 1-4 for microtubules comprising of a

7-B-alanyltaxol core and a tetrazole pre-fluorophore core.
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