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A photoactivatable fluorogenic tetrazine-rhodaphenothiazine probe
was synthesized and studied in light-assisted, bioorthogonal labeling
schemes. Experimental results revealed that the bioorthogonally con-
jugated probe efficiently sensitizes 'O, generation upon illumination
with green or orange light and undergoes self-oxidation leading to an
intensely fluorescent sulfoxide product. An added value of the present
probe is that it is also suitable for STED super-resolution microscopy
using a 660 nm depletion laser.

Due to recent developments, fluorescence microscopy has become
the primary technique for the visualization of cellular structures
and events because of its excellent sensitivity and spatiotemporal
resolution. Thus, it has grown into an inevitable tool in studies
aiming at understanding biological processes." Its importance has
become even more profound since the advent of super-resolution
techniques. The emerging subdiffraction methods enable
visualization of biological structures in details never seen before.>
Parallel to the evolution of optical microscopy techniques, chemical
biology methods have also gone through remarkable developments,
which led to advanced labeling techniques.® Fusion of engineered
fluorescent proteins (FPs) to the protein of interest (POI) is routinely
accomplished and enables highly selective labeling; however, the
photophysical characteristics of FPs often limit resolution. Though
the use of small, chemically tailored probes with improved photo-
physical features is also possible through fusion tags (e.g. halo-,
snap- or clip-tags), similar to FPs, the comparable size of these
tags often hampers the native function of the POI. Furthermore,
they also impair precise localization of the protein of interest
due to linkage error. Moreover, the use of FPs and other fusion
tags is limited (mostly) to the terminal labeling of proteins only.
Site-specific incorporation of non-canonical amino acids bearing
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a bioorthogonal function, via genetic code expansion, enables
much greater flexibility in terms of labeling sites and highly
selective installation of small, minimally perturbing synthetic
probes carrying a complementary bioorthogonal motif.* A further
advantage of bioorthogonal labeling schemes is that they are not
limited to biomolecules directly encoded in the genome and they
allow probing of nucleic acids, lipids, sugars, etc. as well. One of
the most popular bioorthogonal reactions in labeling schemes is
the inverse electron demand Diels-Alder reaction of tetrazine
dienes and strained dienophiles (e.g. cyclooctynes and trans-
cyclooctenes).”> An extra feature of the tetrazine moiety, besides
being an excellent bioorthogonal platform, is its capability of
quenching fluorescence of fluorophores. This feature can be
harvested in the development of turn-on (fluorogenic) probes as
a chemical transformation of the tetrazine motif results in
reinstated emission intensity (reactivity-based fluorogenicity).®
When it comes to the design of such bioorthogonally applicable
small synthetic probes, features such as suitable excitation and
emission maxima, brightness, quantum yields, photostability,
membrane permeability, etc. are all on the wish list.”* Besides
these, improved probes should also address problems often
associated with fluorescence imaging using small, synthetic
probes. Such problems are auto- and background fluorescence.”
While the former one is relatively easily addressed by selecting
frames excitable towards the red end of the spectrum, or having
large Stokes shifts, reduction of background fluorescence either
requires extensive washing cycles or, more elegantly, the use of
fluorogenic probes, whose fluorescence intensity increases
remarkably upon selective ligation to the biomolecule of interest.
We and others recently reported on improved probes, where the
two-in-one feature of the tetrazine motif, i.e. being bioorthogonal
and a quencher of fluorescence at the same time, was exploited in
the development of bioorthogonally applicable fluorogenic
probes.“”8 It was observed, however, that the fluorescence
increase upon bioorthogonal ligation, i.e. fluorogenicity, dramatically
decreases towards the biologically preferred red range of the spec-
trum. In order to access better fluorogenic probes in this spectral
range, we have introduced the concept of multiple fluorogenicity,
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where we either increased the number of quencher units (e.g. two
tetrazines)® or combined different quenching mechanisms™’ (e.g.
tetrazine and polarity driven valence tautomerism). Though these
multiply fluorogenic probes have improved fluorogenicities in
the red regime, their applicability is limited either to special
sequences or microenvironments. Thus, new approaches that
could facilitate the design of generally applicable, visible-light
excitable probes with improved fluorogenicity are still needed. In
the quest of improved fluorogenic probes, we searched for
alternative mechanisms that can strengthen the moderate reactivity
based fluorogenicity of tetrazinylated probes in the green-red range.
During tetrazine-based ligation schemes, the highly electron
deficient tetrazine function is transformed into a dihydropyrida-
zine or pyridazine, depending on the dienophile. Such fine changes
in electronic properties can promote profound differences in
reactivities, e.g. in oxidizability, between reacted and non-
reacted forms. More particularly, we intended to use light to
induce such oxidation. We further envisioned that transformation of
an appending tetrazine moiety to a pyridazine, upon bioorthogonal
ligation, leads to a less electron deficient congener that is more
susceptible to light-induced oxidation. This holds promise for the
primary switchability of the specifically reacted, ie. biomolecule-
conjugated, forms, enabling facile distinction from non-specifically
bound, unreacted species, which overall translates to a new fluoro-
genic mechanism. Prompted by this, we sought frames whose
structure is likely to be oxidized upon encountering light resulting
in altered photophysical properties. Phenothiazines, e.g. chlor-
promazine or methylene blue, are known for their singlet oxygen
generating properties upon irradiation with light.'"" Oliveros et al.
reported on the photooxidation of 10-methyl phenothiazine. Their
study revealed that the process involved self-sensitized 'O, leading
to 10-methyl phenothiazine sulfoxide, possessing distinct spectral
maxima.'*® Other instances reported on sensitizer (e.g. Rose-
Bengal)-mediated photoxidation of N-ethylphenothiazine.'*” To
test our hypothesis, we designed rhodamine fused phenothiazines
1a and b (Fig. 1, and ESI{)."* We have also prepared sulfoxides 10a
and 10b for control experiments. With the probes in hand, we next
examined their spectral properties together with their in situ
formed click-reaction products with a strained cyclooctyne
((1R,8S,9s)-bicyclo[6.1.0Jnon-4-yn-9-ylmethanol, BCN). Not much
difference in intensities could be seen between the click-conjugates
and their parent tetrazines, indicating that tetrazine-dependent,

1a; 5'-tetrazinyl, n=0
1b: 6'-tetrazinyl, n=0
10a: 5'-tetrazinyl, n=1
10b: 6'-tetrazinyl, n=1

Fig. 1 Structures of probes 1 and 10.
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Table 1 Main spectral characteristics of probes 1 and 10 and their click-
conjugates’

j-cxc ;Lem d)BCN/

(nm) (nm) eM 'em™Y) @ Diet P10.80n/P1
la 608 743 31600 0.0037 1.19 154
1a.BCN 608 743 32100 0.0044
10a 554 588 41200 0.31 1.84
10a.BCN 553 586 42900 0.57
1b 610 743 39300 0.0036 1.17 158
1b.BCN 607 743 37100 0.0042
10b 554 584 35600 0.21 2.7
10b.BCN 551 583 35800 0.57

“ Complete consumption of tetrazines and formation of BCN conjugates
were monitored by LC-MS.

reactivity-based fluorogenicity is very poor in this spectral range
(Table 1). However, a considerable blue-shift of spectral maxima and
a two-orders of magnitude increase in emission intensities were seen
in the case of the oxidized forms compared to their respective
reduced congeners, irrespective of being clicked or not. Next, we
elaborated whether the oxidized species, 10, and their BCN con-
jugates can be accessed upon irradiation of probes 1 with light. To
this end, we have illuminated oxygenated solutions (methanol
was used as solvent to obtain a reasonable concentration range
necessary for the photophysical studies) of 1a and b and their
respective in situ formed BCN conjugates with orange (around
600 nm) and green (around 540 nm) LEDs (for the LED emission
spectra, see Fig. S1, ESIt). To our delight, in both cases, the
formation of the respective oxidized products was evident, as
indicated by LC-MS and the emission spectra (Fig. S2, ESIT). In
the presence of a known 'O, scavenger, sodium azide, however,
no photooxidation was observed (Fig. S3, ESIT)."* At the same
time, no oxidation occurred when deoxygenated samples were
illuminated or when oxygenated samples were kept in the dark.
These results confirm that light-triggered production of 'O,
sensitized by probes 1a and 1b or their BCN conjugates is
responsible for the oxidation process (Fig. $4, ESIt). The formation
of 'O, was further confirmed using the RNO method (Fig. S5,
ESIf)."> We compared the photooxidative characteristics of probes
1a and 1b with those of their BCN-conjugates. The gratifying results
showed a marked difference between the photoconversion rate of
the clicked conjugates and the parent tetrazines. For example, when
probe 1a was irradiated with green light for 2 h, only a 20%
photoproduct could be observed. However, when click conjugate
1a.BCN was irradiated with the same light source for 2 h, 90% of the
starting material was converted to the respective oxidized product,
as indicated by LC-MS (Fig. S6, ESIt). This confirms our hypothesis
regarding electronic changes upon click reaction. Upon prolonged
irradiation of 1, the appearance of so called dealkylated photobluing
products™® together with unidentifiable byproducts was observed
(Fig. S7 and Table S1, ESIT).

The finding that BCN conjugated products were more prone
to photooxidation, leading to a product emitting around 600 nm
upon LED illumination, can be translated to selective photo-
oxidation of specifically click-conjugated probes, 1a and b, in
cellular labeling schemes. This implies a special fluorogenic
mechanism as unreacted or non-specifically bound probes

This journal is © The Royal Society of Chemistry 2020
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remain mainly in their weakly emissive reduced form, emitting
above 650 nm, thus minimally contributing to background fluores-
cence upon microscope imaging in the 565-635 nm range, even
under no-wash conditions. Upon examination of the excitation and
emission bands of 1 and 10.BCN (Fig. 2 and Fig. S8, ESIt), we
envisioned that the commercially available green laser (552 nm)
used in confocal microscopes is suitable to promote photooxidation
and subsequent excitation of the photoproducts for imaging.
Excitation in the orange range is also suitable to carry out the
oxidation step, however the product requires green excitation.
Thus, excitation with a green laser seems an ideal two-in-one
combination.

These considerations prompted us to carry out a proof-of-
principle study with probe 1. Towards this end, bundles of actin
filaments of fixed COS7 cells were tagged with a cyclooctynylated
(BCN) affinity tag, BCN-phalloidin. Excess of the affinity tag was
removed, then the samples were stained with probe 1a and
washed. Cells were then imaged under a confocal microscope.

Excitation at 638 nm with a 652-760 nm detection window
(i.e. the spectral range suitable to excite and detect probe 1a)
resulted in poor image quality with no structural details. Similar
image quality was obtained when the same detection window was
set at 552 nm excitation. However, when the samples were excited
at 552 nm and detected between 565 and 653 nm (i.e. the spectral
range suitable to image probe 10), nice images of the actin
filament network appeared immediately. These results confirm that
the green laser used for excitation is suitable both for immediate
photooxidation and subsequent excitation of the specifically con-
jugated, oxidized probes. Next, we wished to explore whether the
marked difference in photooxidizability between the reacted and
unreacted forms seen in solution allows selective activation of the
specifically conjugated probes. Therefore, we repeated the above
experiment; however, at this time, excess of probe 1a was not
washed out (Fig. 3). The gratifying results showed similar
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Fig. 2 Excitation and emission spectra of 1a and 10a-BCN in PBS-SDS
with the LED emission ranges used for the photooxidation experiments
together with commercial microscope laser lines (note that the spectra of
1a are magnified 20x for better comparison).
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Fig. 3 Actin filament staining. COS7 cells were tagged with cyclooctynylated
phalloidin, then labeled with 1a (scale bar: 10 um).

confocal STED
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Fig. 4 Confocal and STED images of BCN-phalloidin tagged actin fila-
ments stained with 1a (leye = 552 nm, and Astgp = 660 nm (CW); FWHM:
374 £ 127 vs. 139 £+ 9 nm for confocal and STED images, respectively).

images to the washed samples. This indicates that primarily,
the clicked probes are oxidized by the laser. We also carried out
the labeling experiments with the oxidized form, 10a. As
expected, low quality images of the actin network were acquired
due to the considerable background fluorescence of the non-
specifically bound, unreacted probes (Fig. S11, ESIf). These
observations further confirm that the specifically bound, clicked
products are selectively photooxidized to result in intensely
fluorescent products by the green laser, while unreacted tetra-
zine probes mostly remain in their poorly fluorescent reduced
form contributing minimally to background fluorescence. The
emission spectrum of 10a.BCN (Fig. 2) suggests that such
clicked, oxidized probes (ClickOx) could even be suitable for
super-resolution, STED microscopy imaging using a commercial
660 nm depletion laser. Indeed, when we tested the cells stained
with probe 1a at their actin filament network, subdiffraction
resolution was achieved with STED microscopy using a 552 nm
laser for excitation and a CW 660 nm laser for depletion (Fig. 4).

In conclusion, we have designed and synthesized bioorthogonally
applicable, tetrazine functionalized rhodaphenothiazines and
elaborated their light-assisted photooxidation-based fluorogenic
characteristics. Experimental results suggest that the probes
efficiently sensitize 'O, generation upon illumination with
green or orange light. Furthermore, the produced singlet oxygen
promotes self-oxidation of the probes leading to intensely
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fluorescent sulfoxide products. Further studies revealed a marked
difference between the photooxidizability of the free tetrazine
and the bioconjugated pyridazine forms, which implies a two-
orders of magnitude fluorescence increase due to this new
fluorogenic mechanism. This unique fluorogenic behavior allows
selective photoactivation of specifically conjugated probes, as
demonstrated in the labeling schemes of actin filaments with
low background fluorescence even under no-wash conditions.
A remarkable feature of the developed “ClickOx” probes is that
the same commercial green excitation laser (552 nm) is suitable
for carrying out photooxidation of the probes and subsequent
excitation of the product. An added value of the present probe is
that it is also suitable for STED super-resolution microscopy
using a 660 nm depletion laser. Since it is the lack of availability
of good probes that is considered among the limitations of
further improvements of resolution, we believe that discovery of
new mechanisms and design elements such as the presented
photo-activation mechanism is an important step towards
improved probes. Currently, we are exploring the potential of
the new ClickOx probe in targeted photodynamic therapy and in
light-assisted indication of oxidative stress-triggered inflamma-
tion in cells and tissues, the results of which are to be published
in due course.
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