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In this article, a neoacetalization-based method for post-SELEX modification of aptamers is introduced.
Three modified quinine binding aptamer scaffolds were synthesized by replacing three different nucleo-
sides of the binding site with a (2R,3S)-4-(methoxyamino)butane-1,2,3-triol residue. These aptamer
scaffolds were incubated in different aldehyde mixtures with and without quinine, allowing the reversible
formation of N-methoxy-1,3-oxazinane (MOANA) nucleoside analogues through dynamic combinatorial
chemistry. UHPLC-MS analysis identified two aldehydes, namely methyl 4-formylbenzoate and
3-nitrobenzaldehyde, with significantly different tendency to react with one of the aptamer scaffolds in
the presence and absence of quinine. The quinine binding affinity of these two modified aptamers was
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determined by isothermal titration calorimetry (ITC). Unexpectedly, the 3-nitrobenzaldehyde derivatized
aptamer dimerized on binding quinine at the relatively high concentration of the ITC. In addition, we dis-
covered that with another modified aptamer, quinine binding caused cleavage of the N-O bond of the
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1. Introduction

Aptamers are single-stranded DNA or RNA oligonucleotides
that often have high affinity and specificity for their target
molecule. They can be identified for virtually any target,
including small molecules," proteins,>™* cells®® and even
tissues.”® Especially in diagnostic and therapeutic appli-
cations, aptamers are widely used due to their smaller size,
lower immunogenicity, higher stability, chemical synthesis
and cheaper production compared to antibodies.” ™"

However, natural nucleic acids have a poor chemical diver-
sity provided by only five canonical nucleobases, and their
ability to bind more demanding targets, such as single
enantiomers of small organic molecules or glycosylated pro-
teins, is limited. They could benefit from chemical
modifications,'®'*** likely resulting in aptamers with superior
affinities compared to current ones.

Aptamers are obtained by a process known as Systematic
Evolution of Ligands by EXponential enrichment (SELEX),
which involves the directed selection of oligonucleotides from
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(2R,3S)-4-(methoxyamino)butane-1,2,3-triol residue.

combinatorial oligonucleotide libraries in vitro. A target mole-
cule is incubated with an oligonucleotide library, and oligonu-
cleotides bound to the target molecule are amplified by a poly-
merase chain reaction (PCR). The cycle is repeated multiple
times, gradually enriching the library with sequences expres-
sing an increased affinity for the target molecule."*"® Due to
the limited tolerance of polymerase enzymes to chemical modi-
fications, amplification of modified nucleic acids in the selec-
tion phase of SELEX is difficult. To circumvent this problem,
post-SELEX optimization approaches have been developed over
the recent years.'®>> Dynamic combinatorial chemistry (DCC)
is an attractive approach for introducing chemical modifi-
cations to aptamers after SELEX. DCC enables the simul-
taneous screening of diverse modifications from large pools.
Through ligand-driven selection, the most effective modifi-
cations for optimizing target binding can be identified.
Previously, dynamic and pH-responsive N-methoxyoxazolidine
formation has been employed for the reversible assembly of
split aptamers, using quinine as a template.>® Under acidic
conditions, this reaction is in dynamic equilibrium, but it can
be freezed by increasing the pH above 7.>**° Inspired by the
neoglycosylation,®® this kind of N,O-acetalization of
N-methoxyamines can be referred to as neoacetalization.

Here, we present the post-SELEX modification of aptamers
through reversible formation of neoacetals. The quinine-
binding cocaine aptamer MN4 was used in this study, as it is
known to have the highest binding affinity for quinine of
cocaine-binding aptamers.>” The binding pocket of the MN4 is
located at the three-way junction formed by its three stems. In

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/obc
http://orcid.org/0009-0007-5787-2829
http://orcid.org/0000-0002-6218-2212
http://orcid.org/0000-0003-3607-3116
https://BioRender.com/i45t158
https://BioRender.com/i45t158
https://BioRender.com/i45t158
https://doi.org/10.1039/d4ob01973c
https://doi.org/10.1039/d4ob01973c
https://doi.org/10.1039/d4ob01973c
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ob01973c&domain=pdf&date_stamp=2025-02-06
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ob01973c
https://pubs.rsc.org/en/journals/journal/OB
https://pubs.rsc.org/en/journals/journal/OB?issueid=OB023007

Open Access Article. Published on 06 January 2025. Downloaded on 3/11/2026 7:22:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

the free form, the aptamer is already fully folded to its second-
ary structure and no significant structural change takes place
due to ligand binding."?*' One of the three nucleosides
within the binding pocket of MN4 - T19, C20 or A21 - was
replaced by the previously reported (2R,3S)-4-(methoxyamino)
butane-1,2,3-triol**> (MABT) residue. Each of these modified
aptamer scaffolds was incubated with several pools of alde-
hydes at pH 5.5, both in the presence and absence of quinine,
allowing the formation of new modified aptamers by DCC
through formation of N-methoxy-1,3-oxazinane (MOANA)
nucleotide analogues (Scheme 1). The affinity constant and
other thermodynamic parameters of quinine binding were
determined for the most promising modified aptamer candi-
dates by isothermal titration calorimetry (ITC).

2. Results and discussion

2.1. Oligonucleotide synthesis

Three modified aptamer scaffolds were synthesized by an auto-
mated oligonucleotide synthesizer. In each scaffold, the pre-
viously reported MOANA phosphoramidite building block®?
replaced a different base: either T19, C20 or A21 (Table 1).
While the other nucleotides showed near quantitative yields
for all couplings, the coupling efficiency of MOANA phosphor-
amidite building block was ca. 90% for the aptamers MN4-
T19, MN4-C20 and MN4-A21. After the synthesis, the solid
support and the protecting groups were removed by a conven-
tional ammonolysis. Since purification was challenging due to
the co-elution of the desired products and side products
lacking the MOANA residue, MN4-T19, MN4-C20 and MN4-A21
were derivatized to slower eluting analogues through reaction
with the hydrophobic cyclohexanecarboxaldehyde. The crude
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Table 1 Sequences of modified aptamers MN4-T19, MN4-C20 and
MN4-A21. “X" denotes the MOANA residue

Oligonucleotide  Sequence (5'-3')

MN4-T19 GGCGACAAGGAAAATCCTXCAACGAAGTGGGTCGCC
MN4-C20 GGCGACAAGGAAAATCCTTXAACGAAGTGGGTCGCC
MN4-A21 GGCGACAAGGAAAATCCTTCXACGAAGTGGGTCGCC

products were purified by RP-HPLC (Fig. S1-S3 in the ESIZ).
Aptamer scaffolds were characterized by UHPLC-MS (Fig. S4-
S9 in the ESI}) and quantified by UV/Vis spectrophotometry.

2.2. Derivatization of modified aptamers with aldehydes

MN4-T19, MN4-C20 and MN4-A21 were derivatized with
various aldehydes both in the presence and absence of
quinine to investigate the impact of quinine on the product
composition. Modifications favoring quinine binding would
be expected to be overrepresented in the product mixtures in
the presence of quinine, while those retarding quinine
binding should be underrepresented or altogether absent. The
aldehyde mixtures used in this study are summarized in
Table 2, and their chemical structures are presented in the ESI
(Table S1f). Within each mixture, all aldehydes had unique
molecular weights to allow unambiguous identification of the
products by UHPLC-MS analysis. All three aptamer scaffolds
were incubated separately with a large excess of aldehydes in
aqueous cacodylate buffer (pH 5.5) at room temperature pro-
tected from light. The reactions were monitored by UHPLC-MS
over 2 weeks at regular intervals, after which the relative inten-
sities of the starting material and product peaks no longer
changed. The relative intensities of naked aptamer scaffolds
and their DCC products are reported in the ESI (Table S21),

Scheme 1 Functionalization of the aptamer scaffolds. One of the three nucleosides — T19, C20 or A21 — was replaced by (2R,3S)-4-(methoxya-
mino)butane-1,2,3-triol scaffold. The product composition of N-methoxy-1,3-oxazinane (MOANA) nucleotide analogues was determined for mul-
tiple aldehyde pools with and without quinine. “X" denotes the site of the MABT residue and “y” denotes aldehyde used in DCC.

This journal is © The Royal Society of Chemistry 2025
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Table 2 Aldehyde mixtures used in the derivatization of aptamers

Aldehydes Abbreviation

Group 1 2-(Adenin-9-yl) acetaldehyde
2-(Cytosin-1-yl) acetaldehyde
2-(Guanin-9-yl) acetaldehyde
2-(Thymin-1-yl) acetaldehyde
2-(Imidazol-4-yl) acetaldehyde
2-(2-Methylbenzimidazol-1-yl) acetaldehyde
3-Benzyloxypropionaldehyde
Cyclohexanecarboxaldehyde
p-Ribose
p-Ribose-5-phosphate
Glyoxylic acid
Tribromoacetaldehyde
4-Carboxybenzaldehyde
Benzaldehyde
4-Hydroxybenzaldehyde
4-Methoxybenzaldehyde
Methyl 4-formylbenzoate
3-Nitrobenzaldehyde

Group 2

Group 3.1
Group 3.2

Group 3.3

"TLT OB g TARTITDNR RO A0 T

along with the mass spectra, UV spectra and extracted ion
UPLC traces of the DCC reaction products (Fig. S10-S69%).
Quantification of the DCC products and naked aptamers was
based on the integration of the extracted ion (M — 5H]’)
chromatograms, assuming equal ionizability for closely related
structures.

Aldehyde group 1 included acetaldehyde derivatives of
nucleobases®® and other heterocycles. With MN4-T19 and
MN4-C20, 2-(adenin-9-yl) acetaldehyde derivatized aptamer
scaffolds were the main products both in the absence and
presence of quinine. With MN4-A21, on the other hand, the
main components were the unreacted and formaldehyde deri-
vatized aptamer scaffolds regardless of the presence of
quinine, even though the 2-(adenin-9-yl) acetaldehyde deriva-
tized aptamer was also formed. Also, 2-(guanin-9-yl) acet-
aldehyde and 2-(imidazol-4-yl) acetaldehyde derivatized apta-
mers could be detected with all three aptamer scaffolds in
both reaction mixtures.

As no sensitivity to the presence of quinine was detected
with the relatively similar aldehydes of group 1, the ones for
group 2 were selected to represent a much wider range of
physicochemical properties. Disappointingly, only 3-benzyloxy-
propionaldehyde was incorporated with a reasonable efficiency
to any of the aptamer scaffolds and in all cases much less in
the presence of quinine than in the absence thereof. With
MN4-T19 and MN4-C20, some 3-benzyloxypropionaldehyde
adduct was formed in the presence of quinine, but the naked
aptamers and their formaldehyde derivatives were the main
components. In contrast, MN4-A21 was derivatized with 3-ben-
zyloxypropionaldehyde only in the absence of quinine and
even then, naked, formaldehyde derivatized and acetaldehyde
derivatized MN4-A21 dominated the equilibrium mixture.

Since quinine did not affect the DCC product composition
with aldehyde groups 1 and 2, aldehydes of the group 3 were
divided into small subgroups, each consisting of only two ben-
zaldehydes with different substituents but similar electronic
properties. The rate of aldehyde exchange at the MABT
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scaffold is strongly dependent on electron density at the carbo-
nyl carbon.*® Furthermore, given the previously reported equi-
librium constants for N-methoxyoxazolidines,** it seems likely
that benzaldehydes with electron-withdrawing substituents
would form inherently more stable MOANA nucleosides than
those with electron-donating substituents, regardless of the
presence of quinine. The Hammett substituent constants (o)
for the aldehydes chosen for group 3 are presented in Table 3.
Subgroup 3.1 contained 4-carboxybenzaldehyde (¢ = —0.05)
and benzaldehyde (¢ = 0). In the absence of quinine, only
MN4-C20 formed derivatized aptamers with 4-carboxybenzal-
dehyde and benzaldehyde and equilibrium still favored the
starting material. In the presence of quinine, none of the three
aptamer scaffolds were derivatized with aldehydes. However, it
was discovered that the N-methoxy group of (2R,35)-4-(methox-
yamino)butane-1,2,3-triol residue was cleaved from MN4-T19
in the presence of quinine. The same reaction was also
observed with MN4-C20 and MN4-A21, but to a lesser extent.
Subgroup 3.2 consisted of 4-hydroxybenzaldehyde (¢ =
—0.38) and 4-methoxybenzaldehyde (o = —0.28). In the absence
of quinine, the naked MN4-T19, MN4-C20 and MN4-A21 were
the main components, along with their formaldehyde and
acetaldehyde derivatives. In the presence of quinine, the
N-methoxy group was cleaved from every aptamer scaffold to
some extent but again much more with MN4-T19 than with
MN4-C20 and MN4-A21. Small traces of MN4-T19 without the
N-methoxy group was also found in the absence of quinine.
Subgroup 3.3 contained methyl 4-formylbenzoate (¢ = 0.39)
and 3-nitrobenzaldehyde (¢ = 0.55). Without quinine, MN4-T19
was derivatized with both methyl 4-formylbenzoate and
3-nitrobenzaldehyde, although the naked aptamer scaffold was
still the main component. Like with previous aldehyde groups,
loss of the N-methoxy group was the main reaction in the pres-
ence of quinine, the aldehyde derivatives remaining as minor
components. Quinine affected most on the product compo-
sition of MN4-C20. In the absence of quinine, the main pro-
ducts were 3-nitrobenzaldehyde- and methyl 4-formylbenzoate-
derivatized aptamers (MN4-C20r and MN4-C20q, respectively)
with similar relative intensities. However, with quinine, the
product composition was changed, and methyl 4-formylbenzo-
ate-derivatized aptamer became a clear main product. The rela-
tive intensity of the 3-nitrobenzaldehyde derivative had
decreased compared to the methyl 4-formylbenzoate derivative
and was only half of that of the latter. Additionally, the relative
amount of formaldehyde derivative increased upon the

Table 3 Hammett constant values of aldehydes in groups 3.1, 3.2 and
3.3

Aldehyde Hammett constant value (o)
Group 3.1 4-Carboxybenzaldehyde —0.05
Benzaldehyde 0
Group 3.2 4-Hydroxybenzaldehyde —0.38
4-Methoxybenzaldehyde —-0.28
Group 3.3 Methyl 4-formylbenzoate +0.39
3-Nitrobenzaldehyde +0.55

This journal is © The Royal Society of Chemistry 2025
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addition of quinine and some loss of the N-methoxy group was
also observed. Mass spectra of MN4-C20 in the absence and
presence of quinine are presented in Fig. 1. With MN4-A21,
the main component was the naked aptamer scaffold along
with the formaldehyde and acetaldehyde derivatives, regard-
less of whether quinine was present or not. Methyl 4-formyl-
benzoate- and 3-nitrobenzaldehyde-derivatized MN4-A21 were
also formed but only as minor products. In the presence of
quinine, a small amount of MN4-A21 without the N-methoxy
group was also found.
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The aromatic aldehydes incorporated most efficiently into
the aptamer scaffolds. The formation of the oxazinane ring
with these aldehydes creates structures, which resemble the
canonical nucleobases. Incorporation of aldehydes to MN4-
T19 and MN4-C20 was more efficient than to the MN4-A21
regardless of the presence of quinine. It has previously been
reported that in a double helix, incorporation of canonical
nucleobase acetaldehyde derivatives to MABT residue is
strongly favored by base stacking and Watson-Crick base
pairing.*® However, in this case A21 is not located in a double
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Fig. 1 Mass spectra of MN4-C20 with aldehyde mixture 3.3 in the absence (a) and presence (b) of quinine.
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helix, but instead in a folded three-dimensional structure,
probably lowering the effect of base stacking. Also, A21 forms
a non-canonical base pair with G29 in the binding pocket of
the aptamer, indicating that Watson-Crick base pairing is
unfavored at this site. Since T19 and C20 are unpaired at the
three-way junction,’® base pairing likely has no impact on
which aldehydes are incorporated, but base stacking might.
Overall, the addition of quinine retarded the incorporation of
aldehydes into the aptamer scaffolds, presumably due to a
steric clash at the binding site.

2.3. Isothermal titration calorimetry (ITC)

After identifying the dynamic combinatorial library formed by
MN4-C20, methyl 4-formylbenzoate and 3-nitrobenzaldehyde
as the most responsive to the presence of quinine, the two
aldehyde derivatives (MN4-C20q and MN4-C20r, Fig. 2) were
synthesized on a scale sufficient for isothermal titration calori-
metry studies. The RP-HPLC traces of crude products as well
as UV and mass spectra of purified products are presented in
the ESI (Fig. S70-S73%). The affinity and other thermodynamic
parameters of quinine binding of the aldehyde derivatized
aptamers MN4-C20q and MN4-C20r were determined by ITC.
MN4-C20q and MN4-C20r were dissolved in 20 mM Tris-HCl
buffer (pH 7.4) containing 140 mM NaCl and 5 mM KCl to
make 207 and 204 pM aptamer solutions, respectively. The
aptamers were titrated with 2.6 mM quinine in the same
buffer. The calorimetric titrations consisted of 32 injections.
The titrant was injected every 300 s, the first injection being
0.5 pl and the others 2.4 pl. In all experiments, the reference
power was 11 pCal s, initial delay 60 s and stirring speed
1000 rpm. All experiments were conducted at 25 °C. Control
measurements were performed by titrating quinine into
buffer. Data were fitted to a one-site binding model and cor-
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rected for the heat of dilution. The first injection (0.5 pl) was
excluded from each data set to remove the effect of titrant
diffusion during the equilibration. The obtained binding iso-
therms are presented in Fig. 3 and the values for stoichiometry
(), affinity constant (K,), enthalpy (AH) and entropy (AS) in
Table 4.

Due to the low affinity of the modified aptamers for
quinine, the titrations yielded non-sigmoidal binding iso-
therms and attained ¢ values were relatively low (1.6 and 0.92
for MN4-C20q and MN4-C20r, respectively). The obtained AHP
values had good reproducibility for a given ¢ value. Even better
approach to determine AH° at low ¢ conditions is by perform-
ing binding experiments at different temperatures and deriv-
ing AH° through a van’t Hoff analysis.*® However, due to the
limited availability of material, the binding experiments were
conducted only at one temperature. Also, the impact of statisti-
cal errors increases with non-sigmoidal isotherms, making the
determination of not only AH but also K, less reliable.>”*®

Instead of the expected 1:1 stoichiometry (N = 1), the
obtained N values for MN4-C20q and MN4-C20r were 1.2 and
0.50, respectively. The slight deviation from 1 observed in the
case of MN4-C20q is probably due to errors in determining the
aptamer concentration rather than indicating a real deviation
from 1:1 stoichiometry. However, the N value of 0.5 for the titra-
tion of MN4-C20r could not be attributed to inaccuracies in the
aptamer concentration but instead suggested simultaneous
binding of two aptamers to one quinine molecule. This
interpretation is further supported by the entropy change of
quinine binding, which was with MN4-C20r ten times more
negative than with MN4-C20q. It has been previously reported
that one MN4 aptamer has two different binding sites for its
substrates and depending of the NaCl concentration, one or two
quinine molecules can bind to it at the same time.*>® However, to
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Fig. 2 Structures of MN4-C20q and MN4-C20r.
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Fig. 3 The corrected heat rates and the binding isotherms obtained for MN4-C20q and MN4-C20r titrated with quinine at 25 °C in 20 mM Tris-HCl
buffer (pH 7.4) with 140 mM NaCl and 5 mM KCL. Both isotherms represent the mean of two replicates

Table 4 Thermodynamic parameters of quinine binding by MN4-C20q and MN4-C20r. The binding experiments were performed at 25 °C in
20 mM Tris-HCl buffer (pH 7.4) with 140 mM NaCl and 5 mM KCL. The reported values are averages of two individual experiments

Aptamer N K, (M) AH (kcal mol™) AS (cal mol™ K™)
MN4-C20q 1.20 £ 0.04 6500 + 400 —-19.4 £ 0.8 —48 +£2
MN4-C20r 0.50 £ 0.03 8900 * 400 —148 £ 8 —480 + 30

our knowledge, two MN4 aptamers have not been observed to
bind one quinine molecule at the same time. This kind of spon-
taneous binding of two aptamers to one target molecule has pre-
viously been reported with some protein-binding aptamers.*>*!

Based on DCC results, both MN4-C20q and MN4-C20r
formed in the presence of quinine, but the equilibrium yield
of MN4-C20r was only about a half of that of MN4-C20q. In
contrast, the affinity constants determined by ITC were 8900
M~ for MN4-C20r and 6500 M~ for MN4-C20q, indicating
that the quinine is bound to MN4-C20r with almost 40%
greater affinity. However, the obtained results by DCC and ITC
are not exactly comparable since buffer, pH and ionic strength
vary between analyses. Perhaps even more importantly, con-
centrations of the aptamers as well as quinine varied drasti-
cally between the DCC and ITC experiments. While only a
0.9 pM aptamer concentration was used in DCC, in ITC it was
204-207 pM. The higher concentration would favor quinine
induced dimerization of MN4-C20r, perhaps to the point that
the binding stoichiometry of MN4-C20r is different under the
DCC and ITC conditions.

This journal is © The Royal Society of Chemistry 2025

Based on ITC results, only MN4-C20r forms a dimer in the
presence of quinine under the ITC experiment conditions.
MN4-C20q and MN4-C20r differ from each other only by the
aldehydes used for the derivatization. Although both methyl
4-formylbenzoate and 3-nitrobenzaldehyde are aromatic and
have a hydrogen bond acceptor attached to the ring, they differ
in the position of the substituents — methyl 4-formylbenzoate
has an ester group at the para position and 3-nitrobenzalde-
hyde a nitro group at the meta position. However, the mecha-
nism of the dimerization is unknown, and it is uncertain
whether two aptamer molecules hybridize with each other or
bind to different regions of the quinine. Therefore, the effect
of the positions of the substituents on dimerization is unclear
and should be studied further with other para and meta substi-
tuted aldehydes.

Binding of both MN4-C20q and MN4-C20r to quinine is
driven by negative enthalpy compensated by unfavorable
binding entropy as previously reported for MN4.>”*>** Both
MN4-C20q and MN4-C20r bind to quinine with reasonable
affinity but still much weaker than MN4.>” However, the unex-
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pected dimerization of MN4-C20r precludes a meaningful
comparison of the binding affinities of MN4-C20q and MN4-
C20r. For reference, the binding of the naked MN4-C20 to
quinine was also investigated by ITC, but only very weak inter-
action was observed. Therefore, the thermodynamic para-
meters could not be determined. The corrected heat rate and
the binding isotherm obtained for the naked MN4-C20 are pre-
sented in the ESI (Fig. S761).

2.4. UV melting temperature and PAGE analyses

The quinine induced dimerization of MN4-C20r was also
investigated by melting temperature studies and polyacryl-
amide gel electrophoresis (PAGE). The samples in both experi-
ments were dissolved in the same buffer as used in ITC
studies. Melting temperature studies were conducted with
MN4-C20q and MN4-C20r samples both with and without
quinine. In the absence of quinine, biphasic UV melting
curves were obtained for both aptamers with melting tempera-
tures for MN4-C20q 17.4 + 1.0 °C and 54.4 + 0.2 °C, and for
MN4-C20r 14.1 + 0.6 °C and 55.2 + 0.1 °C (Fig. S77 and S78 in
the ESIf{). However, no effect of dimerization could be seen in
melting curves, since the concentrations of aptamers were low,
similar to those used in the DCC experiments.

MN4-C20q and MN4-C20r were also analyzed by PAGE in
the presence of varying quinine concentrations to find out
whether the mobility of MN4-C20r would change, indicating
quinine-induced dimerization. No such effect was observed,
again probably due to insufficient concentration of MN4-C20r
(Fig. S79 in the ESI{).

2.5. Cleavage of the N-O bond

In principle, the observed loss of approximately 30 units in the
molecular weight of MN4-T19 in the presence of quinine could
result from either cleavage of the N-O bond or oxidation of the
methoxyamino group to the corresponding oxime, followed by
hydrolysis to an aldehyde. To distinguish between these
alternatives, decomposed MN4-T19 was digested with nuclease
P,. Nuclease P; was added to the neutralized reaction mixture
containing mainly MN4-T19 without the N-methoxy group in
the presence of quinine. The reaction was allowed to proceed
at room temperature and the next day monomeric nucleotides
were almost exclusively detected by UHPLC-MS analysis
(Fig. S84 in the ESI}). The sole exception was a trimer consist-
ing of phosphodiester-linked (2R,3S)-4-aminobutane-1,2,3-
triol, thymidine and deoxycytidine (Fig. 4). The molecular
weight of this trimer could be determined with sufficient pre-
cision to allow it to be unambiguously assigned as the amine,
rather than the aldehyde, product (Fig. S85 in the ESIf).

The N-O cleavage was also investigated with small mole-
cules by NMR to evaluate the role of the tertiary structure of the
aptamer.  (2R,3S)-4-(Methoxyamino)butane-1,2,3-triol ~ and
quinine were incubated in deuterated acetate buffer (pH 5.5) at
room temperature for several days. For reference, (2R,3S)-4-
(methoxyamino)butane-1,2,3-triol was also incubated in the
absence of quinine in the same buffer. The reactions were
monitored by NMR at regular intervals. Even after two weeks,
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Fig. 4 The structure of the trimer identified by UHPLC-MS analysis
after digestion of the decomposed MN4-T19 with nuclease P;.

no change in the NMR spectra was observed (Fig. S80 and S81
in the ESIf). These results confirm that the tertiary structure of
the aptamer is needed to bring quinine and the MABT residue
sufficiently close to each other to cause cleavage of the N-O
bond. Cleavage of the N-O bond in hydroxylamines can be
induced by multiple reducing agents****> and bases*® but to
our best knowledge, quinine induced N-O bond cleavage has
not been previously reported. The quinuclidine substituent and
the hydroxyl group at C9 of quinine are reported to activate
both nucleophile and electrophile, respectively, allowing
quinine to act as bifunctional organic catalyst.”” However, the
reaction mechanism of quinine induced N-O cleavage in modi-
fied MN4 aptamers is unknown and should be studied further
before any conclusions can be drawn about the role of quinine.

The N-methoxy group cleavage from the aptamer scaffolds
was observed mostly with group 3 aldehydes, even though closer
observation revealed that it occurred also with aldehydes of the
groups 1 and 2 at some extent in the presence of quinine.
However, it occurred preferentially with aromatic aldehydes and
in the presence of quinine. The cleavage of the N-methoxy group
was investigated also without aldehydes and N-O cleavage was
observed even when only quinine and MN4-T19 were present
(Fig. S82 and S83 in the ESIf). Based on previous reports, the
T19 is known to be the most critical base for cocaine binding,
indicating that it occupies a crucial location at the binding site.
It is also possible that quinine is in direct contact with T19.%° It
has been previously proposed, that T19 is slightly changing its
position due to the binding of the ligand.”® Presumably, in the
present case, such a change could orient the N-methoxy group
favorably for cleavage og the N-O bond.

3. Conclusions

We have developed a post-SELEX modification method of apta-
mers exploiting reversible formation of neoacetals. A single

This journal is © The Royal Society of Chemistry 2025
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(2R,35)-4-(methoxyamino)butane-1,2,3-triol residue was incor-
porated at three different positions at the three-way junction
binding site of a quinine aptamer. In most cases, the dynamic
combinatorial libraries formed on incubating the aptamer
scaffolds in mixtures of aldehydes were insensitive to the pres-
ence of quinine. However, with some benzaldehydes clearly
different profiles were obtained in the presence and absence
of quinine. Determination of the thermodynamic parameters
of quinine binding of the corresponding modified aptamers
by isothermal titration calorimetry revealed unexpected dimer-
ization of one, while the other bound with the usual 1:1 stoi-
chiometry. Binding affinities of both were rather modest and
the different binding modes prevented a meaningful compari-
son. Finally, we discovered a rapid quinine-promoted cleavage
of the N-O bond in some of the modified aptamers. This
finding might prove valuable in further development of
quinine aptasensors.
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