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Abstract: The inverse-electron-demand Diels—Alder (iDA)
reaction has recently been repurposed as a bioorthogonal
decaging reaction by accelerating the elimination process after
an initial cycloaddition between trans-cyclooctene (TCO) and
tetrazine (TZ). Herein, we systematically surveyed 3,6-sub-
stituted TZ derivatives by using a fluorogenic TCO-coumarin
reporter followed by LC-MS analysis, which revealed that the
initial iDA cycloaddition step was greatly accelerated by
electron-withdrawing groups (EWGs) while the subsequent
elimination step was strongly suppressed by EWGs. In
addition, smaller substituents facilitated the decaging process.
These findings promoted us to design and test unsymmetric
TZs bearing an EWG group and a small non-EWG group at
the 3- and 6-position, respectively. These TZs showed remark-
ably enhanced decaging rates, enabling rapid iDA-mediated
protein activation in living cells.

The inverse-electron-demand Diels—Alder ligation reaction
(iDA) between trans-cyclooctene (TCO) and tetrazine (TZ)
has been widely used for diverse labeling purposes owing to
its high reaction rate and good biocompatibility."! Recently,
the iDA process has been redirected as an attractive
bioorthogonal decaging reaction for the activation of pro-
drugs,” proteins,* and kinases®™ as well as the detection of
mRNA™ in living systems. The advantages of such small-
molecule-enabled decaging strategies over previous photo-
decaging methods include the low cytotoxicity, high tuna-
bility, and excellent compatibility with deep tissues and intact
animals.”! Optimization of the recently emerged TCO-TZ
decaging pair with an increase in reaction rates is highly
desirable for the temporal manipulation and/or investigation
of fast biological processes. Herein, we systematically sur-
veyed a range of TZ derivatives bearing different substituents
at the 3- and 6-positions for triggering the elimination process
after the initial cycloaddition with TCO.! The intriguing
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results further guided us to design and test a range of
unsymmetric TZs, which led to significantly enhanced decag-
ing rates that allow the instantaneous activation of proteins in
living cells (Scheme 1).
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Scheme 1. Optimizing TZ derivatives for rapid iDA decaging on
proteins in living cells.

Elimination

We began our studies by designing and synthesizing
a range of 1,2,4,5-TZs bearing symmetric substituents at the
3- and 6-positions using a previously reported method” with
a small modification: Hydrazine hydrate was used instead of
anhydrous hydrazine to avoid problems caused by the tedious
handling and the limited availability of anhydrous hydrazi-
ne.™ The size of the substituents was varied for examining
steric effects (1a-1f; Figure 1 A) whereas the electron-with-
drawing or -donating abilities of the substituents were varied
to examine the electronic effects on the iDA decaging
reaction (1g-1Kk). To evaluate and compare their decaging
activities, we first developed a fluorogenic TCO-conjugated
coumarin reporter for facile detection of the decaging
efficiency. 7-Amino-2-methylcoumarin was chosen because
its fluorescence can be effectively quenched by protection of
its amine group.”! Reporter 2 was thus designed and
synthesized (see the Supporting Information, Figure S1). As
TZ-mediated decaging can liberate free 7-amino-2-methyl-
coumarin 3, which leads to the restoration of its fluorescence,
the decaging activity of TZ derivatives can be monitored by
measuring the restored fluorescence intensity (Figure 1B).
Compounds 1a-1f were first subjected to this fluorogenic
assay to evaluate steric effects. As indicated by the restored
fluorescence intensities in Figure 1 C, smaller alkyl groups led
to higher decaging rates. The smallest alkyl TZ derivative, 1a,
exhibited the highest decaging activity whereas the presence
of a bulky tert-butyl group almost completely inhibited the
iDA decaging reaction.

Electron-rich and electron-deficient TZ derivatives (1g
and 1h) were examined next. Interestingly, neither 1g nor 1h
was able to restore any fluorescence, indicating their poor
efficiency in triggering the iDA decaging reaction. The lower
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Figure 1. Systematic study of TZ derivatives in the iDA decaging
reaction. A) Chemical structures of the differently substituted TZs.

B) 7-Amino-2-methylcoumarin-based fluorogenic assay to evaluate the
decaging activity of TZs. C) Fluoroscence of 2 restored by TZs bearing
alkyl substituents. D) Fluoroscence of 2 restored by TZs bearing aryl
groups. E) The iDA decaging reaction analyzed by LC-MS (5 is

a mixture of isomers resulting from tautomerization). Procedure: A
mixture of 1 (0.5 pm) and 4 (0.2 pm, with internal standard) in 0.1 mL
DMSO/H,0O (1:1) was allowed to react for 1 min at 37°C; then the
crude reaction mixture was directly injected into the LC-MS for
analysis. F) Amounts of unreacted 4 and decaged product 6 after the
iDA decaging reaction between 4 and TZs.

decaging activity of electron-rich TZs is probably due to the
increased LUMO energy, which may hinder the initial
cycloaddition step.**° The lower activity of electron-deficient
TZs was, however, difficult to interpret as it is known that
iDA cycloadditions can be accelerated by lowering the
LUMO energy of the TZ.**’1 As aryl-substituted TZs are
commonly used in iDA ligation reactions, we next tested the
decaging efficiencies of aryl-substituted TZs (Figure 1D).!
The fluorescence was recovered to a small extent, indicating
that these TZ derivatives possess only moderate decaging
activity. Notably, both EDG- (1i) and EWG-substituted (1Kk)
aryl-TZs displayed lower decaging activities than phenyl-TZ
(1j), further indicating that both EDGs and EWGs hinder the
decaging process.

The iDA decaging reaction includes two consecutive
processes, that is, the initial iDA cycloaddition step and
a subsequent elimination step. For a more comprehensive
understanding of how the 3,6-substituents affect the reactivity
of the TZ during these chemical processes, we determined the
relative amounts of starting material and decaged product by
LC-MS analysis. The reactions between different TZs and
2-ax-TCOK (4) were monitored (Figure 1E). It is noteworthy
that the decaging rate with TCOK (4) is generally much
greater than that with coumarin 2. A large amount of
decaging product 6 was observed in the presence of 1a or
1j, indicating that both the cycloaddition and elimination
steps proceeded efficiently (Figure 1F). Unreacted 4 was
observed as the major component when 1g or 1i was used,
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confirming that the poor decaging activity of EDG-substi-
tuted TZs is due to slow cycloaddition. For the reactions with
EWG-substituted TZs, however, 4 was completely consumed
while only a small amount of 6 could be detected. In
particular, neither 4 nor 6 were observed in the LC spectrum
when 1h was tested. Instead, strong MS signals corresponding
to cycloaddition intermediate 5 were detected (Figure S8).
These results suggest that while EWGs can accelerate the
cycloaddition step by lowering the LUMO energy, the
elimination step is greatly suppressed. Together, the overall
decaging activity of EWG-substituted TZs remains low. The
isolation of 4 and 6 from various crude reaction mixtures
corroborated the LC-MS results (Figure S10).

These intriguing findings prompted us to synthesize and
test TZs bearing different substituents at the 3- and
6-position. For example, an EWG can be anchored at one
side to accelerate the initial cycloaddition step while a small
alkyl group is introduced at the other side to facilitate the
subsequent elimination step. Such unsymmetric TZs may
ultimately enhance the overall decaging rate (Figure2A).
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Figure 2. Unsymmetric TZs for rapid iDA-mediated decaging. A) The
EWG in the TZ facilitates the initial cycloaddition step, and non-EWGs
(preferably small alkyl groups) on the other side of the TZ render the
subsequent elimination step efficient. B) Chemical structures of the
designed unsymmetric TZs, with their symmetric analogues for
comparison. C-E) Decaging activities evaluated with the fluorogenic
assay. 1r was not examined owing to its extremely poor solubility.

Several unsymmetric TZs (1m, 1n, 1p, 1q, 1s, and 1t;
Figure 2B) were next synthesized, and their symmetric
analogues (1a, 1k, 1o, and 1r) were also prepared for
comparison. The decaging activities of these TZ derivatives
were evaluated using the coumarin assay. As expected, all of
these TZs exhibited superior decaging activities compared
with their symmetric counterparts (Figure 2C-E). In partic-
ular, with 1t, more than 80% of the coumarin fluorescence
was recovered within 30 min, whereas only 20% of the
fluorescence was restored for the most efficient decaging
agent that is currently in use (1a). In general, hydroxyethyl-
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derived TZs (1n, 1q, and 1t) showed higher activities than
methyl-substituted ones (1m, 1p, and 1s) in terms of the
decaging rate.

The decaging activities of these new TZs were next
examined on proteins. Purified GFP with TCOK at residue
Y40 (GFP-Y40TCOK) was treated with 1s and 1t for 5 min
followed by MS analysis. The disappearance of the GFP-
Y40TCOK peak and the appearance of the GFP-Y40K peak
indicated the high decaging efficiency of 1s and 1t for
proteins (>90%). For comparison, only 58% of GFP-
Y40TCOK were decaged by 1a under the same conditions
(Figure S2). As the decaging efficiency inside cells is affected
by many factors, such as solubility, membrane permeability,
stability, and accessibility to the reaction site as well as the
intracellular activity of the decaging agent, we next tested the
new TZs for protein decaging in living cells. A cytotoxicity
study was first performed, which showed that all of the TZs
(200 mm) exerted negligible toxicity on cells for up to 72 h
(Figure S3).

Next, our previously developed firefly luciferase (fLuc)
based decaging assay was used as the model protein system.
The catalytic lysine residue (K529) on fLuc was replaced by
the caged lysine 2-ax-TCOK by genetic code expansion,'”
which completely eliminated its catalytic function. Treatment
with the decaging agent liberates free lysine, which restores
the fLuc activity. The decaging efficiency can therefore be
evaluated by measuring the recovered luminescence intensity
(Figure 3 A)." The most efficient decaging reagents obtained
from the coumarin assay, 1s and 1t, were examined (Fig-
ure 3B). Remarkably, the enzyme activity was restored to
80 % within 2 min by 1s, indicating its extremely fast decaging
efficacy in living cells. By comparison, 1a was only able to
restore 10% of the enzyme activity in 2 min. Moderate
decaging efficiencies were observed for 1t, which is probably
due to its relatively poor membrane permeability owing to the
presence of a hydroxy group.'” We also tested 1p, which has
been used for elegant prodrug activation by Robillard and co-
workers."”) High activation efficiencies were achieved with 1p,
but they were still lower than that of 1s (Figure 3B).
Encouraged by the outstanding activity of 1s, we next
performed time- and concentration-dependent studies to
further optimize the decaging conditions (Figure 3C and
D). Approximately 90% of the fLuc activity could be
recovered by treatment with a 50 um solution of 1s within
4 min (Figure 3D). As this decaging method is a gain-of-
function approach from a clean background, even 10%
enzyme activation efficiency may be sufficient for down-
stream studies.”! We then examined the lowest concentration
required for intracellular protein decaging. A decaging
efficiency of 7% was achieved within 4 min in the presence
of only 1 um 1s, whereas 18 % decaging can be achieved with
2.5 um 1s (Figures 3D and S4).

To further confirm that 1s enables decaging reactions on
intracellular  proteins, GFP-Y40TCOK expressed in
HEK293T cells was subjected to 1s-mediated decaging and
LC-MS analysis. The conversion of GFP-Y40TCOK
(27944 Da) into decaged protein GFP-Y40K (27791 Da)
was very high (ca. 90%) in the presence of 50 um 1s after
4 min. A small peak assigned to the iDA cycloaddition
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Figure 3. Protein activation with the optimized TZs in living cells.

A) fLuc-K529TCOK activation in living cells. B) Comparison of the fLuc
activation with different TZs. C) Time-course experiment of intracellu-
lar fLuc activation with 1s: About 90% of the fLuc activity could be
restored with 100 pm Ts in as little as 4 min. D) Concentration
dependence of intracellular fLuc activation with 1s: About 90% of the
fLuc activity could be restored within 4 min with 50 um 1s. E) MS
analysis of the decaging reaction on GFP-Y40TCOK in living cells with
1s (50 um, 4 min). BF =bright field, BL=bioluminescence.

product (28090 Da) was also detected (Figures 3E and S2).
For comparison, only 21% of decaged GFP was observed
when 1a was used under the same conditions (Figure S5),
with unreacted GFP-Y40TCOK being the major component.
Photodecaging reactions have been widely used for protein
activation owing to their fast decaging rates.’! To compare our
new TZ with the photodecaging approach, cells expressing
GFP-Y400ONBK!" were subjected to UV irradiation
(365 nm, ca. $mWcm?) for 4 min before purification and
analysis by LC-MS. Only 38% of the GFP had undergone
photodecaging, which is higher than the conversion achieved
with 1a (50 pM, 4 min), but lower than that for 1s-mediated
chemical decaging (50 um, 4 min; Figure S6).

In conclusion, we have developed a coumarin-based
fluorogenic assay to compare the iDA decaging reactions
triggered by a range of TZs bearing different substituents with
various steric and electronic properties. We found that small
and relatively electron-neutral groups offer better decaging
reagents. Subsequent LC-MS analysis suggested that the
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initial cycloaddition step is hindered by EDGs but accelerated
by EWGs, whereas the following elimination step was
strongly suppressed by EWGs. Based on these observations,
we designed and synthesized a panel of unsymmetric TZs
bearing an EWG and a small alkyl group at the 3- and 6-
position, respectively. Remarkably, all of these TZs showed
significantly enhanced decaging activities compared with
their symmetric counterparts. In particular, 1t showed
excellent decaging efficiency in vitro whereas 1s showed the
highest decaging activity inside living cells (>90% recovery
with 50 pm 1s within 4 min). Further studies demonstrated
that a concentration as low as 1 um is sufficient for intra-
cellular protein activation with 1s. The decaging efficiency
was further confirmed by studies with GFP, and found to be
even better than that of the photodecaging approach using
UV irradiation. Together, our optimized TZ derivatives allow
for rapid chemical decaging and the recovery of protein
activity within a complex intracellular environment.

Experimental Section

A tetrazine (0.025 pmol) was dissolved in a mixture of DMSO
and H,O. Compound 2 (0.01 umol) was added to this mixture. The
reaction mixture was shaken at 37°C. The fluorescence intensity (F1)
was measured at given time points (4., =380 nm, 1., =450 nm). As
a control experiment, the fluorescence (F2) for the maximum amount
of coumarin that could be released from probe 2 was also measured
under the same conditions. The decaging efficiency (%) was
calculated according to (F1/F2) x 100 %.
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