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Expanding DNA functionality has significant implications in nucleic acid chemistry, biology, and beyond.
Therefore, developing new chemical tools for site-specific post-synthetic modification of nucleic acids is
urgently needed. Herein, we demonstrate the first site-specific DNA post-synthetic modification via
visible-light-catalyzed decarboxylative allylation. Allyl sulfone groups were introduced into DNA, not only
at the terminal sites via amide formation but also at internal and terminal positions during DNA solid-
phase synthesis. This visible-light-catalyzed decarboxylative allylation proceeds rapidly on DNA bearing
allyl sulfone groups under open-air conditions within minutes, exhibiting excellent chemoselectivity and
compatibility with various functional groups while retaining DNA integrity. Specifically, introducing allyl
sulfones into DNA via solid-phase synthesis enables site-specific modification on chemically synthesized
single-stranded DNA (internal and terminal positions), hybridized double-stranded DNA, and enzymati-
cally amplified long-chain DNA under visible light irradiation. The versatile reactivity of allyl sulfone
scaffolds further enables diverse on-DNA photocatalytic transformations, promising to advance the
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Introduction

The post-synthetic modification of nucleic acids substantially
expands their functionality. By precise modification via proper
chemical reactions, the resulting functional nucleic acid with
desired structures, properties, and functions offers promising
opportunities for biological function probing, biosensing,
drug delivery, nanozyme catalysis, drug screening, and
beyond." A recent example is the nucleoside modification con-
tributes to developing effective mRNA vaccines, a discovery
recognized by the 2023 Nobel Prize.” In the past decade,
bioorthogonal reactions like copper-catalyzed azide-alkyne
cycloaddition, strain-promoted azide-alkyne cycloadditions,
and inverse-electron-demand Diels-Alder reactions have been
extensively utilized for site-specific oligonucleotide modifi-
cation with functional agents while preserving DNA integrity
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chemical toolbox for DNA post-synthetic modification through diverse photochemical methods.

for assembly and recognition.® Despite the remarkable
advance in bioorthogonal chemistry for protein and carbo-
hydrate bioconjugation, achieving precise post-synthetic modi-
fication of nucleic acids is different and remains a significant
challenge.* In the chemical preparation of nucleic acids,
nucleobases with specific reactive functional groups are typi-
cally synthesized first as DNA building blocks. This allows the
incorporation of single or just a few functional groups at arbi-
trary positions during subsequent DNA synthesis, without
affecting standard base pairing (Scheme 1a). These DNA build-
ing blocks bearing bioorthogonal reactive groups must with-
stand the harsh chemical conditions of the automated solid-
phase DNA synthesis, including exposure to strong acids,
bases, and oxidizers.” However, stability requirements may
conflict with desired reactivity, impacting subsequent labeling
reaction efficiency. Additionally, ensuring high selectivity and
sufficient reactivity of the reaction groups in mild aqueous
conditions during on-DNA transformation, while preserving
DNA integrity, further complicates the realization of site-
specific nucleic acid modification. Given these constraints,
exploring and investigating novel chemical toolboxes for DNA
modification is still in urgent demand.

Recent developments in photocatalysis offer a promising
opportunity for mild, aqueous, and visible light-induced on-
DNA transformation, primarily by producing alkyl radicals
(Scheme 1b).°® Photocatalysis has already demonstrated its
significance in DNA-encoded library (DEL) technologies by
enabling the rapid construction of diverse chemical structures

This journal is © the Partner Organisations 2024
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Scheme 1 DNA post-synthetic modification via DNA-compatible
chemical reactions. RG: reactive group; DEL: DNA-encoded library.

on DNA via simple light irradiation while maintaining DNA
integrity. However, these photochemical transformations typi-
cally start with DNA containing a terminal amino group to
introduce one reactive group, which is unsuitable for achieving
site-specific nucleic acid modification at arbitrary desired posi-
tions (Scheme 1b). Although light control of DNA structure
and function aids in spatiotemporal probing of cellular events,
the current photochemical toolboxes for site-specific nucleic
acid post-synthetic modification primarily rely on ultraviolet
(UV) light.® We hypothesize that carefully choosing reactive
functional groups and exploring photocatalytic reactions could
facilitate site-specific DNA post-synthetic modification at any
desired position under safe and convenient visible light
irradiation.
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Allyl sulfone is highly valued in radical allylations, primarily
owing to its ease of synthesis and versatile reactivity.'’
Moreover, it exhibits chemical stability even under harsh con-
ditions such as strong acids, bases, and oxidizing agents.""
Our group and others have previously validated using allyl
sulfone as a radical acceptor in various visible light-induced
photocatalysis, including 1,2-hydrogen migration, 1,5-hydro-
gen migration, cascade cyclization, polarity reversal, f-scission,
and more.”? Particularly, we presented the visible-light-
induced decarboxylative allylation in neutral aqueous solu-
tions via allyl sulfone and N-acyloxyphthalimide, resulting in
the formation of the allylation adduct.'® This reaction com-
pletes rapidly at room temperature, demonstrating remarkable
chemoselectivity within minutes. We envision incorporating
allyl sulfone onto nucleobases for on-DNA photocatalytic reac-
tions may offer new possibilities and advantages in advancing
photochemical toolboxes for DNA functionalization. Herein,
we present site-specific DNA post-synthetic modification at any
desired position via fast photocatalytic allylation (Scheme 1c).
Allyl sulfone groups were introduced into DNA, not only at the
terminal site via traditional amide formation but also at any
desired position including internal and terminal sites through
DNA solid-phase synthesis. This visible light-induced on-DNA
photocatalytic decarboxylative allylation proceeds rapidly
under mild conditions and exhibits excellent chemoselectivity
and compatibility with various functional groups along with
retaining DNA integrity. The choice of organic photocatalyst
also enables metal-free transformation on DNA. Specifically,
the introduction of allyl sulfone into DNA via solid-phase syn-
thesis enables efficient DNA modification on chemically syn-
thesized single-stranded DNA (ssDNA) at internal and terminal
positions, hybridized double-stranded DNA (dsDNA), as well as
enzymatically amplified long-chain DNA under visible light.

Results and discussion

Inspired by our pioneering work on visible light-induced
rapid, biocompatible decarboxylative allylation with allyl
sulfones,'®'* we first investigated the feasibility of applying
this photochemical reaction on DNA. The direct incorporation
of allyl sulfone scaffolds onto DNA was achieved in a single
step via traditional protocols of amide formation with 20 mer
ssDNA C6 NH, (Fig. S1t). We explored ssDNA-conjugated aryl-
substituted allyl sulfone DNA 1 as the radical acceptor and
N-acyloxyphthalimide derivative 1a as the radical precursor for
on-DNA photocatalytic coupling under blue LED light
(468 nm) irradiation (Table 1, Fig. S2, S3, and S87)."> Under
mild photoirradiation, no damage to DNA was observed
(Fig. S4at), and the desired C-allylation product DNA 2a was
successfully obtained with photocatalyst Ru(bpy);Cl, and
reductant ascorbic acid (VcH). The on-DNA coupling pro-
ceeded rapidly, yielding 79% after a five-minute light
Irradiation; further irradiation for extended periods did not
lead to a significant increase in yield (entries 1 and 2, and
Table S17)."® Lower conversion was observed when employing
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Table 1 Condition screening for the on-DNA photoredox decarboxyla-
tive allylation

o}
(0]
PhO,S
N\OJ\{/
(0] o) (0]
1a
NH NH
NI\ Ru(bpy)sCly, VeH INI N\
DNA 1 pH 7.4 Tris buffer/DMF (1:1) DNA 2a
Blue LED, 5 min, rt

Entry” Deviation from the standard conditions Yield®
1 None 79%
2 3h 80%
3 N, 75%
4 2000 equiv. 1a 73%
5 500 equiv. 1a 58%
6 300 equiv. 1a% 73%
7 VcNa instead of VeH 53%
8P HE, DIPEA, HCOOH instead of VcH 50%
9 No reductant 0%
10 No light 0%
11 No Ru(bpy);Cl, 0%
12 in’téad of DNA 1 0%

“Reaction conditions: DNA 1 (1 nmol, 1 equiv.), 1a (1 pmol, 1000
equiv.), ascorbic acid (VcH, 5 pmol, 5000 equiv.), Ru(bpy);Cl,
(10 nmol, 10 equiv.), pH 7.4 0.5 M Tris buffer/DMF (1:1) (100 pL) with
two blue LED (4 W, 468 nm) irradiation at 25 °C for 5 min. *HE
(Hantzsch ester, 1 pmol, 1000 equiv.), DIPEA (1 pmol, 1000 equiv.),
HCOOH (1 pmol, 1000 equiv.). “ Yields were determined by LC-MS ana-
lysis. 9 Reaction was carried out with DNA 1 (1 nmol, 1 equiv.) 1a
(0.3 pmol, 300 equiv.) in pH 7.4 0.5 M Tris buffer/DMF (1:1) (10 pL)
under standard condition.

iridium complexes, such as Ir(dtbbpy)(ppy).PFs or fac-Ir(ppy)s
as the photocatalysts (Table S2t). Notably, this photoredox
reaction efficiently occurred under both nitrogen atmosphere
and open-air conditions (entry 3). A high amount of 1a (1000
equiv.) was utilized for rapid and high-yield on-DNA reactions
with diluted DNA (10 pM) (entries 1, 4, and 5). Alternatively,
reducing the loading of 1a (300 equiv.) with higher concen-
tration DNA (100 pM) gave comparable yields of desired pro-
ducts (entry 6). The presence of reductants was crucial for the
reactions (entries 7-9). Employing sodium ascorbate (VcNa) or
Hantzsch ester (HE) as the reductant also facilitated on-DNA
coupling with 1a, albeit with a slightly decreased yield.'” In
contrast, the photo-induced reaction without reductants
showed no conversion. Utilizing a 50% aqueous buffer opti-
mized the reaction by efficiently solubilizing both the DNA
and  N-acyloxyphthalimide  derivative  (Table  S4f).'®
Additionally, reactions proceeded smoothly in the presence of
cell culture media (DMEM, HEPES), suggesting potential for
further utilization in biological systems (Table S5t). As
expected, the absence of light and photocatalysts led to no
product generation (entries 10 and 11). No reaction occurred
when replacing DNA 1 with allyl sulfone-free DNA, implying
the inertness of coupling reactions to DNA without allyl
sulfone (entry 12).

With established favorable reaction conditions, we explored
the substrate scope and functional tolerance of
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N-acyloxyphthalimides 1 (Scheme 2). Encouragingly, the reac-
tions proceeded smoothly with diverse N-acyloxyphthalimides
bearing primary, secondary, and tertiary alkyl groups (pro-
ducts DNA 2a-2g, Fig. S9-S157). The tertiary alkyl substrates
were more reactive, leading to desired coupling adducts in sat-
isfactory yields within 5 minutes. In contrast, the primary and
secondary alkyl substrates required extended light irradiation
of 30 minutes to achieve comparable yields.'® To evaluate the
functional groups’ tolerance of the reaction, we tested sub-
strates containing active hydrogen including unprotected
alcohol, carboxylic acid, phenol, and indole. Pleasingly, the
presence of these functional groups did not impact the reac-
tion outcomes (products DNA 2h-2k, Fig. S16-S19t1). When
utilizing N-acyloxyphthalimides-bearing free carboxylic acids
as the radical precursor, a yield of 52% was obtained for
product DNA 2i (Fig. S17). The commonly employed protect-
ing groups remained intact during the coupling reaction (pro-
ducts DNA 2l-20, Fig. 5S20-5237), except for the mesyl protec-
tive group (product DNA 21, Fig. S20f). Furthermore, tra-
ditional alkyl radical precursors such as alkyl bromide success-
fully afforded the desired product DNA 2p yielding 69%
(Fig. S24t). The reduced yield of DNA 2q might be attributed
to the limited solubility of N-acyloxyphthalimides derivates 1q
(Fig. S25%). Both transition-metal-sensitive aryl iodide and
reduction-sensitive aldehyde and nitrile were well tolerated
under the reaction conditions, affording the corresponding
products with acceptable yields (products DNA 2r-2t, 55% to
67%, Fig. S26-S2871). Moreover, substrates containing alkyne
and azide, which could be further diversified on-DNA, were
also well-tolerated in the coupling reaction (products DNA 2u-
2w, Fig. S29-S317).

The cost and toxicity of transition metal, along with the
difficulties in removing metal residues from final products,
have motivated ongoing efforts to develop metal-free organic
transformation on DNA.***® We investigated the organic
photocatalyst for on-DNA photocatalytic decarboxylative allyla-
tion. Pleasingly, Eosin Y with a redox potential similar to Ru
(bpy)sCl,, enabled on-DNA coupling with 1a, yielding 80% of
DNA 2a after 5 minutes of visible light irradiation (Table S2,T
entry 4). In contrast, other organic photocatalysts with higher
oxidation potential, such as 4CzIPN, Acr-Mes'ClO,~, and Ph-
Acr-Mes'BF,~ did not yield any product (Table S2,f entries
5-7). Using Eosin Y with 1g efficiently formed DNA 2g similar
to metal photocatalysts (Fig. S51). Eosin Y proved to be a viable
alternative, enabling fast, metal-free on-DNA transformation
via visible light.

To evaluate DNA integrity after photocatalytic decarboxyla-
tive allylation, we quantified the DNA-conjugate product DNA
20 using quantitative polymerase chain reaction (qPCR) and
elongated it through enzymatic ligation (Scheme 3a, Tables S6
and S7f). In the qPCR analysis, minor differences in DNA
amplification efficiency were observed between the standard
samples and DNA 20, suggesting the preservation of DNA
integrity (Scheme 3b). In the enzymatic ligation experiment,
we first hybridized ssDNA tag DNA 2o with its complementary
ssDNA tag DNA 3, forming dsDNA tag DNA 4. Subsequent

This journal is © the Partner Organisations 2024
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Scheme 2 Substrate scopes of N-acyloxyphthalimide 1. Yields were determined by LC-MS analysis. ? Yield is for the product without a mesyl pro-

tective group.

enzymatic ligation efficiently extended DNA 4 to yield DNA 6,
incorporating additional 25 bp from DNA 5 as confirmed by
agarose gel analysis and denaturing-PAGE gel analysis
(Scheme 3c). These results highlighted the mildness of photo-
catalytic decarboxylative allylation in retaining the DNA
integrity.

Encouraged by the satisfying on-DNA conversion, we
proceed to attach the allyl sulfone group onto DNA at both
internal and terminal positions through solid-phase DNA syn-
thesis. To evaluate the compatibility of allyl sulfone with solid-
phase DNA synthesis conditions, we subjected aryl-substituted
allyl sulfone to incubation with strong acids (100 eq.
Cl3CCOOH), strong bases (NH,OH), and strong oxidative con-
ditions (I,). Pleasingly, allyl sulfone maintained its integrity
after 2 hours of incubation. The synthesis of DNA building
blocks bearing allyl sulfone was subsequently started with 5-
(3"-aminopropynyl)-2’-deoxyuridine 3 and carboxylic acid-sub-
stituted allyl sulfone 2 as the precursors. The allyl sulfone

This journal is © the Partner Organisations 2024

group was linked to the aminopropynyl group of the nucleo-
side with the peptide coupling reagent HATU to yield inter-
mediate 4 and then converted into DNA building block 5 by
standard procedures (Scheme 4a, see the ESIf for details).*!
The chemically synthesized single-stranded DNA, DNA7
bearing allyl sulfone at internal positions, and DNA 8 bearing
allyl sulfone at terminal positions, were synthesized from this
DNA building block by automated solid-phase chemistry and
confirmed by LC-MS analysis (Scheme 4a, Fig. S6, S32 and
S33%).

We next conducted light-induced post-synthetic modifi-
cation of DNA 7, 8, and 9 with N-acyloxyphthalimides 1 under
standard reaction conditions (Scheme 4b, Table S8f).
Pleasingly, allyl sulfone at the internal positions of DNA
reacted smoothly with N-acyloxyphthalimides bearing primary,
secondary, and tertiary alkyl groups (1a, 1b, 1g, and 1v), yield-
ing DNA 10 with moderate to good yields (57%-84%,
Scheme 4b, Fig. S34-S37%). Similarly, the on-DNA photo-

Org. Chem. Front,, 2024, 11, 4408-4415 | 4411
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a) Schematic illustration of the qPCR quantification and enzymatic ligation?
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Scheme 3 DNA integrity assessment.  For qPCR quantification, the
length of ssDNA prepared in DNA 1 was 108 mer. As for enzymatic lig-
ation, DNA 1 was 20 mer. °A DNA conjugate without any chemical
transformation served as the standard control.

catalytic transformations proceeded effectively with solid-
phase synthesized DNA bearing terminal allyl sulfone modifi-
cation, resulting in the formation of DNA 11 upon modifying
DNA 8 (50%-82%, Fig. S38-S417). It was found that the solid-
phase synthesized DNA exhibited comparable reactivity to
terminal-modified DNA synthesized via traditional amidation
coupling, highlighting the effectiveness of the arbitrary site
modification via fast photocatalytic allylation.

The on-DNA photocatalytic transformations with 1g
increased oligonucleotide fragments weight, detectable
through gel electrophoresis. After a 5-minute blue LED
irradiation, new bands with higher weight appeared on
agarose gel analysis, indicating the formation of modification
products DNA 10g and DNA 11g (Fig. S7a,T left panel and right
panel). No modification observed when
N-acyloxyphthalimide was incubated without light irradiation,
whereas a 5-second exposure to blue LED light yielded over
20% modification products during the photocatalytic modifi-
cation of DNA 7 (Fig. S7bt). Further extending the irradiation
time led to an increased yield of modification products,
demonstrating the dose-dependency of the light irradiation.
To investigate the photochemical transformation of dsDNA,
allyl sulfone-modified double-stranded DNA 9 was obtained by
hybridizing DNA 8 with its complementary DNA strand. Upon
light irradiation with 1g, effective biotin modification on DNA
9 occurred, as confirmed by LC-MS analysis and the urea-
PAGE analysis (Fig. S7a, right panel and Fig. S42t). These
results further confirmed the visible-light-induced DNA modi-
fication at both terminal and internal positions in both ssDNA

was
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a) Chemically synthesized single-stranded DNA bearing allyl sulfone via DNA
solid-phase synthesis
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b) Visible light-induced site-specific DNA post-synthetic modification on various
solid-phase synthesized DNA
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chain DNA
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l Ru(bpy)3Cl,, VcNa, 1g

Step 2: photocatalytic allylation on long-chain DNA

Blue LED, 5 min, rt

*\ﬁmmmmmm 169 bp

DNA 15

Scheme 4 Visible-light induced site-specific DNA post-synthetic
modification via fast photocatalytic allylation.

and dsDNA through fast photocatalytic decarboxylative allyla-
tion, representing a rare instance of visible-light-induced site-
specific DNA post-synthetic modification.

Post-synthetic modification of nucleic acids is especially
valuable for biomacromolecules that are difficult to access
through chemical synthesis.>” To assess the method’s effective-
ness, we designed and synthesized allyl sulfone-modified
forward primer (DNA 13) through DNA solid-phase synthesis
(Fig. S43t). These primers were then used in a subsequent
polymerase chain reaction (PCR) to efficiently amplify a 169 bp
double-stranded DNA template (Scheme 4b, Table S9t). The
allyl sulfone-modified primer has been verified to be compati-
ble with PCR conditions. A clean PCR product, DNA 14, con-
taining allyl sulfone groups at the end of a double-long chain,
obtained and confirmed by agarose gel

was analysis

This journal is © the Partner Organisations 2024
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Scheme 5 Visible-light induced on-DNA transformation via photo-
catalytic polarity-inversion with DNA-conjugated allyl sulfone.

(Fig. S7ct). We conducted light-induced photocatalytic trans-
formation on DNA 14 with 1g under blue LED irradiation.
After 5 min irradiation, the reaction mixture remained as a
single bright band in agarose gel analysis, indicating its integ-
rity during light exposure (Fig. S7df). Remarkably, successful
biotin modification of DNA 14 was achieved, resulting in the
production of DNA 15, as confirmed by the biotin-streptavidin
Southern blot analysis (Fig. S7df). These results confirm an
alternative way for preparing reactive DNA bearing allyl sulfone
group through PCR for amplification using modified nucleo-
side. The visible-light-induced post-synthetic modification
method is also suitable for enzymatically amplified long-chain
DNA, holding great potential to track DNA replication and
translational processes.

Notably, allyl sulfone undergoes various photochemical
reactions with different kinds of radical precursors.’** To
further explore the versatility of allyl sulfones in expanding the
scope of photochemical reactions in DNA functionalization,
we conducted additional photocatalytic transformation using
DNA-conjugated allyl sulfone. Remarkably, we successfully
achieved polarity-reversed alkylation of aldehydes at 10 uM
concentration of DNA 1 in aqueous solutions (Scheme 5, see
the ESIt for details).'?” Using p-methylbenzaldehyde as the
radical precursor, this on-DNA photochemical reaction
afforded DNA 16 in yields of 51% when Ir(dtbbpy)(ppy).PFs
was employed as the catalyst under blue LED irradiation
(Fig. S441).> We reasoned that the versatile reactivity of DNA
with allyl sulfone enables DNA functionalization via diverse
photocatalytic transformations.

Conclusions

In conclusion, we have demonstrated the first visible light-
induced site-specific DNA post-synthetic modification via fast
photocatalytic allylation with allyl sulfone. By utilizing DNA-
conjugated aryl-substituted allyl sulfones, we achieved rapid
on-DNA alkylation under mild photocatalytic conditions
within minutes. This DNA-compatible reaction exhibited excel-
lent chemoselectivity and compatibility with various functional
groups along with retaining DNA integrity. Additionally, the
use of organic photocatalysts enables metal-free synthetic
transformations on DNA. Through DNA solid-phase synthesis,
the allyl sulfone groups are incorporated into nucleobases,
facilitating DNA modification in chemically synthesized single-

This journal is © the Partner Organisations 2024
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stranded DNA, hybridized double-stranded DNA, and enzy-
matically amplified long-chain DNA. Moreover, the DNA-
bearing allyl sulfone groups facilitated on-DNA photocatalytic
polarity reversal reaction, expanding bioorthogonal chemical
toolboxes for DNA post-synthetic modification via diverse
photocatalytic methods.
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