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Here we report dual reactivity of diene-modified duplex DNA
containing 5-(1,3-butadienyl)-2’-deoxyuridine “BDdU”. Normal-
electron demand [4 + 2] cycloaddition proceeded upon addition
of a maleimide, whereas inverse-electron demand [2 + 4] cycload-
dition occurred upon addition of a tetrazine to give a novel,
photoswitchable product.

Bioorthogonal “Click’” reactions” are widely used for bioconju-
gation of modified nucleic acids in vitro®> and in vivo.> Post-
synthetic labeling of nucleic acids using nucleophilic addition,*
normal-electron-demand Diels-Alder reactions (DA),” and
strain-promoted inverse-electron-demand Diels-Alder reac-
tions (invDA)® enable numerous bioanalytical, material and
diagnostic techniques. The introduction of bulky modifications
onto nucleosides and nucleotides is common practice for such
labeling strategies, however, the resulting steric hindrance can
interfere with duplex stability and/or nucleoside metabolism.”
The development of new strategies utilizing smaller, non-
interfering bioorthogonal functional groups therefore remains
a high priority.

Terminal alkenes have recently emerged as minimalistic
modifications that can serve as reactive groups in catalyst-free
bioconjugation reactions in vitro,® on cell surfaces,” in whole
cells’® and animals."* In 2014, our group reported the meta-
bolic incorporation of 5-vinyl-2’-deoxyuridine (VdU) into cellu-
lar DNA,'*? and later synthetic oligonucleotides,* as well as its
modification by means of invDA reactions with tetrazines.
Herein, we report the synthesis and reactivity of 5-(1,3-
butadienyl)-2’-deoxyuridine (BDdU) bearing a 1,3-butadienyl
moiety attached to C5 position of 2’-deoxyuridine. We postu-
lated that the expansion of the conjugated m system should
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[4 + 2] and [2 + 4] cycloaddition reactions on
single- and double-stranded DNA: a dual-reactive

*xab

increase the HOMO energy level of the molecule, allowing for
improved HOMO-LUMO overlap™ and increased tetrazine
reactivity as compared to VdU. In addition, the inclusion of a
butadienyl group was envisioned to allow dual modality of DNA
modification in both inverse- and normal-electron-demand
Diels-Alder cycloaddition reactions with electron-poor dienes
or dienophiles, respectively (Scheme 1).

To synthesize 5-(1,3-butadienyl)-2’-deoxyuridine (BDdU, 2),
we utilized a Stille cross coupling reaction between bromovinyl
deoxyuridine (BVDU, 1) and tri-n-butylvinylstanne (Scheme 2),
the resulting BDAU nucleoside was obtained in a 54% yield and
fully characterized by "H NMR, "*C NMR, and high resolution
ESI MS (see ESIf). To prepare materials for DNA synthesis,
BDdU (2) was treated with DMTCI to give the corresponding
DMTr-protected nucleoside (3) which was subsequently reacted
with chlorophosphoramidite under basic conditions to give
BDdAU phosphoramidite (4) in a 28% overall isolated yield.

o DNA
ONZ NH synthesis
| —_—

HO.
ONO A

OH "BDdU"

"[2+4]" product

[4+2] product

Scheme 1 DNA containing 5-(1,3-butadienyl)-2’-deoxyuridine (BDdU)
can react as a diene or dienophile upon addition of a maleimide or
tetrazine, respectively.
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Scheme 2 Synthesis of BDdU nucleoside and phosphoramidite where THF =
tetrahydrofuran, Pyr. = pyridine, DMTrCl = 4,4’-dimethoxytriphenylmethyl

chloride, and DIPEA = N,N-diisopropylethylamine. See the ESI+ for the synthesis
and characterization of these compounds.

BDdU phosphoramidite (4)

To investigate the chemical reactivity of BDAU in an inverse-
electron demand Diels-Alder reaction, BDAU (2) and 3,6-di-2-
pyridyl-1,2,4,5-tetrazine were reacted in an aqueous solvent
mixture, reaching completion after 3 hours with a 60% isolated
yield of the oxidized product (6) containing a trans alkene
(Scheme 3). In contrast, when the same reaction was conducted
using VdU (7) under ambient conditions, the main product was
the dihydrodiazine product (8).'°” To evaluate their relative
reaction rates, a series of BDdU-tetrazine reactions were
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Scheme 3 The reaction between BDdU (2) and 3,6-di-2-pyridyl-1,2,4,5-
tetrazine in the presence of ambient oxygen gives diazine (6), whereas VdU
(7) gives mostly dihydrodiazine (8).1%°
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conducted under pseudo-first-order conditions by monitoring
the consumption of tetrazine (5) upon addition of a large excess
of VdU or BDdU. The progress of each reaction was tracked by
the disappearance of tetrazine’s absorbance maximum at
530 nm (see Fig. S1, ESIt). The invDA cycloaddition reaction
between BDAU (2) and tetrazine (5) exhibited an apparent,
second-order reaction rate constant (k) = 7.4 x 10 > M " s
This value was over 3-fold higher than that of VdU-tetrazine (5)
with a rate constant (k) = 2.1 x 107> M ' s~ " (Fig. S1, ESI?).

The framework of oxidized product 6 resembles photoswitchable
trans-stilbenes which have been reported to be fluorescent molecu-
lar rotors™ that can undergo UV-light mediated isomerization to
give their corresponding cis isomers."”* Indeed, irradiation of a
solution of trans-6 with 365 nm UV light at room temperature for
15 minutes resulted in the formation of two sets of peaks by
'H NMR that were assigned according to the coupling constants
at 16 Hz for trans and 12 Hz for the cis isomer (see Fig. S4, ESIt).
This trans-cis isomerization resulted in the steady-state formation of
71% of the cis isomer after 30 min of irradiation. Trans-cis photo-
switching was accompanied by changes in the molecule’s absor-
bance and fluorescence spectra (Fig. S2 and S3, ESIt).

To evaluate product formation in DNA, we synthesized oligonu-
cleotides modified with BDAU (2) or VdU (7) using standard, solid-
phase supported synthesis. The VdU phosphoramidite was synthe-
sized according to published procedures.**'* We introduced BDAU
(2) or vdU (7) into oligonucleotides using standard phosphorami-
dite chemistry and purified the products using HPLC (Fig. S6, ESIT).
The modified single-stranded (ss) or double stranded (ds) DNA was
reacted with a fluorescent, BODIPY-tetrazine conjugate “Bodipy-Tz”
(Jena Bioscience) and analyzed using denaturing gel electrophoresis.
Both ss and ds DNA containing BDdU exhibited a higher reactivity
towards Bodipy-Tz than VdU in both ssDNA and dsDNA (Scheme 4).
The products for each reaction were confirmed using MALDI-TOF-
MS (Table S1, ESIY).

Oligonucleotides containing VdU exhibited moderate yields
(41%) in single-stranded DNA (ssDNA) treated with a 250-fold
excess of tetrazine for 2 hours at 37 °C. There was a drop to 24%
conversion for the same reaction in double-stranded DNA
(dsDNA) modified with vdU (7) after 2 hours of incubation
with an excess of Bodipy-Tz. In contrast, the invDA reaction on
oligonucleotides containing BDAU (2) was less impacted by
being ssDNA or dsDNA. The conversion after 2 hours of
incubation with 250-fold excess of tetrazine was 63% and
56% for ssDNA and dsDNA, respectively. These results suggest
that BDAU (2) is more reactive towards tetrazines as compared
to VdU (7) due to both electronic and steric effects in DNA.

To evaluate its reactivity towards maleimides, BDAU (2) and
the fluorogenic maleimide (9) were incubated in a mixture of
DMSO and water for 12 h at room temperature (Scheme 5). The
reaction afforded a 1:1 diastereomeric mixture of products
(10a + 10b) with a 37% overall isolated yield. The progress of the
reaction could be monitored according to fluorescence
increases over time (lex = 310 nm, ey, = 366 nm, Fig. S5c,
ESIt). Reactions conducted by adding 9 to BDdU-containing
DNA gave a modest yield of approximately 45% for both the
single-stranded and duplex DNA (Scheme 5 and Fig. S7, ESIt).
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Scheme 4 Reactions of oligonucleotides modified with VdU (7) or BDdU
(2) with Bodipy-Tz on single- (A) and double-stranded DNA (B). Oligonu-
cleotides were incubated with a 10-, 100- or 250-fold excess of Bodipy-Tz
for 2 h at 37 °C in 10 mM sodium cacodylate buffer (pH 7.4). The gels
(22.5% PAGE) were stained with SYBR Gold in 1X TBE buffer and scanned
using Typhoon FLA 9500. See ESI} for Bodipy-Tz structure.
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Scheme 5 A. Reaction between BDdU nucleoside (2) and fluorogenic
maleimide (9). B. Reactions between BDdU-containing duplex DNA with a
10-, 100-, 250-, 500-, 1000- or 2000-fold excess of 9 for 16 hours at
37 °C in 10 mM sodium cacodylate buffer (pH 7.4). The gels (22.5%
denaturing PAGE) were stained with SYBR Gold solution in TBE buffer
and scanned using Typhoon FLA 9500. Reaction yields are indicated at the
bottom of the gel. The product identity for the DNA was confirmed using
MALDI-TOF-MS (Table S1, ESI¥).

In summary, here we report the synthesis of a new, base-
conjugated butadiene (BDdU) phosphoramidite and its incor-
poration into DNA where it exhibits dual reactivity, undergoing
normal-electron demand [4 + 2] cycloaddition upon addition of
a maleimide, or inverse-electron demand [2 + 4] cycloaddition
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upon addition of a tetrazine. In both cases, the reaction can be
fluorogenic, where a fluorescence-quenching maleimide™® or a
tetrazine is consumed in the reaction.? Preliminary results
suggest that BDAU will show good stability in the presence of
cellular thiols (Fig. S8, ESIt), however, it may require installa-
tion of a membrane-permeable nucleotide triester ‘pro-
phosphate” group to be metabolically incorporated into cellu-
lar DNA.”®

BDAU exhibited faster reaction rates with tetrazines as
compared to VdU. These results demonstrate that a
nucleobase-conjugated diene can exhibit a faster tetrazine
reaction rate and give a product that is more prone to oxidation
as compared to a simple terminal alkene. Following initial
product formation and oxidation, trans-(6) undergoes a photo-
isomerization reaction upon irradiation with 365 nm light to
give cis-(6). The future development of light-mediated control of
nucleobase structure and function may enable new strategies
for manipulating biological processes.'®
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