Open Access Article. Published on 13 Khotavuxika 2025. Downloaded on 2026-06-22 03:46:42.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

COMMUNICATION

’ '.) Check for updates

Cite this: Chem. Commun., 2025,

61, 11481 .
Robert Dérrenhaus,

Received 15th May 2025,
Accepted 11th June 2025

DOI: 10.1039/d5cc02749g

rsc.li/chemcomm

Artificial base-pairs expand the genetic alphabet and allow for site-
specific labeling, for example with fluorophores or spin labels,
thereby enhancing the capabilities of biomolecular sensing. We
developed CTPT3, a stable C-nucleoside pairing with NaM to form
a hydrophobic base pair, and demonstrate its enzymatic incorpora-
tion into DNA/RNA and facile modification for labeling.

Interest in expanding the genetic alphabet has grown since its
initial proposal in 1962." In the 1990s, the first unnatural base pairs
(UBPs) were developed and successfully incorporated into DNA and
RNA by polymerases.” Beyond modified natural nucleobases,
entirely novel nucleosides have attracted attention, as with different
shape and different attraction forces, compared to the natural
hydrogen bonding (H-bonding) moiety, a more selective incorpora-
tion of these artificial nucleobases was achieved and it
was demonstrated, that H-bonds are no requirement for
replication.?”> In hydrophobic base pairs, neighbouring interac-
tions and n-m stacking play key roles,’ further stabilized by
electrostatic effects, van der Waals forces and solvophobic
effects.” The TPT3-NaM base pair developed by the Romesberg
group presents a well-studied hydrophobic UBP.® Its optimization
enabled the development of semisynthetic organisms with an
expanded genetic alphabet.” TPT3 has been functionalized with
fluorophores and spin labels, facilitating site-specific labeling and
structural analysis of long RNAs.® Aside from high replication
fidelity, chemical stability is essential for UBPs. While canonical
nucleosides form N-glycosidic bonds, some modified nucleosides,
such as pseudouridine (V) or bacterial Formicin A, feature more
stable C-glycosidic linkages.” Artificial nucleosides are usually
incorporated into DNA or RNA in few copies, making enhanced
stability particularly important. As an N-glycoside, TPT3 can be
susceptible to acid- or enzyme-catalyzed cleavage during synthesis
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or purification.’ Although C-glycosidic bonds offer significantly
enhanced hydrolytic stability, their formation remains synthetically
challenging due to low yields and limited substrate scope."' A
common, yet lowyielding and laborious method involves aryl
lithium addition to sugar lactones. Here, protected lactones form
hemiketals with C-nucleophiles and are reduced by silanes and
Lewis acids via hydride transfer.'” This method has been applied to
the synthesis of dNaM and its derivatives, such as PTMO.”® More
recently, efforts have shifted toward more versatile strategies,
including classical C-C cross-coupling (CC) reactions, to improve
yields and expand substrate scope.'""?

Recent studies have explored a wide range of metal ions, C1’
modifications, and reductive pathways for C1’ activation, often via
the C1’ glycal radical and using bench-stable glycal donors. Accord-
ingly, we investigated such CC reactions to synthesize the novel C-
glycosides nucleobase CTPT3 and its ribonucleoside rCTPT3 (Fig. 1).

To assess whether the design of CTPT3 can replicate the
electrostatic characteristics of TPT3, we computed the electrostatic
surface potentials of both TPT3 and CTPT3. N - C and C —» N
substitutions in CTPT3 shift the electrostatic potential compared to
TPT3. However, these changes occur on the face of the nucleobase
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Fig. 1 Structure of the TPT3-NaM base pair developed by Romesberg
and coworkers (top left) and the CTPT3—NaM base pair described in this
work (top right, sugar residues omitted for clarity). Schematic overview of
enzymatic incorporation of d/rCTPT3 into DNA and RNA (bottom). Calcu-
lated electronic surface potential (ESP) for TPT3 and CTPT3.
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Scheme 1 Synthesis of nucleobases (I), rCTPT3 TP (including CC of 3a and
3b) (Il), dCTPT3 TP (lll) and rNaM TP (VI). Conditions for (I): nucleobase 3a,
functionalized nucleobase 3b. (@) NBS, AcOH, r.t., 20 h, 99%:; (b) for 3a withR =
Me: Mel, K,CO3, DMF, rt, 20 h, 90%; for 3b (with R = (CH,)4sNBoc): NBoc-
(CH,)4-1, K2COs, DMF, 50 °C, 24 h, 97%. Conditions for (Il): (c) for 4a with R =
Me: 4CzIPN (1 mol%), NiBr,-DME (5 mol%), 4,4-diOMe-bipyridine (7 mol%),
Na,COs, dioxane, 84 °C, h (467 nm), 10 h, 17%; for 4b (with R = (CH,)4NBoc):
4CzIPN (1 mol%), NiBr,-DME (5 mol%), bpy (7 mol%), Na,COs, dioxane, 84 °C, h
467 nm), 10 h, 11%; (d) p-toluenesulfonic acid, DCM/MeOH, rt., 20 h; (e)
NaOMe, MeOH, rt, 20 h 95% (2 steps); (f) enzymatically, 90%. Conditions for
(1): (g) PdClx(dppf)s, EtsN, ACN, 100 °C, 72 h; (h) NaHB(OAc)s. AcOH/ACN,
0 °C, 2 h, 6% (2 steps); (i) enzymatically (dRibo enzyme mix, BioNukleo), 7.5%.
Conditions for (VI): (j) TMSBr, Zn, Ni(acac),, THF, 0 °C to r.t. 19 h, 25%.
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oriented away from NaM, unlikely to impact base-pairing interac-
tions significantly. On the NaM-facing side, the carbonyl oxygen of
CTPT3 exhibits a higher surface electrostatic potential compared to
the thiocarbonyl sulfur in TPT3, with this elevated potential also
influencing adjacent carbon atoms. Overall, their electrostatic
profiles are similar, suggesting, that CTPT3 binds to NaM similarly
to TPT3.

This study optimized Ni-catalyzed CCs to enhance rNaM
(Scheme 1 VI) and enable rCTPT3 synthesis (Scheme 1 II), applied
a Heck-type reaction for dCTPT3 (Scheme 1 III) and evaluated both
in enzymatic triphosphate (TP) synthesis and polymerase assays.
We thus present a hydrolysis-resistant C-glycoside complementary
to dNaM to expand nucleic acid chemical tools.

CTPT3 nucleobase 3a was first synthesized from thieno-
[2,3-b]pyridin-7-0ol by acid catalysed bromination with NBS
(Scheme 1 I). The intermediate was either N-methylated using
iodomethane or functionalized with a (CH,),NBoc linker via its
iodinated substrate, yielding 3a and 3b in near-quantitative yields.
N-Functionalisation stabilizes the ketone in the keto-tautomeric
form. Moreover, as demonstrated in our experiments, the following
cross-coupling reactions do not proceed effectively without N-
methylation. Coupling of the CTPT3 nucleobase to ribose was
challenging as classical methods, such as using aryl lithium with
protected lactones, did not yield the desired product, regardless of
whether the methylated or non-methylated nucleobase analogue
was used. Building on our previous progress with Ni-catalysed CC**
with the rAc ribofuranose” for rNaM synthesis (VI), we tested this
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approach with the iodinated CTPT3 nucleobase, but only obtained
side product formation induced by Zn."®

The route was changed to diastereoselective photo-reductive Ni-
catalysed CC with the r°™* sugar moiety (Scheme 1 1I)."” The r°F
sugar was synthesized from ribose by acid catalysed acetonide
protection of the 2’ and 3’ OH, followed by benzoyl protection
of the 5 OH. Dihydropyridine was synthesized from ethyl-3-
aminocrotonate and glyoxylic acid and coupled to the ribose 1'-
OH by amide coupling with N,N'-diisopropylcarbodiimide (see
ESLt Section 2). The Ni-catalysed CC follows a photoreductive
mechanism, where the glycosyl ester is oxidized by an activated
photosensitizer (4CzIPN), forming a radical after deprotonation.
Through a series of single-electron transfers, a Hantzsch pyridine
and an alcoxycarbonyl radical are generated. An unstable C1’
radical forms via CO, loss and participates in a Ni-catalysed CC
with a Ni(u) species formed by oxidative addition of the Br-CTPT3
nucleobase 3a,"” producing the protected B-rCTPT3 nucleoside 4a
in 17% yield. Deprotection using p-toluenesulfonic acid to remove
the acetonide group, followed by nucleophilic cleavage of the
benzoyl group with NaOMe, gave the free nucleoside in 95% yield
over two steps. The overall yield from thieno[2,3-b]pyridin-7-ol to
the rCTPT3 nucleoside was 14% with the CC step being yield-
limiting. Compared to rTPT3, which has an overall nucleoside yield
of ~3%,° this represents a significant improvement, making the
route promising for further research and application. Further
optimization of the CC step may improve yields. To assess enzy-
matic compatibility, the nucleoside was subjected to TP synthesis
using enzymes typically applied to natural or modified nucleosides,
aiming to simplify the triphosphorylation process and avoid low-
yielding chemical routes. With support by BioNukleo (Berlin), an
enzymatic synthesis of rCTPT3 TP 5 was achieved.

The synthesis of DNA nucleotide dTPT3 TP 7 (Scheme 1 III)
originated from the Br-CTPT3 nucleobase 3a used for
rCTPT3 and a TMS-protected glycal (Scheme 1 III). The d&¥ was
synthesized in one step from thymidine by silylation of the hydroxy
groups and nucleobase elimination in 85% yield.'® A subsequent
Heck-reaction® and selective C3-ketone reduction with with
NaBH(OAc),*° afforded the B-nucleoside in 6% yield over two steps.
The dCTPT3 nucleoside was enzymatically converted to TP 7 in
7.5% yield. Thus, both rCTPT3 and dCTPT3 are compatible with
enzymatic TP synthesis—an encouraging result, as enzymatic
acceptance offers here a more efficient and higher-yielding alter-
native to traditional chemical methods.

rCTPT3 was incorporated into RNA via in vitro transcription
(Fig. 2a and c) using T7 RNA polymerase and dNaM-containing
DNA template (DNA1_dNaM). The resulting RNA was purified and
analysed by LC-MS and denaturing PAGE confirming the presence
of full-length products (see ESI,T Section S7 and Fig. 2a). Full-length
RNA with rCTPT3 incorporated opposite dNaM with an additional
non-templated rCTPT3 at the end of the sequence (sodium adduct:
10321 g mol ™ ; calculated 10321 g mol *; double sodium adduct
10343 g mol % calculated 10344 g mol ') was observed. The
addition of non-templated nucleotides by T7 RNA polymerase is
well-documented,”* and was also found in control samples with
unmodified templates and classical rTPT3 (ESL} Section S7). With
1'TPT3 also a tendency of adding non-templated rTPT3 at the 3’ end

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Enzymatic incorporation of rCTPT3 TP and dCTPT3 TP. (a) Dena-
turing PAGE of in vitro transcription by T7 RNA Pol with rCTPT3-TP. Lanes
left to right: template; NaM template + rCTPT3-TP; NaM template without
rCTPT3-TP; natural template + NTPs. (b) Denaturing PAGE of DNA primer
extension by KlenTaqg. Lanes left to right: DNA primer; NaM template +
dCTPT3-TP; NaM template without dCTPT3-TP; (4) unmodified template
+ dNTPs. (c) Deconvoluted ESI mass spectrum of purified in IVT using
DNA1_dNaM template and T7 RNA polymerase giving rCTPT3-full length
product with additional non-templated rCTPT3 addition at the 3’-end
(10321 g mol™%; calculated 10 321 g mol™) and the 2x sodium adduct of
this sequence (10 343 g mol™; calculated 10 344 g mol™). (d) Deconvo-
luted ESI mass spectrum of purified primer extension assay using template
DNA2_dNaM and KlenTag DNA polymerase resulting in dCTPT3-full
length product (13190 g mol™% calculated 13191 g mol™). Further,
mismatches of dNaM/dA plus non-templated dA (13472 g mol™?; calcu-
lated 13474 g mol™?), dNaM/dA plus non-templated dG (13490 g mol™;
calculated 13490) and the sodium adduct of full-length product with non-
templated dT (13516 g mol™*; calculated 13518 g mol ™) are observed.
Raw data and supplementary data are available in the ESIf (Section S6).

of the product has been observed previously.>* In vitro transcrip-
tions of Spinach_dNaM DNA template were conducted to produce
a functional Spinach RNA aptamer (ESLT Section S7.3) with one
rCTPT3 modification. In gel staining with DFHBI confirms correct
folding of the full length rCTPT3 modified Spinach aptamer
(ESLT S7.3).

We also investigated DNA primer extension with dCTPT3 TP,
dNaM-containing template (DNA2_dNaM) and KlenTaq DNA poly-
merase (Fig. 2b and d). Equivalent primer extensions were addi-
tionally performed with classical dTPT3 TP (see ESIt Section S7.2).
Analysis in PAGE showed full length products as well as minor

This journal is © The Royal Society of Chemistry 2025
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amounts of termination products (Fig. 2b). LC-MS analysis
confirmed the full-length product with incorporated dCTPT3
(13190 g mol %; calculated 13191 g mol ') and its sodium
adduct with a non-templated dT (13516 g mol %; calculated
13518 g mol '). Additional products included dNaM extensions
with natural nucleosides dA mismatches and non-templated dA
(13472 g mol ™ %; calculated 13474 g mol "), as well as full-length
fragments of mismatch dNaM/dA plus non-templated dG
(13490 g mol % calculated 13 490) were found (see ESIt Section S7.1).
Similar mismatches between natural nucleobases and unnatural
bases have been previously reported.” These findings align with the
in vitro transcription data and confirm that standard DNA poly-
merases can incorporate CTPT3 TPs into full-length DNA strands
(DNA template, primer and promoter sequences: ESIT Section S5).

To evaluate the enhanced acid stability conferred by the
C-glycosidic bond, nucleotide rCTPT3 TP was compared with
rTPT3 TP under acidic conditions (pH 5, 80 °C, 5 h) (Fig. 3).
Prior studies by us have shown that TPT3 derivatives are prone
to base loss during dPAGE purification and are susceptible to
acid cleavage due to their N-glycosidic linkage.'**™*

At pH 5, both TPs hydrolysed to the monophosphate as
expected (Fig. 3). However, for rTPT3 nucleobase fragments were
found, indicating cleavage of the N-glycosidic bond. These frag-
ments are not observed in the MS fragmentation pattern of the
triphosphate prior to acidic incubation, which confirms that they
are generated by degradation under acidic conditions (see ESIT
Section S7.4). Quantitative analysis of the UV chromatogram
revealed that 11% of TPT3 underwent hydrolysis under the applied
conditions (see ESIT Section S7.4). In contrast, rCTPT3 remained
intact, confirming its superior stability due to the C-glycosidic
linkage.
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Fig. 3 Stability test of rTPT3 TP and rCTPT3 TP at pH 5. Reaction conditions:
(i) 5 h, MES buffer (pH 5), 80 °C. Triphosphates hydrolysed to monophosphates
(for rCTPT3 + H*: 378.05 g mol™; calc. 378.03 g mol™%; for rTPT3 + H*
379.99 g mol™; calc. 379.99 g mol™Y). For rCTPT3, no free nucleobase was
found, for rTPT3, hydrolysis of the N-glycosidic bond was observed (CTPT3 +
H*™: C168.01 g mol™% calculated: 167.99 g mol Y. Other masses: 2-(N-
morpholino)ethanesulfonic acid (196.08 g mol™; calculated 196.06 g mol™).
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In summary, we developed efficient synthetic routes to the
stable, non-hydrolysable C-glycosides dCTPT3 and rCTPT3 via
Heck and Ni-catalysed CC reactions. CTPT3 nucleobase was
functionalized and demonstrated compatibility with CC condi-
tions. Both nucleosides were successfully converted into their
TPs via enzymatic synthesis, offering moderate to high yields
and a simplified alternative to traditional chemical methods.
The TPs were enzymatically incorporated into full-length pro-
ducts using in vitro transcription (rCTPT3) and primer exten-
sion (dCTPT3) with dNaM-containing templates, confirming
polymerase acceptance. While the C-glycosidic linkage provides
enhanced stability and modifiability, challenges such as the
achievement of a nature-like fidelity for enzymatic amplifica-
tion of the UBP remain. Our work expands the nucleic
acid chemistry toolbox by introducing a robust and versatile
C-glycosidic artificial nucleobase as part of the unnatural base
pair CTPT3-NaM.
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