1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Am Chem Soc. Author manuscript; available in PMC 2017 May 11.

-, HHS Public Access
«

Published in final edited form as:
JAm Chem Soc. 2016 May 11; 138(18): 5978-5983. doi:10.1021/jacs.6b02168.

Rapid Bioorthogonal Chemistry Turn-on through Enzymatic or
Long Wavelength Photocatalytic Activation of Tetrazine Ligation

Han Zhangl#, William S. Troutl#, Shuang Liu?, Gabriel A. Andradel, Devin A. Hudson?,
Samuel L. Scinto!, Kevin T. Dicker?, Yi Lil, Nikifar Lazouskil, Joel Rosenthall, Colin
Thorpel, Xingiao Jia2, and Joseph M. Fox1:2*

1Department of Chemistry and Biochemistry, University o f Delaware, Newark, DE 19716, USA

?Department of Materials Science and Engineering, University of Delaware, Newark, DE 197186,
USA

Abstract

Rapid bioorthogonal reactivity can be induced by controllable, catalytic stimuli using air as the
oxidant. Methylene blue (4 uM) irradiated with red light (660 nm) catalyzes the rapid oxidation of
a dihydrotetrazine to a tetrazine thereby turning on reactivity toward #rans-cyclooctene
dienophiles. Alternately, the aerial oxidation of dihydrotetrazines can be efficiently catalyzed by
nanomolar levels of horseradish peroxidase under peroxide-free conditions. Selection of
dihydrotetrazine/tetrazine pairs of sufficient kinetic stability in aerobic aqueous solutions is key to
the success of these approaches. In this work, polymer fibers carrying latent dihydrotetrazines
were catalytically activated and covalently modified by frans-cyclooctene conjugates of small
molecules, peptides and proteins. In addition to visualization with fluorophores, fibers conjugated
to a cell adhesive peptide exhibited a dramatically increased ability to mediate contact guidance of
cells.
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activation in air within minutes using red light or HRP
enables instantaneous bioorthogonal labeling
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INTRODUCTION

Bioorthogonal chemistry has evolved into a field with broad-reaching applications in
biology, medicine and materials science.1 Driving the field has been the vigorous
development of unnatural transformations that proceed selectively in the presence of
Nature’s functional groups.>-12 Recently, bioorthogonal chemistry has been utilized in
payload release strategies, with the aim of triggering diverse events including drug delivery,
gene expression, and modulating materials properties.13-15 There has also been a growing
interest in using external stimuli to induce bioorthogonal reactivity. In particular,
photoinducible reactions have emerged as a method for turning on bioorthogonal reactions
with temporal and spatial control.®16 Key advances include tetrazolel® and
cyclopropenone!? based ligations, where photolysis produces reactive nitrile imines and
cyclooctyne derivatives, respectively. Such ‘photoclick’ reactions generally utilize short-
wavelength light to unleash more reactive species.1%11 The direct use of red or near IR light
to induce bioorthogonal reactivity has not been described. Lin has recently described two-
photon based photoinducible tetrazole reactions that utilize near IR light,® and Popik has
shown that cyclopropenones can be photodecarbonylated by a two photon process.}” While
two-photon methods provide high spatial resolution,!8 their very small focal volumes
currently limit many practical applications. Recently, near-IR photodecaging strategies have
been described based on cyaninel® BODIPY,20 and phthalocyanine?! dyes.22 A current
challenge for red- and near-IR photodecaging strategies lies is the need to improve the
kinetics of photorelease.

Enzymatic catalysis presents intriguing additional possibilities for turning on bioorthogonal
reactivity. Proteins have been engineered with unnatural side chains capable of
bioorthogonal coupling,2 Recently, bioorthogonal enzymatic decaging has been described in
which engineered P450 proteins catalyze reactions to release alcohols.23 However, the use of
an enzyme to create a bioorthogonal coupling partner had not been described. We considered
that the enzyme horseradish peroxidase (HRP) might be an effective catalyst for the creation
of compounds for bioorthogonal reactivity. HRP finds broad utility in biological assays by
oxidizing phenols and other organic substrates.?* While H,05 is typically required as the
terminal oxidant, HRP can oxidize certain substrates (e.g. indole-3-acetic acid, NADH and
hydroquinones) in the absence of peroxide.25-28

The inverse-electron demand Diels-Alder reaction of s-tetrazines with alkene or alkyne
dienophiles, referred to as tetrazine ligation, has emerged as an important reaction in the
bioorthogonal toolbox-2%-31 A notable aspect of tetrazine ligations are the exceptionally high
rates of reactivity that can be achieved.3! With strained #rans-cyclooctenes, we have
measured bimolecular rate constants as high as 3.3 x 108 M~1s71 in reactions with tetrazines
(Tz), representing the fastest bioorthogonal reactions reported to date.32:33 Tetrazines are
typically synthesized through the chemical oxidation of dihydrotetrazine (DHTZ)
precursors,34 and the electroactivity of tetrazines is well established.3® Recently, Devaraj has
demonstrated that electrochemistry can be used to control the redox state of pendant
DHTz/Tz groups on the surface of microelectrodes, allowing selective bioconjugation to
oxidized electrode surfaces.3® DHTz-containing metal organic frameworks have also been
used as colorimetric materials for the detection of nitrous gases.3’
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Described herein are the first examples of catalytic turn-on of the tetrazine ligation, where
rapid bioorthogonal reactivity can be induced by a controllable, catalytic stimulus (Figure
1A). Either visible light and a photosensitizer, or very low loadings of horseradish
peroxidase can be used to catalyze the oxidation of a dihydrotetrazine to a tetrazine.

RESULTS AND DISCUSSION

A challenge to the development of catalytic methods for turning on the tetrazine ligation was
the identification of a DHTz/Tz pair that would be stable in both oxidation states (Figure
1B). For most redox couples, either the DHTz is too readily oxidized in air (e.g. 1), or the Tz
is too reactive toward water and other nucleophiles (e.g. 2). We show here that the dipyridyl
DHTz/Tz pair38 (3/4) has good stability in both states (Figure 1C). Dihydrotetrazines 3 are
highly resilient toward background oxidation in organic solvents, and a number of
derivatives have been synthesized and shown stable even to silica gel chromatography. In
ambient light, a 35 uM solution of 3a in MeOH was shown to retain 99 and 98% of the
DHTz oxidation state after 1 and 2 hours, respectively (Figure S10c). Aqueous solutions of
3awere handled in glassware that had been first rinsed with 2.0 mM EDTA in PBS to
remove adventitious metal impurities. After standing in the dark at 25 °C in PBS buffer, a
solution of 3a was monitored by UV-vis and shown to retain 99 and 96% of the DHTz
oxidation state over 30 min and 2.5 hours respectively (Figure S10a). In ambient light at

25 °C in PBS buffer, a solution of 3a was shown to retain 97 and 94% of the DHTz
oxidation state after 1 and 2 hours, respectively (Figure S10d). In PBS containing 10%
mouse serum, 90% of 3a was retained in the DHTz oxidation state after 1 h (Figure S10f).
Analogs of tetrazines 4 have been described previously and used broadly for applications in
nuclear medicine and cell imaging.31:39-43 |n PBS buffer at 25 °C, tetrazine 4a (800 M)
shows 98% and 83% fidelity after 2 h and 24 h, respectively (Figure S11). The stability of a
radiolabeled derivative of tetrazine 4b has been studied by Robillard at 37 °C in PBS, serum
and blood, with 97%, 87% and 59% retention of the tetrazine observed after 2 hours.*!

Compound 3a has a maximum in the UV-vis spectrum at 292 nm, and 4a has a maximum at
325 nm with a less intense peak at 525 nm (Figure 2). As a reference for our catalytic
studies, we first monitored the electrochemical oxidation of 3a in phosphate buffer, for
which the voltammogram displays a single peak centered at 0.02 V (Figure S13B). Under
mildly oxidizing conditions (0.18 V relative to Ag/AgCI), a 1.1 mM solution of 3aturns
pink (Figure S13A) and the oxidation to 4a proceeds cleanly with an isosbestic point at 303
nm (Figure S13C). This isosbestic point was also conserved in the photocatalytic (Figure S5)
and enzymatic (Figure 2) oxidations of 3a described below, and the spectroscopic changes at
292 and 325 nm were routinely used for monitoring reaction progress.

A number of photosensitizers in the presence of long wavelength visible light were found to
catalyze the oxidation of 3ato 4a in the presence of air.** Methylene blue was considered a
particularly attractive sensitizer due to its clinical relevance, low molecular weight, low
toxicity, high solubility, and an absorption spectrum (I;hax 665 nm) that extends to the near
IR.#> Further, methylene blue has previously been explored for applications in
photodynamic therapy based on oxidation of indole-3-acetic acid.*® Rose bengal (I 550
nm), used in a range of biomedical applications, was also identified as an excellent
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sensitizer. Experiments to study the catalytic photooxidation were conducted at 25 °C in a
thermostatted cuvette with stirring capability and a single top-mounted LED. A custom 3D
printed light fixture was used to mount the LED directly above the cuvette and block
ambient light (Figure S4). As shown in Figure 3B, irradiation of 3a (21 pM) with a 660 nm
LED (9.1 mW/cm2) in the presence of methylene blue (4 pM) in pH 7.4 PBS caused
conversion to tetrazine 4a with quantitative yield within 200 seconds. Methylene blue (4
uM) also catalyzed the conversion of 3ato 4a in the presence of ambient light, with 47%
conversion noted after 2 h (Figure S10e). The light dependence of the methylene blue
catalyzed oxidation was demonstrated by turning the LED on and off (Figure 3C). Similar
light dependent on/off behavior was exhibited with either rose bengal or carboxyfluorescein
with irradiation centered at 528 nm (2.3 mW/cm?, Figure S8, S6). Both methylene blue and
rose bengal are known 10, sensitizers, and we therefore queried the influence of a 10,
quencher on the oxidation rate of 3a. Neither the methylene blue (Figure 3D) nor the rose
bengal (Figure S9) catalyzed photooxidations are impeded by the addition of 60 mM NaN.
By contrast, the rate of the reaction between 2,5-diphenylisofuran with 10, was greatly
reduced when 23 mM NaN3 was added (Figure S12). These experiments strongly imply
that 10, is not the oxidant of 3a under photocatalytic conditions. The mechanism of
photooxidation more likely involves electron transfer and is the subject of ongoing study.

As a complement to these photocatalyzed reactions, we observed that HRP can efficiently
catalyze the oxidation of 3a in the dark at low enzyme concentration (15 nM) (Figure 4).
While HRP typically requires H,05 as the terminal oxidant, the addition of HRP to a
peroxide-free solution of 3a (30 uM) in PBS led to the rapid formation of 4a (Figure 4B).
The rate of formation of 4a was significantly slower in the presence of 2 mM H,0,, and was
near baseline in the presence of H,O, but absence of HRP. Neither cytochrome ¢ nor
hemoglobin were effective catalysts of DHTz oxidation, with only slow conversion of 3ato
4a even with heme concentrations that were nearly 3 orders of magnitude higher than that
used with HRP (Figure S10b). As shown in Figure 4C, the addition of superoxide dismutase
(SOD, 770 nM) does not suppress the rate of the oxidation of 3a by HRP, providing
evidence that superoxide is not responsible for the oxidation. Finally, it was observed that
the oxidation of 3a by HRP follows Michaelis-Menten kinetics, with K, = 1.0 x 1074 M,
keat = 27 571, and Aea/Km = 2.7 x 10° M~1s71 (Figure 4D).

The light and enzyme-catalyzed reactions developed here enable the functionalization of
polymeric materials with potential biomedical applications. We previously demonstrated the
production of peptide-containing polymer fibers through interfacial bioorthogonal
polymerization based on tetrazine ligation using bis-tetrazine and bis-TCO monomers
dissolved in immiscible solvents.?” These hydrogel-like polymer fibers, with diameters
ranging from 6 to 11 pm when dry, are cytocompatible, biologically active and mechanically
robust; they resemble many fibrous structures found in the human body and can be woven
into complex, higher order assemblies for tissue engineering purposes. However, the use of
interfacial polymerization to fabricate protein-containing polymer fibers is not trivial due to
the possibility of protein denaturation by the required organic solvent.

We hypothesized that fibers could be synthesized with latent dihydrotetrazines, and
subsequently be activated and functionalized through bioconjugation. Thus, an aqueous
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solution of a water soluble bis-tetrazine monomer was combined with an organic soluble
bis-sTCO containing a tethered dihydrotetrazine (Figure 5A). Again, meter-long,
mechanically robust polymer fibers were continuously pulled from the liquid-liquid interface
without fiber breakage (Video 1), confirming that the molecular weight of the polymer
exceeds that required for chain entanglement.’ Subsequent oxidation by long wavelength
photocatalysis was used to generate reactive tetrazine functionality, and the fibers could then
be functionalized by sTCO conjugates of proteins, fluorophores or peptides. Shown in
Figure 5B are the monomers 5 and 6 that were used to create the DHT fibers. Notably, the
DHT containing bis-sTCO 5 was readily purified, stored and handled without special
precautions. The sTCO conjugates used to elaborate the fibers are displayed in Figure 5B.

As shown in Figure 6, the DHTz-fibers could be activated and then post-synthetically
modified by treatment with Alexa-sTCO, Clover*8-sTCO or RGD-sTCO. The fibers were
immersed in 100 uM sensitizer in PBS and irradiated with a simple incandescent bulb for 5
min. Methylene blue was used to activate fibers toward conjugations of Clover-sTCO or
RGD-sTCO, and rose bengal was used as the sensitizer in experiments with Alexa-sTCO
due to the spectral overlap of the Alexa dye with methylene blue. After irradiation, the fibers
were rinsed, allowed to react with an STCO conjugate for 1 min, and rinsed again. Confocal
microscopy images of activated fibers that were conjugated by Alexa-sTCO are displayed in
Figure 6B and 6C. With this short incubation time, labeling was localized to the exterior of
the fibers as clearly illustrated by the confocal z-stack images of the Clover-sTCO labeled
fibers (Figure 6F, S19-20, Video 2) and Alexa-sTCO labeled fibers (Figures 6F, S14-15,
Video 3). Control experiments illustrated that dye conjugation was not efficient if the
sensitizer or light was excluded (Figure 6D, S16-18, S21-22). We note that HRP-catalyzed
oxidation of dihydrotetrazines can also be used to activate fibers toward bioconjugation
(Figure S23), however in this instance photocatalytic activation is faster and more efficient.

The photocatalytic activation of tetrazines was also employed in the post-synthetic
modification of the fibers with peptidic cues that promote cell adhesion and contact
guidance. RGD-sTCO was conjugated to activated fibers through tetrazine ligation, and the
resulting fibers were immobilized in silicone wells coated with poly(2-hydroxyethyl
acrylate) to eliminate cellular adhesion to the culture wells. Here, fibroblasts selectively
attached to RGD-tagged fibers and elongated along the long axis of the fibers, adopting a
healthy fibroblastic morphology (Figure 6G). Cell attachment and spreading was not
observed in control experiments where the sensitizer and/or the RGD-sTCO were excluded
(Figures 6G, S26-S28). Instead, cells clustered to form multicellular spheroids, indicating
the initiation of nemesis.#° These studies demonstrate the ability to functionalize biomimetic
fibers with molecules that can enable visualization or promote cell adhesion.

As shown here, photocatalytic and enzymatic methods for turning on the tetrazine ligation
provide a new tool for modulating the cell adhesive properties of a biomaterial. With future
development we expect that the catalytically inducible tetrazine ligation will extend to a
wide range of applications in materials, cellular and /n vivo systems. We also expect that the
electrochemical oxidation of dihydrotetrazines in solution will serve as an important
stimulus for inducing bioorthogonal reactivity. We further anticipate that the new methods
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for inducing rapid bioorthogonal chemistry presented here should find a range of
applications including cell imaging, pretargeted prodrug activation, and gene activation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Catalytic turn-on of tetrazine ligation. (B) Most dihydrotetrazine/tetrazine pairs have
stability issues. (C) Identification of a dihydrotetrazine/tetrazine pair with high stability.
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Figure2.
Compound 3a (17 UM in PBS, blue spectrum) displays a maximum in the UV-vis spectrum

at 292 nm. Compound 4a (red spectrum) displays a maximum at 325 nm and a less intense
peak at 525 nm (see inset). Upon addition of horseradish peroxidase (15 nM) the UV-vis
spectrum was monitored every 10 seconds. With 50% conversion after 100 seconds,
complete conversion of 3ato 4a is observed after 600 seconds, as evidenced by the decrease
in the absorption at 292 nm and increase at 325 nm with an isosbestic point at 303 nm.
Similar spectral changes are observed when 3a is electrochemically oxidized to 4ain
aqueous solution, or when the oxidation of 3a to 4a is photocatalyzed by methylene blue.
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(A) Methylene blue catalyzed photooxidation of 3a to 4a was carried out with UV-vis
monitoring and irradiation by a single LED centered at 660 nm. (B) After the onset of
irradiation, reaction progress was monitored every 30 sec at 325 nm, which increased with
formation of 4a, and 292 nm, which decreased upon consumption of 3a. (C) The reaction
progress requires irradiation and stalls when the LED is turned off. (D) The addition of 60
mM NaN3, a singlet oxygen quencher, does not significantly slow the rate of conversion of
3ato 4a. In this experiment, the lamp intensity was reduced relative to experiments

displayed in B and C.
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(A) Horseradish peroxidase catalyzed oxidation of 3ato 4a. Reactions were monitored by
UV-vis every 30 sec at 325 nm. (B) Enzymatic oxidation is most efficient in absence of
peroxide, and is suppressed upon addition of peroxide. Hydrogen peroxide without catalyst
is not an effective oxidant of 3a. (C) The addition of superoxide dismutase does not suppress
the rate of the oxidation of 3a by HRP, providing evidence that superoxide is not responsible
for the oxidation. (D) The oxidation of 3a by HRP follows Michaelis-Menten kinetics. The
reactions in (B, C) were carried out in PBS, and the reaction in (D) was carried out in PBS
containing EDTA (2.0 mM).
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A Interfacial polymerization produces dihydrotetrazine containing
fibers that can be activated for bioorthogonal chemistry
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Figureb.
(A) Schematic representation of interfacial polymerization with a dihydrotetrazine-derived

monomer. (B) Monomers 5 and 6 were used for interfacial polymerization. sTCO conjugates
of the green fluorescent protein variant Clover, the dye Alexafluor 647, and an RGD peptide
were used to modify the fibers.
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Figure 6.
(A) Schematic representation of fiber photoactivation and subsequent conjugation. DHTz-

containing fibers were isolated in a silicone well on a glass substrate (for imaging) or in a
polyHEMA coated Nunc chamber (for cell culture). The fibers were immersed in a PBS
solution of sensitizer (100 pM), irradiated with visible light for 5 min, rinsed, allowed to
react with an sTCO conjugate, and again rinsed. (B, C) Confocal images (10x, 40x) of
activated fibers (rose bengal) that were treated with Alexa-sTCO (1 pM) for 1 min and
rinsed. (D) Tagging by Alexa-sTCO was not observed in control experiments where (top) the
rose bengal was excluded, and (bottom) where the sensitizer was included, but light was
excluded. (E) Confocal (10x) image of activated fibers (methylene blue) that were treated
with Clover-sTCO (5 pM) for 1 min and rinsed. (F) Confocal z-stack images of activated
fibers that were conjugated with Alexa-sTCO (top) and Clover-sTCO (bottom). (G)
Confocal images (10x) of activated fibers (methylene blue) that were treated with RGD-
STCO (10 uM). Cell culture with NIH 3T3 fibroblasts showed that the cells selectively
adhered and spread on the fibers. Cell attachment and spreading on the fibers was not
observed in control experiments where the sensitizer and/or the RGD-sTCO was excluded.
The image above shows the control where both sensitizer and RGD-sTCO were excluded.
Displayed in the supporting information are images from controls where only sensitizer was
excluded, or where only RGD-sTCO was excluded.
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