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Abstract: Controlling the pairing strength of nucleobases in
DNA through reactions with compounds found inside the cell
is a formidable challenge. Here we report how a thiazolyl
substituent turns a strongly pairing ethynylpyridone
C-nucleoside into a reactive residue in oligonucleotides. The
thiazolyl-bearing pyridone reacts with soft nucleophiles, such
as glutathione, but not with hard nucleophiles like hydroxide
or carbonate. The addition products pair much more weakly

with adenine in a complementary strand than the starting
material, and also change their fluorescence. This makes
oligonucleotides containing the new deoxynucleoside inter-
esting for controlled release. Due to its reactivity toward N, P,
S, and Se-nucleophiles, and the visual signal accompanying
chemical conversion, the fluorescent nucleotide reported
here may also have applications in chemical biology, sensing
and diagnostics.

Introduction

Reactive nucleosides are known as molecular tools for the
investigation of mutations[1] and post-synthetic modifications of
DNA strands in vitro or in vivo. Typical applications are
probing,[2] crosslinking,[3] and the use as suicide inhibitors of
enzymes.[4] Further, there are reactive nucleosides that are
useful in synthesis and bioconjugation. For example, ‘conver-
tible nucleosides’ have been described that react with nucleo-
philes like amines and thiols, producing a wide range of useful
products.[5–10] Another group of reactive nucleosides contain
bases with alkynyl substituents, including 5-ethynyluridine,[11]

which acts as starting material for 1,3-dipolar cycloadditions
with azides, resulting in crosslinking, labeling, or steps in the
modular synthesis of complex target molecules.[11,12]

A special class of reactive compounds are ‘caged’
nucleosides.[13] These nucleosides transition to their active form
only after a chemical reaction has been induced. A typical
example is thymidine derivative 1 (Scheme 1).[14] Thymidine is
locked or caged in its lactim form, preventing Watson-Crick
base pairing with A, but, upon irradiation with UV light, the
photolabile group is removed, and the active form of the
nucleoside is released. The control over the base pairing status
can be used to study biological processes.[15] While uncaging of

nucleobases is frequently used on the oligonucleotide level,
site-specific blocking or active caging of nucleosides of fully
assembled strands is rare.

Conceptually, caging of thymidine is not difficult to achieve
(Scheme 1B). For example, derivatization of N3 of T with a bulky
group (2) or locking a lactim ether at O4 can prevent base
pairing. Achieving the necessary chemo- and regioselectivity on
the oligonucleotide level is difficult, though. Instead, published
examples achieve the destabilization of DNA duplexes through
oxidation[16] or photochemical removal of a base surrogate.[17] In
the first case, all guanines in the sequence were oxidized, and
in the second case, a base analog with modest pairing strength
had to be used, and the irradiation also induced strand
cleavage. Reversible glyoxal caging[18] or acylation of the
2’-hydroxyl groups of RNA are known,[19,20] but more than one
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Scheme 1. Typical caging reactions. (A) Uncaging,[14] and (B) caging of a
thymidine residue in an oligodeoxynucleotide.
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nucleoside was affected, and reagents were needed that are
not abundant in living cells.

Neither of the published examples of reactive nucleosides
involve a nucleoside with increased base pairing strength
compared to the natural counterpart. Nor do the known caging
reactions lead to a change of intrinsic fluorescence of the
nucleoside undergoing the reaction. Also, to the best of our
knowledge, base-selective caging of strongly pairing nucleo-
sides with molecules found in the cell has not been reported
previously.

We have recently reported C-nucleosides analogs of
thymidine with an ethynylpyridone as nucleobase surrogate.
Other work has focused on replacing deoxyadenosine with
more strongly pairing analogs.[21] Our work included a deoxyur-
idine analog, dubbed E,[22] and the thymidine analog W shown
in Figure 1.[23] Replacing thymidines in oligodeoxynucleotides
with these C-nucleosides can increase the UV-melting point of
the duplex with a complementary strand by up to 2.6 °C in the
former case and up to 4.4 °C for the latter. Further, both E and
W show excellent mismatch discrimination, resulting in drops in
melting point opposite the ‘wobble pair’ partner G up to
20.5 °C. The increases in affinity and fidelity are attributed to the
improved shape complementarity to adenine, with the ethynyl
group well positioned to engage the CH fragment at the
2-position of the purine,[24,25] and inducing a steric clash when
trying to pair with guanine. Exploiting these favorable pairing
properties has been facilitated by the recent development of an
optimized phosphoramidite building block for solid-phase
synthesis.[26]

While ethynylpyridones have shown potential as antiviral
drugs[27] and as monomers in chemical primer extension, where
the activated monophosphate of W was found to be superior to
its TMP counterpart,[28] there have been no reports on reactive
versions of either E or W. This is why we decided to explore the
properties of the new C-nucleosides Y and J (Figure 1) when we
found them to possess reactivity. These new C-nucleosides
feature substituents at the 3-position of the pyridone ring,
corresponding to the 5-position of thymidine. The substituents
chosen were the propynyl and the thiazolyl group, respectively,
i. e. groups known to increase affinity for complementary
strands at the 5-position of pyrimidines.[29–31] Here we report the
synthesis of Y and J and reactions that they undergo, resulting

in what may loosely be called ’caging’, as it affects their base
pairing properties.

Results and Discussion

The first nucleoside prepared was 3, the immediate synthetic
precursor to the deoxynucleoside form of Y. Scheme 2 shows
the synthetic route chosen. It uses leaving groups at the 3- and
6-positions of the pyridone scaffold in order to achieve
regioselective introduction of the different alkynyl groups, and
three Pd-catalyzed cross couplings for the elaboration of the
carbon framework. In the first step, nitropyridone 4 was
O-benzylated to 5 under conditions that avoid N-alkylation,
resulting in a yield of 97%. The protected aglycone was then
employed in a Heck reaction with glycal 6, which had been
prepared via a known synthetic route.[22] The conditions for the
Heck coupling had previously been optimized for C-nucleoside
W,[23] and gave a similar yield in the present case. Silyl enol
ether 7 was immediately desilylated to ketone 8, which is also
labile and was converted to nucleoside 9 by diastereoselective
reduction. A yield of 79% over 3 steps was achieved for the
glycosylation sequence, which is higher than that reported for
Piv-protected W,[23] most probably because the benzyl protect-
ing group is more stable and because the aglycone is more
electron deficient than the methyl derivative.

In order to install a bromine substituent at the 3-position,
nitropyridine 9 was converted to 10 in a Béchamp reduction.
The reaction conditions were chosen to be mild to avoid a loss
of benzyl protecting groups. The subsequent bromination with
NBS then gave C-nucleoside 11 in 91% yield. Having prepared
what is the 6-position in the final product for cross coupling, an
iodo substituent was installed at the 3-position by diazotization
followed by iodination. The resulting dihalide 12 constituted
the key compound for the synthesis of both Y and J, and may
also be used for the synthesis of other alkynylpyridone C-
nucleosides in the future.

In the case of Y, 12 was converted to 3 in two consecutive
Sonogashira reactions, using first propyne and then triisopro-
pylsilyl acetylene as reaction partners. The two alkynyl residues
were introduced chemoselectively by exploiting the difference
in reactivity between the bromo and iodo substituents of 12
under cross coupling conditions. Debenzylation then gave the

Figure 1. Structures of strongly-pairing ethynylpyridone C-nucleosides, including the known pyridone W,[23,26] shown as base pair with adenine (A), and the
new derivatives Y and J, with numbering in the pyridone ring shown in red.
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desired C-nucleoside 13, but the main product of the reaction
was cyclized C-nucleoside 14 (Scheme 3), indicating that 13 is
too reactive to be useful for employing it on the oligonucleo-
tide level. Even under neutral conditions and at low temper-
ature, 13 reacted to 14 in a 5-endo-dig cyclization. This reaction
has also been reported for thymidine derivatives.[32] It changes
the pattern of hydrogen bond acceptors/donors, thus interfer-
ing with Watson-Crick base pairing with adenine in a comple-
mentary strand.

Synthetically, the cyclization on the nucleoside level could
be avoided by a change in the sequence of reactions, removing
the TIPS protecting group first, followed by debenzylation. With
this synthetic route, the phosphoramidite of Y was obtained
successfully, and DNA solid phase synthesis was performed.
When placing a residue of Y (instead of a thymidine) in a self-
complementary DNA sequence, the UV-melting point of its
duplex increased by up to 14.0 °C, but cyclization again
occurred at elevated temperatures, even in neutral aqueous
buffer. This level of reactivity was deemed problematic for
applications in chemical biology or medicine, and Y was not
pursued further. Instead, nucleoside J was elaborated, starting
from 12 (Scheme 2). Here, a 5-endo-dig cyclization reaction was
unlikely, and the more extended π-system promised additional
stacking interactions with neighboring bases in double helices,
as well as interesting optical and chemical properties. Other
aromatic substituents, like phenyl[33] and pyrenyl[34,35] groups, at
the 5-position of uracil can decrease the melting point of DNA
and RNA duplexes, probably due to the lack of coplanarity in
the biphenyl-like structure, but a thiazole ring linked via its

Scheme 2. Synthesis of dialkinyl C-nucleoside 3, phosphoramidite 20, and J-containing oligonucleotides. (a) BnBr, Ag2CO3, toluene, 80 °C, 97%; (b) 6, Pd(OAc)2,
P(PhF5)3, Ag2CO3, CH3CN; (c) 3 HF·NEt3, THF; (d) NaBH(OAc)3, AcOH, CH3CN, 0 °C, 79% over 3 steps; (e) Fe, NH4Cl, EtOH, 50 °C, 67%; (f) NBS, MeOH, CH3CN, 0 °C,
91%; (g) 1. NaNO2, HCl, H2O, 0 °C; 2. KI, CH3CN, H2O, 52% over 2 steps; (h) 1. Ac2O, pyridine; 2. 2-(tributylstannyl)thiazole, [Pd(PPh3)2Cl2], dioxane, 90 °C; 3. K2CO3,
MeOH, 88% over 3 steps; (i) propyne, Pd(PPh3)2Cl2, CuI, NEt3, DMF, 91%; (j) triisopropylsilylacetylene, Pd(PPh3)2Cl2, CuI, NEt3, DMF, 80 °C, 74%; (k)
triisopropylsilylacetylene, [Pd(PPh3)2Cl2], CuI, Et3N, DMF, 80 °C, 91%; (l) TMS� Cl, NaI, CH3CN, 41%; (m) DMT� Cl, DMAP, pyridine, 57%; (n) Piv-Cl, Et3N, CH3CN,
0 °C, 93%; (o) (iPr2N)2P(OC2H4CN), DIPAT, CH3CN, 97%; (p) solid-phase DNA synthesis cycles; (q) NH4OH, 55 °C, (r) TBAF, THF. Abbreviations: Bn=benzyl,
DIPAT=diisopropylammonium tetrazolide, DMAP=4-dimethylaminopyridine, DMT=4,4’-dimethoxytrityl, NBS=N-bromosuccinimide, Piv=pivaloyl,
TBDMS= tert-butyldimethylsilyl, TIPS= triisopropylsilyl, TMS= trimethylsilyl.

Scheme 3. Cyclization of diacetylide 13 to 14 lacking the hydrogen bond
donor required for a thymidine analog.
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2-position does not possess hydrogens in the ortho positions,
avoiding steric conflicts in a coplanar conformation.

Furanyl-, thiophenyl-, and oxazolyl- substituents at the
5-position of deoxyuridines show interesting fluorescence
properties, but have a limited impact on duplex stability.[36–38] In
contrast, the 5-(thiazol-2-yl)-2’-deoxyuridine residue[29] increases
melting points of DNA/RNA duplexes by 1.7 °C per modification,
which is close to the 1.6 °C per modification for the 5-propynyl
group, found in the same study. The higher reactivity of the
iodo substituent of 12 was used to introduce the thiazolyl
residue via a Stille coupling, employing a commercially available
reagent. To achieve high yields in the cross coupling, transient
acetyl protection of the hydroxy groups was performed. After
Stille coupling and deacetylation, 15 was obtained in 88% yield.

For the subsequent introduction of the triisopropyl (TIPS)
protected acetylene, a Sonogashira coupling at 80 °C was used,
giving 16 in 91% yield. In the next step, the benzyl protecting
group had to be removed, as its deprotection after DNA
synthesis was considered too risky. Since the alkynyl residue is
labile under the strongly reducing conditions routinely used for
debenzylation, a deprotection with in situ generated
trimethylsilyl iodide was chosen, producing 17 in modest yield.
An analytical sample was deprotected further to obtain the X-
ray crystal structure and UV-Vis spectrum of the free nucleoside
J shown in Figure 2. The X-ray structure confirmed that the
desired β-anomer was obtained, and showed the coplanarity of
the two aromatic rings. The extended π-system of J also
manifested itself in a strong bathochromic shift of the longest
wavelength absorption maximum, compared to that of thymi-
dine, and its yellow color. Further details are provided in the
Supporting Information.

The synthesis of the phosphoramidite building block of J
proceeded via dimethoxytritylation of 17 to 18 and pivaloyl
protection of the nucleobase of the latter to 19. The Piv group

was chosen, as it can be easily removed during the cleavage of
oligonucleotides from controlled-glass solid support. Phosphity-
lation then produced 20, which was used in subsequent solid-
phase DNA syntheses.

With phosphoramidite 20, oligodeoxynucleotides 21–24
were synthesized (Scheme 2). To avoid having to fill the void
volumes of a fifth channel of our DNA synthesizer, the coupling
of the new building block was performed manually. Three of
the sequences (21, 22 and 24) were chosen to allow for
comparison with thymidine derivatives described earlier.[22,23,30]

Sequence 23 was chosen to study mismatch discrimination, and
to compare the new base pair with a G :C base pair. After solid
phase DNA synthesis and cleavage from the solid support with
aqueous ammonia, the TIPS groups on J were removed with
TBAF, followed by desalting. After RP HPLC, MALDI spectra and
the chromatogram showed the desired ODNs in high purity and
yields.

However, after lyophilization of the product fractions from
triethylammonium acetate (TEAA) buffer, a significant part of
the desired oligonucleotides was found to have reacted with
the triethylamine (Scheme 4). The Michael acceptor-like reac-
tivity at the 3-position of J was apparently high enough to allow
for addition at the high salt concentrations of lyophilization.
Other addition reactions have been reported for ethynyl-
substituted nucleosides,[39] but in those cases, strongly basic
conditions and elevated temperatures were required for
conversion.

In a subsequent HPLC step with ammonium bicarbonate
buffer, 24 and 25 were separated, and no addition products
were found after lyophilization, confirming that hard nucleo-
philes, including ammonia and carbonate, do not readily react
with the ethynylpyridone. As a consequence, the subsequent

Figure 2. Structure and absorption spectra of free nucleoside J. A) X-ray
crystal structure, and B) UV-Vis spectra of 0.08 mM solutions of J and
thymidine in MeOH.

Scheme 4. Reaction of DNA strand 24 with triethylamine. A) Reaction
scheme, (a) lyophilization from 0.1 M triethylammonium acetate buffer,
pH 7.0; B) MALDI-TOF mass spectrum of product 25.
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syntheses of J-containing oligonucleotides used HPLC purifica-
tion with ammonium bicarbonate buffer, which prevented
‘caging’ in all cases studied. Another nucleophile leading to
detectable addition was trihydroxy acetophenone, though, our
preferred matrix for MALDI-TOF mass spectrometry.[40] Other
matrix systems containing soft nucleophiles also gave the
corresponding matrix adducts in the spectra obtained by the
usual sample preparation, which includes evaporation and laser
irradiation to generate ions in the source of the spectrometer.

The addition product from the reaction with triethylamine
(25) showed a red-shift in its fluorescence, compared with 24,
indicating that conversion can be monitored visually. This
encouraged us further to study the reactivity of the new
C-nucleoside. First, reactions were performed with the free
nucleoside J, which were analyzed by NMR spectroscopy.

Two new peaks in the olefinic range appeared in the 1H
NMR spectrum during the reaction with TEA (see Supporting
Information). The data from 2D NMR spectra was in agreement
with the structure shown in the expansion of Scheme 4A. The
formation of vinyl ammonium salts in reactions with tertiary
amines with alkynes is known for acetylene,[40] but has, to the
best of our knowledge, not been reported for deoxynucleosides
like J.

We then studied the stability of the A : J base pair in UV
melting experiments. The J-containing strands were found to
remain unreactive in phosphate buffer, even after several
heating and cooling cycles. Figure 3 shows the melting curves
of 24 and its complementary DNA strand (26), as well as those
of its unmodified DNA counterpart (27) and that for the duplex
with reaction product 25.

In the case of dodecamer 24, the melting point was 5.0 °C
higher than that of the unmodified counterpart. Compared to
known ethynylmethylpyridone W,[23] this is an additional
melting point increase of 1.2 °C and the highest value for our C-
nucleosides to date. We also noted the low-temperature
transition in the melting curve of the duplex with 24 typical for
triplex formation.[42] This is in line with observations for
thymidine analogs studied earlier using, the current sequence
capable of triplex formation,[43,22] and suggests that the thiazole

ring does not interfere with Hoogsteen base pairing in the
major groove.

For self-complementary sequence 21, which can form two
A : J base pairs upon hybridization, an increase in Tm of 12.8 °C
over that of the control duplex was measured (Table 1). In
contrast, with TEA adduct 25, the duplex melting point was
17 °C lower than that with J-containing 24, even though only a
single base had been converted, demonstrating just how
strongly the base pairing properties of J can be tuned by
addition reactions. The stability of the A : J base pair was then
compared to that of the C :G base pair, using sequence 23 and
unmodified control strands. Compared to the A :T-containing
duplex, the G :C base pair gave +6.0 °C in ΔTm, whereas the A : J
base pair gave +7.0 °C, again confirming how strongly duplex
stabilizing J is. Octamer 23 was also used to study mismatch
discrimination (Table 2). For mismatched bases opposite J, the
drop in Tm was�12 °C in each case, whereas opposite T, a G,
causing a wobble base pair, gave a ΔTm of 9.8 °C. So, J is

Figure 3. A) UV-melting curves of DNA dodecamer duplexes with natural
A :T, A : J or A : JTEA base pairs. Conditions: 1.6 μM strands, 10 mM phosphate
buffer, pH 7.0, 1 M NaCl, measured at 260 nm.

Table 1. UV melting points of DNA duplexes with A : J base pairs or their
control duplexes, containing canonical A :T or G :C base pairs.

Strands Tm [°C]
[a] ΔTm [°C]

[b]

3’-GAAAAGAAAGAA-5’ (26)
5’-CTTTTCTTTCTT-3’ (27) 43.0
5’-CTTTTCJTTCTT-3’ (24) 48.0 +5.0
5’-CTTTTCTEAJTTCTT-3’ (25) 31.0 � 12.0

(5’-CTGCAG-3’)2 (28) 25.5
(5’-CJGCAG-3’)2 (21) 38.3 +12.8

3’-GGACCTT-5’ (29)
5’-CCTCCTT-3 (30) 27.0
5’-CCJCCTT-3 (22) 33.9 +6.9

3’-GGTCAGCA-5’ (31)
5’-CCAGTCGT-3’ (32) 40.0
5’-CCAGJCGT-3’ (23) 47.0 +7.0

3’-GGTCCGCA-5’ (33)
5’-CCAGGCGT-3’ (34) 46.0 +6.0

[a] Average of four curves. Conditions: 1.6 μM to 6.4 μM strands, depend-
ing on the sequence chosen, 10 mM phosphate buffer, pH 7.0, 1 M NaCl;
[b] To A :T control duplex. [c] TEAJ = triethylammonium adduct of J.

Table 2. UV melting points of DNA octamer duplexes with T or J facing A
or a mismatched nucleobase.

Strands base pairing Tm [°C]
[a] ΔTm [°C]

[b]

5’- CCAGTCGT-3’ (32)
3’- GGTCAGCA-5’ (31) T :A 40.3
3’- GGTCTGCA-5’ (35) T : T 18.8 � 21.5
3’- GGTCCGCA-5’ (33) T :C 15.3 � 25.0
3’- GGTCGGCA-5’ (36) T :G 30.5 � 9.8

5’- CCAGJCGT-3’ (23)
3’- GGTCAGCA-5’ (31) J :A 47.0
3’- GGTCTGCA-5’ (35) J : T 18.5 � 28.5
3’- GGTCCGCA-5’ (33) J :C 24.5 � 22.5
3’- GGTCGGCA-5’ (36) J :G 35.0 � 12.0

[a] Average of four curves; [b] To Tm of fully matched duplex. Conditions:
3.2 μM strands, 10 mM phosphate buffer, pH 7.0, 1 M NaCl.
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superior to T in both affinity for the complementary base and in
fidelity.

This encouraged us to study properties of J that are useful
for practical applications. As mentioned above, Michael-type
addition did not occur with hard nucleophiles, like hydroxide or
ammonia, but with soft nucleophiles. To better understand the
scope of the addition, other nucleophiles were tested using the
reaction of Figure 4A. Here, oligonucleotide 24 was allowed to
react, and its conversion was monitored by MALDI-TOF mass
spectrometry, as well as fluorescence spectroscopy. In the
event, besides TEA; tris(2-carboxyethyl)phosphine (TCEP), thi-
amine pyrophosphate (TPP), glutathione, and selenocysteine
were found to react. The reaction conditions are given in
Table 3.

A single addition led to a red-shift of the emission by up to
39 nm without loss of the intense fluorescence (Figure 4). For
ammonium or phosphonium-terminated olefinic products, a
push-pull chromophore is obtained, with strong absorption and
emission. For thiol- or a selenol-containing nucleophiles gluta-
thione and selenocystein, a double addition was inducable
under acidic conditions, where the thiazole ring is protonated
and the Michael acceptor moiety is more reactive as electro-
phile. In the latter case, the vinylic product of the first addition
step is converted to a saturated system, reducing the size of the
π-system. This, in turn, manifests itself in a hypsochromic shift
of the main fluorescence band. For selenocysteine, the shift was
23 nm compared to that of 24, i. e. 62 nm blue-shifted
compared to the addition product with TCEP.

To get a better photophysical understanding for the
addition products of triethylamine and glutathione, as well as
free nucleoside J, fluorescence quantum yields were deter-
mined. Details are given in Table S3 of the Supporting
Information. The quantum yields ranged from 60% for J itself to
25% for the double addition product of glutathione. This
compares favorably with 5-thiazolyl-2’-deoxyuridine, for which
the fluorescence quantum yield is known to be below 1%.[36]

Together, this data suggests that J residues in oligonucleotides
can serve as molecular sensors,[44] complementing existing
systems for the detection of soft nucleophiles.[45]

Each nucleophile gives a product with characteristic
emission spectrum (Figure 4C), and often the differences in
color that can be observed with the naked eye (Figure 4B).
Finally, exploratory experiments were performed to obtain a
proof-of-principle result for use of the addition reaction in
programmed release of nucleic acids. This application makes
use of the exceptional change in affinity for a complementary
base upon reaction with glutathione, an important redox agent
inside the cell. We reasoned that upon delivery of a duplex with
oligonucleotides containing J into a cell, the addition reaction
with this soft nucleophile could weaken the double helix
enough to induce the release of the complementary strand.

The exploratory experiments were performed with 23 in
duplex with complementary strand 31 (Figure 5A). Reaction
conditions were chosen to mimic physiological conditions. The
reaction was monitored by fluorescence spectroscopy and
formation of the glutathione adduct was confirmed by MALDI-
TOF MS (Figure 5B). At pH 7.4, one glutathione molecule was

Figure 4. Addition of nucleophiles to 24 and the resulting change in
fluorescence. A) Reaction scheme; B) photographs of reaction solutions
under UV light (λex=366 nm, 10.7 μM strand concentration); C) Normalized
emission spectra of the diluted solutions (0.1 μM, λex=345 nm). Abbrevia-
tions: TCEP, tris(2-carboxyethyl)phosphine; TEA, triethylamine; TPP, thiamine
pyrophosphate; Sec, selenocysteine.

Table 3. Reaction of J with different nucleophiles and its influence on the
emission wavelength; TEAA= triethylammonium acetate.

Nucleophile Reaction conditions Product λem [nm]

– – 24 447
tris(2-carboxyethyl)
phosphine

10.7 μM 24,
125 mM NuH,
pH 7.0, 25 °C,
16 h

37 486

Triethylamine Lyophilization of
24 from TEAA
buffer (0.1 M,
pH 7.0)

25 478

Thiamine
pyrophosphate

10.7 μM 24,
125 mM NuH,
37 °C, 16 h

38 455

Glutathione 10.7 μM 24,
125 mM NuH,
pH 2.8, 37 °C,
16 h

40 439

Selenocysteine 10.7 μM 24,
125 mM NuH,
pH 4.6, 37 °C,
16 h

41 424

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202203289

Chem. Eur. J. 2023, 29, e202203289 (6 of 9) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 01.02.2023

2308 / 279712 [S. 192/195] 1



added to 23 with a half-life time of 3.3 h. To demonstrate the
effect on the duplex, UV melting curves were measured prior to
and after the reaction (Figure 5D). Before the reaction with
glutathione, the melting point was 44.0 °C, but no sigmoidal
transition was observed afterwards. In a control assay with
unmodified strands the melting point remained the same after
exposure to glutathione. The decrease in the melting point was
larger than for the TEA adduct, probably because glutathione
causes more steric hinderance and does not give a cationic
adduct, whose positive charge provides a modest level of
Coulombic attraction. This data confirms that ’caging’ J with
glutathione destabilizes the duplex to an extent that releases
the complementary strand.

It is interesting to ask how the unusual reactivity of J may
be used in chemical biology. It is reasonable to assume that
strand-release effects can be achieved for longer cargo strands
than the short complementary strand employed in our model
assay. In order to have a strong enough effect upon reaction
with intracellular nucleophiles, carrier strands with several J
residues may be used. The cargo strands may be therapeutically
active oligonucleotides like antisense or antigen oligonucleo-

tides or possibly mRNAs hybridized to multiple carrier
oligonucleotides.[46] An efficient release process appears realistic
because the concentration of free glutathione is low outside
the cell, but it is abundant inside the cell,[47] so that rapid
intracellular release by addition to J is conceivable.

Finally, we asked what the molecular basis of the strong
effects of J on duplex stability and its high reactivity are. For
this, DFT calculations were performed on J and its unreactive
counterpart E (Figure 6). The structure obtained for J was in
agreement with the X-ray crystal structure, showing a coplanar
arrangement of all parts of the aglycone, suitable for extensive
stacking interactions, as well as the properly positioned ethynyl
group for interacting with the H2-region of adenine.[24,48]

Insight into the high reactivity of J in Michael-type addition
reactions were obtained from calculated LUMO energies. Fig-
ure 6B shows that both J and E have large enough atom
coefficients at the distal carbon of the ethynyl group for HOMO-
LUMO interactions in the transition state of the addition of a
soft nucleophile. However, the LUMO of J is approx. 0.4 eV
lower in energy than that of E, explaining why it is much more

Figure 5. Reaction of the J-containing DNA duplex (23/31) with glutathione
leads to a release of the complementary strand (31). Conditions: 1.6 μM
strands, 5 mM glutathione, PBS buffer, pH 7.4, 37 °C. A) Equation; B) Kinetics,
monitored by fluorescence at 500 nm; C) MALDI-TOF mass spectrum
confirming formation of the addition product after 20 h; D) UV melting
curves before and after the reaction with glutathione.

Figure 6. Results of DFT calculations for E and J. A) Structures of the
nucleosides. B) Calculated LUMO for either of the nucleobases, as obtained
with the wB97X functional at the def2-TZVP level in the presence of three
water molecules. Below each nucleoside, the corresponding LUMO energies
are given in electron volts. C) Calculated LUMO and LUMO energy of
protonated J. Calculations and visualizations were performed with ORCA
5.0.1.[49]
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reactive than the parent ethynylpyridone lacking the thiazole
substituent. Since the thiazole ring is not a strongly electron
withdrawing substituent, the larger π-system, with the higher
number of MOs is a likely explanation. Perhaps more impor-
tantly, the thiazole ring can be protonated, turning it into a
more strongly electron-withdrawing, cationic group. Calcula-
tions for the protonated form of J gave an approx. 0.7 eV lower
LUMO energy than for E (see Table S3 in the Supporting
Information), in agreement with this assumption.

Conclusions

The results presented here show that placing a thiazole ring at
the 3-position of an ethynylpyridone C-nucleoside increases
base pairing strength with adenine to a level above that for
C :G base pairs. Further, it endows the base analog with
properties that are both fascinating and potentially useful. A
reactive nucleoside that changes its pairing properties upon
undergoing 1,4-additions under mild conditions can be ex-
pected to find practical applications, particularly when it
“reports” the change in structure through a change in its
fluorescence signature. Besides intracellular release of cargo
strands from duplexes, the practical applications may include
the specific detection of nucleophiles and the unfolding of DNA
nanostructures induced by a chemical trigger.

Experimental Section
Detailed protocols and additional experimental data, together with
data on DFT calculations, can be found in the Supporting
Information (SI).

DNA synthesis: The oligonucleotides containing J were synthesized
on 1 μmol scale on long-chain alkylamine controlled-pore glass
(cpg), using an H-2 synthesizer (K&A Laborgeräte, Schaafheim,
Germany). Chain assembly cycles for unmodified nucleotides
followed the recommendations of the manufacturer, whereas
phosphoramidite 20 (27 mg, 25 μmol), was directly dissolved in
activator solution (0.25 M 4,5-dicyanoimidazole in acetonitrile,
0.3 mL), and the resulting solution was added to the cpg, followed
by mixing on a horizontal shaker for 1 h. After capping and
oxidation, the remainder of the sequence was again assembled
automatically. Deprotection and release from the support used
aqueous ammonia (25%, 1 mL) for 16 h at 55 °C. After lyophiliza-
tion, 1 M tetra-n-butylammonium fluoride (TBAF) solution in THF
(0.5 mL) and water (20 μL) was added, and the solution was shaken
for 5 h at 25 °C, followed by addition of triethylammonium acetate
buffer (1 M, 0.5 mL), evaporation and chromatographic purification.

Crystal structure determination: Deposition Number 2220330
contains the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karls-
ruhe Access Structures service.
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