Chemistry—A European Journal

Full Paper

Chemistry
Europe

doi.org/10.1002/chem.202001290 Socetes Puiehing

il Fluorescent Probes |Hot Paper |

@ A Systematic Study of Coumarin-Tetrazine Light-Up Probes for

Bioorthogonal Fluorescence Imaging

Juraj Galeta, Rastislav Dzijak, Jan Obofil, Martin Dracinsky, and Milan Vrabel*®

/Abstract: Fluorescent probes that light-up upon reaction
with complementary bioorthogonal reagents are superior
tools for no-wash fluorogenic bioimaging applications. In
this work, a thorough study is presented on a set of seven-
teen structurally diverse coumarin-tetrazine probes that pro-
duce fluorescent dyes with exceptional turn-on ratios when
reacted with trans-cyclooctene (TCO) and bicyclononyne
(BCN) dienophiles. In general, formation of the fully aromatic
pyridazine-containing dyes resulting from the reaction with

BCN was found superior in terms of fluorogenicity. However,
evaluation of the probes in cellular imaging experiments re-
vealed that other factors, such as reaction kinetics and good
cell permeability, prevail over the fluorescence turn-on prop-
erties. The best compound identified in this study showed
excellent performance in live cell-labeling experiments and
enabled no-wash fluorogenic imaging on a timescale of sec-
onds.

/

Introduction

Fluorescent labeling of biomolecules based on selective chemi-
cal reactions is an important strategy used to interrogate and
study biological processes." The ever-growing arsenal of fluo-
rescent dyes provides us with a set of tools fitting different ap-
plications.” A good signal-to-noise ratio is one of the funda-
mental requirements to guarantee production of good quality
and reliable data in bioimaging experiments.”! Fluorescent
probes that light-up in response to specific activation play a
very important role in this regard.” In combination with fast
reaction kinetics of certain bioorthogonal reactions, these fluo-
rogenic probes have opened up the possibility to analyze and
manipulate biological systems with unprecedented precision.”

The excellent reactivity of 1,2,4,5-tetrazines with strained di-
enophiles together with the unique photophysical properties
of the tetrazine heterocyclic core led to the development of
various fluorogenic probes based on these reaction partners.”
The ability of tetrazines to quench the fluorescence of certain
fluorophores has been first recognized by the Weissleder
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group.” Since then, the concept has been extended to include
BODIPY,® xanthene,” cyanine™ and coumarin dyes. Beside
these “classical” chromophores, other scaffolds have been ex-
ploited for the generation of fluorogenic probes as well.'? We
and others have found that by employing a specific type of di-
enophiles, it is even possible to generate fluorescent dihydro-
pyridazine dyes directly from non-fluorescent tetrazines.

The mechanism responsible for quenching the fluorescence
of tetrazine-modified dyes typically involves FRET (Forster reso-
nance energy transfer), TBET (through-bond energy transfer) or
PET (photoinduced electron transfer).®? For the FRET mecha-
nism, the emission of the attached fluorophore must match
with the absorption band of the tetrazine (usually 520-
540 nm). This is not required for TBET-based fluorogenic
probes. Together with the PET-based quenching mechanism,
this opens up the possibility to generate fluorogenic dyes
based on fluorophores emitting in the red-to-near-infrared re-
gion.[gc’d’w]

Among the different quenching strategies discussed above,
the TBET-based tetrazine probes usually produce the best fluo-
rescence turn-on response in reaction with various dieno-
philes: a range of several thousand-fold has been reported in
the literature.®*' Among these, a series of coumarin-based
tetrazines, termed HELIOS probes, showed up to 11000-fold
enhancement in the fluorescent signal in the reaction with
TCO dienophiles."™ These values exceed all other tetrazine-
based fluorogenic probes reported to date. Despite these im-
pressive properties, there is no systematic study on such
probes available.

To fill this gap, we report here a systematic investigation on
the influence of various substituents on the photophysical
properties of dyes formed when various coumarin—tetrazines
(Coum-Tz) react with two different strained dienophiles, the
TCO and BCN (Scheme 1). We further evaluate the light-up
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Scheme 1. General formula of coumarin-tetrazine probes and schematic
presentation of their fluorogenic reaction with two different dienophiles in-
vestigated in this study.

probes in cell imaging experiments and demonstrate their utili-
ty for bioorthogonal fluorescence labeling.

Results and Discussion
Synthesis of Coum-Tz probes

To obtain a set of Coum-Tz compounds, we first prepared tri-
flate 2 as a common precursor (Scheme 2). Triflate 2 undergoes
high-yielding (>80%) Buchwald-Hartwig cross-coupling reac-
tion with azetidine hydrochloride (usually a much more expen-
sive free base is used). We also prepared N-methylpiperazinyl
derivative 3 b with a simple nucleophilic substitution in hot an-
hydrous 1,4-dioxane. Then, a surprisingly selective and high
yielding bromination with NBS in MeCN was performed. We
noticed that it is important to dissolve the starting coumarin
before NBS addition, otherwise the regioselectivity is poor.

The subsequent Suzuki coupling reactions with various bor-
onic acids were all practical giving high yields, however, 5-cya-
nothiophene-2-boronic acid required reaction in anhydrous
1,4-dioxane and provided the best result under these condi-
tions (see Supporting Information). All other substrates were
also viable except for those containing a dimethylphenyl (5c)
and thiophene (5h) spacer. We did not optimize these two re-
actions although several attempts were carried out. We note
that we also used Heck cross-coupling to obtain the respective
alkenyl-substituted tetrazines.®” Although the synthesis was
viable, the resulting compounds were poorly soluble so were
not investigated further. Coumarins 5a-h were then submitted
to the final synthetic step with the corresponding nitriles in
the presence of Zn(OTf), and an excess of hydrazine monohy-
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drate at 70°C. In the case of H-tetrazine (1d), we used a re-
cently reported protocol.™ In this case we got the lowest
yield (12%), but typically the compounds can be obtained in
20-30% vyield. In general, the preparation of tetrazines with
the phenyl spacer was superior over other different spacers,
but the character of the partner nitrile also plays an important
role. It seems that the pyridinyl spacer is problematic during
the oxidation of intermediate dihydrotetrazines using a
NaNO,/2 m HCI mixture. In this case the pH must remain above

~3.

Photophysical properties of the click products

With the pool of seventeen derivatives in hand, we next char-
acterized the photophysical properties of dyes formed when
Coum-Tz 1a-q reacted with two different dienophiles
(Figure 1). We used the axial isomer of (E)-cyclooct-4-enol (axial
TCO-OH) and ((1R,8S,9S)-bicyclo[6.1.0]non-4-yn-9-yl)methanol
(endo BCN), which both efficiently react with tetrazines, but
differ in the reaction products. While the axial TCO-OH leads to
the formation of 1,4-dihydropyridazine, BCN yields fully aro-
matic pyridazines. Previous studies on fluorogenic tetrazines
based on fluorescein, rhodamine and bodipy fluorophores
showed better turn-on ratios for dyes containing the fully aro-
matic pyridazine moiety.**'"¥ Since no such data are available
for fluorogenic coumarin dyes, we were interested in seeing
how the formation of dihydropyridazines vs. pyridazines would
influence the photophysical properties of the resulting dyes.
As already mentioned in the original study of the Weissleder
group, very high purity of the starting tetrazines is required to
ensure good fluorescence turn-on ratios."” The same was true
in our hands and we found that even traces of impurities can
cause an order of magnitude difference in the determined
fluorescence turn-on ratios (Figure S2). We therefore purified
all the Coum-Tz conjugates by analytical HPLC prior to the
fluorescence turn-on measurements. The freshly purified tetra-
zines were then mixed with an excess of the respective dieno-
phile to initiate the fluorogenic reaction. As expected, we ob-
served significant fluorescence turn-on ratios ranging from 40-
fold to an impressive 5000-fold (Table 1, Table S1 and Fig-
ure S4). The large set of the Coum-Tz probes used in this study
allow us to draw the following general conclusions. Our data
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Figure 1. Structures of the Coum-Tz probes and graph showing summary of the fluorescence turn-on values of the click products formed in the reaction of

the probes with the axial TCO-OH and endo BCN dienophiles.

show that the dyes formed in the reaction with the endo BCN
dienophile gave higher turn-on ratios when compared to prod-
ucts formed in the reaction with the axial TCO in most cases.
However, this phenomenon strongly depends on the substitu-
ents. For example, tetrazine 1a gave a 4 times stronger signal
with the axial TCO when compared to the BCN. The opposite
is true for derivatives 1i, 1n or 1q, which all produce brighter
dyes with BCN. Our data also show that the presence of an ar-

Chem. Eur. J. 2020, 26, 9945 - 9953 www.chemeurj.org

9947

omatic moiety at position 6 of the tetrazine core (pyrimidyl,
phenyl or pyridyl) leads to lower fluorescence turn-on ratios.
Derivatives giving the best fluorescence turn-on ratio with
both dienophiles all contain alkyl substituent at position 6
(1e-j).

In general, the azetidine-substituted coumarin derivatives
perform better when compared to derivatives containing the
methylpiperazine or N,N-dimethylpiperazin-1-ium moiety espe-

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Photophysical properties of the click products.
Tetrazine Dienophile Apps [N Jgm [NM]® em s ® @ Fluorescence
enhancement
1a axial TCO-OH 375 485 11000 - 850-fold
endo BCN 375 470 14000 0.032 200-fold
1b axial TCO-OH 381 475 21600 - 950-fold
endo BCN 383 455 17000 - 700-fold
1c axial TCO-OH 375 472 27500 - 430-fold
endo BCN 370 455 20000 - 440-fold
1d axial TCO-OH 371 485 8500 - 1050-fold
endo BCN 371 480 11500 0.15 500-fold
1e axial TCO-OH 370 485 23000 - 3300-fold
endo BCN 372 475 22000 - 3400-fold
1f axial TCO-OH 374 483 16000 - 2900-fold
endo BCN 376 472 21000 0.67 3100-fold
19 axial TCO-OH 363 483 18000 - 2300-fold
endo BCN 365 479 20000 0.57 4200-fold
1h axial TCO-OH 370 475 13000 - 2200-fold
endo BCN 382 473 15500 - 2500-fold
1i axial TCO-OH 375 482 16000 - 190-fold
endo BCN 367 471 8600 - 2100-fold
1j axial TCO-OH 398 481 12000 - 2700-fold
endo BCN 397 463 15000 0.22 5000-fold
1k axial TCO-OH 350 461 6000 - 40-fold
endo BCN 348 453 7000 - 115-fold
11 axial TCO-OH 340 460 3100 - 70-fold
endo BCN 352 451 10500 0.38 550-fold
Tm axial TCO-OH 355 459 29500 - 240-fold
endo BCN 355 461 20000 - 370-fold
n axial TCO-OH 352 457 18000 - 125-fold
endo BCN 350 452 25000 0.58 950-fold
10 axial TCO-OH 351 458 21000 - 75-fold
endo BCN 351 456 22500 - 280-fold
1p axial TCO-OH 350 459 18500 - 140-fold
endo BCN 350 458 17500 - 490-fold
1q axial TCO-OH 353 457 25500 - 190-fold
endo BCN 353 457 22000 - 900-fold
[a] determined in PBS buffer (pH 7.4) except for 1a, b, ¢ and 1i where 5%DMSO in PBS was used instead. [b] at 370 nm in PBS. [c] determined using
370 nm excitation in PBS and using quinine sulfate in H,SO, (0.5 M, F=0.55) as the standard.

cially with the axial TCO. The latter compounds also have blue-
shifted absorption maxima centered around 350 nm, while the
azetidine-substituted coumarins have absorption maxima at
around 370 nm (Table 1, Figure S4). We would like to point out
that the two N,N-dimethylpiperazin-1-ium-substituted deriva-
tives (1n and 10) decompose over time in the solid state as
well as in solution (Figure S6). Although we could synthesize,
isolate and purify the compounds for the fluorescence light-up
measurements, from a practical standpoint, these derivatives
were omitted from further experiments.

In a recent study,"® we demonstrated that the attachment
of pyridinium moiety to 1,2,4-triazines can yield fluorogenic
compounds having interesting properties. Among other, the
compounds were better water soluble and showed organelle-
specific accumulation. Introduction of alkylated hetaryl sub-
stituents to coumarin fluorophores can significantly influence
their photophysical properties and was also used recently to
generate redshifted photocages."” We thought that similar
strategy could be used for the Coum-Tz probes. We have
therefore investigated the possibility to alkylate the pyridyl
moiety of compounds 1b and 1c. The alkylation was per-
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formed by using dimethylsulfate in DMF. Based on HPLC/MS
analysis, the reaction was successful. Unfortunately, the result-
ing compounds were unstable and could not be practically
handled.

In an effort to further extend the structural space of the
Coum-Tz compounds, we have also introduced thiophene
moiety as the spacer between the coumarin and the tetrazine
core (1r). Although the synthesis of this derivative was more
complicated when compared to other compounds, we could
isolate the compound in reasonable yield (see Supporting In-
formation). However, we did not observe any light-up proper-
ties of 1r with the TCO or BCN dienophiles and therefore, we
did not include this compound in further studies.

During fluorescence spectra acquisition, we unexpectedly
observed significant decrease in the signal intensity for many
of the tetrazine derivatives with the axial TCO at later time
points (Figure S5). This was especially apparent for compounds
containing the alkyl substituents. We showed in several earlier
studies that the dihydropyridazine isomers (1,4 vs. 4,5) formed
in the reaction of tetrazines with different TCOs can be utilized
for the formation of fluorophores and that the photophysical

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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properties of the dyes depend on the structure of the dihydro-
pyridazine core.*®? The axial TCO-OH that we used in this
study is able to intramolecularly promote tautomerization of
the initially formed 4,5-dihydropyridazine to the respective 1,4-
dihydropyridazine. The rate of tautomerization depends on the
structure of the tetrazine as well as on the reaction conditions.
This has been nicely demonstrated by the ability of structurally
different tetrazines to promote the click-to-release reaction, in
which the tautomerization plays an essential role."®

One possible explanation for the observed decrease in the
signal intensity is that the tautomerization of the dihydropyri-
dazine intermediate affects the fluorescence of the coumarin
dyes. To validate this hypothesis, we followed the reaction
progress by monitoring changes in the fluorescent signal over
2 hours. We used lower excess of the dienophile in this case to
ensure convenient monitoring of the otherwise fast reaction.
To suppress possible tautomerization of the dihydropyridazine
intermediates promoted by the free hydroxyl group of the
axial TCO-OH, we used another TCO derivative that incorpo-
rates axial TCO attached to a short PEG; moiety (TCO-PEG)
through a carbamate linker. These experiments revealed that
after initial increase in the fluorescence, the signal intensity of
the click products formed with the TCO-PEG dienophile de-
creases considerably (Figure 2 and Figure S5).

The only exceptions were compounds 1a-d, which showed
no or only a slight decrease in the signal intensity. Under the
same reaction conditions, all tetrazines showed an increase in
the fluorescence signal with the BCN which remains constant
over the time course (Figure 2 and Figure S5). Although these
experiments did not afford a clear explanation how and why
the signal intensity decreases with the TCO, they do demon-
strate that the structure of the central dihydropyridazine core
plays an important role in defining the photophysical proper-
ties of the dyes.

Previous studies have shown that incorporation of the azeti-
dine moiety into the structure of various dyes can significantly
improve their fluorescence quantum yield (®)."" The N,N-di-
methylpiperazin-1-ium moiety was used for similar purposes.””
In line with these studies, one of our goals was to investigate
the influence of these moieties on the @ of the fluorogenic

—1c %O HMOI)'\/NHZ
—f T :

Coum-Tz probes.” We determined the @ for several dyes

formed in reaction of these probes with the BCN dienophile. It
is important to note that similar experiments with the TCO di-
enophile are basically impossible as the fluorescence of these
dyes is changing in time (Figure S5). By using quinine sulfate
as the reference standard,”” we could confirm improved @ in
several cases (Table 1). For example, by comparing the @ value
of compounds 1j with that of 1f and 1g it is obvious that the
introduction of the azetidine moiety leads to a ca. 3-fold in-
crease in the fluorescence quantum yield in favor of the latter
compounds. Similarly, alkylation of methylpiperazine 11 yields
compound 1n having 1.5-fold higher @ value. These data
clearly show that the azetidine- and N,N-dimethylpiperazin-1-
ium-substituted coumarins are preferable in this regard.

The prevailing explanation of the quantum-yield enhance-
ment is based on the expectation that the azetidine or dime-
thylpiperazinium substituents suppress the formation of twist-
ed intramolecular charge transfer (TICT) upon photoexcita-
tion.?®®23 The TICT form relaxes without emission of a photon,
which leads to non-radiative decay of the photoexcited state
and lower @. In the TICT form, the electron-donating moiety
(e.g., the azetidine ring) is in a nearly perpendicular arrange-
ment with respect to the planar fluorophore skeleton. This ar-
rangement leads to the formation of a charge-separated spe-
cies. However, an alternative explanation of the increase of
quantum vyields of azetidinyl-substituted coumarins was pro-
posed recently.?” It was shown that hydrogen bonding with
solvent water molecules was the prominent deactivation path-
way, which was inhibited by the substitution with an azetidinyl
ring.

DFT calculations

In an attempt to explain the observed @ enhancement for the
Coum-Tz derivatives and to confirm/disprove the participation
of the TICT form, we performed a computational study at the
density functional theory (DFT) level. First, we performed ge-
ometry optimization of the ground-state structures and a po-
tential-energy scan corresponding to the rotation of the azeti-
dinyl and piperazinyl substituent. The C—N bond lengths be-
tween the coumarin skeleton and the substituent and the esti-
mated barriers of rotation around the C—N bond are almost
identical for both the TCO and BCN derivatives (Table 2). The

axial TCO-PEG endo BCN maxima on the potential-energy scan always correspond to a
g 10 g 10 perpendicular arrangement of the nitrogen-containing ring
= S and the coumarin plane. Then, the same geometry optimiza-
O 08 O 08
3 ] tion and potential-energy scan were performed for first excited
S os S os
= =
B os B o4
N
= 02 % 02 Table 2. The calculated C—N bond lengths (A) and rotational barriers
g g : (kcalmol ") around the C—N bond estimated from the potential-energy
Z o0 . . . . = - Z 00 T T . T T , scan.

20 40 60 80 100 120 20 40 60 80 100 120
Time (min) Time (min)
Ground state d(C—N) AE Excited state d(C—N) AE

Figure 2. Example of the experiment showing changes in the fluorescence BCN-azet 1372 9.1 BCN-azet 1375 79
signal for reaction of tetrazines 1c¢ and 1 f with the TCO-PEG and BCN dieno- BCN-pip-neut 1399 74 BCN-pip-neut 1.398 37
philes. Normalized fluorescence is shown. See Figure S5 for the rest of tetra- BCN-pip-ion 1.431 10 BCN-pip-ion 1431 09
zines. i i ) )
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states of the molecules and the results are similar to those for
the ground states. Structures with perpendicular arrangement
of the azetidinyl/piperazinyl ring, that is, those corresponding
to the TICT states, have always the highest energy in the po-
tential-energy scan.

In a very recent computational study, the importance of the
solvation model for accurate computations of TICT forms has
been pointed out.” Therefore, we re-optimized the tentative
TICT structures with a SMD model used for implicit water solva-
tion. However, these geometry optimizations always led to
structures close to the ground-state structures with minimal
energy, that is, the TICT structures are not stable.

In summary, our computational study did not confirm the
existence of the TICT structures in the coumarin derivatives.
Therefore, the participation of intermolecular hydrogen bonds
on the non-radiative deactivation pathway seems to be more
probable.

Cellular imaging experiments

Encouraged by the excellent turn-on properties of the Coum-
Tz probes, we aimed to investigate their suitability for cellular
imaging experiments. With the goal of identifying the best
performing derivatives, we first carried out a series of preselec-
tion experiments. We modified fixed and permeabilized retinal
pigment epithelium (RPE) cells with axial TCO-PEG; or endo
BCN-PEG; N-hydroxysuccinimide esters to introduce the dieno-
philes onto cells. After the reaction with a pool of thirteen tet-
razines, we analyzed the click-modified cells by fluorescence-
activated cell sorting (FACS) (Figure 3, Figure S9).

As expected, all tetrazines showed significant shift in the
fluorescence intensity after the click reaction, which is in good
agreement with the light-up experiments performed before in
the cuvette. We could also confirm higher turn-on ratios in the
reaction of the tetrazines with the BCN dienophile-modified
cells. Importantly, the fluorescent signal in cells treated only
with the Coum-Tz probes without modification with the dieno-
phile was significantly reduced. For practical reasons, these ex-
periments were performed without extra purification steps of
the coumarin probes.

To further evaluate our probes for application in cell imaging
we prepared TCO- and BCN-containing wheat germ agglutinin
(WGA) conjugates (Supporting Information). WGA is a lectin
that binds N-acetyl-3-p-glucosamine residues present on the
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endo BCN-PEGG-NHS 1a 1b 1c 1d 1e 1f 1g 1h 1i 1j 1m 1p 1q

Figure 3. Results from FACS analysis of RPE cells modified with TCO or BCN
dienophiles followed by fluorogenic labeling using the indicated Coum-Tz
probes. Excitation 405 nm, Emission 525 450 nm.
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cell-surface glycoconjugates. In this experiment, fixed and per-
meabilized cells were incubated with the dienophile-modified
WGA and were subsequently treated with the same pool of
Coum-Tz compounds to initiate the fluorogenic reaction. As in
the previous case, the cells were analyzed by FACS to enable a
quantitative comparison (Figure 4, Figure S9).

O
%

4000 [l vith TCO
I vith BN

O%g Cells

1a-1q

Median fluorescence

BCN-WGA

1a 1b 1c 1d 1e 1f 1g 1h 1i 1j 1m 1p 1q

Figure 4. Results from FACS analysis of U20S cells treated with TCO- or BCN-
containing WGA followed by fluorogenic labeling using the indicated Coum-
Tz probes. WGA structure was created from the available crystal structure of
the protein (PDB TWGT). Excitation: 405 nm; Emission: 525+ 50 nm.

In addition, we performed the same experiment on live cells
and inspected the cells on a confocal scanning microscope to
verify the cellular localization of the click products (Figure S10).
These experiments confirmed successful click labeling of the
cell surface. However, we noticed significant differences in per-
formance of the individual tetrazines in this case. Surprisingly,
compound 1a gave the best turn-on response in this experi-
ment as was obvious from both FACS analysis and from the
confocal scanning microscope images. In addition, the TCO-
modified WGA-labeled cells were more fluorescent when com-
pared to the BCN-WGA treated cells, which is contrary to our
results obtained in the cuvette. The majority of the tetrazine
probes showing excellent turn-on values in all previous experi-
ments gave relatively weak staining in this case.

One possible reason for these observations can be in that
the tetrazines react with the dienophile at different rates.
Therefore, we determined the second order rate constant of
the reaction of tetrazines 1a, ¢, d, f and 1g with BCN (Fig-
ure S7). Indeed, these measurements confirmed that tetrazine
1a is about 45 times more reactive when compared to for ex-
ample, tetrazine 1f (k,=1400+60M 's ™' vs. 294+ 1Tm 's™' at
37°C in PBS). It is known that tetrazines react in most cases
with the TCO more rapidly when compared to the BCN.*®
Therefore, the fact that the fluorogenic reaction on the cells
with the TCO-modified WGA gave in all cases better signal fur-
ther highlights the importance of reaction kinetics in the ex-
periment. On the other hand, tetrazine 1d is the most reactive
among the series (k,=4000+400m 's ') indicating that there
are possibly other factors which influence the fluorogenic reac-
tion when performed in/on cells.?” For example, the lipophilic-
ity and with that associated better cell permeability can be im-
portant (Table S2).

The above experiments were mainly carried out on fixed
and permeabilized cells and served as a guide for preselection

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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of the best performing tetrazines. The main advantage of bio-
orthogonal probes is in their compatibility with live systems.
We therefore turned our attention to live cell imaging and per-
formed a series of experiments with compounds 1a, ¢, d and
1f. We chose two types of probes to evaluate the tetrazines in
different cellular compartments. First, we prepared a TCO- and
BCN-functionalized, microtubule-binding anticancer agent do-
cetaxel (TCO-docetaxel and BCN-docetaxel, see Supporting In-
formation for the synthesis) and second, we attached the TCO
or BCN to triphenylphosphonium moiety, which is able to
transport the compounds to mitochondria.”

To compare the four tetrazines, we incubated live Hela cells
with a 1 um TPP-TCO, TPP-BCN or TCO-docetaxel and BCN-do-
cetaxel and added 1 um solution of freshly purified tetrazines
1a, ¢, d and 1f. As a control, the cells were treated with the
tetrazines in the absence of the dienophile-containing com-
pounds. The cells were then imaged on confocal scanning mi-
croscope. As observed in experiment with WGA-modified cells,
compounds 1a and 1c outperformed in labeling the other
two tetrazines. Importantly, there was no background signal in
control cells treated with the tetrazines alone, confirming the
excellent turn-on properties of the fluorogenic probes. No ad-
ditional washing steps after tetrazine addition were required
(Figure 5).

This experiment shows that 1c yields brighter signal than
does 1a in combination with TPP-BCN. However, the latter
compound is better on average and showed superior labeling
in all cases including the WGA labeling experiment. The only
exception was docetaxel-BCN, where no labeling with any of

1a 1c 1d 1f

Tetrazine_only

TPP_BCN

TPP_TCO

Docetaxel_BCN

Docetaxel_TCO

Figure 5. Confocal microscope images showing comparison of four tetra-
zines (cyan color) in live cell fluorogenic labeling using the mitochondrion-
selective TPP probes and microtubule-binding docetaxel. All compounds
were used at 1 um concentration. DRAQ5 was used for nuclear staining.
Scale bar 10 pm. Excitation (coumarin): 405 nm; emission: 438-499 nm; exci-
tation (DRAQS5): 633 nm; emission: 639-691 nm.

Chem. Eur. J. 2020, 26, 9945 - 9953 www.chemeurj.org

9951

the four tetrazines was observed under these experimental
conditions. It seems that certain Coum-Tz structures may have
preference for particular cellular compartment and/or form
brighter dyes in combination with particular dienophile in the
cells within this compartment (Figure S11). Steric reasons can
also play an important role (e.g., shielding of the dienophile
when docetaxel binds to microtubules).

To better understand the difference in labeling efficiency of
tetrazines 1a and 1f, we added to cells incubated with the
TCO-TPP the latter compound at various concentrations. As
can be seen from Figure 6, even 25 pum concentration of 1 f did
not yield better labeling signal. These experiments demon-
strate that even though compound 1a does not light-up as
strongly as does compound 1f (Table 1), it outperforms the
latter compound significantly in cellular experiments. It is im-
portant to note that the observed decay in the fluorescent
signal (Figure 2, Figure S5) of the click product in this case is
not responsible for the observed lower signal intensity. The ex-
periment was performed on a time scale where this effect is
not pronounced and the signal in 1f treated cells was stable
during the experiment.

Thrilled by the superior performance of compound 1a we
next performed a series of experiments in two additional cell
lines. The live cells were first treated with 1 um TPP-TCO or do-
cetaxel-TCO. They were washed to remove excess of the com-
pounds and were then incubated with 1T um 1a. We observed
formation of a specific fluorescent signal in all cell lines. As in
all previous cases, there was no background signal in cells
treated only with 1a, and no additional washing steps were re-
quired after tetrazine addition, thus demonstrating excellent
turn-on properties of the compound (Figure 7).

To demonstrate the efficiency of the compound for live cell
labeling application we next performed a series of time-lapse
experiments. We added tetrazine 1a to cells pre-treated with
the TPP-TCO compound, docetaxel-TCO or WGA-TCO directly
under the microscope. Clear fluorescent signal developed in
the cells within tens of seconds and remained stable thereafter
(Supporting Videos 1-3). These experiments clearly show the
superior performance of the compound and highlight its high
reactivity and excellent turn-on properties in cellular imaging
experiments.

1f (1uM)
Figure 6. Comparison of cell labeling using 1 um 1a and different concentra-
tions of compound 1 f in live Hela cells. TCO-TPP was added at 1 pm final
concentration. DRAQ5 was used for nuclear staining. Scale bar 10 um. Excita-

tion (coumarin): 405 nm; emission: 438-499 nm; excitation (DRAQ5):
633 nm; emission: 639-691 nm.

F (10uM)  1f (25uM)

1a (1uM)

TPP_TCO %

control
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1a in HelLa cells

docetaxel_TCO » TPP_TCO

control

1a in U20S cells

docetaxel_TCO

TPP_TCO control

1a in A549 cells

. ‘

docetaxel_TCO TPP_TCO

control

Figure 7. Images from confocal scanning microscope showing live cell no-
wash fluorogenic labeling using coumarin-tetrazine 1a in different cell lines.
The cells were first treated with 1 um docetaxel-TCO or TPP-TCO and then
with T um 1a. DRAQ5 was used for nuclear staining. Scale bar 10 um. Excita-
tion (coumarin): 405 nm; emission: 438-499 nm; excitation (DRAQ5):

633 nm; emission: 639-691 nm.

Conclusions

In summary, we have systematically studied the photophysical
properties of a series of seventeen coumarin-tetrazine probes
that light-up and produce fluorophores upon reaction with
TCO- and BCN-containing molecules. Our study shows that the
attachment of azetidine or N,N-dimethylpiperazine moiety to
the coumarin scaffold yields compounds with improved fluo-
rescence quantum vyield. Our computational study could not
confirm the TICT as the main mechanism responsible for this
enhancement. The fluorescence turn-on properties of the
probes are in general excellent, but depend on the substitu-
ents attached to the tetrazine core. Our labeling experiments
revealed several probes having excellent properties for applica-
tion in bioimaging. Among these, dye comprising of an azeti-
dine coumarin connected through a pyridyl linker to 6-pyrimi-
dine-substituted tetrazine (1a) was identified as the most ver-
satile probe that repeatedly showed superior labeling efficien-
cy in live cells. Although the origin of this excellent per-
formance is not completely clear at the moment, we speculate
that it is a combination of good reaction kinetics and cell per-
meability which makes the compound so unique. The informa-
tion provided in this study could serve as a valuable guideline
for the future development of fluorescence turn-on probes
based on the coumarin scaffold. Importantly, it also demon-
strates that a high fluorescence turn-on ratio is not the only
measure of good quality probes, but that other factors must
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be considered when designing fluorogenic bioorthogonal
probes for bioimaging applications.
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