Downloaded via UNIV ALBANY STATE UNIV NEW YORK on August 1, 2020 at 16:34:36 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

OL ‘ Organic
Letters )

pubs.acs.org/OrglLett

Bond-Breaking Bio-orthogonal Chemistry Efficiently Uncages

Fluorescent and Therapeutic Comp
Conditions

Xunshen Wu, Kui Wu, Fatima Gaye, and Maksim Ro

ounds under Physiological

yzen*

Cite This: https://dx.doi.org/10.1021/acs.orglett.0c02129 I: I Read Online

ACCESS | Ll Metrics & More | Article

Recommendations | @ Supporting Information

ABSTRACT: Bond-breaking bio-orthogonal chemistry, consisting
of a “click” reaction between trans-cyclooctene and tetrazine,
followed by an intramolecular cyclization-driven uncaging step is
described. The two-step process allows activation of caged
compounds in biological media at neutral pH. The feasibility of
this chemistry has been illustrated using NMR, while kinetics and
pH-dependence were studied by fluorescence spectroscopy using
caged coumarin. The practicality of the strategy is illustrated by
activation of an anticancer drug, etoposide.

rodrug activation strategies are valuable chemical tools that

facilitate delivery of caged cycototoxic compounds at large
doses, thereby enhancing their therapeutic index. Traditionally,
prodrug activation strategies relied on endogenous enzymatic
reactions. ° During the past decade, bond-breaking bio-
orthogonal chemistry has evolved into a powerful new approach
for uncaging both small therapeutic molecules as well as
biomacromolecules, such as proteins and nucleic acids, inside
live cells as well as in vivo.*”® Unlike the traditional strategy, the
latter does not rely on endogenous factors and offers temporal
control over prodrug activation.”*

In recent years, we have witnessed a rapid expansion of
chemical methodologies that achieve bio-orthogonal prodrug
activation. Notably, Franzini and co-workers reported a [4 + 1]
cycloaddition reaction between isonitriles and tetrazines (Tz)
capable of in situ activation of doxorubicin, SN-38, and
mitomycin C.” Wang et al. explored a [4 + 2] cycloaddition
reaction between cyclooctynes and Tz capable of activating two
therapeutic molecules upon a single “click” step.'” Taran et al.
described a [3 + 2] cycloaddition reaction between
iminosydnones and cycloalkynes."" Inverse-electron-demand
Diels—Alder (IEDDA) chemistry between trans-cyclooctene
(TCO) and Tz has also gained popularity due to rapid reaction
kinetics and biocompatibility.'”~"* It will be the main focus of
the present work.

In their 2013 report, Robillard and co-workers showed that
allylic TCO carbamates can be uncaged via a so-called “click-to-
release” process upon conjugation to Tz and subsequent
tautomerization (Scheme 1A)."”> The authors have since
extended this strategy to bio-orthogonal activation of TCO
carbonates, esters, and ethers."> However, further mechanistic
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investigation of the “click-to-release” chemistry revealed a
number of critical challenges. It has been determined that
electron-withdrawing groups attached at the 3- and 6-positions
of Tz accelerate the IEDDA step by lowering the diene’s LUMO.
However, these Tz’s have been found to be inefficient at the
uncaging step.'”'® Meanwhile, electron-donating groups have a
completely opposite effect—slower “click”, but more efficient
“release”. The most effective “click-to-release” Tzs have been
reported to be asymmetric, containing one electron-with-
drawing and one electron donating alkyl group.'” The release
kinetics has been shown to be also buffer and pH-depend-
ent."”'® In physiologically relevant phosphate-buffered saline
(PBS) media at neutral pH, the release step is slow and low
yielding. It is partly due to head-to-tail orientation of the “click”
step that results in the intermediate 4. It has been demonstrated
that 4 is slow to tautomerize to S in PBS at pH 7. Instead, a
number of competing processes can lead to “nonreleasable”
biproducts. To address these shortcomings, we designed an
alternative prodrug uncaging strategy, illustrated in Scheme 1B.
In our design, prodrug uncaging is triggered by an intra-
molecular cyclization, resulting in either 4- or e-lactam. We
envisioned using a symmetric Tz to eliminate the potential
issues associated with orientation of the “click” step.
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Scheme 1. Tz-Mediated Activation of Caged Drugs: (A)
Previously Reported “Click-to-Release” Chemistry Where
the Release Step Is Triggered by Spontaneous
Tautomerization;'> (B) Bond-Breaking Bio-orthogonal
Chemistry, Where the Uncaging Step Is Caused by
Intramolecular Cyclization

A) Previous work
~~TNH
0
& L
)« Release
NH Z "NH =N
O%o 1 :<NH O;EN -Co, N
o
. 0 Ry / 5 Re 6 R
. Click SV *
S N (Drug}-n,

0 Ry ps

0?7
= oo N
Click *OY2_fH Release °©

N
Click _ Release +
o I ), D) on
HN -N _N

9 10

N
N R3 Rs

HN™ g R3=H or CHs
Rs3

To assess the feasibility of the prodrug activation strategy
illustrated in Scheme 1B, we synthesized a model compound 11,
shown in Scheme 2A. To examine the scope of intramolecular

Scheme 2. Compounds Described in This Work: (A)
Compounds Caged by TCO; (B) Tetrazines That Were
Explored for the Uncaging Reactions
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cyclization, we also synthesized five different tetrazines, which
are shown in Scheme 2B. Detailed syntheses of these
compounds are described in the SI. Reactivity of 11 and Tz
14 was analyzed by NMR (Figure 1). The experiment was done
in CD;0D, in the presence of 2 equiv of Et;N. Within the first
hour, we observed formation of benzyl alcohol, which is the
expected release product. This was confirmed by the standard
spectrum of benzyl alcohol, shown in Figure 1A. Benzyl alcohol
continued to form during the next 24 h. ESI-MS analysis of the
reaction mixture detected the intramolecular cyclization product
10 (Figure S3). cis-Cyclooctene (CCO) is known to react ~10°
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Figure 1. (A) Reference 'H NMR spectrum of benzyl alcohol. Reaction
of 11 and 14 monitored by 'H NMR after (B) S min; (C) 1 h; (D) 6 h;
(E) 24 h. The asterisk indicates the signature peak corresponding to
methylene protons of benzyl alcohol. All spectra were acquired in
CD,0D.

times slower than TCO with Tz.'® Control experiments
involving CCO-benzyl ester 20 and Tz 14 did not produce
any benzyl alcohol within the experimental time frame (Figure
S1), confirming that the “click” is a necessary first step in the
uncaging process. Reaction between 11 and Tz 18 also did not
produce any benzyl alcohol, suggesting that the amine group is
necessary for the “release” step.

To examine the kinetics of uncaging, we synthesized a
fluorescent model compound 12. Modification of the
coumarin’s 7-hydroxyl group typically results in quenching of
fluorescence.'®'” Compound 12 was found to be almost 200
times less fluorescent than 7-hydroxy-4-methylcoumarin in PBS
over a pH range of 6—9 (Figure S2). Thus, the chromophore
provides a functional handle to study the kinetics of the uncaging
chemistry in a high-throughput manner. Activation of coumarin
by the Tz 14—18 was studied in duplicate using fluorescence
spectroscopy in the physiologically relevant pH range of 6—9.

The results of the coumarin uncaging studies are illustrated in
Figure 2. Caged coumarin 12 (50 4M) was combined with a 10-
fold excess Tz 14-17 in PBS (pH 6, 7, 8 and 9) at 37 °C. The
CCO isomer 26 was also tested as a control. Their reactivity was
monitored by fluorescence spectroscopy for 24 h. Each reaction
was carried out in duplicate. Efficient uncaging of 7-hydroxy-4-
methyl coumarin has been observed in all reactions, except those
involving CCO. With few exceptions, fluorescence intensity
reached a plateau within the first 6 h. Unlike the “click-to-
release” chemistry shown in Scheme 1A, the observed coumarin
uncaging was very efficient at neutral pH. The fluorescent
payload release proceeded efficiently with primary and
secondary amines and appeared to be slightly slower at pH 6
due to the lower nucleophilicity of the partially protonated
amines. Over 80% of coumarin was uncaged by Tz 14 at pH 7.
Equivalent reactions using the CCO analogue 26 proceeded at a
considerably slower pace due to the inefficient “click” step.
Release of coumarin did not occur in the case of Tz 18, which
lacks an amine group.

Activation of coumarin was also investigated in mouse blood
plasma to understand if the uncaging strategy can be applied for
in vivo studies. Compound 12 was reacted with 10 equiv of Tz
14 in mouse blood plasma at 37 °C. As a control, the CCO 26
was reacted with the Tz 14 under identical conditions. Each
reaction was carried out in duplicate. The reactions were
monitored using fluorescence spectroscopy, and the results are
illustrated in Figure S4. Addition of 14 to 12 resulted in a rapid
enhancement of fluorescence, indicative of uncaging of
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Figure 2. Uncaging of coumarin 12 (50 M) (and its CCO analogue 26) using Tz (500 M) 14—17 monitored by fluorescence spectroscopy (A, =
380 nm) over a pH range of 6—9 at 37 °C. 12/Tz ratio 1:10: (A) 12 + Tz 14; (B) 12 + Tz 15; (C) 12 + Tz 16; (D) 12 + Tz 17.

coumarin. The fluorescence intensity reached a plateau in 90
min, followed by a slow decline. We believe that this behavior is
due to slow decomposition of coumarin in blood plasma. As
expected, the CCO analogue 26 did not produce any
fluorescence enhancement upon addition of 14. Instead, a
slow decline of fluorescence intensity has been observed over
time.

To illustrate a potential application of the described bond-
breaking bio-orthogonal chemistry, we caged an FDA-approved
anticancer drug etoposide. Etoposide is a topoisomerase II
inhibitor that causes DNA damage.”’ Etoposide has been
approved for treatment of testicular, lung, and ovarian cancers as
well as leukemia and lymphoma. Coupling of TCO resulted in a
caged etoposide, 13.

Uncaging of 13 by the Tz 14 in PBS (pH 6, 7, 8, and 9) at 37
°C was analyzed by HPLC and evaluated using the etoposide
standard. We chose the Tz that was the most efficient at
uncaging coumarin. The results of the study are shown in Figure
3. Prodrug activation began shortly after addition of the Tz 14.
As illustrated in Figure 3A, the HPLC peak at 9.5 min,
corresponding to etoposide, continued to grow for 24 h.
Uncaging efficiency, determined upon integration of the 9.5 min
peak, is shown in Figure 3B. The prodrug was effectively
activated under the physiologically relevant pH range within the
first several hours. This is very important, as etoposide is known
to isomerize under physiological conditions to an inactive “cis-
etoposide”, but on a considerably slower time scale. The
isomerization process at 37 °C and pH 7.4 has a half-life of 2
days.”!

In conclusion, we have shown a prodrug activation strategy
that is based on IEDDA chemistry between TCO and Tz. The
uncaging step is triggered by intramolecular cyclization, which
proceeds efficiently in PBS in physiologically relevant pH range.
We have shown that the uncaging strategy can be applied toward
activation of fluorescent payloads, as well as therapeutic
compounds. Translation of the technology for in-cell prodrug
activation is dependent on the stability of the caged compound
to esterase hydrolysis. There are a number of reported prodrugs
with caged ester bonds that show remarkable esterase stability.”*
In our future studies, we plan to utilize the described strategy for
materials-based in vivo prodrug activation.”> The described
bifunctional Tz will be immobilized on a biocompatible material,
such as polyalginate, and utilized for in vivo activation of
systemically administered prodrugs.
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Figure 3. (A) HPLC analysis of uncaging of the prodrug 13 (50 uM) by
Tz 14 (500 uM) in PBS, pH 7 at 37 °C. 13/Tz ratio 1:10. (B) Summary
of uncaging of the prodrug 13 by Tz 14 in PBS over a pH range of 6—9.
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