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The fluorogenic features of three sets of tetrazine—Cy3 probes were evaluated in bioorthogonal tetra-
zine—cyclooctyne ligation schemes. These studies revealed that the more efficient, internal conversion-
based quenching of fluorescence by the tetrazine modul is translated to improved fluorogenicity com-
pared to the more conventional, energy transfer-enabled design. Furthermore, a comparison of directly
conjugated probes and vinylene-linked tetrazine—Cy3 probes revealed that more intimate conjugation of
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the tetrazine and the chromophore results in more efficient IC-based quenching even in spectral ranges
where tetrazine exhibits diminished modulation efficiency. The applicability of these tetrazine-quenched
fluorogenic Cy3 probes was demonstrated in the fluorogenic labeling schemes of the extra- and intra-
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Introduction

Recent advances in optical microscopy techniques have high-
lighted the profound implications of bioorthogonally appli-
cable fluorogenic probes particularly in the context of live cell
imaging schemes. The fluorescence of such probes is generally
quenched by a rationally installed bioorthogonal motif (e.g.,
azide' or tetrazine®), whose transformation in a highly specific
ligation scheme results in a considerable increase in emission
intensity at a given wavelength.? In combination with synthetic
biology approaches, such as genetic code expansion for the
installation of non-canonical amino acids (ncAAs®) bearing
bioorthogonal functional groups or fusion protein technology
to bind bioorthogonalized substrates of Halo-,> CLIP-° and
SNAP-tags” covalently, bioorthogonal labeling schemes have
become a powerful method for the site-specific and selective
labeling of intra- and extracellular proteins of interest (POIs).
From a super-resolution microscopy perspective, the minimal
linkage error in the case of labeling schemes of ncAA-tagged
POIs with a small-molecular probe is notable.** Amongst
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bioorthogonal reactions, inverse electron demand Diels-Alder
(IEDDA) reactions of tetrazines and strained cycloalkynes/
alkenes are extremely useful due to the fast kinetics of such
transformations.'®'" Furthermore, the tetrazine moiety is also
capable of quenching the emission of fluorescent cores.
Consequently, various tetrazine-quenched fluorogenic probes
have been developed.>'*> 2° Tetrazines can exert their quench-
ing effects through several mechanisms. These include photo-
induced electron transfer (PET'?) or energy transfer (FRET,
TBET) processes.'*2° These concepts have been successfully
applied to various fluorophores (e.g. coumarin,"> BODIPY,"*"®
phenoxazine,'® xanthene,"* and cyanine®'). The quenching
efficiency of the tetrazine, which is reflected in the increase in
fluorescence intensity upon the IEDDA reaction, however,
varies greatly. In general, tetrazines are more efficient in terms
of quenching in the case of fluorophores emitting in the blue-
green region of the spectrum, while fluorogenicity (i.e., I/I,)
drops sharply upon entering the yellow regime.>” Recently,
several novel approaches have emerged to improve the fluoro-
genicity of probes emitting in the biologically more benign
wavelength range. These approaches include multiple fluoro-
genicity>® or energy transfer via Dexter mechanism.>* Recently,
our group reported on the development of fluorogenic dyads
with improved yellow-red fluorogenicity due to an energy
transfer-based relay mechanism.>> At the same time, He and
co-workers presented a set of red-emitting BODIPY-tetrazine
probes with high turn-on values due to a twisted intra-
molecular charge transfer quenching mechanism,*® while the
Wu group showed examples of excellent fluorogenic probes by
installing an amino-tetrazine at the meso-position of several

This journal is © The Royal Society of Chemistry 2023
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NIR-emitting cores.”’” These strategies indeed resulted in
improved fluorogenic features, however, at the cost of synthetic
ease.

Park and co-workers described monochromophoric
systems, in which the tetrazine is an integral part of the
n-system of a Seoul-Fluor chromophore. In this design, the
excited chromophore relaxes to a lower-lying dark state corres-
ponding to the n-n* transition of the tetrazine via internal
conversion.”® Later, a similar non-radiative, internal conver-
sion-based relaxation pathway was proposed by us for vinyl-
tetrazine-appended coumarin fluorophores and photocages.'>?®
While this robust quenching mechanism efficiently modulates
UV or blue-excitable cores, it has limitations in red-absorbing
chromophores due to the energy levels of the corresponding
excited states.””?? Cyanines are very popular probes in the
field of fluorescence imaging due to their high brightness and
readily tuneable photophysical properties;*° therefore cyanine
probes with improved fluorogenic behavior are always wel-
comed by the scientific community, especially if an appended
bioorthogonal moiety facilitates the specific ligation of such
probes to target structures. Not long ago, we reported on two
sets of tetrazine-functionalized cyanine probes.”’ We have
found that in the case of probes that link the cyanine to the
tetrazine through a phenylene motif (TBET design), the fluoro-
genic performance is lower (ie., 4x increase) compared to
probes where a vinylene linkage was applied (ie, 14x
increase). Since the vinylene linker allows direct conjugation of
the tetrazine and the cyanine, the improved fluorogenic behav-
iour was attributed to a more efficient quenching mechanism
that involves internal conversion to a dark, low-lying n—-n* tran-
sition-derived excited state of the tetrazine. We wished to elab-
orate whether a more intimate connection between the tetra-
zine and the cyanine core allows improved fluorogenic
behavior.

Results and discussion
Synthesis of fluorogenic probes

Along these considerations, we designed and synthesized three
sets of Cy3 probes representing directly conjugated (1), pheny-
lene-linked (2) and vinylene-linked (3) tetrazine-Cy3 scaffolds
(Fig. 1). Each set included a presumably membrane permeable
positively charged derivative and a non-membrane permeable
congener with zero net charge. In order to access these probes,
4-aminobenzonitrile and 4-iodoaniline were first converted into
4-cyanophenylhydrazine (S1) and 4-iodophenylhydrazine (S5) in
a diazotization-reduction sequence. Then, the indoles (S2, S3
and S6) were prepared from the hydrazines in the presence of
3-methylbutan-2-one by a Fischer reaction. Intermediate 4 was
obtained in moderate yields from indole S2. Treatment of the
indoles (4, S3, S6 or 2,3,3-trimethyl-3H-indole) with methyl
iodide produced indolium precursors 5, S4, S7 and S8.
Indolium salts S4 and S8 were converted into hemicyanines
upon treatment with N,N'-diphenylformimidamide in a mixture
of acetic acid and acetic anhydride. The subsequent reaction of
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Fig. 1 Structures of bioorthogonally applicable fluorogenic cyanines
1-3.

the respective hemicyanine with indolium 5 or S7 provided
probes 1a-b and cyanines 6a-b. Intermediates 6a-b were sub-
jected to Suzuki- and Heck-type cross-coupling reactions to
furnish probes 2a-b and 3a-b, respectively (Scheme 1).

Fluorescence and fluorogenicity studies

Next, we studied the main spectral features and fluorogenic be-
havior of our probes in an IEDDA reaction with (1R,8S,9S)-
bicyclo[6.1.0]non-4-yn-9-ylmethanol, BCN (Table 1). As
expected, the vinylene-linked derivatives (3) exhibited red-
shifted absorption and emission spectra compared to 1 and 2,
due to the extension of the = system. In each case, the reaction
with BCN resulted in a slight blue shift of the absorption and
emission maxima with the exception of 3b, where a small red
shift was observed for Aem,. A small drop in the molar absorp-
tivities was also detected upon reaction with BCN. The clicked
products were found to be more fluorescent than their respect-
ive tetrazine congeners and the fluorescence quantum yields
outweighed the decrease in the molar absorptivities, leading to
brighter clicked products in each case. Very small effects on
the spectral properties could be attributed to the presence of
the sulfonate substituent. A comparison of the fluorescence
enhancement values of the different designs revealed consider-
able differences of the turn-on performances. In line with our
hypothesis, the highest fluorogenicity (~20x) was observed for
intimately conjugated tetrazine-cyanines, while vinylene con-
jugation or phenylene linkage gave lower enhancement values.

To gain further insight into the quenching mechanism, we
conducted TD-DFT calculations at the B3LYP/6-31+G(d) level
for molecules 1a, 1b, 3a, and 3b. In all cases, we found that
the main excitation pathway is an S, — S, transition (see the
ESI; Fig. S10-S131). The S; (LUMO) orbital was found to be
localized mostly on the tetrazine and to a lesser extent on the
cyanine scaffold. At the same time, the S, (LUMO+1) molecular
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Scheme 1 Synthesis of fluorogenic cyanines 1-3.

orbital was delocalized all over the molecule. These two
excited state orbitals, however, were very close to each other; in
fact, they were separated only by 0.05-0.16 eV, which is within
the error limit of the calculation method.*" This implies that
although the S, state is formed predominantly corresponding
to a m-n* transition of the cyanine unit as suggested by the
oscillator strengths, the transition between the S; and S,
excited states is reversible. These findings not only explain why
conjugated Cy3-tetrazines are more fluorogenic than TBET-
governed probes (e.g., 2a and 2b) but also justify the lower
fluorogenicity of 1 and 3 compared to, e.g., related coumarin
or Seoul-Fluor probes.

Confocal and STED microscopy

The notable increase in brightness in the case of directly con-
jugated tetrazine-Cy3 probes 1a-b upon IEDDA reactions
suggests that these are promising candidates for in vivo label-
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ing schemes. For comparison, probes 3a-b were also included
in these studies. Before applying the probes to live cells, we
evaluated the effects of the probes on cellular viability.
Treatment of HEK293T cells with probes 1a-b or 3a-b even for
prolonged incubation times (i.e., 90 minutes) either did not
have any noticeable effects on viability or affected the cells
only negligibly (e.g., the changes in viabilities remained within
the error range) in the applied 0.3-3 uM concentration range
(see the ESI; Fig. S9t for more details).

For extracellular protein labeling schemes, we modified the
GFP-fused insulin receptor (IR) protein site specifically with a
bioorthogonalized lysine (e-amino(BCN)-Lys) at the extracellu-
lar domain using genetic code expansion. We then treated
[RR¢76BCN1Ys_GEPp-expressing live HEK293T cells with probes
1a and 3a. After a 90-minute incubation time, the cells were
washed, fixed, and subjected to confocal microscopy (Fig. 2).
To our delight, fluorogenic cyanines 1a and 3a were indeed

This journal is © The Royal Society of Chemistry 2023
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Table 1 Main photophysical data of cyanine dyes and their BCN
conjugates?

Aabs Aem ¢’ x 10 > Bx10" Iyoy/  Bgen/
(nm) (nm) (M_1 Cm_l) (%) (ex ) Iret®  Bret
la 565 578 11.5 1.63 18.8 21.0 12.4
1a-BCN 558 571 10.6 21.92 232.3
1b 561 575 8.2 1.13 9.2 19.3 12.8
1b-BCN 555 570 7.8 15.18 118.2
2a 568 586 14.0 3.19 44.8 4.3 4.0
2a-BCN 567 586 13.2 13.56 179.3
2b 567 587 13.2 2.94 38.9 5.8 5.3
2b-BCN 565 585 12.8 16.22 207.7
3a 578 593 16.3 0.97 15.8 11.9 9.0
3a-‘BCN 575 596 14.0 10.19 142.6
3b 577 584 11.5 2.91 33.5 6.1 4.4
3b-BCN 572 592 10.7 13.80 148.0

“In sodium PBS (pH = 7.4, containing 0.1% SDS). ? Determined at
Aabs,max- © Relative to rhodamine B (¢ = 0.65). 4 Determined at Aem,max Of
the BCN conjugate.

GFP channel
(488 nm)

Dye channel

(552 nm)

Merge

Fig. 2 Confocal microscopy images of IRK676BCN-LYs_GEP expressing
HEK293T cells (A—F) and VimN!6BCN-LYs_GEp expressing COS-7 cells
(G-L) treated with BCN-Lys and probes 1a (A-C), 1b (G-1), 3a (D-F) and
3b (J-L). Spectral detection: GFP: deyc: 488/Acm: 500—-540 nm; dye: Aeyc:
552/em: 565—-800 nm. Overlay pictures demonstrate the merged fluor-
escent signals of the reporter and dye.

membrane impermeable and suitable for selective extracellular
labeling and showed excellent co-localization with the reporter
protein. We also tested the applicability of the non-sulfonated
cyanines (1b and 3b) in the labeling schemes of intracellular
proteins. To this end, we labeled a similarly tailored, geneti-
cally bioorthogonalized cytoskeletal protein, vimentin-GFP,
modified with BCN-Lys. Live COS-7 cells expressing a
Vim"'1*BCN1YS_GFP protein construct were treated with 1b and
3b for 90 minutes, washed, fixed and then imaged (Fig. 2). The
low background and the excellent co-localization of the fluo-
rescent signals with that of the reporter protein confirmed the
membrane permeability of the probes and their suitability for
specific fluorogenic labeling schemes.

We also wished to demonstrate the applicability of the dyes
in super-resolution (STED) microscopy. The well-known spec-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Confocal and STED images of |RK676BCN-Lys_GEp expressing
HEK293T cells treated with BCN-Lys and dye 1a and 3a. Aexc: 552/dem:
565-800 nm; Astep: 660 nm (CW). FWHM: full width at half maxima.

tral properties of the Cy3 dyes® suggest that these probes are
suitable for STED microscopy equipped with a 660 nm
depletion laser. We first assessed the photostability of probes
1 and 3 by multiple frame acquisition. Neither 1b nor 3b
showed significant decrease in intensity over the 160-cycle
period, while a slight decrease was observed for probes 1a and
3a compared to their initial values (see the ESI; Fig. S77)
suggesting the suitability of probes 1a-b and 3a-b in STED
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Fig. 4 Confocal and STED images of VimN16BEN-LYs_GFP expressing
COS7 cells treated with BCN-Lys and dye 1b and 3b. Aeyxc: 552/1em:
565-800 nm; Astep: 660 nm (CW). FWHM: full width at half maxima.
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imaging. Indeed, a more detailed structure of the vimentin
network was revealed by applying membrane-permeable 1b
and 3b, and a more detailed image of the membrane lineage
between two neighboring cells was acquired when using non-
permeable 1a and 3a. Overall, the resolution characterised by
the full width at half maximum (FWHM) values increased by a
factor of 2-3 upon STED imaging with probes 1a-b and 3a-b
(Fig. 3 and 4).

Conclusions

In conclusion, we synthesized three sets of tetrazine-functiona-
lized Cy3 derivatives following different design strategies in
order to gain experimental insights into the modulation
effects of the bioorthogonal unit on the fluorescence of yellow-
emitting indocyanines. Our study involved directly conjugated
tetrazine-cyanines (direct conjugation, 1a-b), phenylene-
linked units (TBET design, 2a-b) or vinylene-conjugated
systems (n-extended direct conjugation, 3a-b). Each of these
sets included a membrane-permeable derivative and a non-
permeable derivative. We assessed the fluorogenic character-
istics of 1-3 upon reacting these probes with a strained
cyclooctyne, BCN, in an IEDDA reaction. A comparison of the
fluorogenicities revealed that probes 1a-b outperformed
probes 2a-b and 3a-b, indicating that the more intimate con-
jugation of the tetrazine results in more efficient quenching of
fluorescence and further confirming that internal conversion-
based modulation of fluorescence is more efficient than the
through-bond energy transfer-based modulation mechanism.
The directly conjugated probes 1 and 3 were further evaluated
in the labeling schemes of genetically bioorthogonalized extra-
and intracellular proteins of live cells. To our delight, all these
probes were found to be suitable for the specific labeling of
target structures. Furthermore, all four probes tested were
found to be applicable for STED imaging, resulting in subdiffr-
action imaging of extracellular insulin receptors or the intra-
cellular vimentin network. These results indicate that fluoro-
genic probes quenched via internal conversion can even be
effective in spectral ranges where the tetrazine exhibits dimin-
ished modulation efficiency.

Experimental
Organic synthesis

General methods. All starting materials were obtained from
commercial suppliers (Sigma-Aldrich, Fluka, Merck, Alfa
Aesar, Reanal, Molar Chemicals, and Fluorochem) and used
without further purification. Analytical thin-layer chromato-
graphy (TLC) was performed on silica gel 60 Fys,-precoated
aluminum TLC plates from Merck. Flash column chromato-
graphy was performed on a Teledyne ISCO COMBI Flash
Nextgen 300+ automated flash chromatographer with silica gel
(25-40 pm) from Zeochem or a RediSep® Rf C18 High
Performance GOLD column. Microwave experiments were per-

7362 | Org. Biomol. Chem., 2023, 21, 7358-7366
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formed on an AntonPaar Monowave 400 microwave reactor
using sealed tubes and for each experiment, fast heating to
100 °C was performed and the temperature was maintained
constant for one hour. NMR spectra were recorded on a Varian
Inova 500 MHz and Varian Inova 300 MHz spectrometer.
Chemical shifts (§) are given in parts per million (ppm) using
solvent signals as the reference. Coupling constants (J) are
reported in hertz (Hz). Analytical RP-HPLC-UV/Vis-MS experi-
ments were performed on a SHIMADZU LCMS-2020 system by
using a Phenomenex Kinetex EVO C18 column (50 x 2.10 mm
LD.) with 2.6 pm silica (100 A pore size) as the stationary
phase with a photodiode array UV/Vis detector (1 =
190-800 min 0% B) with eluents A (95% H,O, 5% MeCN, and
0.1% HCOOH) and B (95% MeCN, 5% H,0, and 0.1%
HCOOH) and an ESI-MS detector. The linear gradient elution
method was employed at a flow rate of 1.0 mL min~" at 40 °C.
The samples were dissolved in a MeCN-H,O mixture.
Semipreparative HPLC was performed on a Wufeng Chrom
LC100 HPLC system using a Gemini C18 column (150 x
21 mm LD.) with 5 pm silica (110 pore size) as the stationary
phase. Spectroscopic measurements were performed on a
Jasco FP 8300 spectrofluorometer and a JASCO v750 spectro-
photometer in all-sodium PBS (pH = 7.4, containing 0.1%
SDS) at r.t. Quartz cuvettes with a path length of 1 cm were
used.

The exact masses were determined with an Agilent 6230
time-of-flight mass spectrometer.

Synthesis of 2,3,3-trimethyl-5-(6-methyl-1,2,4,5-tetrazin-3-yl)-
3H-indole (4). Indole S2 (1.00 g, 5.4 mmol, 1.0 equiv.) and Zn
(OTf), (0.986 g, 2.72 mmol, 0.5 equiv.) were dissolved in hydra-
zine monohydrate (13.5 mL, 271.5 mmol, 50 equiv.) and
stirred at 80 °C for 30 minutes. Then, the reaction mixture was
cooled to 50 °C and acetamidine hydrochloride (5.13 g,
54.30 mmol, 10.0 equiv.) was added portionwise for 1 hour.
After cooling to 0 °C, the mixture was diluted with 50 mL of
ethyl acetate and 50 mL of water, and then NaNO, (3.70 g,
54.3 mmol, 10.0 equiv.) was added. With vigorous stirring,
AcOH was added dropwise to set pH = 3. The two phases were
separated, and the aqueous layer was extracted with ethyl
acetate three times. The combined organic layers were
extracted with cc. NaHCO; solution three times, dried over
MgSO,, and evaporated under vacuum. The crude product was
purified by flash chromatography on silica gel (dichloro-
methane-methanol 0 to 10%) to yield 550 mg (40%) of the
pink solid compound. "H NMR (500 MHz, CDCl;) § 8.60 (dd, J
= 8.1, 1.7 Hz, 1H), 8.52 (d, J = 1.3 Hz, 1H), 7.71 (d, J = 8.1 Hz,
1H), 3.08 (s, 3H), 2.35 (s, 3H), 1.40 (s, 6H). >C NMR (126 MHz,
CDCl;) § 191.6, 167.0, 164.4, 157.8, 146.9, 128.8, 128.5, 121.1,
120.8, 54.3, 23.1, 21.2, 15.9. HRMS: m/z caled for [Cy4H;N5]":
254.1400; found: 254.1402 [M + HJ".

Synthesis of 1,2,3,3-tetramethyl-5-(6-methyl-1,2,4,5-tetrazin-
3-yl)-3H-indol-1-ium iodide (5). In a pressure tube, indole 4
(200 mg, 0.790 mmol, 1 equiv.) was dissolved in methyl iodide
(1475 pL, 23.690 mmol, 30 equiv.) and reacted at 60 °C for
6 hours. After cooling to room temperature, ethyl acetate was
added and the resulting precipitate was filtered, washed with

This journal is © The Royal Society of Chemistry 2023
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cold ethyl acetate and dried to yield 223 mg (71%) of the dark
red solid compound. The product was used without further
purification. "H NMR (500 MHz, DMSO-d) & 8.91 (s, 1H), 8.72
(d, ] = 8.2 Hz, 1H), 8.20 (d, ] = 8.3 Hz, 1H), 4.06 (s, 3H), 3.04 (s,
3H), 2.86 (s, 3H), 1.65 (s, 6H). '*C NMR (126 MHz, DMSO-d,) §
199.0, 167.8, 163.3, 145.5, 143.2, 133.4, 128.9, 122.8, 116.7,
55.0, 35.6, 22.1, 21.4, 15.1. HRMS: m/z caled for [Cy5HgN5]":
268.1556; found: 268.1560 [M]".

Synthesis of 1,3,3-trimethyl-2-(3-(1,3,3-trimethyl-5-(6-methyl-

1,2,4,5-tetrazin-3-yl)Jindolin-2-ylidene)prop-1-en-1-yl)-3H-indol-
1-ium-5-sulfonate (1a). Compound $4 (48 mg, 0.190 mmol, 2.5
equiv.) and N,N'-diphenylformamidine (60 mg, 0.304 mmol,
4.0 equiv.) were reacted in a mixture of 500 pL of acetic acid
and 500 pL of acetic anhydride at 120 °C for 1 hour. The reac-
tion mixture was cooled to room temperature, 10 mL of ethyl
acetate was added, and the precipitate was filtered, washed
with ethyl acetate and dried. This intermediate hemi-cyanine
was dissolved in 3 mL of pyridine; compound 5 (30 mg,
0.076 mmol, 1.0 equiv.) and 500 pL of acetic anhydride were
added and stirred at 25 °C for 24 hours. Then 10 mL of ethyl
acetate was added; the precipitate was filtered and washed
with ethyl acetate. The crude product was purified by flash
chromatography on silica gel (dichloromethane-methanol 0 to
20%) to yield 31 mg (78%) of purple crystals. Before spectro-
scopic measurements, the product was further purified by pre-
parative HPLC (water-acetonitrile starting from 95:5 to
0:100). "H NMR (500 MHz, CD;0D) 6 8.77 (d, J = 1.2 Hz, 1H),
8.75 (dd, J = 8.4, 1.6 Hz, 1H), 8.70 (t, J = 13.5 Hz, 1H), 8.05 (d,
J=1.4 Hz, 1H), 8.01 (dd, J = 8.3, 1.6 Hz, 2H), 7.65 (d, J = 8.4 Hz,
1H), 7.51 (d, J = 8.3 Hz, 1H), 6.62 (d, J = 13.6 Hz, 1H), 6.58 (d,
J =13.3 Hz, 1H), 3.82 (s, 3H), 3.82 (s, 3H), 3.13 (s, 3H), 1.94 (s,
6H), 1.89 (s, 6H). *C NMR (126 MHz, CD;0D) § 178.3, 176.9,
168.6, 165.0, 153.0, 145.2, 144.6, 143.1, 142.3, 130.6, 130.2,
130.2, 128.3, 122.6, 121.4, 112.8, 112.3, 105.5, 104.6, 51.0, 50.5,
32.2, 31.9, 28.3, 28.0, 21.1. HRMS: m/z caled for
[CsH31N60;S]": 531.2172; found: 531.2177 [M + H]".

Synthesis of 1,3,3-trimethyl-2-(3-(1,3,3-trimethyl-5-(6-methyl-
1,2,4,5-tetrazin-3-yl)indolin-2-ylidene)prop-1-en-1-yl)-3H-indol-
1-ium formate (1b). Compound S8 (48 mg, 0.158 mmol, 2.5
equiv.) and N,N'-diphenylformamidine (50 mg, 0.253 mmol,
4.0 equiv.) were reacted in a mixture of 500 pL of acetic acid
and 500 pL of acetic anhydride at 120 °C for 1 hour. The reac-
tion mixture was cooled to room temperature, 10 mL of ethyl
acetate was added, and the precipitate was filtered, washed
with ethyl acetate and dried. This intermediate hemi-cyanine
was dissolved in 1 mL of pyridine; compound 5 (25 mg,
0.0633 mmol, 1.0 equiv.) and 100 pL of acetic anhydride were
added and stirred at 115 °C for 1 hour. After cooling to room
temperature, the solvents were evaporated under vacuum. The
residue was purified by flash chromatography on silica gel (di-
chloromethane-methanol 0 to 20%). Before spectroscopic
measurements the product was further purified by preparative
HPLC (water-acetonitrile containing 0.1% HCOOH starting
from 95:5 to 0:100) to yield 13.2 mg (42%) of purple crystals.
"H NMR (500 MHz, CD;0D) § 8.76-8.73 (m, 2H), 8.68 (t, J =
13.5 Hz, 1H), 7.66 (d, J = 7.4 Hz, 1H), 7.61 (d, J = 8.9 Hz, 1H),
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7.56 (d, J = 7.9 Hz, 1H), 7.51 (d, J = 7.8 Hz, 1H), 7.45 (t, ] = 7.4
Hz, 1H), 6.63 (d, J = 13.7 Hz, 1H), 6.52 (d, J = 13.2 Hz, 1H), 3.83
(s, 3H), 3.72 (s, 3H), 3.12 (s, 3H), 1.94 (s, 6H), 1.87 (s, 6H). °C
NMR (126 MHz, CD;0OD) § 178.2, 175.9, 168.6, 165.0, 152.5,
143.9, 142.9, 142.5, 130.2, 130.2, 130.1, 127.6, 123.5, 122.6,
112.9, 112.5, 105.5, 103.8, 73.7, 71.5, 62.2, 51.2, 32.2, 28.4,
28.0, 21.0. HRMS: m/z caled for [CygH31Ng]": 451.2610; found:
451.2612 [M + H]".

Synthesis of 2-(3-(5-iodo-1,3,3-trimethylindolin-2-ylidene)
prop-1-en-1-yl)-1,3,3-trimethyl-3H-indol-1-ium-5-sulfonate (6a).
Compound $4 (400 mg, 1.58 mmol, 2.0 equiv.) and N,N'-diphe-
nylformamidine (620 mg, 3.16 mmol, 4.0 equiv.) were reacted
in a mixture of 2.5 mL of acetic acid and 2.5 mL of acetic anhy-
dride at 120 °C for 1 hour. The reaction mixture was cooled to
room temperature, 50 mL of ethyl acetate was added, and the
precipitate was filtered, washed with ethyl acetate and dried.
This intermediate hemi-cyanine was dissolved in 10 mL of pyr-
idine; compound $7 (258 mg, 0.79 mmol, 1.0 equiv.) and 1 mL
of acetic anhydride were added and stirred at 25 °C for
16 hours. Then, 50 mL of ethyl acetate was added, and the pre-
cipitate was filtered and washed with ethyl acetate. The crude
product was purified by flash chromatography on silica gel (di-
chloromethane-methanol 0 to 20%) to yield 187 mg (42%) of
purple crystals. "H NMR (500 MHz, DMSO-d¢) & 8.32 (t, J = 13.5
Hz, 1H), 8.01 (d, J = 1.6 Hz, 1H), 7.81 (d, J = 1.4 Hz, 1H), 7.77
(dd, J = 8.3, 1.6 Hz, 1H), 7.69 (dd, J = 8.2, 1.5 Hz, 1H), 7.41 (d,
J=8.3 Hz, 1H), 7.27 (d, J = 8.4 Hz, 1H), 3.66 (s, 3H), 3.60 (s, 3H),
1.69 (s, 6H), 1.68 (s, 6H). *C NMR (126 MHz, DMSO-d,) §
175.1, 173.4, 149.5, 146.0, 142.8, 142.6, 142.5, 140.0, 137.0,
131.0, 126.1, 119.7, 113.5, 110.7, 103.5, 102.6, 89.2, 49.0, 48.7,
31.6, 31.3, 27.1. HRMS: mj/z caled for [C,sH,gIN,05S]™:
563.0859; found: 563.0845 [M + HJ".

Synthesis of 2-(3-(5-iodo-1,3,3-trimethylindolin-2-ylidene)
prop-1-en-1-yl)-1,3,3-trimethyl-3H-indol-1-ium formate (6b).
Compound S8 (700 mg, 2.33 mmol, 1.55 equiv.) and N,N-
diphenylformamidine (913 mg, 4.65 mmol, 3.1 equiv.) were
reacted in a mixture of 3 mL of acetic acid and 3 mL of acetic
anhydride at 120 °C for 1 hour. The reaction mixture was
cooled to room temperature, 50 mL of ethyl acetate was added,
and the precipitate was filtered, washed with ethyl acetate and
dried. This intermediate hemi-cyanine was dissolved in 10 mL
of pyridine; compound S7 (640 mg, 1.50 mmol, 1.0 equiv.) and
1.5 mL of acetic anhydride were added and stirred at 120 °C
for 1 hour. Then the solvents were evaporated under vacuum.
The residue was purified by flash chromatography on silica gel
(dichloromethane-methanol 0 to 2%) to yield 279 mg (30%) of
purple crystals. Before NMR measurements, the product was
further purified by preparative HPLC (water-acetonitrile con-
taining 0.1% HCOOH starting from 95:5 to 0:100). "H NMR
(500 MHz, DMSO-d¢) & 8.31 (t, J = 13.5 Hz, 1H), 8.15 (s, 1H),
8.03 (d, J = 1.4 Hz, 1H), 7.78 (dd, J = 8.3, 1.5 Hz, 1H), 7.65 (d,
J=7.4 Hz, 1H), 7.50 (d, J = 7.8 Hz, 1H), 7.46 (t, ] = 7.6 Hz, 1H),
7.32 (t, ] = 7.3 Hz, 1H), 7.27 (d, J = 8.4 Hz, 1H), 6.49 (d, ] = 13.6
Hz, 1H), 6.40 (d, J = 13.4 Hz, 1H), 3.67 (s, 3H), 3.59 (s, 3H),
1.68 (s, 6H), 1.67 (s, 6H). *C NMR (126 MHz, DMSO-d;) §
174.9, 173.2, 163.0, 149.5, 142.8, 142.6, 142.6, 140.7, 137.0,
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131.0, 128.6, 125.5, 122.4, 113.4, 111.7, 103.4, 102.4, 89.1, 49.0,
48.7, 31.5, 31.3, 27.2, 27.1. HRMS: m/z calcd for [Co5HpgIN,]:
483.1297; found: 483.1288 [M]".

Synthesis of 1,3,3-trimethyl-2-(3-(1,3,3-trimethyl-5-(4-(6-
methyl-1,2,4,5-tetrazin-3-yl)phenyl)indolin-2-ylidene)prop-1-
en-1-yl)-3H-indol-1-ium-5-sulfonate (2a). A mixture of cyanine
6a (30 mg, 0.053 mmol, 1.0 equiv.), 3-methyl-6-(4-(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)phenyl)-1,2,4,5-tetrazine'® (32 mg,
0.107 mmol, 2.0 equiv.), Pd(dppf)Cl, (4 mg, 0.0055 mmol, 0.1
equiv.) and CsF (80 mg, 0.5267 mmol, 10.0 equiv.) was sus-
pended in 1000 pL of acetonitrile and 100 pL of H,0. The reac-
tion mixture was stirred at 80 °C for 2 hours. The solvent was
evaporated, and the crude product was purified by flash
chromatography on silica gel (dichloromethane-methanol 0 to
20%) to yield 9 mg (28%) of purple crystals. Before spectro-
scopic measurements, the product was further purified by pre-
parative HPLC (water-acetonitrile starting from 95:5 to
0:100). "H NMR (500 MHz, DMSO-d¢) & 8.58 (d, J = 8.4 Hz,
2H), 8.38 (t, J = 13.5 Hz, 1H), 8.14 (s, 1H), 8.08 (d, J = 8.4 Hz,
2H), 7.92 (d, J = 8.2 Hz, 1H), 7.82 (s, 1H), 7.70 (d, J = 8.2 Hz,
1H), 7.59 (d, J = 8.4 Hz, 1H), 7.41 (d, J = 8.2 Hz, 1H), 6.48 (d, ] =
13.5 Hz, 1H), 3.70 (s, J = 14.8 Hz, 3H), 3.67 (s, 3H), 3.02 (s, 3H),
1.78 (s, 6H), 1.72 (s, 6H). *C NMR (126 MHz, DMSO-d;) §
174.9, 174.2, 171.1, 167.0, 163.1, 149.4, 146.0, 144.8, 143.2,
142.9, 142.5, 141.5, 139.9, 135.8, 130.7, 127.9, 127.5, 127.3,
126.1, 121.0, 119.8, 111.9, 110.6, 103.3, 103.1, 48.9, 31.6, 27.3,
27.2, 20.8. HRMS: m/z caled for [C3,HssNg05S]": 607.2485;
found: 607.2498 [M + H]".

Synthesis of 1,3,3-trimethyl-2-(3-(1,3,3-trimethyl-5-(4-(6-
methyl-1,2,4,5-tetrazin-3-yl)phenyl)indolin-2-ylidene)prop-1-
en-1-yl)-3H-indol-1-ium formate (2b). A mixture of cyanine 6b
(50 mg, 0.0819 mmol, 1.0 equiv.), 3-methyl-6-(4-(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)phenyl)-1,2,4,5-tetrazine'® (49 mg,
0.1638 mmol, 2.0 equiv.), Pd(dppf)Cl, (6 mg, 0.0082 mmol, 0.1
equiv.) and CsF (62 mg, 0.4095 mmol, 5.0 equiv.) was sus-
pended in 2000 pL of acetonitrile and 200 pL of H,O. The reac-
tion mixture was stirred at 80 °C for 1 hour. The solvent was
evaporated, and the crude product was purified by flash
chromatography on silica gel (dichloromethane-methanol 0 to
20%). Before spectroscopic measurements, the product was
further purified by preparative HPLC (water-acetonitrile con-
taining 0.1% HCOOH starting from 95:5 to 0:100) to yield
32 mg (68%) of purple crystals. "H NMR (500 MHz, DMSO-d,)
5 8.58 (d, J = 8.5 Hz, 2H), 8.37 (t, J = 13.5 Hz, 1H), 8.14 (d, ] =
1.6 Hz, 1H), 8.08 (d, J = 8.5 Hz, 2H), 7.92 (dd, J = 8.4, 1.7 Hz,
1H), 7.65 (d, J = 7.3 Hz, 1H), 7.59 (d, J = 8.4 Hz, 1H), 7.52-7.43
(m, J = 8.1 Hz, 2H), 7.32 (td, J = 7.4, 1.5 Hz, 1H), 6.48 (apparent
t containing: 6.50 (d, J = 13.7 Hz, 1H), 6.47 (d, J = 13.6 Hz,
1H)), 3.69 (s, 3H), 3.68 (s, 3H), 3.02 (s, 3H), 1.78 (s, 6H), 1.71
(s, 6H). *C NMR (126 MHz, DMSO-d¢) & 174.7, 174.1, 167.0,
163.0, 149.4, 143.2, 143.0, 142.6, 141.4, 140.6, 135.7, 130.7,
128.5, 127.9, 127.5, 127.3, 125.3, 122.4, 121.0, 111.8, 111.6,
103.2, 102.9, 49.0, 48.8, 31.5, 27.3, 27.2, 20.8. HRMS: m/z caled
for [C34H35Ng]": 527.2923; found: 527.2922 [M + H]".

Synthesis of 1,3,3-trimethyl-2-(3-(1,3,3-trimethyl-5-((E)-2-(6-
methyl-1,2,4,5-tetrazin-3-ylJvinyl Jindolin-2-ylidene)prop-1-en-1-
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yl)-3H-indol-1-ium-5-sulfonate (3a). A mixture of cyanine 6a
(30 mg, 0.053 mmol, 1.0 equiv.), 2-(6-methyl-1,2,4,5-tetrazin-3-
yl)ethyl methanesulfonate'® (35 mg, 0.162 mmol, 3.0 equiv.),
Pd,(dba); (2.4 mg, 0.0026 mmol, 0.05 equiv.), QPhos (1.9 mg,
0.0026 mmol, 0.05 equiv.), N,N-dicyclohexylmethylamine
(35 pL, 0.162 mmol, 3.0 equiv.) and 2 mL of anhydrous di-
methylformamide was purged with N, for 15 minutes. The
reaction mixture was stirred at 100 °C for 30 minutes. The
solvent was evaporated in vacuo and the crude product was
purified by flash chromatography on silica gel (dichloro-
methane-methanol 0 to 20%) to yield 26 mg (89%) of purple
crystals. Before spectroscopic measurements, the product was
further purified by preparative HPLC (water—acetonitrile start-
ing from 95: 5 to 0: 100). "H NMR (500 MHz, DMSO-d,) 6 8.37
(t,J = 13.5 Hz, 1H), 8.31-8.27 (m, 2H), 7.91 (dd, J = 8.2, 0.8 Hz,
1H), 7.83 (d, J = 1.0 Hz, 1H), 7.72 (d, J = 16.2 Hz, 1H), 7.70 (dd,
J=8.1, 1.3 Hz, 1H), 7.51 (d, J = 8.3 Hz, 1H), 7.43 (d, J = 8.3 Hz,
1H), 6.51 (d, J = 13.6 Hz, 1H), 6.46 (d, J = 13.3 Hz, 1H), 3.69 (s,
3H), 3.66 (s, 3H), 2.96 (s, 3H), 1.76 (s, 6H), 1.72 (s, 6H). **C
NMR (126 MHz, DMSO-d,) 6 175.4, 173.8, 170.8, 165.9, 164.3,
149.5, 146.2, 144.2, 142.4, 141.3, 140.1, 139.2, 132.0, 130.2,
126.1, 121.4, 120.1, 119.8, 111.5, 110.8, 103.9, 103.2, 49.1, 48.5,
31.7, 27.3, 27.1, 20.8. HRMS: m/z caled for [CzoH33Ns05S]":
557.2329; found: 557.2335 [M + H]".

Synthesis of 1,3,3-trimethyl-2-(3-(1,3,3-trimethyl-5-((E)-2-(6-
methyl-1,2,4,5-tetrazin-3-yl Jvinyl Jindolin-2-ylidene)prop-1-en-1-
yl)-3H-indol-1-ium formate (3b). A mixture of cyanine 6b
(30 mg, 0.0492 mmol, 1.0 equiv.), 2-(6-methyl-1,2,4,5-tetrazin-
3-yl)ethyl methanesulfonate’® (32 mg, 0.1475 mmol, 3.0
equiv.), Pd,(dba); (2.3 mg, 0.0025 mmol, 0.05 equiv.), QPhos
(2.0 mg, 0.0025 mmol, 0.05 equiv.), N,N-dicyclohexyl-
methylamine (32 pL, 0.1475 mmol, 3.0 equiv.) and 1 mL of
anhydrous dimethylformamide was purged with N, for
15 minutes. The reaction mixture was stirred at 100 °C for
30 minutes. The solvent was evaporated in vacuo and the crude
product was purified by flash chromatography on silica gel (di-
chloromethane-methanol 0 to 15%). Before spectroscopic
measurements, the product was further purified by preparative
HPLC (water-acetonitrile starting from 95:5 to 0:100) to yield
13.4 mg (52%) of purple crystals. "H NMR (500 MHz, CD;0D) §
8.54 (t, J = 13.5 Hz, 1H), 8.31 (d, J = 16.2 Hz, 1H), 8.00 (s, 1H),
7.79 (d, J = 7.9 Hz, 1H), 7.60-7.52 (m containing: 7.57 (d, J =
16.1 Hz, 1H), 7.54 (d, J = 7.0 Hz, 1H)), 7.44 (d, J = 7.5 Hz, 1H),
7.38 (d, J = 3.6 Hz, 1H), 7.36 (d, J = 4.1 Hz, 1H), 7.32 (t, ] = 7.4
Hz, 1H), 6.47 (d, J = 13.6 Hz, 1H), 6.39 (d, J = 13.3 Hz, 1H), 3.69
(s, 3H), 3.65 (s, 3H), 2.96 (s, 3H), 1.80 (s, 6H), 1.75 (s, 6H). °C
NMR (126 MHz, CD,0D) § 177.5, 176.0, 167.7, 166.1, 159.7,
152.2, 145.7, 144.0, 142.9, 142.3, 140.9, 134.2, 131.1, 130.0,
127.2,123.5, 122.5, 121.5, 112.7, 112.4, 104.9, 103.9, 50.9, 50.2,
32.0, 28.3, 28.0, 21.1. HRMS: m/z caled for [CzoH33Ng]™:
477.2767; found: 477.2762 [M + HJ".

Spectroscopic characterization

Photophysical measurements were performed on a JASCO FP
8300 spectrofluorometer and a JASCO v750 spectrophotometer.
A stock solution was prepared in DMSO from the solid dyes

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ob01204b

Open Access Article. Published on 23 August 2023. Downloaded on 10/17/2025 5:43:06 AM.

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

(cc)

Organic & Biomolecular Chemistry

(1 mM). All experiments were conducted in all-sodium PBS
(pH = 7.4, containing 0.1% SDS), in order to prevent aggrega-
tion. All of the dyes (1 mM in DMSO) were reacted with
(1R,8S,9S5)-bicyclo[6.1.0]non-4-yn-9-ylmethanol (BCN) in DMSO
at room temperature. The completion of the reaction was veri-
fied by HPLC-MS. Excitation and emission spectra were
recorded using 1 pM concentration of the compounds while
absorbance spectra were recorded using 5 pM concentration
(DMSO content was kept below 1% in each case). The exci-
tation and emission wavelengths are given for each spectrum.
Quantum yields were determined using rhodamine B as a stan-
dard. For excitation, emission and absorbance spectra, see
Fig. S1-S6 in the ESL{

Protein labeling

Cell culture. HEK293T (ATCC CRL-3216) and COS-7 (Sigma
87021302) cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco 41965-039) supplemented with
10% FBS (Gibco 10500-064), 1% penicillin-streptomycin
(Gibco 15140-122), 1% sodium pyruvate (Life Technologies,
Gibco 11360-070) and 1% Glutamax (Gibco 35050-061). The
cells were cultured at 37 °C in a 5% CO, atmosphere and pas-
saged - using trypsin (0.05%; Gibco 25300-054) - every 3-4
days up to 20 passages.

Bioorthogonal labeling of live cells. HEK293T (40 000 cell per
well) or COS-7 (15000 cell per well) cells were transferred into
p-Slide 8-well plates (Ibidi 80827) and were incubated for 40 h at
37 °C in a 5% CO, atmosphere. In the case of HEK293T cells,
Ibidi plates were pre-treated with 0.01 mg mL™' poly-i-lysine
(Sigma P5899) for 4 hours at room temperature and washed
afterwards. The bioorthogonally reactive chemical reporter BCN
was administered in the HaloTag substrate or in non-canonical
amino acid (ncAA). Therefore, cells were transfected with
0.25 pg of Lamin-HaloTag®® plasmid using the JetPrime
(Polyplus 114-07) transfection agent for four hours according to
the manufacturer’s protocol. A similar procedure was carried
out for ncAA installation. Cells were incubated with 0.25 pg of
IR®®7°™C_GFP [obtained from EMBL under a Material Transfer
Agreement]** or 0.25 pg of vimentin™"'*™S-GFP** in combi-
nation with 0.25 pg of the tRNA™/NES-PylRS*" plasmid
(obtained from EMBL under a Material Transfer Agreement)*>
in the presence of 250 uM BCN®"%°-lysine (Sichem SC-8014)
during transfection. Subsequently, the supernatant was replaced
with ncAA-free medium overnight. One day after transfection,
cells were labeled with the fluorescent dyes 1a, 1b, 3a and 3b at
a concentration of 1-3 pM in complete DMEM (Gibco 21063-
029) for 90 min at 37 °C in the dark. In the case of the HaloTag
fusion protein, the Halo-BCN substrate (3 pM; 60 min)** was
added to the cells before the fluorescent labeling step.
Afterwards, a two-hour washing step — with complete DMEM -
was performed followed by fixation (4% PFA for 10 min at
25 °C) and quick washes - twice — with PBS prior to imaging.

Confocal and STED imaging and analysis

Confocal and STED images were acquired on a Leica TCS SP8
STED 3x microscope using the 488 nm laser for excitation of

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

the reporter fluorescent protein, 552 nm laser for the probes
and 660 nm STED (1.5 W, continuous wave) laser for depletion
(at 1.17-2.48 x 10° W mm™> nominal intensity with an output
laser power of 1.2 W/32 nm x 32 nm pixel size). The images
were captured using a Leica HC PL APO 100%/1.40 oil immer-
sion objective using the Leica HyD detector. Spectral detection
parameters were set as follows: excitation: 488 nm/em. range:
500-550 nm for GFP and excitation: 552 nm/em. range:
565-650 nm for compounds 1a, 1b, 3a, and 3b.

Using the Huygens Professional software (SVI), we per-
formed deconvolution for image restoration on the recorded
STED images. The deconvolution process was based on the
theoretical point spread function (PSF). Images were analysed
using Leica Application Suite X and Fiji for ImageJ software
(NIH). We selected the results of some representative line ana-
lysis for demonstration. A non-linear Gaussian curve was fitted
to the normalized fluorescence intensity values using
OriginPro 9 software. For characterizing the resolution
efficiency, the full width at half maximum values (FWHM)
were provided.
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