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Abstract

Bioorthogonal click reactions yielding stable and irreversible adducts are in high demand for /in
vivo applications, including in biomolecular labeling, diagnostic imaging, and drug delivery.
Previously, we reported a novel bioorthogonal “click” reaction based on the coupling of ortho-
acetyl arylboronates and thiosemicarbazide-functionalized nopoldiol. We now report that a
detailed structural analysis of the arylboronate/nopoldiol adduct by X-ray crystallography and 1B
NMR reveals that the bioorthogonal reactants form, unexpectedly, a tetracyclic adduct through the
cyclization of the distal nitrogen into the semithiocarbazone leading to a strong B—N dative bond
and two new 5-membered rings. The cyclization adduct, which protects the boronate unit against
hydrolytic breakdown, sheds light on the irreversible nature of this polycondensation. The
potential of this reaction to work in a live animal setting was studied through 7 vivo capture of
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fluorescently labeled molecules /in vivo. Arylboronates were introduced into tissues through
intradermal injection of their activated NHS esters, which react with amines in the extracellular
matrix. Fluorescently labeled nopoldiol molecules were administered systemically and were
efficiently captured by the arylboronic acids in a location-specific manner. Taken together, these /7
vivo proof-of-concept studies establish arylboronate/nopoldiol bioorthogonal chemistry as a
candidate for wide array of applications in chemical biology and drug delivery.

Graphical Abstract

exiracellular
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Chemistries capable of functioning inside live animals or humans are increasingly attracting
attention for potential roles in basic science, diagnostics, and therapeutic application.1=9 In
particular, bioorthogonal “click” reactions based on strain-promoted azide—alkyne
chemistry (SPAAC) and inverse electron-demand Diels—Alder (iIEDDA) have gained
prominence due to the exquisite specificity between the reactive partners, fast reaction
kinetics, high yields, and compatibility with physiological conditions.10-15

Despite the significant success of SPAAC and iEDDA, new chemical strategies to
physiological couplings are needed. Recently, we introduced a novel bioorthogonal click
reaction between nopoldiol and ortho-substituted arylboronic acids.1® The reaction provides
ligation kinetics (~9 M~1 s71)16 that are an order of magnitude better than most SPAAC
chemistries and similar to norbornene-based iEDDA chemistries, though far slower than
TCO-based iEDDA.Y7 In this reaction, the product was stabilitized through the introduction
of a thiosemicarbazide to the nopoldiol, which forms a synergetic hydrazone linkage with an
ortho-acetyl group designed strategically onto the arylboronic acid.16:18-20 Qur initially
proposed mechanism for this novel nopoldiol/arylboronate thiosemicarbazide/acyl synergic
(NAB—TAS) system leaves a trivalent boronic ester susceptible to hydrolysis, possibly
leading to reversibility of the reaction, which was a potential limitation for widespread use
of this click chemistry in complex, agueous conditions, including in live animals.

RESULTS AND DISCUSSION

A deeper understanding of the mechanisms of product formation would provide insight for
the future design of next-generation bioorthogonal reactions. With a view to pursue
applications in cell-based and live bioconjugation, we sought to better understand the
structure and properties of the NAB-TAS coupling. In previous studies, we proposed that
ortho-acetyl phenylboronic acid and nopoldiol form a stable medium-sized ring product as a
result of a triple condensation, affording two new rings with both a boronic ester and a
thiosemicarbazone (Figure 1A).
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To better understand the reaction mechanism, we characterized the adduct formed from
model reagents 1 and 2 by X-ray crystallography and 11B NMR spectroscopy. The planar
trigonal boronic ester of putative adduct 3 was not observed. Instead, the resulting structure
pointed to a tetrahedral boron species featuring an additional bond (¢/1.76 A) between the
boron atom and one of the hydrazone nitrogens (Figure 1B). Presumably, due to its
proximity to the C=N bond, the distal semithiocarbazone nitrogen atom in intermediate 3
cyclizes into the C=N carbon, which in turn leads to a strong B=N dative bond and two new
5-membered rings (Figure 1C). The formation of tetracyclic polycondensation adduct 4, an
isomer of 3, is not merely a solid-state phenomenon; adduct 4 was analyzed by 1B NMR
spectroscopy in methanol (CD30D), which revealed a sharp singlet with a chemical shift of
13.8 ppm (Figure S1) consistent with a neutral tetrahedral boronate adduct. This new
structural information, which concurs with the current understanding of B—N interactions,
21,22 fyrther explains the lack of reversibility observed in our initial studies.18 Although
future efforts will be necessary to assess product stability in physiological environments
such as in serum and tissues, we believe that the formation of a tetracyclic adduct with an
internal tetrahedral B—N complex results in a boronate that is protected against hydrolysis,
23 making this click chemistry practically irreversible.

Inspired both by the stability of the reaction products and by the lack of toxicity of this
compound in cells, 16 we studied the /n7 vivo feasibility of NAB—TAS coupling in live mice.
We recently reported a fast and efficient method to interrogate click chemistry reactions /n
vivo without relying on complex biochemical integration. The method anchors click
chemistry motifs directly at tissue sites by injecting water-soluble sulfo NHS-activated acyl
groups at intradermal, intratumoral, and intracranial sites.?# The activated esters react with
amines on tissue extracellular matrix (ECM) and anchor the chemistry motifs locally at
tissue sites. The click partner to be assessed is fluorescently labeled and administered
systemically (i.e., intravascular) and fluorescence at the locally injected site assessed for
evidence of /n vivo click conjugation.?4

Testing the click chemistry /in vivo necessitates the ECM-anchoring NHS ester and also a
fluorescently labeled circulating partner. Due to synthetic accessibility, we chose to form the
NHS ester of the boronate (7) and a fluorescent conjugate of the nopoldiol (10). The
boronate was formulated as the pinacol boronic ester because it is easier to prepare and
handle, is quickly hydrolyzed to the reactive boronic acid, and (as previously reported?6) its
presence does not impede the formation of biorthogonal adduct. The synthesis of
arylboronate 6 from compound 5 proceeded as previously published except for the
utilization the Fries rearrangement in place of Friedl—Crafts acylation, which provided a
33% increase in yield (see Sl for compound $4). DCC coupling was used to provide
boronate-sNHS 7 (Figure 2). The synthesis of fluorescently labeled nopoldiol (10)
proceeded from previously published synthetic methods for nopoldiol. ¢is-Diol formation
from the commercially available (-)-nopol (8) yielded compound S1, which was brominated
to give bromide derivative 9, as reported previously.16 Compound 9 was first functionalized
with hydrazine, and then reacted with commercial fluorophore NIR-797 isothiocyanate to
give compound 10 in 38% yield (Figure 2B).
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In order to assess the NAB—TAS coupling in live animals, we studied whether
intradermally injected arylboronates could capture systemically circulating nopoldiol—NIR
(Figure 3A). boronate—NHS 7 was dissolved in phosphate—buffered saline (PBS) and
injected intradermally on the flanks of outbred, CD1 mice. Intradermal PBS injections on a
different location of the mouse flank served as a negative control. A small amount of
ulceration was observed at the injection site 24 h after injection, but these lesions were not
deemed burdensome by veterinary staff. We suspect that these lesions were caused by the
injection of a partially precipitated solution of boronate—NHS, as previously observed for
saturated solutions of azide— and tetrazine—NHS. Future studies will further study the /n
vivo biocompatibility of these “click” chemistry motifs. Twenty-four hours after intradermal
injection, diol—NIR was retro-orbitally administered and /n vivo fluorescence was
monitored at both the boronate—NHS and PBS injection sites over 1 week. Both
immediately and 3 h after i.v. administration, diol—NIR fluorescence was observed
throughout the animal’s body (Figure S2). However, as the fluorescent molecule was cleared
from the animal’s body, the fluorescence slowly localized to the boronate—NHS injection
site, but not to the PBS control injection site (Figure 3B). After 24 h, ECM-anchored
arylboronates captured significantly more fluorescent signal as compared to PBS (Figure
3C), suggesting that the circulating diol-NIR was being captured by boronate—NHS
selectively via click chemistry. Since the ulceration may enhance signal from any remaining
blood-circulating fluorophores, we repeated the imaging at 7 days, at which point
fluorophores will be cleared from the circulation and the ulcerations have healed. The
statistically significant difference between boronate—NHS and control PBS persisted over 1
week, further supporting the stability of adduct (Figure 3C) in vive.

CONCLUSION

Taken together, this work reports new X-ray crystallographic, boron NMR, and /n vivo
capturing data demonstrating the promise of NAB—TAS coupling for a vast array of /n vivo
applications. Contrary to the initially hypothesized bicyclic adduct, the product of the click
polycondensation chemistry reacts further to form an isomeric tetracyclic hydrazino—
boronate adduct, which explains the stability and apparent irreversibility of this
bioorthogonal reaction. Further, this click reaction adduct was amenable to /n vivo
application. In particular, anchored arylboronate motifs captured systemically circulating
fluorescent nopoldiol reagents. We believe these findings will be broadly useful to the future
development of next-generation boronate-based bioorthogonal click reactions in biomedical
application. /n vivo observations proved that this novel click chemistry has the potential to
be applied in living systems and to serve as a valuable addition to the bioorthogonal
chemistry toolkit for /n vivo molecular labeling, imaging, and drug delivery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Formation and characterization of crystal structure of the bioorthogonal adduct in NAB—

TAS coupling. (A) Previously proposed reaction mechanism with a planar trigonal boronic
ester adduct. (B) ORTEP representation of crystallographic analysis of the reaction adduct
(4). (C) Newly proposed mechanism incorporating double condensation reaction.
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Figure 2.
Synthesis of boronate—sNHS and nopoldiol—NIR. Reagents and conditions: (A) 6 was

synthesized over seven steps from 5 (see Supporting Information (S1)). (i) sulfoNHS (0.9
equiv), DCC (1 equiv) dry DMF (1 mL), rt, 18 h, 83%. (B) 9 was synthesized over two steps
from 8 (see Sl). (i) NoH4-H»0 (20 equiv) CHCI3 (1.0 mL) reflux, 75 min. (ii) NIR-797
isothiocyanate (1 equiv), NEtz (1.2 equiv), DMF/DCM/MeOH (5:5:1), rt, 16 h, 38%.
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In vivo validation of NAB—TAS coupling. (A) Schematic image of experiment. Boronic

acids are anchored to tissue ECM and fluorescent diol is administered i.v. for click capture.

(B) Representative VIS images of mice before and 1 week after systemic administration of

diol—NIR. Blue and red dashed circles indicate PBS and boronate—NHS injection sites,

respectively. (C) Quantitation of fluorescence signal at injection site 24 h and 1 week after

systemic administration of diol—NIR. Mean + SEM (N = 3). Statistical significance was

measured using a paired, one-tailed Student’s #test and represented as *p < 0.05. For full
IVIS images of all mice at 0, 3, and 24 h and 7 days, see Figure S2.
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