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ABSTRACT: The development of reagents that can selectively react in complex biological media is an important challenge.
Here we show that N1-alkylation of 1,2,4-triazines yields the corresponding triazinium salts, which are three orders of
magnitude more reactive in reactions with strained alkynes than the parent 1,2,4-triazines. This powerful bioorthogonal
ligation enables efficient modification of peptides and proteins. The positively charged N1-alkyl triazinium salts exhibit fa-
vorable cell permeability, which makes them superior for intracellular fluorescent labeling applications when compared to
analogous 1,2,4,5-tetrazines. Due to their high reactivity, stability, accessibility and improved water solubility, the new ionic

heterodienes represent a valuable addition to the repertoire of existing modern bioorthogonal reagents.

INTRODUCTION

Chemical reactions compatible with biological systems
have numerous applications. They are employed in the
modification of biopolymers,!-3 the visualization of small
molecules and biomolecules inside cells*> and also in bio-
medicine.®7 To proceed efficiently and selectively, the rea-
gents involved in these reactions must be sufficiently reac-
tive and stable in biological media. In recent decades, nu-
merous biocompatible reagents and reactions have been
developed.8-1© Among these, various strain-driven cycload-
ditions have become popular for their ability to proceed
cleanly and selectively (even in a crowded biological envi-
ronment) without the need for an additional catalyst. For
example, the strain-promoted azide-alkyne cycloaddition
(SPAAC)'1-12 and its variations employing other dipoles!3-15
have found application in a wide range of fields. Another
popular cycloaddition is the inverse electron-demand
Diels-Alder reaction (IEDDA) of 1,2,4,5-tetrazines with
strained dienophiles.1¢-18 Although a number of strained
olefins have been developed as reaction partners in
IEDDA,1%-23 there are far fewer examples of dienes that can
be used in this reaction. Besides 1,2,4,5-tetrazines, deriva-
tives of 1,2,4-triazines have been developed as more stable
alternatives.?+26 However, the improved stability of tria-
zines is associated with reduced reaction rates.

Due to the inverse electron demand characteristic of
IEDDA, the attachment of electron-withdrawing substitu-
ents to the heterocyclic core enhances the reactivity of the
dienes in the cycloaddition. This strategy has been success-
fully utilized to improve the reactivity of both, 1,2,4-
triazines?* 27 and 1,2,4,5-tetrazines.?® However, especially

for tetrazines, these modifications also increase the sus-
ceptibility to nucleophilic attack at the electron-deficient
positions 3- and 6-, which can lead to their degradation in
biological media.?® Therefore, there is a growing demand
for new strategies that increase the reactivity of
bioorthogonal reagents without reducing their stability.
Recently, a distortion caused by a repulsive N-O interac-
tion of vinyl ether-substituted tetrazines was described as
a strategy to increase their reactivity without impeding
their stability.3° Another elegant solution for generating
highly reactive tetrazines is based on light-triggered pho-
toactivation of stable dihydrotetrazine precursors.3!-32
More recently, dihydrotetrazines modified with photocag-
ing groups as precursors to 1,2,4,5-tetrazines have been
proposed (Figure 1).33 In spite of these advances, the de-
velopment of highly reactive and at the same time stable
bioorthogonal reagents remains challenging. Moreover,
similar strategies for 1,2,4-triazines have yet to emerge.
Two other important parameters, especially for intracel-
lular application of bioorthogonal reactions, are the solu-
bility and cell permeability of the reagents. Water solubili-
ty is typically enhanced by the attachment of polyethylene
glycol (PEG) linkers of various length to molecules. How-
ever, this increases the molecular weight of the com-
pounds, which can influence their (bio)distribution, im-
pede their ability to cross cell membranes and even cause
an immune reaction.?* An alternative strategy involves the
modification of molecules by charged moieties, such as
sulfo groups. Indeed, a number of commercial tetrazine
derivatives contain sulfo groups, e.g. sulfonated dyes.
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Figure 1. Previous and new strategies for improving the reactivity
and stability of heterodienes in bioorthogonal reactions.

However, these effectively render compounds cell-
impermeable, which limits their use mainly to fixed and
permeabilized cells. By contrast, the introduction of posi-
tive charge(s), which can significantly enhance the water
solubility and cell permeability of molecules,?5 is much less
common. Previously, we demonstrated that the attachment
of a charged pyridinium moiety to 1,2,4-triazines yields a
notable group of water-soluble, cell-permeable compounds
with enhanced applicability in bioconjugations.?” More
recently, we extended this approach to positively-charged
mitochondriotropic tetrazines, which can activate trans-
cyclooctene-caged prodrugs in an organelle-specific man-
ner.3¢ These examples indicate that positively charged
groups can endow molecules with advantageous proper-
ties. Yet, in the context of bioorthogonal reagents, these
effects remain largely unexplored.

In this work, we show that selective alkylation of 1,2,4-
triazines at nitrogen N1 yields the corresponding N1-alkyl
triazinium salts (Trz*s), which are not only stable under
biological conditions, but also highly reactive in reaction
with strained alkynes. In addition, the compounds have
improved water solubility while displaying high cell-
permeability (Figure 1). A head-to-head comparison of the
triazinium salts with the popular 1,2,4,5-tetrazines shows
that the new reagents outperform the latter compounds in
intracellular labeling experiments. As we demonstrate in
several examples, these features make Trz*s expedient
bioorthogonal reagents in a wide range of applications,
from selective peptide and protein labeling to cellular im-

aging.

RESULTS AND DISCUSSION
We and others have previously used triazinium salts as
precursors to the corresponding triazinium ylides, which

are formed in situ under basic conditions. These dipoles
react in 1,3-dipolar cycloadditions with electron poor dipo-
larophiles to yield pyrrolotriazines.37-38 Alternatively, an
intramolecular cycloaddition of triazinium salts leading to
substituted pyridines has been described.3® In this context,
we sought to exploit triazinium salts as chemoselective
reaction partners in bioorthogonal cycloadditions with
strained dienophiles. To this end, we carried out a reaction
of N1-methyl-3,5-diphenyl triazinium (Trz*1) with endo-
bicyclo[6.1.0]non-4-yn-9-ylmethanol (endo-BCN) (Figure
2A). Upon mixing the reagents, we observed a clean con-
version to the corresponding pyridine cycloadduct 1 with-
in a couple of minutes (Figure 2B). Compared with the
non-alkylated 3,5-diphenyl-1,2,4-triazine (Trz1), the reac-
tion of Trz*1 with endo-BCN was three orders of magni-
tude faster (k2 = 0.021 M-! s't and 20 M s'1, respectively).
This result shows that alkylation of the triazine heterocy-
cle at nitrogen N1 induces a dramatic increase in reactivity.
Notably, alkylation of 3,6-diphenyl-1,2,4,5-tetrazine
(diPhTz) under the same conditions was unsuccessful,
resulting only in the isolation of the corresponding re-
duced dihydrotetrazine. By contrast, alkylation of 3,6-
diphenyl-1,2,4-triazine was successful, despite the ensuing
click ligation with endo-BCN generating a complex mixture
of products (SI).
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Figure 2. (A) Methylation of 3,5-diphenyl-1,2,4-triazine produces
N1-methyl-1,2,4-triazinium salt that efficiently reacts with
strained endo-BCN alkyne. (B) HPLC chromatograms show clean
conversion of Trz*1 in reaction with endo-BCN giving rise to the
corresponding cycloaddition product.

To understand the basis for the increased reactivity of
3,5-disubstituted N1-alkyl triazinium salts, we performed a
computational study at the density-functional-theory
(DFT) level. We found transition-state (TS) structures for
the IEDDA reaction of endo-BCN with Trzl and with
Trz*1. The relative free energy of the TS with the tria-
zinium derivative was 10 kcal mol! lower than that of the
TS with the triazine starting compound (Figure 3A), which
confirms strong preference of endo-BCN to react with the
positively charged heterodiene.

The subsequent reaction steps after formation of the cy-
cloaddition product involve either denitrogenation of the
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Figure 3. (A) The calculated (B3LYP/6-31+G(2d,p)/CPCM) relative
free energies (kcal mol?) of the reactants, transition-state struc-
tures and products of the IEDDA reaction of Trz1 and Trz*1 with
endo-BCN (the hydroxymethyl group was substituted with a me-
thyl group for simplification). (B) Proposed reaction mechanism
of the triazinium ligation.

triazine intermediate or the departure of the alkyl diazo-
nium species from the triazinium intermediate followed by
hydrolysis to give an alcohol and a nitrogen molecule (Path
A in Figure 3B). Alternatively, we speculate that hydrolysis
may precede the denitrogenation step (Path B in Figure
3B). While evolution of nitrogen gas (bubbling) during the
reaction was observed experimentally, presence of the
hydrolysis product (an alcohol) was confirmed by NMR
spectroscopy (Figure S2 in the SI). Computational analysis
of the reactions following the formation of the IEDDA
product showed both to be low-barrier processes (SI).
Therefore, we could not unambiguously rule out or con-
firm any of the routes.

Based on these preliminary data, we next investigated
how the different alkyl groups would affect the reactivity,
solubility, and stability of the triazinium ions. Methylated
and ethylated derivatives are synthetically accessible via
alkylation by commercial methyl- and ethyl-
trifluoromethanesulfonates.3® For preparation of iso-

propyl (iPr) and tert-butyl (¢Bu) analogs, we generated the
corresponding triflates in situ from the respective alcohols
and triflic acid anhydride in the presence of pyridine (SI).

Second order rate constants for all derivatives were de-
termined in a CH3CN/H20 (1:1) mixture at room tempera-
ture using an excess of endo-BCN. These measurements
showed that the reactivity decreased, while the size of the
alkyl substituent in the series Me vs Et vs iPr increased
(Figure 4A and Table S6 in the SI). Surprisingly, Trz*4 con-
taining the bulky tBu group was found to be most reactive.
Since it is also the most lipophilic derivative, the increase
in reactivity may be attributed, at least in part, to the in-
creased hydrophobicity effect.*0 Interestingly, all tria-
zinium salts proved more reactive than diPhTz in reaction
with endo-BCN. This was also confirmed in a competition
experiment, where an equimolar amount of Trz*4 and
diPhTz was treated with one equivalent of endo-BCN. This
experiment revealed that 3.4-times more of the triazinium
click product was formed in the reaction mixture (Figure
$13 in the SI).
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Figure 4. (A) Second-order rate constants (in Mt s1) for the reac-
tions of diPhTz, diPhTrz, and differently alkylated triazinium salts
with endo-BCN determined in a CH3CN/H,O (1:1) mixture at
room temperature; experimentally determined logP values are
also given. This logP value was calculated using StarDrop soft-
ware due to very low solubility in the water/octanol mixture. (B)
Stability of differently alkylated triaziniums in PBS at 37 °C and
stability of Trz*4 in the plasma and microsomes of humans or
mice.

The logP values increased with the steric bulk of the alkyl
group, but fell well below those of the corresponding
diPhTrz or diPhTz (Figure 4A). These data confirm the
enhanced water solubility of the triazinium compounds.
Further calculated and experimental logP values can be
found in the SIL

During initial experiments, we noted that the solvent had
a significant effect on the stability of the compounds. While
all derivatives were stable for 4 hours in water (Figure S15
in the SI), Me-, Et-, and iPr-substituted triaziniums partially
decomposed over the course of 4 hours in phosphate-
buffered saline (PBS) when incubated at 37 °C (Figure 4B).
The only exception was the tBu analog, which was perfect-
ly stable even in PBS. In fact, ca. 80% and 70% of Trz*4
remained intact even in full cell growth medium (Dulbec-



co’s Modified Eagle Medium (DMEM) containing 10% fetal
bovine serum) when incubated at 37 °C for 24 and 48
hours, respectively (Figure S17 in the SI). Additional plas-
ma and microsomal stability (human and mouse) meas-
urements corroborated the superior stability of the com-
pound (Figure 4B). Together, these data clearly indicate
that t-butylated triazinium salts are the most suitable
compounds for further study.

Our initial t-butylation procedure used for preparing
Trz+*4 based on alkylation of diPhTrz by in situ-generated
tBu-triflate proved poorly reproducible. To ensure syn-
thetic access to the compounds, we optimized this crucial
step by investigating a number of reaction conditions and
different alkylating agents (SI). This led to the identifica-
tion of isobutene, which in the presence of triflic acid in
DCM, led to clean and regioselective alkylation at nitrogen
N1 in a 95% yield (Figure 5A). Importantly, when the al-
kylation reaction was successfully performed on a larger
scale (2.5 g), the product was still isolated in an 80% yield
(SD.

After successfully establishing synthetic access to the
compounds, we next studied the effect of different counter-
ions on the solubility of di-phenyl-substituted t-butylated
triazinium salts. Solubility in PBS at pH=7.4 was around 90
puM and is similar for CF3S03-, CF3COO- and Cl- counterions
despite the different logP values of the triazinium salts
(Table S11 in the SI). Surprisingly, we observed differences
in the reactivity of triaziniums bearing different counteri-
ons, of which the Trz*4 (CFsS0s-) salt was the most reac-
tive (Table S7 in the SI).

Using the optimized alkylation procedure, we prepared a
small series of Trz*s bearing electron-withdrawing or -
donating groups (Trz+*5 - Trz*8) at positions 3 or 5 of the
phenyl ring to investigate the influence of substituents on
the click reaction rate with endo-BCN (Figure 5A and 5B).
As expected, introducing an electron donating methoxy-
phenyl group (Trz*5) at position 5 resulted in deceleration
relative to diphenyl-substituted Trz*4 (57 M1 s'1vs 100 M-
1 s-1). By contrast, the presence of an electron-withdrawing
CFs-phenyl group at the same position increased the reac-
tivity of Trz*6 (127 M s1). Surprisingly, modification of
the phenyl ring at position 3 by electronically different
substituents decreased the reactivity and yielded rate con-
stants of 52 M1 st and 64 M s for Trz*7 and Trz*8, re-
spectively.

To test the potential for Trz*s to be used in combination
with other dienophiles, we measured the reaction kinetics
of Trz*4 with exo-BCN isomer, the less strained cyclooct-
2-yn-1-o0l (SCO) and dibenzocyclooctyne acid (DBCO-acid)
(Figure 5C). The difference in reactivity between the two
BCN isomers with Trz*4 was small (100 M1 s'1vs 108 M-!
s1). In contrast, SCO reacted two orders of magnitude
slower (2 M-! s'1), which is in the range of reactivity exhib-
ited by, e.g., tetrazines with norbornenes.?? Interestingly,
we isolated a single regioisomer from the reaction of SCO
with Trz*4. This offers the possibility of preparing defined
ligation products using this dienophile. On the other hand,
we did not observe any reaction of Trz*4 with DBCO-acid.
This might be attributed to increased steric demand in the
transition state, as in the case of 1,2,4,5-tetrazines.*! Inves-
tigation of other dienophiles as reaction partners in the
triazinium ligation, such as derivatives of norbornenes,
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Figure 5. (A) Optimized t-butylation of 1,2,4-triazines using isobu-
tene and triflic acid was used for the synthesis of a series of tria-
zinium triflates (yields of isolated compounds are shown). (B)
Graph shows second-order rate constants of reactions between
differently substituted triaziniums and endo-BCN. (C) Graph
shows second-order rate constants for reactions between Trz*4
and various dienophiles. r.t. = room temperature, NR = no reac-
tion.

cyclopropenes or trans-cyclooctenes is currently under
investigation in our lab.

Various mutually orthogonal biocompatible reactions are
becoming increasingly popular as they provide an oppor-
tunity to analyze complex biological events simultaneous-
ly.42-43 Given that Trz*4 did not react with DBCO-acid, we
decided to explore the possibility of using triazinium liga-
tion in combination with the SPAAC reaction (Figure 6). In
the first experiment, we mixed equivalent amounts of 3-
azido-coumarin (Az-Coum), Trz*4, and DBCO-acid in a
CH3CN/H20 (1:1) mixture and incubated the reagents for 1
hour at room temperature. After this time, HPLC-MS analy-
sis showed only a selective SPAAC reaction between Az-
Coum and DBCO-acid, indicating that neither azide nor
DBCO reacted with the triazinium (Figure S22 in the SI). To
explore the selectivity further, we mixed an equimolar
amount of Az-Coum and Trz*4 with one equivalent of en-
do-BCN. In this case, the azide and triazinium competed
for the strained alkyne. Due to the much higher reactivity
of endo-BCN with Trz*4 compared with the azide, HPLC-
MS recorded a signal corresponding almost exclusively to
the triazinium click ligation product as early as in 30 min
after the experiment. Only traces of the corresponding
SPAAC product arising from the reaction of Az-Coum with
endo-BCN were detected in the chromatogram (Figure S23
in the SI). Finally, we performed the experiment with all
four reagents by combining pre-mixed solutions of Az-
Coum and Trz+*4 with endo-BCN and DBCO-acid. After 30
min, HPLC-MS analysis confirmed a selective reaction of
Trz+*4 with endo-BCN and of DBCO-acid with Az-Coum.
Only traces of the SPAAC product between Az-Coum and
endo-BCN were detected (Figure 6 and S24). These data
indicate that triazinium ligation is orthogonal to the popu-
lar SPAAC reaction, making this conjugation a valuable
addition to the repertoire of mutually orthogonal biocom-
patible reactions.
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Figure 6. Mutually orthogonal click reaction experiment. An
equimolar amount of endo-BCN and DBCO-acid was combined
with an equimolar amount of Az-Coum and Trz*4 in a CH3CN/H,0
(1:1) mixture at room temperature. HPLC-MS analysis of the
crude reaction mixture performed after 30 min revealed highly
selective formation of SPAAC and triazinium click ligation prod-
ucts. Additional experiments can be found in the SI.

Labeling and modification of biomolecules are important
applications of bioconjugations. To investigate the extent
of selectivity and efficiency of the triazinium ligation when
performed on biomolecules, we first prepared a BCN-
containing peptide (BCN-peptide)** and mixed it with
Trz+*4. The reagents were incubated for 30 min in a
CH3CN/Hz20 (1:1) mixture at room temperature. The reac-
tion proceeded cleanly and selectively, and the expected
click peptide was formed in full conversion (Figure 7A and
S25 in the SI).

To study the new triazinium ligation on a protein, we
performed the reaction with ADP-ribosylation factor 1
(Arf1).45 First, the single cysteine residue of Arfl was
modified with the commercial SCO-PEGs-maleimide to
yield Arf1-SCO (SI). After gel filtration, we added Trz*4
(10 equiv.) to Arf1-SCO and incubated the mixture for 2
hours at room temperature. After that, intact protein mass
analysis of the reaction mixture revealed successful for-
mation of the click-labeled product without any traces of
the starting protein (Figure 7B). Importantly, we did not
observe any modification or side reactions in the control
experiment, where unmodified Arfl protein was incubated
under the same conditions with Trz*4 (Figure S26 in the
SI). This result indicates that the reaction depends on the
presence of the strained alkyne and that it is selective even
in the presence of other functional groups in the side
chains of amino acids. These experiments highlight the
favorable selectivity and efficiency of the triazinium liga-
tion and its application potential for labeling biomolecules.

To demonstrate that the triazinium click group can be
embedded into structurally more complex molecules, we

prepared a series of derivatives bearing various functional
moieties  (Figure 7C). These included an N-
hydroxysuccinimide (NHS) active ester (Trz*9) for modifi-
cation of amino group-containing molecules (e.g., small
molecules, peptides, or proteins), an amino group
(Trz+10) for peptide couplings, arylpropionitrile (APN) for
conjugation to cysteine residues (Trz+*11), biotin for pull-
down or western blot analysis (Trz*12), and various dye
conjugates for bioimaging applications (Trz*13 - 15). The
latter derivatives are synthetically accessible by late-stage
functionalization of Trz*9 and Trz+10 (SI).

Labeling and visualization of molecules in living cells are
among the most challenging applications of bioorthogonal
reactions.* Accordingly, we analyzed the triazinium liga-
tion in this complex environment. To compare the new
reagents with the more established 1,2,4,5-tetrazines, we
used a set of analogous compounds bearing this hetero-
diene. In the first experiment, we performed the reaction
on living cells treated with BCN-modified concanavalin A
(BCN-ConA), a lectin with high specificity for a-D-mannose
and o-D-glucose residues.*¢ In the control experiment, cells
were treated in the same manner but with unmodified
ConA. U20S osteosarcoma cancer cells pretreated with the
lectin were washed and incubated with 10 pM Trz*14 or
the analogous MeTz-AF488 for 1 hour. After washing, cells
were inspected on a confocal microscope. Under these
conditions, both reagents provided a clean labeling pattern
on the cell surface (Figure 8A and 8C and Figure S27 in the
SI). We did not observe any labeling in control experiments
when cells were pre-treated with the unmodified ConA
(Figure 8B and 8D). These data show that the new tria-
zinium ligation is comparable to the popular tetrazine liga-
tion in enabling efficient labeling of BCN-modified proteins
on living cells.

To further evaluate the triazinium reagents, we per-
formed the reaction inside living cells. In this experiment,
we used a BCN-triphenylphosphonium conjugate (BCN-
TPP), which we previously employed in intracellular fluo-
rescence turn-on labeling studies.*” The TPP moiety is
known to target small molecules to mitochondria thus en-
suring the construct remains inside the cells.*® We com-
pared the new triazinium reagents with the corresponding
tetrazines in this case as well. Living HeLa cells were treat-
ed with BCN-TPP for 10 min and subsequently washed to
remove any extracellular compound. Next, the click rea-
gents conjugated to the cell-permeable coumarin dye
(Trz*13 and MeTz-Coum) were added to the cells at a low
1 pM concentration and were incubated for 30 min. The
cells were washed and inspected on a confocal microscope.
In contrast to Trz+13, which showed clear labeling inside
the cells (Figure 8E), we did not observe any labeling with
the corresponding tetrazine reagent at this concentration.
Increasing the concentration 5-fold did not improve the
results (Figure S28 in the SI). Finally, 10 pM of MeTz-
Coum yielded weak, but visible signal inside the cells (Fig-
ure 8G). We assumed the lower reactivity of the methyl
tetrazine was responsible for the reduced intensity of the
labeling.#® Therefore, we performed the same experiment,
but this time used the corresponding coumarin probe con-
taining the more reactive H-tetrazine (HTz-Coum).
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Figure 7. Triazinium ligation was used to label (A) model peptide and (B) the protein Arfl. (C) Examples of triazinium derivatives bearing
different functional moieties useful for various synthetic and biological applications.

Surprisingly, even the use of HTz-Coum did not result in
efficient labeling in cells at 1 uM concentration (Figure S28
in the SI). However, increasing the concentration of HTz-
Coum to 5 pM and then to 10 pM led to the formation of a
visible signal inside the cells (Figure 8H). We also quanti-
fied the labeling efficiency of the individual compounds by
fluorescence-assisted cell sorting (FACS) analysis, which
confirmed the data obtained from confocal microscopy
(Figure S29 in the SI).

Perhaps surprisingly, the reactivity of bioorthogonal rea-
gents is not the sole determinant of their performance in-
side living cells. We and others have observed that cell
permeability and stability of compounds are equally im-
portant parameters.5->2 To explain the enhanced intracel-
lular labeling observed for the triazinium salt, we incubat-
ed cells with all three compounds: Trz+*13, MeTz-Coum
and HTz-Coum. We then briefly washed the cells, and
quantified intracellular fluorescence intensity by FACS.
This analysis revealed that larger amount of the charged
triazinium was present inside the cells compared with the
tetrazines (Figure 8]). This result can be attributed to the
enhanced cell permeability of compound Trz+*13, which
differed from the respective tetrazines only in the hetero-
diene part.

We also speculated whether the potential fluorogenic
properties of the probes would contribute to the observed
differences in labeling. Based on measurements of the fluo-
rescence spectra of the coumarin-containing probes before
and after the reaction with endo-BCN all three compounds
exhibited fluorogenic properties. However, there were no
significant differences (Figure 8K). Surprisingly, we ob-
served turn-on in fluorescence even after the reaction of
Trz+13 with the dienophile, which suggests that triazinium
salts could serve as a new fluorescence quenching moiety.

To rule out the possibility that the observed enhanced
labeling was limited to the mitochondrial BCN-TPP probe,
we performed analogous experiments with BCN-PEGs-
amine.>? These results proved similar, corroborating the
higher labeling efficacy of Trz*13 at 1 pM concentration in
comparison with MeTz-Coum and HTz-Coum (Figure S30
and 31 in the SI). The increased labeling efficiency inside
living cells can be attributed mainly to the increased cellu-
lar permeability of the compounds involved. Importantly,
these new triazinium salts are not toxic under these condi-
tions at least for the four cell lines tested (Figure S36 and
Table S12 in the SI). Our experiments clearly demonstrate
the superior properties of these new triazinium probes for
intracellular labeling applications, where they outperform
even the popular tetrazines.



Cell-surface labeling

BCN-ConA +

B

Trz*14 (10 pM)

o

CN-ConA +

ConA +
Trz*14 (10 uM)

ConA +
MeTz-AF488 (10 uM) MeTz-AF438 (10 uM)

BCN-TPP +

BCN-TPP +
MeTz-Coum (10

Trz*13 (1 pM)

Intracellular labeling

BCN-TPP +
uM)

Trz*13 (1 pM)

HTz-Coum (10 uM)

/\N/\
100
f\
2 w0 ‘
o Nj:N CF,c00° j: QL\V 3 [
Z = 3 NN NN 2 e [
°© PR N Ny N N N 2 ‘
07 NH \l/ 'TE w0 i
Trz*13 MeTz-Coum HTz-Coum 5 :‘ |
| ’ )
o R ) |
A e
,?j/ Il:l / H 1[3 0 ‘03 VJA VU"
NTN . /O\[fn ® ph Fluorescence intensity
22 \/\/\/\P’
H | "Ph | ]
Trz'14 MeTz-AF488 o BCN-TPP PN . MaTz-Coum
HTz-Coum
§ ) Trz*13
7~ =5
K Trz*13 + BCN MeTz-Coum + BCN HTz-Coum + BCN
— 1400000+ 12000004
. 400000 4 . .
3 1200000 after click after click — after click
; 10000004 300000 4 200000
1
- 800000 6.5x turn on . 4x turn on p— 2.5x turn on
< 600000
.8 400000
£ "1 before
— 2000004
= ) /\ . i ———— . . . — 2
450 5'00 5'50 G‘DO 5%0 450 500 550 600 650 450 500 550 600 650
g Wavelength (nm) Wavelength (nm) Wavelength (nm) v

Figure 8. Comparison of triazinium and tetrazine ligations in bioimaging experiments. Cell surface labeling: living U20S cells were treated
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pounds.



CONCLUSIONS

In this work, we introduce a new bioorthogonal conjuga-
tion, triazinium ligation, which is based on the reaction of
N1-alkyl 1,2,4-triazinium salts with strained alkynes. The
key triazinium reagents are readily accessible via opti-
mized alkylation of 1,2,4-triazines, enabling access to de-
rivatives with tunable reaction rates. Alkylation acceler-
ates the reaction by three orders of magnitude compared
with the parent triazines. The enhanced reactivity of the
salts is caused by the lower relative free energy of the cor-
responding transition state, as revealed by DFT calcula-
tions. From among the alkylated derivatives, tert-
butylation was the modification of choice as the corre-
sponding triazinium salts proved both, highly reactive and
stable in a biological milieu. The triazinium ligation is or-
thogonal to the strain-promoted azide-alkyne cycloaddi-
tion, which should allow these two reactions to be per-
formed on a single system. We demonstrate that this new
conjugation can be used for clean and efficient modifica-
tion of biomolecules such as peptides and proteins. Ac-
cording to our comparative cell-labeling study, the in-
creased cell permeability of the positively charged tria-
zinium salts enhanced the efficiency of intracellular label-
ing compared with analogous tetrazine derivatives. Based
on the data presented here, we expect triazinium ligation
to become a valuable addition to existing bioconjugations,
and that this chemical reaction will further expand the
application potential of bioorthogonal transformations in
chemical biology and beyond.
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