This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Enabling Universal Access to Rapid and Stable Tetrazine
Bioorthogonal Probes through Triazolyl-Tetrazine Formation

Haojie Yang, Hongbao Sun, Yinghan Chen, Yayue Wang, Cheng Yang, Fang Yuan, Xiaoai Wu,
Wei Chen, Ping Yin, Yong Liang,* and Haoxing Wu*

Cite This: JACS Au 2024, 4, 2853-2861

I: I Read Online

ACCESS |

[l Metrics & More ’

Article Recommendations |

Q Supporting Information

Despite the immense potential of tetrazine bio-
orthogonal chemistry in biomedical research, the in vivo perform-
ance of tetrazine probes is challenged by the inverse correlation
between the physiological stability and reactivity of tetrazines.
Additionally, the synthesis of functionalized tetrazines is often
complex and requires specialized reagents. To overcome these
issues, we present a novel tetrazine scaffold—triazolyl-tetrazine—
that can be readily synthesized from shelf-stable ethynyl-tetrazines
and azides. Triazolyl-tetrazines exhibit improved physiological
stability along with high reactivity. We showcase the effectiveness
of this approach by creating cell-permeable probes for protein
labeling and live cell imaging, as well as efficiently producing '*F-
labeled molecular probes for positron emission tomography imaging. By utilizing the readily available pool of functionalized azides,
we envisage that this modular approach will provide universal accessibility to tetrazine bioorthogonal tools, facilitating applications in

biomedicine and materials science.
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Bioorthogonal chemistry,' * a strategy first proposed in 2000,
has revolutionized various fields, including chemical biology,
drug discovery, molecular imaging, and biomaterials. As the
applications of bioorthogonal chemistry continue to expand,
optimizing the bioorthogonality of reaction tools has become
increasingly important. Remaining challenges include optimiz-
ing the reactant structure to enhance their stability and prevent
degradation in a biological miliew;' improving the reaction
kinetics to facilitate biomedical applications at low concen-
trations;”” developing bioorthogonal “mini-tags” to avoid
interfering with normal cellular processes;® creating bioorthog-
onal cleavage reactions for selective activation or drug
release;””'* and designing bioorthogonal fluorogenic probes
for in vivo imaging."’

Achieving the optimal balance between stability and rapid
reaction kinetics of reactants is crucial for their in vivo
performance,’ but it remains highly challenging. The reactants
must remain inert to all species in the living system while
remaining highly reactive toward their bioorthogonal reaction
partners (Figure 1A). Particularly for certain in vivo biomedical
applications, the kinetic constants should be greater than 10*
M™ 57! to enable conjugation at diagnostic or therapeutic
concentrations,”'*'” while the reactants must remain stable
after tens of hours in the circulation. The inverse electron-
demand Diels—Alder (IEDDA) reaction between tetrazine and
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trans-cyclooctene (TCO) has been recognized as the most
rapid bioorthogonal reaction,'®"? demonstrating successful
applications in animal models and clinical transformative
potential.'#*>*! Various probes or theranostic agents based on
this chemistry have been developed for diverse cutting-edge
applications, including super-resolution imaging of biomole-
cules in live cells, site-specific protein multimodification or
function regulation, on-demand prodrug release, and pretar-
geted nuclear imaging and radionuclide therapy.'®'"**~°
However, the inverse correlation between the stability and
reactivity of these reactants greatly limits their bioorthogonal
performance in living systems and clinic translation.""

It has long been recognized that electron deficiency
accelerates the IEDDA reaction but can also lead to loss of
stabilityl’m’27 (Figure 1B). For instance, while monosubsti-
tuted tetrazine and pyridyl-tetrazine react extremely rapidly
with dienophiles, they degrade relatively quickly in the cellular
environment. In contrast, alkyl- and phenyl-substituted
tetrazines are usually more stable and easier to functionalize,
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Figure 1. (A) General principle of utilizing bioorthogonal reporters for in vivo bioconjugation. (B) Previous tetrazine skeletons and their
advantages and limitations. (C) Our design strategy for universal access to rapid and stable bioorthogonal probes.

but their relative sluggish in vivo reactivity makes them poorly
suited for detecting low-abundance targets. The only exception
is the vinylether tetrazines, which were reported recently by the
Fox group and which exhibited rapid kinetics bearing an
electron-donating substituent (Figure 1B).”® Subsequent
mechanistic studies by Mikula et al. revealed that intra-
molecular repulsion also plays a key role in the IEDDA
reaction kinetics in this system.”” These findings suggest that
rational design could be utilized to optimize the stability and
reactivity of tetrazines.

Another long-standing issue in tetrazine bioorthogonal
chemistry is the accessibility of functionalized tetrazine probes.
While several de novo synthetic methodologies™ > or
postmodification cross-coupling strategies™***~*° have recently
been developed to generate unsymmetrical functionalized
tetrazines, all of these synthetic approaches require extensive
synthetic skills or restricted materials, which hampers their use
in many biochemical and biomedical research centers.

To address these challenges, this study aims to develop a
new molecular design strategy for stable and reactive tetrazines
with comprehensive functional group accessibility. Our
approach involves the use of a triazolyl-tetrazine scaffold,
which we believe will provide an ideal novel skeleton (Figure
1C). The intramolecular electron-pair repulsion between
nitrogen atoms on the triazolyl and tetrazine is expected to
promote bioorthogonal kinetics. Additionally, the 1,4-triazole
substituent is a weak inductively electron-withdrawing group®”
that can enhance the physiological stability of the tetrazine, as
compared to pyridyl- or monosubstituted tetrazines. Therefore,
we also hypothesize that the modular synthesis of triazolyl-
tetrazine can be achieved through a copper-catalyzed azide—
alkyne click reaction (CuAAC) using ethynyl-tetrazine
precursors. We anticipate that this strategy will be straightfor-
ward to implement and given the wide variety of commercially
available functionalized azides, will lead to the creation of a
versatile range of tetrazine bioorthogonal probes.

To test our hypotheses, our first goal was to develop a simple
methodology for preparing ethynyl-tetrazine since only a few
reports exist describing alkynyl-tetrazines®®*” and ethynyl-
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tetrazines are unknown. To achieve this, we focused on a
recently developed 3-methylthiotetrazine®® that can be
prepared from corresponding carboxylic esters in two steps
with wide functionality tolerance. This approach allows us to
avoid the use of restrictive reagents such as anhydrous
hydrazine. We envisaged that this versatile precursor could
be used for preparing ethynyl-tetrazine through a Liebeskind—
Srogl reaction. Our initial attempt involved reacting 3-
(methylthio)-6-phenyl-1,2,4,5-tetrazine (1) as the model
substrate and tributyl(trimethylsilylethynyl)stannane as the
nucleophile, using palladium-catalysis conditions with copper
iodide. We obtained the desired TMS-protected ethynyl-
tetrazine product in a moderate yield of 52% (Supporting
Information, Table S1). After exploring different catalysts,
copper additives, and temperatures, we discovered the best
reaction conditions involved 0.2 equiv of PdCL,(PPh,), as
catalyst and 2.0 equiv of Cul, resulting in a 91% product yield
and 83% on a gram scale (Supporting Information, Table S1).
After flash column purification and deprotection of the TMS
group under slightly alkaline conditions, ethynyl-tetrazine 2a
was produced in 70% overall yield (Scheme 1). We obtained
2a as a red crystalline solid, and it remained stable for at least
150 days at 4 °C (Supporting Information, Figure S1).

This synthetic approach was determined to have a wide
substrate scope (Scheme 1). We successfully generated an
array of ethynyl-tetrazines (2b—2i) bearing different function-
alized phenyl groups or heterocycles at the 3-position in two-
step isolated yields of 48—73%. We also obtained alkyl-
substituted ethynyl-tetrazines bearing ether, ester, amide, or
amino acid “handles” in yields of 29—51% (2j—2m).

Encouraged by the aforementioned results, efforts shifted
toward utilizing click chemistry with these ethynyl-tetrazines to
generate tetrazines for use as biomedical probes (Scheme 2).
We obtained desired triazole product 3a in an isolated yield of
97% by reacting 2a with a simple azide, ethyl azidoacetate,
under well-established CuAAC conditions.””*' We adjusted
the hydrophilicity of the tetrazines through PEGylation with
functional handles (3b—3g) and obtained the tetrazine dimer
3i with a disulfide linkage in good yield so that it could be
applied for the development of cleavable materials. We also
added different functional handles to tetrazine to generate
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Scheme 1. Preparation of Ethynyl-Tetrazines and Substrate
Scope”
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molecular probes, such as a photoreactive diazirine (3h), an
ammonium salt (3j), a fluorophore with an ester (31), biotin
(3m), and a-lipoic acid (3n).

To ensure the safety of the synthesized triazolyl-tetrazines
during laboratory operations, we conducted a differential
scanning calorimetry experiment to investigate the thermal
behavior of compounds 3a and 3h, both of which are relatively
nitrogen-rich among the compounds we have developed. To
our satisfaction, we observed slow thermal decomposition,
supported by a gradual exothermic decomposition process
lasting over S min (Supporting Information, Figure $24). This
suggests the excellent safety of triazolyl-tetrazines."”*’

Having developed various functionalized triazolyl-tetrazines,
we aimed to assess the bioorthogonal performance of the
triazolyl-tetrazines in terms of their stability and reaction
kinetics. For our reference compound, we used compound 3b,
which features a commonly used benzoic acid functional
group. We then compared it against tetrazines in which the
triazolyl group was replaced with hydrogen, methyl, phenyl, or
pyridyl while maintaining the same benzoic acid substituents at
the 6-position (Figure 2A). We incubated the five compounds
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at 37 °C in Dulbecco’s modified Eagle medium (DMEM)
containing 10% fetal bovine serum (FBS) to determine their
stability. We observed rapid loss of absorption of the tetrazine
chromophore by liquid chromatography (LC)—mass spec-
trometry in the case of pyridyl- (Py-Tz) or H-tetrazine (H-
Tz), with less than 13% of the compounds remaining after 48 h
(Figure 2B). Conversely, 3b and methyl-tetrazine (Me-Tz)
showed much greater stability, with more than 92% of the
starting compounds still present after 12 h and at least 63%
present after 48 h. Similar results were obtained when we
incubated the compounds in pure FBS (Supporting
Information, Table S3 and Figure S12). Our findings indicated
that the triazolyl-tetrazines exhibit good stability under
physiological conditions against metabolic decomposition,
even after prolonged incubation.

To effectively function as bioorthogonal probes, tetrazines
must possess sufficient stability to persist in the body for a
certain period, while also displaying sufficient reactivity to
rapidly and completely undergo the desired chemistry in vivo.
We determined the second-order rate constant for the
reactions between different tetrazines and axial-TCO (4a-
TCO). The rate constant for 3b was determined as 10332 M™*
s™!, which is slower than that for pyridyl-tetrazine (Py-Tz) but
still within the same order of magnitude. Moreover, it was at
least 6-fold higher than those for phenyl- (Ph-Tz) or methyl-
tetrazine (Me-Tz) (Figure 2C). Notably, 3b reacted quite fast
for such a stable tetrazine derivative (Figure 2D), confirming
our hypothesis that rational design could avoid the
compromise between stability and reactivity that has long
hampered the biomedical application of tetrazine bioorthog-
onal chemistry. Furthermore, in the presence of a more
reactive but slightly less stable conformationally strained
dienophile (cis-dioxolane-fused TCO, d-TCO),”" the rate
constant of 3b at ambient temperature was determined as
39406 M™" 57! using stopped-flow spectrophotometry (Figure
2E).

To understand the high reactivity and good stability of
triazolyl-tetrazines (Ta-Tz), we conducted density functional
theory calculations to analyze the superiority of the triazolyl
substituent as compared to phenyl and pyridyl substituents
(Figure 3). According to the frontier molecular orbital theory,
in the IEDDA reaction, a lower lowest unoccupied molecular
orbital (LUMO) energy of the tetrazine corresponds to a
higher reaction rate.'”””** Py-Tz exhibits the lowest LUMO
level (0.46 eV), consistent with its lowest activation free-
energy barrier for the cycloaddition of Py-Tz and TCO.
However, the comparison between Ta-Tz and Ph-Tz showed
that Ta-Tz, possessing a higher vacant orbital energy (0.64
versus 0.56 eV), exhibited greater reactivity than Ph-Tz (14.6
versus 15.0 kcal mol™') due to intramolecular repulsion
(Figure 3A,B).”” To reveal the origin of the observed reactivity,
we performed distortion/interaction analysis**~** on three
transition states involving Ph-Tz, Ta-Tz, and Py-Tz. In this
analysis, the activation energy (AE¥) comprises two parts: the
distortion energy (AEg,) associated with the structural
distortion that the reactants must undergo to reach their
transition-state geometry and the interaction energy (AE,)
arising from the approach of increasingly distorted reactants.
Although the interaction energies of these three reactions were
calculated to be approximately equal, the activation energies
for Ta-Tz and Py-Tz were much lower than that in the case of
Ph-Tz, which can be attributed to their reduced distortion
energies (Figure 3C). For the most reactive Py-Tz, the total
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Scheme 2. Modular Access of Triazolyl-Tetrazine Probes with Biomedical Functionalities”
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Figure 2. Comparison of stability and reactivity of triazolyl-tetrazine 3b with other tetrazines. (A) Structures of the tetrazines and TCOs in this
stability and reactivity study. (B) The stability of the tetrazines was evaluated in DMEM containing 10% FBS at 37 °C. (C) Second-order rate
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d-TCO in PBS at 23 °C.

distortion energy is the smallest (AEg, = 17.8 kcal mol™). finding agrees with the higher reactivity of Ta-Tz than Ph-Tz
The AEy, for Ta-Tz is 19.0 kcal mol ™, which is lower by 1.7 toward TCO. Recently, the Mikula group™ explained the high
kcal mol™! than that for Ph-Tz (AEg, = 20.7 kcal mol™"). This reactivity of Py-Tz by the intramolecular repulsive N—N
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interaction between its pyridyl and tetrazine moieties. The
distinctive performance of Ta-Tz also benefits from the lower
distortion energy introduced by the N—N repulsion. As shown
in Figure 3B, in the structure of the transition state of the
cycloaddition between Ta-Tz and TCO, the labeled dihedral
angel is 60°, which is very close to that involving Py-Tz (63°).

The instability of tetrazines is usually attributed to two main
potential reactions: attack by nucleophiles*” and reduction to
2H-tetrazines.”’ As depicted in Figure 3A, the energy of the
reacting vacant orbital of Ta-Tz is 0.64 eV, which is the highest
among the three tetrazines. This means that Ta-Tz is less likely
to be attacked by nucleophiles as compared to Py-Tz. In
addition, we calculated the energetics of tetrazines to be
reduced by methanethiol. The formation of Py-Tz-2H is the
most exergonic (AG = —11.2 kcal mol™"), indicating that Py-
Tz is the most unstable tetrazine in the presence of biological
reductants. According to the computational results, Ta-Tz
(AG = —8.9 kcal mol™") is expected to be more stable than Py-
Tz. While the stabilizing N---H hydrogen bond formation is
observed in both Ta-Tz-2H and Py-Tz-2H (Figure 3D), the
distance is longer (2.36 versus 2.24 A), and the bond is much
weaker in Ta-Tz-2H due to the less basicity of the triazolyl
group (the pK, values of protonated triazole and pyridine are
1.17 and 5.23, respectively’'). Overall, our calculations explain
why the newly designed triazolyl-tetrazines exhibit high
reactivity and high stability. Compared to 2-pyridyl, a triazolyl
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group can also reduce the distortion energy by introducing N—
N repulsion, ensuring the high cycloaddition reactivity of
tetrazine. However, its weaker electron-withdrawing effect and
basicity prevent the tetrazine from being attacked by
nucleophiles and reduction to 2H-tetrazines.

To demonstrate the biomedical utility potential of this
triazolyl-tetrazine compound, several proof-of-concept experi-
ments were conducted (Figure 4). First, we assessed the
feasibility of utilizing triazolyl-tetrazine derivatives for bio-
molecular modification and bioorthogonal labeling. Com-
pound 30, which contains a BODIPY fluorophore and an
active ester, can be readily attached to bovine serum albumin
(BSA), resulting in the formation of an albumin—BODIPY
conjugate (BSA-30). Subsequently, this conjugate underwent
bioorthogonal modification with a commercial fluorescent dye,
4e-TCO-CyS, leading to the dual-labeled conjugate BSA-3o0-
CyS (Figures 4B and Supporting Information, S16).

Next, live cell labeling was performed on SKOV3 cells. Upon
administering the fluorescent probe 3p to SKOV3 cells
pretargeted with d-TCO-triphenylphosphonium conjugates
(d-TCO-TPP),”* we visualized a strong and specific
fluorescence signal inside live cells within 1 min (Figures 4C
and Supporting Information, S17A). The labeling colocalized
with the commercial dye Mito-Tracker Red (Supporting
Information, Figure S17B). These findings confirmed the cell
permeability and bioorthogonal reactivity of triazolyl-tetra-
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Figure 4. (A) Synthesis of functionalized triazolyl-tetrazines for diverse applications. *Decay-corrected radiochemical yields are indicated. (B) In-
gel fluorescence analysis upon dual labeling of a protein. Gel analysis of BSA or BSA-30 alone or modified with 4e-TCO-CyS$ for 60 min in PBS.
The upper panel shows Coomassie staining. (C) Time course imaging using probe 3p (100 nM) in live SKOV3 cells, which are pretreated with d-
TCO-TPP. Scale bar: 10 ym. (D) Imaging live SKOV3 cells using tetrazine probes 3p, Me-Tz-BODIPY, and H-Tz-BODIPY. Tetrazines were
preincubated in FBS at 37 °C for 15 h before treating cells. Cells were pretargeted by d-TCO-TPP, washed, labeled with tetrazines, and treated
with Mito-Tracker Red as a colocalization reference. Scale bar: 10 ym. (E) The HPLC and radio-HPLC chromatograms show probe 3f or '*F-3f
before (left) or after (right) reaction with d-TCO following a 2 h incubation in DMEM at 25 °C.

zines. Moreover, to investigate the balance between reactivity
and stability of triazolyl-tetrazines, we selected two commer-
cially available tetrazine-BODIPY probes, one bearing methyl
and the other hydrogen substituents, respectively, as analogues
of probe 3p for comparison (see details in Figure S18). We
incubated the three probes in FBS at 37 °C for 15 h to mimic
the extended circulation and distribution duration of
biomacromolecules in vivo. Subsequently, cells pretargeted
with d-TCO-TPP were treated with the tetrazine probes and
imaged using a confocal microscope. We observed significantly
stronger mitochondrial staining within 10 min in cells treated
with 3p, with signals 10.3-fold and 2.5-fold higher than those
from groups treated with Me-Tz-BODIPY and H-Tz-
BODIPY, respectively (Figures 4D; Supporting Information,
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S18). These results demonstrate that triazolyl-tetrazines can
maintain superb bioorthogonal reactivity under long-term
physiological challenge conditions.

Finally, we investigated the application of this method to the
synthesis of '®F-labeled tetrazines, which exhibit promisin
potential for positron emission tomography (PET) imaging."”
We envision that this click strategy could improve the
radiolabeling yield by utilizing much easier-to-synthesize '*F-
azide precursors. With '8F—Nj, ethynyl-tetrazine exhibited
excellent radiochemical conversion (up to 95%). The desired
8F-3d was isolated as a single product in 84 + 5% yield
(decay-corrected), which is improved compared with a
previous report.”* Its radiochemical purity exceeded 99% in
each of five replicates (Figure 4A; Supporting Information,
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Table S4 and Figure S19). Furthermore, we evaluated the in
vitro stability of '®F-3f. This compound was found to remain
stable in DMEM containing FBS, retaining its reactivity with d-
TCO after a 2 h incubation in this physiological milieu (Figure
4E, Supporting Information, Figure $22).

This modular click strategy also allows for fine-tuning the
hydrophilicity of the tetrazine probe, influencing its biodis-
tribution performance and potentially increasing its clinical
applicability (Figure 4A; Supporting Information, Tables S4—
S6 and Figures S19—S21). Specifically, tracers '®F-3d
(predicted log P = 1.26) and "8F-3f (predicted log P = 2.62)
were administered to mice for micro-PET/CT imaging
(Supporting Information, Figure S23). In comparison with
'8E-3f, the less hydrophobic tracer '®F-3d exhibits a more
rapid clearance rate from the liver. Radioactivity in the liver
gradually transferred to the lower digestive tract and urinary
system for 55 min postinjection, with approximately 60% of
injected radioactivity accumulating in the urinary system at the
end of the scan. The hepatic/renal ratio of "*F-3d decreased
from 1.86 at 5 min to 0.26 at 55 min, whereas the
corresponding ratio for '®F-3f remained nearly constant
around 0.80.

In summary, we have developed an approach for generating
triazolyl-tetrazines in a modular and scalable manner from a
series of shelf-stable ethynyl-tetrazines. This copper-catalyzed
click strategy enables the straightforward creation of versatile
functional tetrazine probes in most laboratory settings. The
resulting triazolyl-tetrazines exhibit both good stability and
high reactivity under physiological conditions, overcoming the
challenges of accessibility and compatibility between stability
and reactivity faced by existing tetrazine probes. As a proof of
their biomedical usefulness, our pilot studies demonstrate the
biocompatibility and permeability for live cell labeling.
Additionally, this versatile approach can be used to construct
radiolabeled bioorthogonal probes with high radiochemical
yields, also enabling the fine-tuning of pharmacokinetic
properties through structural variation of substituents and
functional groups. Our approach is easy to implement and
leverages the commercial availability of azides with substantial
substrate scope, promising access to diverse tetrazine probes
for biomedical research, materials science, and theranostics.

To a mixture of PdCL,(PPh;), (28.0 mg, 0.04 mmol, 20 mol %) and
Cul (76.2 mg, 0.4 mmol, 2.0 equiv) in 1,4-dioxane (2.0 mL) were
successively added tetrazine 1 (0.2 mmol, 1.0 equiv) and tributyl-
(trimethylsilylethynyl)stannane (147 uL, 0.4 mmol, 2.0 equiv) under
an argon atmosphere. The reaction mixture was heated at 50 °C for
12 h. After reaction completion, as monitored by thin-layer
chromatography (TLC), the reaction mixture was concentrated
under reduced pressure and the residue was subjected to silica gel
column chromatography (PE/EtOAc = 50:1 to S:1) to afford the
corresponding crude product. The crude product was dissolved in
MeOH (10 mL), and K,CO; (2.8 mg, 0.1 equiv) was added. The
mixture was stirred at room temperature for 1—5 min. After reaction
completion as monitored by TLC, the reaction was immediately
extracted with DCM (3 X 20 mL) and washed with brine. (Caution!
Dry solvent is necessary and when the reaction is completed, it needs
to be worked up immediately). The combined organic extracts were
dried with anhydrous Na,SO,, filtered, and concentrated under
reduced pressure and the residue was purified by silica gel column
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chromatography (PE/EtOAc = 50:1 to S:1) to afford the
corresponding product ethynyl-tetrazines 2.

A mixture of CuSO, (0.1 equiv), tris(3-
hydroxypropyltriazolylmethyl)amine (0.1 equiv), and sodium ascor-
bate (0.2 equiv) in 2 mL of DMF/H,O (4:1) was stirred at room
temperature for 10 min. Then, azide (10 mg, 1.0 equiv) and ethynyl-
tetrazine 2 (1.0 equiv) were added. The reaction mixture was stirred
at room temperature. After reaction completion, as monitored by
TLC, the reaction was worked up to afford the corresponding
product.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00843.
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