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ABSTRACT

Tetrazine ligation techniques have evolved into a versatile tool set for bioconjugation. Despite
their numerous applications, highly reactive tetrazines can suffer from long-term instability
and off-target reactivity, and achieving cell-specific bioconjugation remains challenging.
Tetrazine caging techniques intend to overcome these issues by achieving spatial and
temporal control over tetrazine activation from stable dihydrotetrazine derivatives. Here we
explore enzyme-initiated tetrazine uncaging, allowing for controlled release of reactive
tetrazines by enzymes overexpressed in specific cell types. Using a modular synthetic strategy,
we connected four distinct enzyme-cleavable motifs to caged tetrazine derivatives using a self-
immolative linker unit. We validated cell-specific release using penicillin G amidase (PGA),
which we genetically encoded into HEK293Ts. Cells expressing PGA were able to activate
tetrazines which subsequently reacted with a dienophile-protected doxorubicin, lowering
viability. In contrast, treatment of mammalian cells lacking PGA showed no reduction in cell
viability. Additionally, we generated enzyme-cleavable conjugates that are hydrolyzed by
enzymes commonly exploited for drug delivery in human cells, including esterases, cathepsin
B, and alkaline phosphatases. We demonstrate cell-type specific activation of tetrazines based
on the varying expression levels of alkaline phosphatases in different cell lines. Specifically, we
compared tetrazine activation in the osteosarcoma cell line SAOS-2, known for its
exceptionally high ALP expression levels, to cells that express lower levels of ALP, the
colorectal adenocarcinoma cell line HT-29 and the stromal cell line HS-5. Overall, we find that
tetrazine release from enzyme-cleavable tetrazine derivatives is dependent on the enzyme
activity present in specific cells and therefore constitutes a promising technique for cell-type
specific bioconjugation.

INTRODUCTION

Tetrazine bioconjugation is a widely used technique for applications in chemical biology that
require chemical ligation under bioorthogonal conditions such as live-cell imaging.=® Recently,
tetrazine cycloadditions have gained attention for their potential use in medicine, as reactions
can be coupled to the release of cytotoxic drugs*> and proteolysis-targeting chimeras
(PROTACs)%8.° Notably, a tetrazine-activated prodrug is currently undergoing clinical trials for
treating advanced tumors, with interim results indicating increased patient tolerance.l®
Tetrazines rapidly react with strained dienophiles, such as trans-cyclooctenes (TCO),
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cyclopropenes, and cycloalkynes through inverse electron-demand Diels Alder (IEDDA)
ligations under catalyst-free conditions that are compatible with biological environments.1%12
Nevertheless, drawbacks of tetrazine ligations include the hydrolytic instability of reactive
tetrazines and their susceptibility towards strong nucleophiles.'®*> As bioorthogonal
applications are currently more widely pursued in medicine, there is increasing interest in
targeted delivery of tetrazines and spatiotemporal control over their reaction with
dienophiles.® Since tetrazines react rapidly with their ligation partners, it is extremely
challenging to limit the cycloaddition reaction to a particular cell type, compartment, or tissue.
Thus, the excellent reactivity of tetrazines with dienophiles can lead to undesirable off-target
reactions and reduced specificity for drug-delivery applications. Improved spatial control of
tetrazine activation could have a potential advantage for cell-type-specific drug release or for
the delivery of larger therapeutics by assembling ligation partners intracellularly.®

As a step towards overcoming these challenges, a limited number of methods have been
reported to generate stimuli-responsive tetrazines that require activation before
cycloaddition with a dienophile.!” The majority of these approaches leverage oxidative stimuli
to activate tetrazines from dihydrotetrazines, which are reduced precursors of tetrazines with
enhanced hydrolytic and nucleophilic stability. For instance, our lab showed that
electrochemistry can be used to activate metal surface-bound dihydrotetrazines (1, Fig. 1A)
to enable spatial patterning of independently addressable microelectrodes.'® In a series of
elegant studies, the Fox laboratory has achieved spatiotemporal control of tetrazine ligations
through direct oxidation of unprotected dihydrotetrazines (3, Fig. 1B) using light and
photocatalysts,’®?° as well as oxidative enzymes.?! Some limitations of these previous
approaches are the instability of dihydrotetrazines towards oxygen and tedious activation
procedures using multiple exogenous stimuli. Since tetrazine activation from
dihydrotetrazines can only be triggered by oxidation, the diversity of stimuli that can be used
to control tetrazine ligation reactions is limited. In addition to activating tetrazines from
protected dihydrotetrazines, the use of photocleavable protecting groups has been explored
to cage dienophiles such as cyclopropenes.?? Dienophiles do not require oxidation as an
additional step in order to be activated. Nevertheless, these approaches demonstrated slow
reaction kinetics between the uncaged 3,3-substituted cyclopropenes and tetrazines,
compared to more reactive dienophiles such as TCO.

Recently we developed a simplified method that uncages protected tetrazines using visible
light (Fig. 1C).?3?4 This photoreaction leads to loss of the photocleavable protecting group and
also triggers spontaneous oxidation yielding reactive tetrazines without the need for
additional photocatalysts. Although visible light constitutes a minimally invasive stimuli and is
well-suitable for live-cell imaging, limited deep tissue penetration as well as scattering often
prohibits translational applications.?> More importantly, light is unable to distinguish between
different cell types or subcellular locations. We had previously suggested that our general
approach of protecting dihydrotetrazines using chemical cages could be extended to
protecting groups responsive to alternative stimuli, including enzymatic reaction.?® As such,
we decided to explore if we could generate tetrazine protecting groups that could be cleaved
by endogenous enzymes overexpressed in specific cell or tissue types. Here we show that self-
immolative linkers connecting enzyme-cleavable motifs to caged tetrazine derivatives form
versatile chemical cages that can be deprotected in the presence of different enzymatic stimuli
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(Fig. 1D). The use of self-immolative modules opens the substrate scope due to the easy
functionalization of the linker with numerous chemical entities such as amides, esters,
phosphates, and peptides. In our proof-of-concept experiments, we demonstrate that
enzyme-triggered tetrazine uncaging can lead to cell-type-specific bioconjugation
applications, namely the release of cytotoxic drugs in cell lines that overexpress specific
enzymes.
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Figure 1: Comparative graphical illustration of stimuli-responsive activation of tetrazines A) In previous
work, our lab applied electrochemistry for the formation of tetrazines (2) on metal surfaces®®. B) Several
reports by the Fox group have used a combination of light, photocatalyst, and enzymes to activate
tetrazines.'> %1 C) In recent work we utilized visible light for the uncaging of protected tetrazines (5).%**
(D) In this work we generated several enzyme-cleavable tetrazine conjugates (7). Enzymatic cleavage
of the protecting group releases the aromatic spacer (9), carbon dioxide, and a dihydrotetrazine
intermediate (10) which spontaneously oxidizes to a reactive tetrazine (11).

RESULTS AND DISCUSSION

Tetrazine formation from penicillin G amidase-cleavable conjugates.

While previous approaches have successfully demonstrated the light-driven formation of
tetrazines in living cells with spatiotemporal control,1*%20.23 they lack the ability to distinguish
between specific cell types. Our objective was to achieve cell selectivity in the uncaging of
tetrazines without relying on external stimuli such as light or electrochemistry. We were
inspired by clinical antibody-drug conjugates (ADCs) that utilize self-immolative linker units
functionalized with enzyme-recognition motifs.?® The enzyme-recognition group is connected
to the antibody via an aromatic linker, a crucial component that undergoes self-immolation
after enzymatic hydrolytic cleavage, facilitating controlled drug release in cancer therapy.?”?
Adapting this approach, we decided to employ a self-immolative spacer to conjugate various
chemical moieties to caged tetrazines (Fig. 1D, 8). We anticipated that these protecting groups
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would be cleaved by enzymes that are overexpressed in specific cell types releasing the spacer,
carbon-dioxide and a dihydrotetrazine intermediate (10). Subsequently, the dihydrotetrazine
would undergo spontaneous air oxidization to form a reactive tetrazine (11).

Since we were aiming to achieve cell-selective uncaging of active tetrazines without relying on
external stimuli, we initially focused on identifying dihydrotetrazines capable of
spontaneously oxidizing in air to stable and reactive tetrazines using aqueous reaction
conditions. We observed that dihydrotetrazines functionalized with alkyl and phenyl groups
spontaneously undergo oxidation in aqueous solution without the need for catalysts or added
oxidants (SI, Fig. S1). For instance, the 3-butynyl-6-phenyl-functionalized dihydrotetrazine
(Fig. 1, 6) was almost fully converted to the corresponding tetrazine within 1 h under slightly
basic (pH = 8) as well as acidic buffer (pH = 5) conditions. Moreover, we found that
derivatization of the phenyl and alkyl moieties with amino and alkyne functional groups did
not impede the oxidation process, suggesting versatility for future conjugation of the caged
tetrazines to various molecules such as fluorophores, drug fragments, or targeting ligands.
As previous work had demonstrated that 3-butynyl-6-phenyl-tetrazine is sufficiently reactive
for ligation with TCO under live cell conditions,?® we selected 6 as a model for our subsequent
experiments investigating the enzymatic uncaging of tetrazines. We synthesized a caged
tetrazine conjugate (14, Fig 2A) consisting of a 3-butynyl-6-phenyl-tetrazine derivative
connected to a phenylacetyl group by a self-immolative aminobenzyl alcohol moiety. As a
caging group, we selected the phenylacetyl group as it is susceptible to hydrolysis in the
presence of bacterial penicillin G amidase (PGA) with excellent substrate specificity.?’ We
chose to initially explore PGA-susceptible linkers given previous studies demonstrating the
lack of PGA activity in mammalian cells. Moreover, certain human cell lines can be genetically
modified to encode active PGA capable of uncaging phenylacetyl functionalized
substrates.3%3! The two-step synthesis of 14 was conveniently performed in one pot using
triphosgene for the carbamoylation reaction between 12 and the aromatic protecting group.
With 14 in hand, we investigated tetrazine uncaging by enzymatic hydrolysis of the
phenylacetamide motif using PGA from E. coli (Fig. 2B). To better mimic conditions present in
living cells, we performed the reaction in Dulbecco’s Modified Eagle’s Medium (DMEM) and
observed complete uncaging and formation of tetrazine 6 within 45 min (Fig. 2C). As expected,
formation of dihydrotetrazine 12 was initially observed as an intermediate after hydrolysis of
the protecting group, followed by spontaneous oxidation and generation of tetrazine 6. When
we performed the reaction in DMEM after degassing with Argon, we observed no oxidation of
dihydrotetrazine 12 to tetrazine 6 within 45 min (Sl, Fig. S2), confirming that air is crucial for
the tetrazine oxidation. We tested the stability of 6, after the uncaging and oxidation reaction,
and could not detect any hydrolyzed or reduced products within a 24-hour timeframe using
LC-MS (SI, Fig. S3). We also explored the tetrazine substrate scope of our two-step conjugate
formation strategy and synthesized two additional conjugates (15 and 16) with different
derivatizations of the aliphatic and aromatic functional groups at the 3- and 6-positions of the
tetrazine derivative. While PGA-uncaging and tetrazine formation from conjugate 15 took
approximately 60 min (Sl Fig. S4), conjugate 16 was converted to tetrazine 6 within 45 min (SI,
Fig. S5) suggesting that asymmetric 3-alkyl-6-phenyl substituted dihydrotetrazines are more
prone to spontaneous oxidation in aqueous solution than symmetric diphenyl
dihydrotetrazines.
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Figure 2: Synthesis and enzymatic uncaging of PGA-cleavable tetrazine conjugates. A) One-pot

synthesis of a phenylacetamide-functionalized 1,2,4,5-tetrazine derivative 14. B) Enzyma

tic uncaging

of tetrazine 6 using PGA in DMEM via dihydrotetrazine 12 as an intermediate. C) Monitoring of the

reaction via HPLC-UV (at the 243 nm isosbestic point of dihydrotetrazine 12 and

tetrazine 6)

demonstrates full conversion to 6 after 45 min. D) Substrate scope of phenylacetamide-functionalized

1,2,4,5-tetrazine derivatives 14, 15, and 16 tested in this work.

Enzymatic tetrazine uncaging using PGA for the bioorthogonal release of doxorubicin

Having established a system for releasing tetrazines from PGA-cleavable conjugat
determined if enzyme release of tetrazine 6 from 14 could lead to reaction with a

es, we next
dienophile-

caged drug such as doxorubicin. Doxorubicin is a potent cytotoxic drug used in cancer therapy,
but its clinical application is limited due to its high cardiotoxicity.3? Caged doxorubicin
prodrugs, however, have demonstrated reduced cardiotoxicity compared to the unmodified

drug. Notably, TCO-functionalized doxorubicin (TCO-DOX) exhibits enhanced cell p
and reacts with tetrazines to release doxorubicin in a traceless elimination reaction

ermeability
433 Several

reports have highlighted the promising potential of TCO-caged doxorubicin prodrugs for
targeted therapies with low off-target toxicity.'®3* Recent studies have reported on human

clinical trials examining TCO-derivatized doxorubicin activated by tetrazine ligatio
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We initially investigated DOX-uncaging using PGA and PGA-cleavable conjugate 14 by adding
TCO-DOX (25 uM) and 14 (50 uM) to a stirred solution of the PGA enzyme (70 nM) in DMEM
and observed initial release of DOX after 15 min via LC-MS. After 2h we observed only trace
amounts TCO-DOX via HPLC-UV with near quantitative conversion to uncaged DOX. (SI, Fig.
S6). In the absence of PGA, no tetrazine uncaging occurred and likewise no release of DOX was
observed. These results confirmed that conjugate 14 releases an activated tetrazine (6) that
can react by cycloaddition with a dienophile-caged drug (Fig. 3A).

Satisfied with our initial testing, we then determined whether tetrazine-uncaging from 14 was
compatible with live-cell applications. Adapting a previous method reported by the Spitale
group,3! we hypothesized that a human cell line engineered to express PGA would trigger
tetrazine release when exposed to 14 (Fig. 3B). In contrast, an untransduced human cell line
would serve as a negative control for tetrazine uncaging since human proteases do not
hydrolyze the phenylacetamide moiety (Fig. 3C). To assay tetrazine release, we co-incubated
14 with TCO-DOX reasoning that successful tetrazine uncaging would result in subsequent
cycloaddition with TCO-DOX, leading to the liberation of cytotoxic DOX and consequent
induction of cell death. We established a stable human cell line expressing PGA via lentiviral
transduction and treated the cells with DOX, TCO-DOX, and the PGA conjugate respectively
(Fig. 3D). Subsequent cell proliferation assays indicated that treatment of the cells with 0.9 uM
DOX resulted in cell death, while treatment with 0.9 uM TCO-DOX or PGA-cleavable conjugate
14 alone, showed no significant change in viability. When we treated the cells with a
combination of 0.9 uM conjugate 14 and 0.9 uM TCO-DOX (17), we observed cell death almost
to the same extent as DOX alone (18), and similar to a positive control using a combination of
tetrazine 6 and TCO-DOX (17). When we repeated the experiment using human cells not
expressing PGA, the combination of 0.9 uM conjugate 14 and 0.9 uM TCO-DOX did not impact
the cell viability while treatment with TCO-DOX and tetrazine 6 showed cell death to a similar
extent as DOX alone (Fig. 3E). Thus, we were able to demonstrate cell-specific activation of
tetrazines and bioorthogonal ligation using an enzymatically cleavable protecting group.
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Figure 3: Doxorubicin-release from a PGA-cleavable tetrazine conjugate 14. A) Adding a mixture of
PGA-cleavable conjugate 14 and TCO-DOX to a stirring solution of PGA in DMEM (pH = 7.4) results in
uncaging of doxorubicin. B) Graphical illustration of doxorubicin release in PGA-expressing HEK293T
cells from TCO-DOX and 14 causing cell death. C) The cell viability of HEK293T cells that do not express
the enzyme stays unaffected. C) Cell proliferation assay (XTT) of PGA-expressing HEK293T cells
demonstrate that treatment of the cells with conjugate 14 and TCO-DOX alone does not result in cell
death, while treatment with a combination of 14 and TCO-DOX leads to a significant decrease in cell
viability after 48 h, to a similar degree as treatment with DOX alone and the positive control using a
combination of TCO-DOX and tetrazine 6. D) Cell proliferation assay (XTT) of HEK293T cells that were
not transduced with PGA. Treatment with a combination of 14 and TCO-DOX does not decrease the cell
viability after 48 h while treatment with DOX alone and the positive control using a combination of
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TCO-DOX and tetrazine 6 leads to significant cell death. Viability assays were performed in three
biological replicates and are shown as means + SD. Statistically significant differences between points
of PGA-expressing HEK293T (D) or wild-type HEK293T (E) are indicated: *P < 0.05, ***P < 0.001, ****P
< 0.0001. ns, not significant.

Development of tetrazine conjugates cleavable by enzymes produced by human cells

Having demonstrated the feasibility of cell-specific enzymatic drug release from caged
tetrazines using a transduced bacterial enzyme, we next directed our efforts toward exploring
tetrazine protecting groups that would be susceptible to cleavage by enzymes produced in
human cells. One advantage of our synthetic strategy is its modularity, as many different
enzyme-cleavable moieties could be substituted using the same linker chemistry. For instance,
we synthesized a conjugate (19, Fig. 5A) carrying an acetylated self-immolative spacer that is
cleavable by esterases. Given the ubiquity of esterases in cells and the widespread use of
esterase-cleavable prodrugs,® this conjugate could be used to release tetrazines in a wide
variety of cells. To address enzymes known to be overexpressed in certain disease-specific
cells, we synthesized a conjugate (20) containing a valine-alanine peptide motif that is
hydrolyzed by cathepsin B (CatB), a lysosomal cysteine protease upregulated in various fatal
tumors such as those resulting from breast and metastatic kidney cancers.?”3® Furthermore,
CatB is an enzyme that has been widely exploited for triggering intracellular drug release. For
instance, more than 40 clinically used ADCs contain CatB-cleavable linkers including the valine-
alanine motif.3>4° Finally, we synthesized phosphorylated conjugate 21, which is cleavable by
alkaline phosphatases (ALP). Alkaline phosphatases are known to be overexpressed in cells
from aggressive cancers such as osteosarcomas and hepatocarcinomas.**2 In contrast, low
ALP expression is present in the colorectal adenocarcinoma cell line HT-29,%% as well as stromal
cells such as HS-5.% We successfully demonstrated enzyme-directed tetrazine uncaging from
all three caged conjugates (SI, Fig. S7, S8, and S9) using commercially available mammalian
enzymes. Conjugate 19 reacted with porcine liver esterase, 20 with cathepsin B from bovine
spleen, and 21 with alkaline phosphatase from bovine intestine.

We decided to pursue additional live-cell studies using CatB-cleavable conjugate 20, given its
already mentioned well-validated use as an ADC linker component.3®44 Initially we performed
an enzyme activity assay on Hela and HEK293Ts, and confirmed positive CatB expression as
well as CatB inhibition by inhibitor CA074 in both cell lines (S, Fig. S10). When we submitted
Hela cells to treatment with either CatB-cleavable conjugate 20 or TCO-DOX alone, we
observed no significant decrease in cell viability after 48 hours (Fig. 4B), consistent with our
previous observations in PGA-expressing human cells treated with conjugate 14. However,
concurrent 48 h treatment with 0.9 uM 20 and 0.9 uM TCO-DOX led to a significant decrease
in cell viability to the same extent as treatment with the TCO-DOX/tetrazine 6 positive control.
In contrast, when we preincubated the cells with a cell-permeable CatB inhibitor (CA074-Me,
12.5uM),* cell viability was rescued by 4.5 fold, supporting that CatB activity is responsible
for tetrazine uncaging. HEK293T cells tolerated a lower concentration of inhibitor CAO74-Me
(3 uM) compared to Hela cells. However, cell viability still increased by 2-fold when HEK293T
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cells were treated simultaneously with CA074-Me inhibitor, CatB conjugate 20, and TCO-DOX,
compared to treatment with 20 and TCO-DOX alone (SI, Fig. S11).

Finally, we tested if ALP-cleavable conjugate 21 can release a cytotoxic drug in ALP-
overexpressing cell lines such as the osteosarcoma cell line SAOS-2. Osteosarcoma is a
malignant form of bone cancer that is most commonly diagnosed in teenagers and young
adults.*® While doxorubicin is a state-of-the-art drug in the treatment of osteosarcoma,*’
dosages of the cytotoxic drug are limited due to increased cardiotoxicity.*® Initially, we
validated increased ALP levels in SAOS-2 cells by performing an ALP activity assay on cell
lysates from SAOS-2 and comparing them to ALP-levels in lysates from HS-2 and HT-29 cells
(SI, Fig. S12). We observed ALP-activity in SAOS-2 lysates to be 18-fold higher than in HS-2
lysates, and 25-fold higher than in HT-29 lysates. When we treated SAOS-2 cells with a
combination of 1.5 uM ALP conjugate 21 and 1.5 puM TCO-DOX (Fig. 4C), we observed
substantial cell death after 72 h, comparable to the observed cell death in the doxorubicin and
TCO-DOX/tetrazine 6 positive controls. Remarkably, when HS-2 (Fig. 4D) and HT-29 cells (Fig.
4E) were treated with the same treatment conditions, cell proliferation assays revealed
improved cell viability compared to SAOS-2. Cell viability in HS-5 cells improved by 4-fold
during concurrent treatment with TCO-DOX and 21 when compared to the TCO-DOX/tetrazine
6 positive control. HT-29 cells retained almost full cell viability and had a 3-fold improvement
compared to the positive control. These observations are in alignment with our previous ALP-
activity assessment in these cell lines. Ultimately, these results indicate that we were able to
achieve cell-type-specificity in the release of tetrazines by generating protected tetrazines
responsive to enzymes with varying expression levels between cell lines.
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Figure 4: Tetrazine conjugates cleavable by enzymes produced by human cells. A) Substrate scope
tested for tetrazine-release in this work. B) Cell proliferation assay (XTT) of HeLa demonstrates that
treatment with CatB-cleavable conjugate 20 and TCO-DOX alone does not result in cell death, while
treatment with a combination of 20 and TCO-DOX leads to a significant decrease in cell viability after
48 h to the same extent as treatment with the TCO-DOX/tetrazine 6 control. Addition of CatB inhibitor
CA074-Me to cells treated with 20 and TCO-DOX raises the cell viability by 4.5 fold. C) Cell proliferation
assay (XTT) of ALP-overexpressing SAOS-2 shows significant decrease in cell viability upon treatment
with ALP-cleavable conjugate 21 and TCO-DOX to the same extent as the DOX and TCO-DOX/tetrazine
6 control, whereas simultaneous treatment of low ALP-expressing cells HS-5 (D) and HT-29 (E) leads a
4- (D) and 3-fold (E) higher cell viability compared to the TCO-DOX/tetrazine 6 control. Viability assays
were performed in six biological replicates and are shown as means + SD. Statistically significant
differences between points of (B), (C), (D), and (E) are indicated: *P < 0.05, **P < 0.01, ***P < 0.001,
**%*P < 0.0001. ns, not significant.

10

https://doi.org/10.26434/chemrxiv-2024-78kxz ORCID: https://orcid.org/0000-0001-7968-7455 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-78kxz
https://orcid.org/0000-0001-7968-7455
https://creativecommons.org/licenses/by-nc-nd/4.0/

CONCLUSIONS

In summary, we have demonstrated a straightforward approach for releasing reactive
tetrazines in living cells in response to endogenous enzymes. Employing self-immolative linker
chemistries, we connected enzyme-cleavable protecting groups to caged tetrazine derivatives
enhancing cell specificity. We successfully implemented our methodology for drug release,
particularly focusing on the uncaging of the potent cytotoxic drug doxorubicin. Through four
enzyme-cleavable conjugates, we achieved controlled doxorubicin uncaging, suggesting a
promising bioorthogonal strategy for confronting the off-target toxicity challenges associated
with unmodified doxorubicin. Our process offers the potential for higher cell specificity by
using cages that are responsive to enzymes overexpressed in certain cell types. Furthermore,
we think that our work significantly contributes to the evolving field of stimuli responsive
tetrazine activation. The ability to selectively uncage tetrazines in response to cleavage by
endogenous enzymes provides a platform for various potential applications ranging from drug
delivery to cell-specific imaging. We foresee caged tetrazines being used for the release of
cytotoxic drugs,* improved coformulation of protected tetrazines with dienophiles, triggering
bioorthogonal polymerization,*® and intracellular drug assembly.® Overall, we believe caged
bioorthogonal reagents have high potential for advancing targeted therapies and will have
numerous applications in broadening the utility of tetrazine ligation chemistry.
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