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ABSTRACT: Bioorthogonal chemistry is bridging the divide = OMNIDIRECTIONAL CorF @
between static chemical connectivity and the dynamic physiologic AT

5 S S 9 g HX ©1—
regulation of molecular state, enabling in situ transformations that c1c0 N
drive multiple technologies. In spite of maturing mechanistic H 2 H o~ RC_— & HZ”‘O

N N H \

understanding and new bioorthogonal bond-cleavage reactions, the ® Z)fo@“'o\‘g I o= .’N\n’o

broader goal of molecular ON/OFF control has been limited by 3
HX +

the inability of existing systems to achieve both fast (i.e., seconds to

fo) \
minutes, not hours) and complete (i.e., >99%) cleavage. To attain /Nj/\N Tetrazine -

the stringent performance characteristics needed for high fidelity NN scissors L msracomriere. @
molecular inactivation, we have designed and synthesized a new R irrespective of \
C,-symmetric trans-cyclooctene linker (C,TCO) that exhibits XH = COH, NH* click orientation /

R = alkyl, aryl, H ( o ys. 2 ) 4

excellent biological stability and can be rapidly and completely
cleaved with functionalized alkyl-, aryl-, and H-tetrazines,
irrespective of click orientation. By incorporation of C,TCO into fluorescent molecular probes, we demonstrate highly eflicient
extracellular and intracellular bioorthogonal disassembly via omnidirectional tetrazine-triggered cleavage.

B INTRODUCTION enabled no-wash cellular imaging,”>~*® even at super-
resolution as shown very recently.”

In parallel, the concept of bioorthogonal bond-cleavage has
further expanded the repertoire of chemical methods to control
the function of (bio)molecules. In recent years, several
reactions of this type have been developed, including metal-
induced as well as click-triggered bond-cleavage.”””' Robillard
and co-workers were first to show the release of amino-
functionalized compounds from trans-cyclooctene modified in
allylic position (release-TCO, rTCO) upon IEDDA reaction
with tetrazines and coined the term click-to-release.’” In this
IEDDA-initiated pyridazine elimination, the Tz reacts with
rTCO to form a dihydropyridazine intermediate that can
spontaneously lead to release of the leaving group in allylic
position via a 1,4-elimination. Application of this reaction has
emerged in recent years mainly in the field of targeted drug
delivery. On the basis of their initial report, Robillard et al.
designed antibody-drug conjugates comprising a cleavable
TCO linker and achieved targeted drug release in a xenograft
mouse model upon pretargeting of the antibody conjugate

Biologically compatible click chemistries have become power-
ful tools for the design, synthesis, and tracking of labeled
(bio)molecules.' "® The toolbox of these bioorthogonal
reactions has expanded substantially in the past decade,
providing chemists and chemical biologists with highly
selective methods to achieve efficient ligation in complex
biological environments.” Nevertheless, the application of
bioorthogonal chemistries to solve important clinical problems
has remained at an early stage, still focused on exploratory
models. While this is in large part a function of the tremendous
biological complexity that confronts any new chemical tools, it
is also the case that a range of important reaction capabilities
have not yet been invented (vide infra).

Among these chemistries, the inverse electron demand
Diels—Alder (IEDDA)-initiated reaction of tetrazines (Tz) and
trans-cyclooctenes (TCO) is increasingly used, chiefly due to
its exceptionally high reaction rates but also as a consequence
of significant molecular versatility.”” The highly tunable Tz/
TCO click reaction has thus become a method of choice for
time-critical applications and fast bioorthogonal ligation even

at low concentrations of both reactants. Applications range Received: July 22, 2020 LACS
from the synthesis of molecular probes and rapid radiolabeling Published: October 29, 2020 h
of biomolecules'’™"* to bioorthogonal ligations carried out in ﬁ*
live cells'®™"? and even in vivo, enabling pretargeting strategies mm
for molecular imaging and therapy.”~"* The development of

fluorogenic turn-on tetrazines (Figure la, upper panel) has
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Figure 1. (a) Bioorthogonal ligation of tetrazines (Tz) and trans-cyclooctenes (TCO) for the fluorogenic labeling of biomolecules, targeting
compounds or ligands (top) and Tz-triggered cleavage from trans-cyclooctene modified in allylic position (release-TCO, rTCO) for the
bioorthogonal activation of prodrugs or rTCO-caged biomolecules (bottom). (b) Concept of bioorthogonal cleavage to disassemble molecular
probes (top) or inactivate fused biomolecules. (c) Limitations of the IEDDA pyridazine elimination with emphasis on Tz/TCO click rates, release

yield, and release kinetics.

followed by systemic administration of the Tz.>*** An inverse
strategy was developed by Mejia Oneto et al. using Tz
modified hydrogels that can locally activate systemically dosed
rTCO-modified prodrugs.*>*® In addition, rTCO-lysine was
successfully incorporated into proteins for the design of caged
biomolecules that can be activated upon reaction with Tz
(Figure 1a, lower panel).””**

In contrast to these and other turn-ON applications,
bioorthogonal cleavage/release has not yet been implemented
for controlled inactivation of probes or (bio)molecules in
biological environments. In this light, we envision bond-
cleavage reactions to be powerful tools to develop new turn-
OFF methods and deactivation strategies for chemical biology
and biomedical research. Bioorthogonal cleavage of fluorescent
probes (Figure 1b) might enable superior methods for
applications that require the removal or deactivation of the
dye after analysis, such as multiplexed imaging.”> Compared to
other methods using either (i) harsh destaining/quenching
conditions,"*~* (ii) complex DNA-based cycling and imaging
techniques,””™* or (iii) the combination of clickable
fluorophores and quenchers,*® bioorthogonal cleavage would
allow rapid, gentle, biocompatible removal of the dye by using
small molecules as chemical scissors. More broadly, the
incorporation of cleavable linkers into (bio)molecules would
enable molecular inactivation for spatiotemporal control of
biological function (Figure 1b).

Envisaging the IEDDA pyridazine elimination for bio-
orthogonal disassembly of molecular probes, we noted the
current limitations of this chemistry, which remains unable to
achieve both fast (i.e, seconds to minutes) and complete
(>99%) cleavage. Unlike target activation approaches, in which
a relatively broad range of yields may generate discernible
signal and/or relevant downstream activity, the combination of
fast AND complete cleavage/release is essential for turn-off
strategies to reach minimal residual signals and/or function
within a useful time frame.

We have recently uncovered the critical role of tautomeriza-
tion and isomerization events after ligation—the postclick
reaction network—and identified intramolecular cyclization as
the main reason for incomplete release when using first-
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generation Dbis-alkyl-tetrazines, such as 3,6-dimethyltetrazine
(DMT, 1) with rTCO. The blocking of this undesired pathway
by N-methyl substitution at the leaving carbamate moiety
enabled us to achieve complete release.”” Nonetheless, the
relatively low click reactivity of bis-alkyl-tetrazines (when
compared to other Tz) and the slow release of the resulting
dihydropyridazine intermediates limit further applications
(Figure 1c). Improved click kinetics have been achieved by
TCO-triggered cleavage of Tz-carbamates, as reported very
recently by Robillard et al. Applying this inverse approach for
bioorthogonal turn-off, however, is limited due to only slow
(>24 h) and incomplete release (67—93%).°° Likewise,
second-generation 2-pyrimidyl-substituted tetrazines 2°' and
3> (Figure 1c) achieve higher click rates with rTCO and
accelerated release, especially when using the aminoethyl-
substituted Tz 3 (PymK).*” These improvements are offset by
the penalty of incomplete release (<80%)—consistent with
previous ﬁndin_;s showing limited rTCO cleavage with aryl-
tetrazines® >’ —even though no intramolecular cyclization
was observed.”” We thus set out to elucidate the postclick
reaction network for aryl-tetrazines and develop new chemical
tools that facilitate fast and complete cleavage for bioorthog-
onal ON/OFF control.

B RESULTS AND DISCUSSION

The “Aryl-Tz Problem”. Upon the IEDDA reaction of Tz
and rTCO-conjugates, the initial click product A, a 4,5-
dihydropyridazine (4,5-DHP) is known to be able to
tautomerize to either the 1,4-dihydropyridazine B1 or its 2,5-
isomer B2; release proceeds via 1,4-elimination from the B1
tautomer, while formation of B2 leads to a nonreleasing and
thus undesired intermediate (Figure 2a).*”>® In theory, aryl
substituents could alter these equilibria to interfere with release
via either preferential formation of the nonreleasing B2
tautomer or inefficient elimination from B1. In prior work,
we discovered that modified Tz capable of intramolecular
proton donation (Tz-acids) can significantly accelerate
tautomerization and subsequent elimination, a capability
shared by pH-independent ammonium-functionalized Tz.>*
Directed tautomerization to B1 is, however, only possible if the

https://dx.doi.org/10.1021/jacs.0c07922
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Figure 2. (a) The critical role of postclick tautomerization (left; DHP
= dihydropyridazine); directed and accelerated formation of Bl as
well as enhanced 1,4-elimination with directing groups (CO,H,
NH;*) in head-to-head position (right). (b) Stopped-flow measure-
ments verified the significantly higher click reactivity of aryl-Tz 4a, 4b,
and § with the water-soluble rTCO-derivative 6. (c) Investigation of
the reactions of PyrMe (4a), PymMe (4b), and PyrPA (S5) with
rTCO-Alexa Fluor 350 (7) by LCMS revealed the irreversible
formation of B2 tautomers with Pyr/Pym in head-to-head position, as
confirmed by NMR for the reactions of 4a and 4b with rTCO-
glycine® (see Supporting Information).

directing group (XH = NH;*, COOH) is in ‘head-to-head’
position to the leaving group on the TCO scaffold (Figure 2a),
while the reciprocal ‘head-to-tail’ click product leads to
preferred formation of B2. We have previously shown that
this results in (i) biphasic release when using Tz-monoacids
(fast via B1, and slow via B2 5 A 5 B1) and (ii) slow release
(hours) when using a Tz-diacid at physiologic pH."’

In both cases, the slow release step takes up to several hours,
which not only increases the risk of oxidation of the DHP-
intermediates, thus preventing further release,*” but also makes
the Tz-acid/rTCO combination unsuitable for turn-off
applications that require complete and rapid cleavage (i.e.,
minutes, not hours).

Alkyl-aryl-Tz are known to be significantly more reactive in
the initial click step than bis-alkyl-Tz,**>* which we verified in
this study by measuring the second order rate constants for the
reactions of DMT (1), PyrMe (4a), PymMe (4b), and PyrPA
(5, PA = propionic acid) with the PEGylated rTCO 6,
observing a rate enhancement of up to 30-fold (4b vs 1, Figure
2b). Similar to our previous study,” we used an rTCO-
AlexaFluor 350 conjugate (7, Figure 2b) to further investigate
the release step. Reactions were carried out in buffered
aqueous solution at pH 7 and 25 °C, selecting concentrations
of PyrMe (4a), PymMe (4b), or PyrPA (5) (200 uM) and 7
(125 uM) such that the click reaction was done in less than 4
min, allowing temporal monitoring of postclick reactions by
LCMS. With PyrMe (4a) and PymMe (4b), we observed slow
monophasic release that reached a yield of approximately 50%
within ~8 h. For PyrPA (§), an initial fast phase of release (too
rapid to resolve by HPLC) reached a very similar release yield
(Figure 2c), whereupon no further release was observed
(>24h). We inferred that these different kinetic profiles result
from the methyl group (slow release) and the propionic acid
(PA) moiety (fast release) being in head-to-head position, as
we had demonstrated for PA-functionalized alkyl Tz,*
implying in turn that the nonreleasing fraction is due to
formation of the respective head-to-tail intermediates with 2-
pyridyl (Pyr) or 2-pyrimidyl (Pym) in head-to-head position.
To verify these hypotheses, we reacted PyrMe (4a) and
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Figure 3. (a) Design of a C,-symmetric trans-cyclooctene enabling directed tautomerization and enhanced elimination for fast and complete
cleavage irrespective of the click orientation. (b) Synthesis of bis-axial and bis-equatorial C,TCO-diol (11) and overlay of schematic *C NMR
spectra of the separated and purified compounds, which indicate C,-symmetry of both isomers resulting from the rigid “crown” (or twist)

conformation of the TCO core structure.
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Figure 4. (a) Modification of C,TCO (bis-axial-11) via bis-imidazolium-carbamate 12 to obtain bis(sarcosinyl)-C,TCO (13) and fluorescent
AF594-C,TCO-AF594 (15) for further investigation of the Tz-triggered cleavage of C,TCO. (b) Reacting 15 with selected tetrazines at pH 7.4
and end point analysis by HPLC at 24 h revealed high cleavage efficiency for DMT and quantitative cleavage with tetrazines modified with a
directing group (MPA (17), PyrPA (S5), PymPA (18), PymK (3)). (c) Second order rate constants as determined by stopped-flow
spectrophotometry showed decreased reactivity of C,TCO compared to rTCO (cf. Figure 2b), and significantly higher click kinetics for
ammonium-functionalized PymK (3) compared to the respective Tz-acid PymPA (18). (d) Steric hindrance of the aryl substituent as well as

interactions of directing groups affect the click kinetics with C,TCO.

PymMe (4b) with rTCO-glycine® (see Supporting Informa-
tion), allowed the release reactions to proceed to completion,
and isolated the nonreleasing isomers. NMR analysis
confirmed the aryl-substituent in the head-to-head position,
as hypothesized, and revealed these undesired products to be
respective B2 tautomers (Figure 2c). We were thus able to
show that tautomerization is no longer an equilibrium (cf.
Figure 2a) and that incomplete release for aryl-Tz is due to the
preferential and irreversible formation of a stable B2 tautomer
for one of the two possible click orientations (Pyr/Pym in
head-to-head). This key finding is in line with the observations
of van Kasteren et al., who achieved approximately 80% release
with PymK (3) and invoked the preferred formation of the
releasing adduct with the ethylammonium moiety in head-to-
head position (due to preclick interaction of NH;* with the
carbamate functionality of the leaving group) to explain this
increased conversion.>”

Design and Synthesis of C,TCO. In principle, a strategy
to bias click orientation even more strongly in favor of the
head-to-head geometry could further improve release perform-
ance, though at the risk of kinetic penalties imposed by added
steric bulk. Recognizing the limits of unstructured molecular
interactions in aqueous solution and the strict priority of
complete fast release, we instead envisioned a C,-symmetric
trans-cyclooctene (C,TCO) with leaving groups at each of the
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two allylic positions of TCO. Upon click reaction, the directing
group (CO,H, NH;") on the Tz inevitably aligns head-to-head
with one of the two release positions, irrespective of the click
orientation, leading to fast and complete omnidirectional
cleavage (Figure 3a). As axially configured rTCO is known to
be significantly more reactive than its equatorial isomer,”* we
aimed for the axial configuration of both leaving groups.
Starting from 1,3-cyclooctadiene (8), we were able to prepare
the desired C,TCO-diol (bis-axial 11) in three steps (Figure
3b). Tetraphenylporphyrin (TPP)-sensitized photooxygena-
tion of 8 followed by DBU-catalyzed in situ Kornblum-
DeLaMare rearrangementSS afforded lactol 9 (63%), which
was then reduced by reaction with sodium triacetoxyborohy-
dride®® to obtain cyclooct-2-ene-1,4-diol (10) with an anti/
syn-ratio of 10/1 (45%). Flow-photoisomerization of 10 and
continuous active removal of trans-cyclooctene products by
using Ag(I) immobilized on tosic silica gel (TAg silica)®’
finally gave bis-axial-11 (47%) and bis-equatorial-11 (30%).
3C NMR analysis of the separated products showed only four
signals for each compound, strongly indicating the C,-
symmetry of both obtained TCOs (Figure 3b, overlay of *C
NMR spectra), which results from the rigid “crown” (or twist)
conformation®®*~% of the trans-cyclooctene core structure.
Tz-Triggered Cleavage of C,TCO. In preparing to

investigate the click and release reactions of C,TCO, we
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took into account that its unbiased click with Tz poses a
characterization challenge. While the randomness of omnidir-
ectional release enhances bioorthogonal turn-off applications,
reacting a nonsymmetric C,TCO derivative with non-
symmetric Tz yields problematically complex mixtures. To
facilitate chromatographic analysis, we therefore sought to
modify both allylic OH-groups to obtain symmetrical probes.

Activation of both OH-functionalities as p-nitrophenyl
(PNP) carbonates afforded an inseparable mixture of
C,TCO-bis(PNP)-carbonate and p-nitrophenol (see Support-
ing Information), but we were able to obtain the bis-
imidazolium-carbamate 12 as an activated intermediate by
reacting bis-axial-11 with 1,1’-carbonyldiimidazole (CDI),
similar to the activation of bioorthogonal cyclopropene
tags,”' followed by N-methylation using methyl iodide (Figure
4a). In situ conversion of 12 with sarcosine methyl ester
followed by saponification gave bis(sarcosinyl)-C,TCO (13).
We incorporated sarcosine into this cleavable C,TCO-linker to
prevent any potential formation of tricyclic dead-end isomers
upon reaction with tetrazines.”” TSTU-mediated coupling of
13 with mono-Fmoc-1,3-diaminopropane and subsequent
deprotection afforded bis-amine 14. This compound was
reacted with AlexaFluor 594 (AFS594)-NHS to obtain AF594-
C,TCO-AF594 (15) as a fluorescently labeled C,TCO probe
(Figure 4a) for subsequent investigations.

As an initial assessment of cleavage efficiency, we reacted 15
with an excess of selected tetrazines in buffered solution at pH
7.4 and analyzed the reaction mixtures at an end point of 24 h
by HPLC with fluorescence detection. We observed nearly
complete cleavage with DMT (1) and quantitative cleavage
(>99%) with the Tz-acids MPA (17), PyrPA (5), and PymPA
(18) as well as with PymK (3). In contrast, reaction with
bis(2-pyridyl)tetrazine (Pyr,Tz, 16) resulted in only 23%
cleavage (Figure 4b), in line with previous observations for
rTCO.>****” We hypothesize that this is due to not only slow
tautomerization but also limited elimination of the respective
B1/B2 intermediate. The inability to achieve complete release
with Pyr,Tz (16) highlights the advantages of a cleavage-
directing group and an ongoing need for further molecular
innovations.

We next sought to analyze release kinetics by serial HPLC
measurement, which requires rapid click conversion to
kinetically segregate click and release and enable monitoring
of the release process exclusively. We thus first determined the
second order rate constants for the click reaction of C,TCO
with a range of tetrazines. Stopped-flow spectrophotometry in
PBS revealed rate constants ranging from 3.3 M™! 57 for the
reaction of MPA (17) with 13, to 240 M~' s™* for PymK (3) +
13 (Figure 4c). We hypothesize that the PA-carboxylate anion
(pK, of PA-Tz: ~4.5"") leads to repulsion with the carbamate
functionality of the leaving group, in contrast to the previously
observed click enhancement caused by interaction of
ammonium substituents.”” These effects (Figure 4d) might
thus account for the S-fold lower reactivity of MPA (17)
(carboxylate-repulsion) compared to DMT and the 10-fold
higher rate constant for PymK (3) (NH,;"-interaction) than for
PymPA (18) (Figure 4c). Notably, comparing the click
reactions of PyrPA (5) with bis(sarcosinyl)-C,TCO (13)
and the rTCO derivative 6 (Figure 2b) revealed a 23-fold
lower reactivity of C,TCO in contrast to rTCO. We attributed
this significant drop in reactivity to the increased steric
hindrance of an additional allylic modification (Figure 4d),
which is consistent with previous reports showing approx-

imately 20-fold lower reactivity upon modification of one
allylic position.*”

H-Tetrazines for Fast and Complete Cleavage. To
reduce the adverse effect of steric hindrance in reactions with
C,TCO, we aimed to develop H-tetrazines (H-Tz) modified
with CO,H and NH;" directing groups. Similar reaction rates
have been reported for aryl-Tz and H-Tz,>* but in the case of
C,TCO, we anticipated that the significantly reduced steric
demand of H-Tz might lead to even higher click reactivities
(Figure Sa). H-Tz have been shown to lead to incomplete or
even negligible release with rTCO;*”**5? the mechanism of
this effect is as yet unresolved but sufficiently robust for aryl-H-
Tz that its pH dependence can be exploited to enforce
nonrelease of rTCO species.48 In this case, however, given that
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a ) H-TETRAZINES (" cop HPA + 15: [ NHy HK + 15:
’ >99% cleavage >99% cleavage
N=N Ny (endpoint, PBS) Ny (endpoint, PBS)
no steric Q—(\ ,)—\_ NN NN
hindrance N-N R N\fN t N\FN +
— H 75 Mrist H 390 M1s1
00, 00
Y “F HPA (19) HK (20)
O/NMe MeN
O t 7-fold faster than * 60% faster than
PyrPA (5) PymK (3)
b ) FAST & COMPLETE CLEAVAGE
[10 MM 15 + 20 pVI Tz (pH 7-40 (— 99% cleavage in 30 min
oD
100 &)
3 80 -o— HK (20)
© 60 —+— PymK (3)
=4 —— HPA(19)
§ 40 —* PymPA (18)
o 20 - MPA(17)
o T T T T 1
0 10 20 30 40 50 60
Time (min) N
I

[ NO intermediates (A, B) detected j » INSTANTANEOUS RELEASE

c ) C,TCO vs. known TCO linker (cTCO)

( Cleavage after 10 minutes at increasing Tz concentration (PBS, 37 °C) ]
C,TCO (15) C,TCO (15)
(10um) (10 um)
100 100 =lo 100
ala
;\? 80 ;\? 80 =) (& ;\? 80
g 60 g 60 g 60
g g g
& 40 & 40 = 40
K K K
O 20 O 20 4 O 20
0 0 0
HPA (19) (uM) HK (20) (uM) DMT (1) (uM)
( (#) Reactions at 100 uM Tz (PBS, 37 °C) )
C,TCO + HPA (19) C,TCO + HK (20) cTCO + DMT (1)

99% click: ~11 min
99% cleavage: < 12 min

99% click: ~2 min
99% cleavage: < 3 min

99% click: ~14 min &
99% cleavage: >1h

Figure 5. (a) H-tetrazines modified with a directing group enable
complete cleavage of C,TCO with significantly improved click rates
due to decreased steric hindrance. (b) Cleavage experiments at low
concentrations (10 uM C,TCO + 20 uM Tz) revealed instantaneous
release upon click (no intermediates detected) and complete overall
cleavage (>99%) with HK (20) and PymK (3) after 30 min. (c)
Cleavage of C,TCO triggered by HPA (19) or HK (20) is readily
accelerated by increasing the Tz concentration enabling complete
bioorthogonal cut in minutes (click = rate-determining). In contrast,
the cleavage of a known TCO-linker (cTCO) triggered by DMT (1)
requires >1 h to reach completeness (release = rate-determining).
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reaction with C,TCO will lead to a directing group being in
head-to-head position irrespective of the click orientation
(analogous to aryl-Tz, cf. Figure 3a), we speculated that the
rapid release-directing effect might supersede whatever path-
ways impede H-Tz-mediated release for rTCO. Thus, we
prepared HPA (19) and HK (20)°* and proceeded to assess
their global click/release performance. As for their pyridyl and
pyrimidyl-substituted counterparts, HPA (19) and HK (20)
achieved quantitative cleavage (>99%) and, moreover,
significantly increased reaction rates (Figure Sa). As expected,
HK (20) is more reactive, but HPA (19) showed even higher
stability when using PBS solutions for serial experiments over
prolonged timeframes (Supporting Information). At higher
concentrations (up to 200 uM) of the fastest tetrazines (HK
(20) and PymK (3)), we observed complete cleavage when
analyzing the mixture after a reaction time of just 2 min,
leaving us unable to disentangle the release rate from the initial
click rate. The reaction of AF594-C,TCO-AF594 (15) with
selected tetrazines at lower concentrations (10 uM C,TCO +
20 4M Tz) confirmed our impression that release/cleavage is
no longer the rate-determining step, as observed release rates
track closely with click kinetics. Even with less reactive
tetrazines, such as MPA (17) or PymPA (18), we could not
detect any postclick intermediates (e.g., A, B1, B2) but only
the as-yet-unreacted starting material 15 and the cleaved
product (see Supporting Information). On this time scale,
directing groups appear to trigger near-instantaneous release,
such that cleavage of C,TCO is controlled only by click
kinetics and Tz concentration. For the fastest tetrazines tested,
this enables fast and complete cleavage (>99%) with HK (20)
and PymK (3) at just 20 M concentration (Figure Sb). More
generally, C,TCO-Tz pairs enable direct control of the time
required for complete cleavage, as varying the Tz concen-
tration can tune overall reaction rates to the demands of a
particular application. While cleavage of the known ¢TCO-
linker’>** by reaction with DMT takes >1 h (using previously
developed AF350-cTCO-Sar;*’ see Supporting Information),
complete bioorthogonal cut of C,TCO can be achieved within
minutes (Figure 5¢).

Extracellular Cleavage of Antibody-C,TCO Conju-
gates. Having developed C,TCO as a new chemical tool to
achieve fast and complete cleavage triggered by acid- or
ammonium-functionalized Tz, we aimed to show its applic-
ability in bioorthogonal turn-off strategies, such as the rapid
disassembly of fluorescently labeled antibodies. Therefore, we
modified bis(sarcosinyl)-C,TCO (13) to obtain DBCO-
C,TCO-AF594 (21) as a stable multifunctional click- and
cleavable fluorescent tag (Figure 6a; for synthetic procedures
and details, see Supporting Information). The anti-EGFR-
antibody cetuximab was labeled with 6-azidohexanoic acid
sulfo-NHS ester, and the resulting cetuximab-N; was then
click-conjugated to 21 via strain-promoted azide—alkyne
cycloaddition (Figure 6a).

We tested azido-antibodies at different degrees of labeling
(DOL) and analyzed the C,TCO cleavage of the clicked
conjugates after reaction with Tz. Unexpectedly, when clicked
to the antibody, we noted a consistent trend toward lower
C,TCO reactivity as the number of azides per antibody
increased. Conversely, cleavage yields improved as a function
of the concentration of 21 in the antibody labeling reaction
(higher concentrations = faster intermolecular N;-DBCO
click), strongly suggestive of an intramolecular reaction of
antibody-bound Nj-groups with C,TCO (see Supporting
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Figure 6. (a) DBCO-C,TCO-AF594 (21) as a click- and cleavable
fluorescent tag for conjugation with azide-labeled antibodies. (b)
Staining of EGFR-positive A431 cells with Cetux-C,TCO-AF594
(ON-state) and subsequent cleavage with HPA (19) (OFF-state). (c)
Cell imaging confirmed near-quantitative bioorthogonal disassembly
of Cetux-C,TCO-AF594 within 6 min.

Information). We therefore recommend bioconjugation
methods other than azide—alkyne chemistry when designing
C,TCO probes with a higher DOL.

Nevertheless, at an average DOL of 0.9, Cetux-C,TCO-
AF594 achieved >97% cleavage (for labeling procedures and
details, see Supporting Information) and the respective probe
was therefore carried forward for further investigation. EGFR-
positive A431 cells were stained with Cetux-C,TCO-AF5%4,
washed, and imaged to establish target-specific staining and
baseline br'§htness (ON-state). Cells were then treated with
HPA (19)°* at a concentration of 500 M in PBS to ensure
complete click in less than 3 min (Figure 6b). Serial imaging of
the same field of view demonstrated rapid cleavage upon
addition of HPA (19), with a dramatic reduction in brightness
by the first measurement at 2 min (see Supporting
Information) and near-complete elimination of the signal
within 6 min of Tz addition (OFF-state). A quantitative line-
intensity profile demonstrates the excellent cleavage efficiency,
exhibiting no discernible difference between the regions with
and without cells (Figure 6¢c). Hence, bioorthogonal
disassembly of antibody-C,TCO probes will enable multi-
plexed imaging without any potential rebound in brightness as
the dye is cleaved and thus removed upon reaction with Tz.
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Intracellular Cleavage of Fluorescent C,TCO-Probes.
Having shown the performance of C,TCO for extracellular
cleavage of antibody conjugates, we next aimed to test whether
C,TCO can be incorporated into probes that bind to
intracellular targets. Therefore, we first investigated the
stability of C,TCO under physiological conditions. Incubation
of bis(sarcosinyl)-C,TCO (13) in full cell growth media (10%
FBS) at 37 °C followed by titration with DMT revealed superb
stability (>97%) of C,TCO for up to 48 h (see Supporting
Information).

We have previously shown that the covalent BTK (Bruton’s
tyrosine kinase) inhibitor ibrutinib (Ib) can be modified with
several fluorescent dyes (e.g., silicon rhodamine, SiR) while
maintaining selective binding to BTK.®>** We thus prepared
Ib-C,TCO-SiR (22, Figure 7a) and tested its cell uptake and
binding to BTK in live HT1080 cells stably transfected with
BTK-mCherry, followed by intracellular cleavage of C,TCO
with HK (20) (Figure 7b). Live cells were incubated with 22
(2 uM), washed, fixed, and permeabilized (to facilitate efficient
removal of released SiR-compounds, which would otherwise
interfere with monitoring intracellular cleavage kinetics). Cell
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Figure 7. (a) Chemical structure of Ib-C,TCO-SiR (22) as a
cleavable fluorescent ibrutinib conjugate. (b) Cellular uptake and
binding to BTK of 22 upon treating HT1080-BTK-mCherry cells, and
subsequent intracellular cleavage with HK (20). (c) Fluorescence
microscopy imaging showed excellent colocalization of mCherry
(green) and SiR (red), confirming selective binding of Ib-C,TCO-SiR
(22) to BTK (ON-state, top row); efficient intracellular cleavage was
observed upon treatment with 20 uM HK (20) for 30 min (OFF-
state, bottom row).

imaging by fluorescence microscopy confirmed uptake and
selective binding of 22 to BTK, as shown by excellent
colocalization of mCherry and SiR with a Pearson coefficient
of 0.89 (Figure 7c, ON-state, top row). The cells were then
treated with HK (20) (20 M) for 30 min, rinsed with PBS,
and imaged, showing efficient bioorthogonal turn-off (Figure
7¢, OFF-state, bottom row). In control experiments with native
(BTK-negative) HT1080 cells, we observed only minor
nonspecific binding of 22 (see Supporting Information).
Overall, we have been able to show that (i) C,TCO can be
incorporated into molecular probes binding to intracellular
targets and (ii) these compounds can be disassembled on-
target via fast bioorthogonal cleavage, (iii) even after extended
incubation (up to S h) in live cells demonstrating excellent
intracellular stability.

B CONCLUSION

Although configured for click-triggered elimination, the
outcome of the rTCO-Tz reaction nevertheless hinges on a
complex array of factors, including environmental conditions,
click orientation, and tautomerization events driven by the Tz
side-chain(s). Informed by our finding that aryl-Tz preferen-
tially generate a nonreleasing tautomer, we developed C,TCO
as a new chemical tool to achieve fast and complete
bioorthogonal cleavage. We show that its C, symmetry is key
to achieving omnidirectional cleavage with acid- and
ammonium-functionalized Tz, irrespective of the orientation
of the initial IEDDA click reaction. Increased steric hindrance
due to the additional leaving group in the allylic position of the
TCO scaffold can be circumvented by using less sterically
demanding H-tetrazines modified with directing groups
(CO,H, NH;") that accelerate postclick tautomerization and
enhance 1,4-elimination. We observed second order rate
constants for the initial click reaction of up to ~400 M~" s™!
and instantaneous release that is no longer the rate-
determining step. Complete cleavage (>99%) of C,TCO
conjugates could thus be achieved within minutes even at low
UM concentrations of both reactants and accelerated
accordingly at higher Tz concentrations.

Due to the unbiased click with Tz, one cannot control which
one of the two groups is released. While this is clearly not an
obstacle for bioorthogonal turn-off applications, it would lead
to randomization of the pyridazine moiety to either side of the
cleaved linkage, highlighting the need for further developments
that can recapitulate the chemical performance of C,TCO in
the controlled delivery of molecular cargo.

Incorporating C,TCO into an antibody-dye conjugate, we
successfully developed a strategy to achieve fast extracellular
bioorthogonal cleavage within minutes. In a similar approach,
using the covalent inhibitor ibrutinib as a targeting moiety, we
were able to demonstrate fast intracellular cleavage of an
ibrutinib-C,TCO-dye conjugate bound to its target (BTK).

Fast and complete disassembly is a prerequisite for
bioorthogonal turn-off and efficient molecular inactivation.
The development of C,TCO probes might thus enable not
only new methods for advanced multiplexed imaging but also
Tz-triggered cleavage in vivo, for instance, the removal of
fluorescent tags or radionuclides from long-circulating
compounds and thus the reduction of background signal or
prolonged radiation of healthy tissue. Moreover, the design of
C,TCO-fused (bio)molecules (e.g, bispecific active com-
pounds or C,TCO-embedded molecular scaffolds/backbones)

might allow temporal regulation of molecular function inside
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living cells by Tz-triggered cleavage, significantly expanding the
scope of bioorthogonal ON/OFF control.
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