
 

This is an electronic reprint of the original article. This reprint may differ from the original 
in pagination and typographic detail. 

 
DNA-Templated Formation and N,O-Transacetalization of N-Methoxyoxazolidines

Aho, Aapo; Osterlund, T; Rahkila, J; Virta, P

Published in:
European Journal of Organic Chemistry

DOI:
10.1002/ejoc.202200583

Published: 19/08/2022

Document Version
Final published version

Document License
CC BY

Link to publication

Please cite the original version:
Aho, A., Osterlund, T., Rahkila, J., & Virta, P. (2022). DNA-Templated Formation and N,O-Transacetalization of
N-Methoxyoxazolidines. European Journal of Organic Chemistry, 2022(31), [e202200583].
https://doi.org/10.1002/ejoc.202200583

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

This document is downloaded from the Research Information Portal of ÅAU: 23. May. 2023

https://doi.org/10.1002/ejoc.202200583
https://research.abo.fi/en/publications/034306f6-8771-410b-aa36-08f07b3d5749
https://doi.org/10.1002/ejoc.202200583


https://chemistry-europe.onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3Af80b6240-3b1d-4763-ae3f-c76104165b56&url=https%3A%2F%2Fchemistry-europe.onlinelibrary.wiley.com%2Fjournal%2F27514765&pubDoi=10.1002/ejoc.202200583&viewOrigin=offlinePdf


DNA-Templated Formation and N,O-Transacetalization of
N-Methoxyoxazolidines
Aapo Aho,[a] Tommi Österlund,[a] Jani Rahkila,[b] and Pasi Virta*[a]

DNA-templated formation and N,O-transacetalization of N-
methoxyoxazolidines have been studied. Compared to the
reaction without a DNA-catalyst, the hybridization-driven N-
methoxyoxazolidine formation shows a marked rate accelera-
tion, whereas the rate of corresponding N,O-transacetalization
is limited by the rate of decay to aldehyde intermediates. In
both cases, the equilibrium yield increases markedly on the

DNA template. Different hairpin architectures have been
studied to evaluate the role and limits of the template effect.
Furthermore, an attention has been paid to stereochemical
integrity (R/S) of the N-methoxyoxazolidine linkage. The N-
methoxyoxazolidine formation represents a dynamic pH-re-
sponsive DNA-templated ligation that occurs readily in slightly
acidic conditions (pH 5).

Introduction

DNA-templated organic synthesis (DTS), based on the hybrid-
ization-driven proximity effect, is an efficient tool to accelerate
various reactions under aqueous conditions.[1] It may lead even
to high conversions and yields of reactions that are not typically
favored in water. Due to the chiral and distance-defined
environment, the reactions may also follow high site- and
stereo specificity.[2] DTS with reversible, dynamic reactions have
deserved a special attention as they may have broad applic-
ability in nucleic acid based supramolecular constructs[3,4]

dynamic combinatorial libraries,[4] and studies of self-replicating
systems.[5] As examples in this context, a dynamic hybridization-
driven polymerization of imines[6] and boronic acids[7] has been
extensively studied. The former reaction is irreversibly reduced
to stable alkylamine products, whereas the boronic acid ligation
is pH-responsive, occurring in slightly basic conditions. We have
evaluated the potential of N-(methyl)oxyamine glycosylation
(i. e. neoglycosylation) as a dynamic DNA-templated ligation.[8]

This reaction occurs between sugar hemiacetals and N-alkyl
alkoxyamines, it is bioorthogonal, reversible in slightly acidic
conditions, can be halted by a mild pH change (pH>7), and a
notable rate enhancement may be observed on a DNA-
template. Motivated by the same acid catalyzed N,O-acetaliza-
tion, we recently introduced N-methoxyoxazolidine formation
as a credible biorthogonal conjugation chemistry for
oligonucleotides.[9] The reaction follows the same attractive pH-

profile as noticed with neoglycosylation, but it leads to higher
equilibrium yields and the reaction rate is higher.

In the present study, the potential of N-methoxyoxazolidine
formation and the corresponding N,O-transacetalizaton as DNA-
templated reactions have been evaluated. For that purpose, 5’-
(2-oxoethyl)- and 2’-deoxy-2’-(methoxyamino)uridine modified
oligonucleotides (ONs) were synthesized. The 5’-oxoethyl-
modified ONs were condensed with 2’-deoxy-2’-(meth-
oxyamino)uridine to get precursors for the N,O-transacetaliza-
tion. Compared to the N-methoxyoxazolidine formation without
a DNA catalyst, a marked rate acceleration and an increased
equilibrium constant were observed (570 and 140 fold,
respectively) on a hairpin model. The rate of the N,O-trans-
acetalization was limited by the decay of 2’-deoxy-2’-(meth-
oxyamino)uridine cap on the oxoethyl ONs, whereas the
equilibrium yield was still driven by the template effect.
Different DNA-hairpin architectures were studied to evaluate
the limits and requirements of the template effect. The ligations
were performed using 5 μmolL� 1 ON concentration at pH 5.0.
The authenticity of the ligation products was verified by MS(ESI-
TOF). In addition, the products were exposed to digestion with
P1 nuclease to get more in depth characterization of the N-
methoxyoxazolidine linkage.

Results and Discussion

Synthesis of modified ONs for DNA-templated ligation
studies

5’-O-(2-oxoethyl)- and 2’-deoxy-2’-N-(methoxy)ribonucleotide-
modified ONs (Scheme 1) were synthesized by an automated
synthesizer using standard DNA building blocks, phosphorami-
dite 1 (this vicinal diol precursor was prepared by modifying a
published procedure[10]) and recently reported 2’-deoxy-2’-
(methoxyamino)uridine solid support 2.[9] After chain elonga-
tion, the standard ammonolytic cleavage yielded diol function-
alized ONs (ON1diol and ON2diol) and 2’-methoxyamino modified
ONs (ON3–ON8). ON1diol and ON2diol were oxidized by a mixture
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of NaIO4 to 5’-oxoethyl modified ONs (ON1 and ON2) as
previously described.[10] Condensation of ON1 and ON2 with 2’-
deoxy-2’-(methoxyamino)uridine 3 in a mixture of DMSO and
acetic acid gave N-(methoxy)oxazolidine modified ONs (ON1-
Cap and ON2-Cap). Isolated yields, RP HPLC and MS(ESI-TOF)
data of the ONs are described in the supporting information
(Table S1 and Figures S14–S15).

DNA-templated N-methoxyoxazolidine formation and
N,O-transacetalization

To evaluate the rate and equilibrium constant of non-templated
N-methoxyoxazolidine formation, a mixture of ON1 (5 μmol L� 1)
and 3 (0.5 mmol L� 1) in buffered aqueous solution (0.1 molL� 1

sodium acetate buffer, I=0.1 molL� 1 (NaCl), pH 5.0, at 22 °C)
was incubated and the reaction was monitored by RP HPLC.
The formation of ON1-Cap proceeded with a half-life (t0.5) of
91�16 h and reached an equilibrium yield of 55�3.0%. This
stands for the equilibrium constant (K) of 2.5�0.3×103 Lmol� 1,
being well consistent with our recently reported values
between 3 and small molecule aldehydes (K=0.4–9.0×
103 Lmol� 1). To confirm the reversibility of the reaction, ligation
product ON1-Cap was isolated (R/S-isomers combined), lyophi-
lized, and then dissolved again in acidic buffer (pH 5). Ligation
product ON1-Cap (5 μmolL� 1) hydrolyzed back to ON1 with a
t0.5 of 68.2�19.8 h.

Then, DNA-templated N-methoxyoxazolidine formation was
studied. A mixture of ON1 and ON3 was chosen as the model,
forming by ligation a hairpin architecture with four comple-
mentary nucleobase only. ON1 and ON3 (5 μmolL� 1 both) were
mixed in an acetate buffer (0.1 molL� 1, I=0.1 molL� 1 (NaCl),
pH 5.0, at 22°C) and the reaction was followed by RP HPLC
(Figure 1). The ligation product L1 formed with a t0.5 of 16.2�

1.1 h and in 48�1.1% equilibrium yield (Table 1, Figure 2).
Compared to the non-templated reaction above; these values
refer to ca 140 fold equilibrium constant (K=3.6�0.7×
105 molL� 1) and ca 570 fold rate enhancement (treated as
bimolecular reactions). The reversibility of the DNA-templated
reaction was verified by incubating the isolated ligation product
(L1, 5 μmolL� 1, both isomers) in the same reaction media.
Hydrolysis of L4 to ON1 and ON3 proceeded with a half-life of
177�24 h and stalled at 63% equilibrium. The difference
between the formation and decay equilibriums may indicate
that the ligation is not ideally dynamic, or interfered by the
known side reactions of ON-aldehydes.[11]

As formation of N-methoxyoxazolidines is a reversible
reaction, we next studied how the same DNA-templated
reaction would occur between ON1-Cap (prepared above in a
larger scale in non-aqueous conditions) and ON3 (i. e. N,O-
transacetalization or a pseudo one, in which an intermediate
aldehyde accumulates). In this manner we also could prevent
some of the side reactions of aldehyde-modified ONs, men-
tioned above. A mixture of ON1-Cap and ON3 in the same
reaction conditions yielded L1 with a sixfold slower rate: t0.5=

Scheme 1. Synthesis of modified oligonucleotides for the DNA-templated ligation studies. Conditions: i) NaIO4, H2O, 4 °C, 30 min, ii) LiCl, AcOH, DMSO, 55 °C,
2 h.

Figure 1. RP HPLC profiles for the N,O-transacetalization between ON3 and
ON1-Cap. A) sample at t �0 and B) a sample at t=7d. Conditions: (C18,
250×10 mm, 5 μm) column eluting with a gradient of MeCN (0–30%
between 0–25 min) and pH 7.0 TEAA buffer (50 mmol L� 1) and a flow rate of
1.0 mlmin-1 and a detection wavelength of 260 nm were employed.
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106�21 h, but in a comparable 53�5.9% equilibrium yield (vs
ON1). This demonstrates that the ligation follows a pseudo
transacetalization mechanism, in which the slow hydrolysis of
ON1-Cap to aldehyde intermediate ON1 limits the ligation rate.
What makes this ligation (L1) interesting is the short stem
region (four plausible base pairs only). The plausible loop is
consisted of N-methoxyoxazolidine-linked U� T dimer and one
unpaired thymidine. Around the same model, we next
evaluated how small sequence variations on 2’-deoxy-2’-(meth-
oxyamino)uridine modified ONs (ON4, ON5 and ON6 vs ON3)
affect the ligation efficiency (Scheme 2). In ON5 a mismatch
(G� T) extends the suggested loop region (L3 vs L1) and
shortens the stem to three base pairs. In ON6 a mismatch (C� T)
breaks the four nucleotide stem (L4 vs L1). ON4 brings one
additional complementary base pair to the system, and the
loop contains the N-methoxyoxazolidine-linked U� T dimer only
(L2 vs L1). Each of the ligations were incubated in the same
reaction conditions. A slightly accelerated ligation rate (t0.5=

56.4�19.2 h) was observed with ON4 yielding the ligation
product (L2) in 39�5.9% equilibrium yield. ON5 and ON6
resulted in a clear drop in the ligation efficiency. No reliable
kinetics for L3 and L4 were extracted, but in order to show the
comparison of different models, observed yields of the ligations
after one week incubation are described in Scheme 2. These
visualize rather well the limits and requirements of the template
effect under the given conditions.

We and others have previously used a hairpin model for
DNA-templated ligation, in which the reactive species
(neoglycosidation[8] and maleimide-thiol ligation[12]) are ligated
in a head-to-head manner on an overhang strand. We wanted

to study how the N-(methoxy)oxazolidine-mediated N,O-trans-
acetalizaton works on the same template architecture (i. e. ON7
+ON2-Cap). The ligation between ON7 and ON2-Cap pro-
ceeded with a t0.5 of 118�9.1 h and reached an equilibrium
yield of 49%. Despite the more stable complementary region
(11 nucleotides between ON7 and ON2-Cap), no marked
change in the reaction rate and equilibrium yield of L5 were
observed, compared to formation of L1 and L2 above. As
mentioned, the hydrolysis of the N-methoxyoxazolidine cap
limits the ligation rate. The yield, in turn, is probably interfered
by the N-methoxyoxazolidine-linkage that does not match
perfectly to the duplex formation (cf. the decreased Tm-value,
discussed below). To emphasize the effect of the local
architecture, we incubated ON2-Cap with ON8. In this model
(L6), the loop structure is replaced by the same N-meth-
oxyoxazolidine-linked U� T dimer than in L2. The stem region is
the same than in L5 (excluding adenine base opposite to the 5’-
oxoethyl-modified thymidine). The ligation (L6) proceeded with
a t0.5 of 59.2�13.1 h and in a 67�1.5% equilibrium yield. The
reaction rate was very close to that of L2 with the same local
environment, and the equilibrium yield was higher compared
to L5 (67% vs 49%). In addition, we studied the effect of
temperature on the transacetalization of N-meth-
oxyoxazolidines by repeating the ligation of L6 at 60 °C. The
reaction proceeded faster with a t0.5 of 7.8�2.9 h, while the
equilibrium yield fell to 28�2.1%.

It may be highlighted that the N-(methoxy)oxazolidine
formation can be halted by increasing the pH and each ligation
product (L1-L6) could be isolated by RP HPLC (using an
aqueous acetonitrile gradient in 50 mmol� 1 triethylammonium

Table 1. Kinetic measurements of the DNA-templated ligations.

Entry Starting materials Tm [°C] Ligation product Tm [°C] t0.5 formation [h] Theoretical
equilibrium yield [%]

1 ON1+ON3 NA L1 (R/S: 58/42)[a] 78.1 (R); 76.5(S) 16.2�1.1 48
2 ON1-Cap+ON3 NA L1 (R/S: 59/41)[a] ײ 106�21 53
3 ON1-Cap+ON4 NA L2 (’’R/S’’: 59/41)[b] 71.9 63.0�6.6 42
4 ON2-Cap+ON7 31.8 L5 (’’R/S’’: 74/26)[b] 72.4 118�9.1 49
5 ON2-Cap+ON8 31.9 L6 (’’R/S’’: 65/35)[b] 67.3 59.2�13.1 67

[a] R/S-ratio observed directly from the RP HPLC profile of the ligation product. [b]'’R/S’’-ratio identified after enzymatic digestion, which is interfered by
isomerism. NA means Tm below reliable measuring range (<10 °C).

Figure 2. Examples of kinetic profiles. Ligation (L1) between ON3 and ON1 (left) and ON1-Cap (right).
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acetate buffer, pH 7.2) without notable hydrolysis back to
starting materials. The authenticity of the products was verified
by MS (ESI-TOF) spectroscopy (Figure S18). Further analysis of
the N-(methoxy)oxazolidine linkage is described below in the
enzymatic digestion.

Melting temperatures of the ligation products

Hybridization properties (Tm-values) of ligation products L1, L2,
L5, and L6 and their starting materials were examined by UV-
melting profile analysis (Table 1). The measurements were
performed at pH 7.4 (2 μmolL� 1 ONs in 10 mmolL� 1 sodium
cacodylate, I=0.1 molL� 1 (NaCl)] to prevent formation or
hydrolysis of N-(methoxy)oxazolidines. The starting materials for
short hairpins (ON1-Cap+ON3 or ON4) did not show any
detectable melting profiles, as expected. That only four
nucleotide stem can still catalyze the reaction is, however,
consistent with previous studies on DNA-templated boronic
acid ligations.[15] Surprisingly high Tm-values were extracted for
the products L1 and L2: Tm=72 °C and 77 °C, respectively.
Thus, L1 and L2 seem to represent extraordinary stable DNA-
minihairpins.[13] Starting materials for the longer hairpins (ON2-
Cap+ON7 or ON8), with the almost same complementarity,
form near equally stable duplexes: Tm=32 °C (observed for both
mixtures). The ligation products L5 and L6 melted at 72 and
67 °C, respectively. We also evaluated the effect of the N-
methoxyoxazolidine-linkage to the duplex stability, by compar-
ing Tm=72.4 °C of L5 to Tm=79.3 °C of the corresponding full
DNA-hairpin. ΔTm= � 6.9 °C was extracted, which is consistent
with our speculation that the N-methoxyoxazolidine-linkage

with the 5’-oxoethyl-modifiaction on L5 fits moderately to the
duplex region. We also measured melting temperatures of full
DNA-analogues of L2 and L6. Tm-values of 70.6 °C and 63.5 °C,
respectively, were extracted. Compared to full DNA hairpins, the
N-methoxyoxazolidine-linked U� T dimer favored the hairpin
formation by ΔTm=1.3 °C and 4.8 °C, respectively.

Enzymatic digestion of the ligation products

For more in-depth characterization of the ligation products, L1,
L2, L5 and L6 were digested using P1 nuclease. Digestion
mixtures were incubated at 45 °C (pH 7.0) for two hours, and
analyzed then by LC–MS. As expected, nucleoside mono-
phosphates (NMPs), and two stereoisomers of N-(meth-
oxy)oxazolidine linked U� T dimer 5’-phosphate [4(R) and 4(S)]
were detected. Authentic pure stereoisomers [4(R) and 4(S)]
were prepared and used to spike the digested samples
(Scheme S8). The stereochemical integrity of 4(R) and 4(S) was
verified by NOESY. In case of L1 we could isolate the stereo-
isomeric ligation products (Figure 1) and expose them as pure
isomers for the digestion (Scheme 3). The slower and faster
eluting ligation products yielded nucleoside monophosphates
(NMP) and 4(R) and 4(S) in ratios of 79 :21 and 14 :86,
respectively (based on relative peak areas). During the
digestion, the isomerism of the N-(methoxy)oxazolidine linkage
could not be completely prevented, but this data verified that
the slower and faster eluting isomers of L1 were R and S,
respectively.

Stereoisomers of L2, L5, and L6 eluted as a single peak in
RP HPLC. However, there can be seen clear variation in 4(R)/

Scheme 2. Formation and N,O-transacetalization of N-methoxyoxazolidines. The reactions were carried out in an acetate buffer [0.1 molL� 1, I=0.1 molL� 1

(NaCl), pH 5.0, at 22 °C] using 5 μM initial oligonucleotide concentration. In the ligation products, the proposed Watson-Crick basepairs are written in black
and non-complementary bases in gray. Observed yields after 7d reported.
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4(S)-ratios in digested samples of L2, L5, and L6: 59/41, 74/26,
and 65/35, respectively (Scheme S7). Despite the interfering
partial isomerization during the digestion, the varying UT(R)/
UT(S)-ratios demonstrate that varying stereocontrol is involved
in these DNA-templated ligations.

Conclusion

DNA-templated N-(methoxy)oxazolidine formation and the
corresponding N,O-transacetalizaton (or a pseudo transacetali-
zation, in which the slow hydrolysis to aldehyde intermediate
limits the ligation rate) proved attractive pH-responsive liga-
tions, which may find applications in dynamic self-replicating
systems, hybridization-based nanomachines[14] and as potential
protein ligation techniques. The ligations occurred readily in
5 μmol L� 1 oligonucleotide concentration and in slightly acidic
conditions (pH 5). Interestingly, a marked rate enhancement of
the N-methoxyoxazolidine formation could be observed even in
mini hairpin models (L1 and L2), consisted of four base pairs
only (L2 vs L1). Under neutral conditions, the N-meth-
oxyoxazolidine linkage is stable, which offered possibility to
isolate products without notable degradation. An attention has
been paid to characterization and stereochemical integrity (R/S)
of the N-(methoxy)oxazolidine linkage. Valuable information
could be obtained by the enzymatic P1 nuclease-catalyzed
digestion of the products (L1, L2, L5 and L6), which suggested
that the ligation was stereo-controlled in some template
models.

Experimental Section

Synthesis of modified ONs for DNA-templated ligation
studies

The ONs were synthesized by an automated DNA-synthesizer on 1
or 2 μmol scale. Commercially available phosphoramidite building
blocks, diol precursor phosphoramidite 1 and recently reported 2’-
deoxy-2’-(methoxy)aminouridine solid support 2 were used for the
synthesis. Standard phosphoramidite coupling cycle using ben-
zylthiotetrazol as an activator was applied. 20 s and 600 s coupling
times were used for the standard building blocks and for 1,
respectively. After assembly, the ONs were released and depro-
tected by concentrated 25% aqueous ammonia (5 h at 55 °C) and
purified by RP HPLC (Figure S13) to obtain ON1diol, ON2diol and
ON3-ON8. ON1diol and ON2diol were next dissolved in a mixture of
NaIO4 (25 mM NaIO4, H2O, 4 °C, 30 min). The crude mixtures of
aldehyde ONs were subjected to RP HPLC (pages S37-S38) and the
product fractions were lyophilized to dryness to yield ON1 and
ON2. ON1-ON8 were obtained in 5–55% isolated yields (Table S1).
For the synthesis of ON1-Cap and ON2-Cap, ON1 and ON2 (50
nmol) were mixed with 3 (100 nmol) in 25% AcOH in DMSO (10 μl).
The reaction mixtures were incubated at 55 °C for 2 h, and
subjected to RP HPLC (an analytical C18-column, 250×4.6 mm,
5 μm), A gradient elution from 0 to 25% MeCN in 0.1 mol 2oL� 1 tri-
ethylammonium acetate (pH 7.2) over 0–25 min, flow rate
1.0 mLmin� 1 and detection at λ=260 nm were employed, pages
S37-S38) to yield ON1-Cap and ON2-Cap in 17 and 23% yield,
respectively. The authenticity of each ON product was verified by
MS(ESI-TOF) (Figures S14–S15).

Ligation studies using 5’-aldehyde-ONs and UNOMe-ONs

Solutions of ONs (ON1, ON1-Cap, ON2-Cap, ON3-ON8, 5 μM each)
were prepared in 0.1 molL� 1 sodium acetate buffer (I=0.1 molL� 1

NaCl) at pH 5, and incubated in room temperature (at 22 °C). For
each analysis, a 20 μl aliquot of the solutions was taken, mixed with
20 μl of 2 M aqueous triethylammonium acetate buffer (pH 7.2) and
introduced to RP HPLC (an analytical C18-column, 250×4.6 mm,
5 μm), A gradient elution from 0 to 25% MeCN in 0.1 molL� 1 tri-
ethylammonium acetate (pH 7.2) over 0–25 min, flow rate
1.0 mLmin� 1 and detection at λ=260 nm were employed. To
evaluate the molar fractions of the ONs in the RP HPLC profiles,
different molar absorption coefficients of the sequences has been
considered. The resulting peaks were isolated and characterized by
MS (ESI-TOF)-mass spectrometry. RP HPLC profiles of the reaction
mixtures are shown in Figure 1 and Figures S16–S17. MS(ESI-TOF)
data of the ligation products L1-L6 are shown in Figure S18.

Enzymatic digestion of the ligation products L1-L6

The isolated ligation products L1-L4 were exposed to P1 nuclease
(2 nmol ON, 10 μg P1 enzyme, aqueous 50 mM HEPES pH 7, V=

20 μl, T=50 °C, 2 h) to obtain more in depth characterization of the
N-(methoxy)oxazolidine linkage. The digestion mixtures were
analysed by RP HPLC (Scheme 3, SchemesS6 and S7) and MS
(Table S5). Authentic N-methoxyoxazolidine-linked U� T dimers as
5’-phoshate 4(R) and 4(S) were synthesized, characterized in detail
(described in the supporting information, Scheme S8) and used to
spike the RP HPLC profiles of the digestion mixtures (Scheme S6).

Scheme 3. Isolated L1(R) and L1(S) exposed to P1 nuclease and the digestion
mixtures analyzed by RP HPLC. An analytical column (C18, 250×10 mm,
5 μm), a gradient of MeCN (0% over 0–5 min and 0–30% over 5–20 min) in
aqueous 50 mmol L� 1 triethyl ammonium acetate (pH 7.2), flow rate of
1.0 mlmin� 1 and detection at λ=260 nm were employed.
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