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Reversible pH-responsive N-methoxyoxazolidine formation is used
to ligate split aptamer fragments. Two twice-split models and one
thrice-split model of CBA (cocaine-binding aptamer) were examined.
The aptamer assembly was dynamic, proportional to the substrate
concentration and occurred without interfering background ligation.

Aptamers, engineered by the SELEX technique' for a variety of
small and macromolecular targets, are high affinity binders
which have received recognized value in therapeutic and diag-
nostic applications.>® Aptamers consisting of two or more
fragments can still maintain sufficient recognition characteristics.
These so-called split aptamers have caught attention as
biosensors.”'® The concept is based on the increased local
concentration of split aptamer fragments, due to the concomitant
binding to the target substrate. The proximity of the split
sequences may be designed to initiate a signal, such as fluores-
cence or catalytic activity."*™"” In essence, such a split aptamer is a
molecular switch, which may be integrated as a part of a cascade
for higher functions. Splitting of an aptamer, while retaining the
affinity and the specificity to the target, is challenging and only a
small margin of known aptamers has been split successfully for
this purpose.”'® The affinity can be enhanced by co-operatively
formed covalent linkages. This has been demonstrated in cocaine
detection using strain-promoted alkyne-azide cycloaddition
(SPAAC)"™"° or reductive amination®® between the split sequences
of the cocaine binding aptamer (CBA). These rapid and irrever-
sible ligation reactions raise the problem of non-specific aptamer
assembly and hamper the reversibility of the target-induced
signalling. Careful control of reaction times is required for mean-
ingful monitoring of such systems. So far, there have been no
reports on the dynamic covalent ligation of split aptamers, albeit
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Recently we showed that N-methoxyoxazolidines (1) form
between 2’-deoxy-2’-N-(methoxyamino)uridine (2) and an aldehyde
(Scheme 1) with an equilibrium constant of up to K = 9000 M "
under aqueous conditions.*>*" Under acidic conditions the reac-
tion is dynamic, but at pH 7 or above the products are stable and
they can be isolated if needed. We also evaluated the applicability
of the reaction for dynamic DNA-templated ligation.>* The DNA-
template increased the rate and yield of the N-methoxyoxazolidine
formation ca. 570- and 140-fold respectively compared to a non-
templated one. Encouraged by these preliminary experiments, we
herein demonstrate that this dynamic and pH-responsive reaction
can be applied for reversible assembly of split aptamers. This is the
first description of a dynamic ligation between split aptamer
fragments utilizing a small-molecule substrate as a template.

Aldehyde- and 2’-deoxy-2'-N-(methoxyamino)uridine-modified
oligonucleotide (ON) fragments of the CBA and of model ONs
were first synthesized. As we recently®” demonstrated with DNA-
templated pseudo trans-N,0-acetalization systems, N-methoxyo-
xazolidine-protected ONs are convenient precursors for aldehyde-
modified ONs. Therefore, dinucleosidic phosphoramidite 3 was
prepared and used for the automated synthesis of ONs 1-4,
outlined in Scheme 2. The key intermediate 4 (3’-TBDMS-5'
deoxy-5'-(2-oxoethyl)thymidine®”) was condensed with 2 to yield
N-methoxyoxazolidine UT dimer 5. The 5’-OH of 5 was acetylated,
the 3’-O-TBDMS protection was removed and the exposed 3'-OH
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Scheme 1 N-methoxyoxazolidine (1) formation between nucleoside 2
and an aldehyde.
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Scheme 2 The synthesis of phosphoramidite 3,5'-aldehydic ONs (including
protected aldehydes ON1, ON2, ON3, and ON4 and deprotected free
aldehydes ON1* ON2* ON3* and ON4* and UN°Me-ONs (ON5, ONS,
and ON?7). Reaction conditions: (i) nucleoside 2 (1.0 eq.), acetic acid (25%, v/v)
in DMSO; (i) acetic anhydride, DMAP, pyridine; (iii) tetrabutylammonium
fluoride, THF; (iv) N,N-diisopropylaminecyanoethylchlorophosphoramidite,
acetonitrile. The symbolic expressions denoted here are used throughout
the text.

(6) was phosphitylated to obtain phosphoramidite 3, which was
used for the automated DNA-synthesis. ON1-ON3 were synthesized
on a regular DNA solid support and 2’-deoxy-2’-N-methoxyami-
no)uridine-modified ONs (ON4-ON7) on a customized® solid
support (7). After the chain elongation, the ONs were released
using concentrated aqueous ammonia (55 °C, 16 h) to obtain
N-methoxyoxazolidine protected 5’-aldehyde-ONs (ON1-ON3), 2'-
deoxy-2'-N-(methoxyamino)uridine-modified ONs (ON5-ON7) and
one bifunctional ON (ON4).

Prior to split aptamer studies, the dynamism and reaction
kinetics of the N-methoxyoxazolidine ligation were examined
by LC/MS analysis of simple model reactions using ON1, ON4
and ON5 (further details in the ESIT). The hydrolysis of the
N-methoxyoxazolidine cap of ON1 followed reversible bimolecular
reaction kinetics with pH-dependent half-life (¢, 5) of 8.57 hto 70 d
at pH 4 to 7 at r.t Practically quantitative cleavage of the
protection group (2) was observed, stalling at >96% of ON1* at
equilibrium. When an excess of 2 (500 uM, 100 eq.) was added
into the reaction mixture, the equilibrium shifted back to ca. 32%
of ON1. In a similar experiment, bifunctional ON4* existed
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Scheme 3 DNA-templated ligation between ON1* (ca. 5 uM) and ON5
(5 uM) in the presence of the cleaved protecting group 2 (ca. 5 uM). The
symbolic expressions are denoted in Scheme 2.

primarily as a cyclic N-methoxyoxazolidine-linked form and
formed only a trace amount of ON4 when the same excess of 2
was added. When complementary ON5 (5 pM, 1 eq.) was added
into the deprotected mixture of ON1* (ca. 5 pM), the self-
templated hairpin product L1 was obtained (Scheme 3) in ca.
78% equilibrium yield. The DNA-templated ligation was facile
with ty5 of 3.42 min to 27.9 h at pH 5 to 10. Finally, the L1
formation was studied in a pseudo trans-N,O-acetalization system
by mixing the protected ON1 (5 uM) and ON5 (5 uM) without a
preliminary deprotection step. The yield of L1 did not change, but
the rate (¢,5 of 7.69 h to 9.5 d at pH 4 to 6) was limited by the
deprotection step. As a conclusion, the N-methoxyoxazolidine
ligation and the masked aldehyde ONs proved suitable for
dynamic hybridization-driven DNA-templated reactions poten-
tially applicable for split aptamers.

The dynamic covalent aptamer assembly was then studied
using split CBA models. CBA has been characterized to bind to
the substrate as a three-way junction with two loops.*®?° The
ligation sites were placed in the loop regions of CBA, which are
likely to be more tolerant of structural modifications and allow
more freedom for the formation of variable R/S-isomers of the
N-methoxyoxazolidine linkage (in comparison to the potential
sites in the stem regions, if applied). First, we examined two
split CBA models: A and B, in which the CBA was split into two
fragments. These fragments were elongated by 3'-UNOM¢, 5/-
fluorescein, and 5’-aldehyde accordingly (Scheme 4). A is similar
to a model that has previously been studied in noncovalent'® and
covalent'” aptamer assemblies, while model B has an alternative
splitting site. In both models, quinine was used as the ligation-
inducing substrate (the CBA binds to quinine with comparable
affinity to cocaine).*®'>*! Split sequences (ON7 with ON2
and ON6 with ON3, 1 uM each), representing these models,
were incubated with variable amount of quinine (0, 10, 100, or
1000 pM) in aqueous solution adjusted to pH 5 and the mixtures
were monitored by denaturing PAGE and mass spectrometry.
To ensure complete deprotection of the aldehyde, the mixtures
were first incubated for 24 h at 55 °C. At this point, neither of the
models showed any ligation product. To initiate the aptamer
assembly, the mixtures were cooled down and incubated at room
temperature. After one hour, model A showed 1.6-72% yield of L2
in the presence of 0-1000 uM of quinine. The assembly stalled to
18-89% equilibrium of L2 after 24 h, which persisted after one
month of incubation (Fig. 1). We also examined a control reaction
of model A, in which ON7 or ON2 was replaced with a regular DNA
(see the ESIT). As expected, no product formation was observed.
In contrast to model A, model B showed only 0-22% of L3 after
one day and stalled to equilibrium of 1.5-36% after one week in

This journal is © The Royal Society of Chemistry 2023
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Scheme 4 Split aptamer models A, B, and C. The symbolic expressions
are denoted in Scheme 2.

the presence of 10-1000 pM of quinine. In contrast to model A,
model B did not yield any substrate-independent ligation product
(0 pM quinine) even after one month (Fig. 1). While formation of
L2 is more favored than that of L3, the covalent aptamer assembly
is driven by complexation to quinine in both models both kineti-
cally and thermodynamically. After one month of incubation at
room temperature, the reaction mixtures of model A were again
heated to 55 °C for 24 h and then cooled back to RT. The ligation
product L2 was disassembled completely by the heating step and
then reassembled with similar yields to the first assembly (see
details in the ESIt). Thus, the assembly was truly reversible.

The limitations of the aptamer assembly were further exam-
ined by implementing both split sites in thrice split model C

Model A

View Article Online
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using UNM- and aldehydic-ONs (ON7 and ON3) and a bifunc-
tional one (ON4) to form full aptamer L5 (Scheme 4). The split
fragments ON7, ON3, and ON4 (5 pM of each) were incubated
with quinine (100 uM) in aqueous solution (pH 5) overnight at
55 °C, cooled down and then incubated at room temperature.
After one day, 72% of truncated product L4 and 5.7% of full
aptamer L5 were formed (Fig. 1, lane 6). The yield of aptamer L5
rose to 32% after one month. In parallel with the main reac-
tions, multiple exclusion experiments were run, in which one of
the ONs or quinine was removed. No L5 was found even after
one month if quinine was excluded from the mixture (Fig. 1,
lane 3). Without quinine, the yield of L4 also dropped (from
72% to 21% after 24 h, ¢f. lanes 6 and 3 in Fig. 1). This does not
necessarily mean that L4 is a functional aptamer itself, as
removal of ON4 also reduced the yield of L4 (Fig. 1, lane 5).
The role of Mg>* (50 mM MgCl,) for the assembly was examined.
A slight improvement in the yield of L5 (39% after one month)
was observed.

In summary, split aptamer fragments can be reversibly
ligated via pH-controlled N-methoxyoxazolidine linkage. The
N-methoxyoxazolidine ligation between the CBA fragments was
found to be dynamic and highly dependent on the quinine
concentration. Of the twice split models, model A performed
better in terms of the reaction rate and yield. The fidelity of
model A was robust with ca. 2-fold higher aptamer formation
in the presence of 1 uM of quinine compared to background
(0 uM quinine). More importantly, this selectivity was observed
in the equilibrated reaction mixture. In addition to the thermo-
dynamic stabilization, quinine enhanced the rate of aptamer
ligation. Therefore, higher fidelity can be obtained by optimiza-
tion of the monitoring time. The aptamer ligation could be
reversed by heat-cool cycles, underlining the dynamicity. Twice
split model B was slower and required more quinine to form the
product, but the fidelity was exceptional with zero background at
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Fig. 1 Denaturing PAGE analysis and ligation yield in split aptamer models A, B, and C. See the ESI} for mass spectra of L2, L3, L4 and L5.
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the putative equilibrium state. Similarly, the thrice split model C
produced zero background. Noteworthily, these experiments
were performed at pH 5, whereas DNA hybridizes most effi-
ciently around pH 7. Due to partial complementary nature of the
CBA fragments, higher ligation yields may be obtained by
increasing the pH of the reaction solution. Depending on the
substrate-aptamer interactions, the fidelity may also be altered
by pH change. Experiments regarding the formation of hairpin
L1 showed that N-methoxyoxazolidinization proceeds well in
a remarkable wide pH range (4-10) if a suitable template is used,
which leaves room for pH optimization. Based on these findings,
the N-methoxyoxazolidine ligation proved its applicability for
dynamic covalent assembly of split aptamers, which can be isolated
on demand. In a wider perspective, N-methoxyoxazolidine for-
mation was shown to be a considerable tool for target-induced
dynamic combinatorial chemistry, for which a new type of biocom-
patible and conditionally reversible reaction has been called
for.28,33—36
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