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ABSTRACT 

Dynamic combinatorial chemistry (DCC) has emerged as a powerful tool for 
screening and optimization of lead compounds for the discovery of new drugs. This 
thesis introduces a novel method for base filling through the reversible incorporation 
of nucleobase aldehydes into the backbone of modified oligonucleotides using the 
principle of DCC. The formation of N-methoxy-1,3-oxazinane (MOANA) and N-
methoxy-1,3-oxazolidine (MOGNA) nucleoside analogues for the preparation of 
oligonucleotide conjugates has been systematically studied. The reaction involves 
the unprotected (2R,3S)-4-(methoxyamino)butane-1,2,3-triol (MABT) residue and 
nucleobase modified aldehydes. The reaction is reversible under slightly acidic 
conditions (pH 5.5) and affords highly stable products at pH 7.4, where the reaction 
effectively enters a "switched-off" state. The reaction rates and equilibrium constants 
were influenced by the structural variations of the aldehydes with observed half-lives 
(t₁/₂) ranging from 9 to 32 hours. The reaction was predominantly driven by base 
stacking interactions and demonstrated significantly higher yield and base-pairing 
selectivity within the relatively rigid A-type double helices compared to the more 
flexible B-type double helices. In contrast, both single-stranded oligonucleotides and 
the Hoogsteen strand of triple helices exhibited significantly lower yield and 
selectivity for base-filling. The effects of the two isomers of the (2R,3S)-4-
(methoxyamino)butane-1,2,3-triol scaffold on base-pairing selectivity were modest 
and varied depending on the sequence. This work is promising for the development 
of a modified oligonucleotides scaffold for reversible base filling which is important 
for the development of oligonucleotide therapeutics, diagnostics and DNA 
nanotechnology. 

KEYWORDS: oligonucleotide, conjugation, base filling, base pairing, affinity, 
selectivity, oxazinane, oxazolidine 
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MARK NANA KWAME AFARI: Oligonukleotidien reversiibeli täydentäminen 
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TIIVISTELMÄ 
 
Dynaamisesta kombinatorisesta kemiasta (DCC) on tullut tehokas työkalu 
johtoyhdisteiden seulontaan ja optimointiin uusien lääkkeiden löytämiseksi. Tämä 
väitöskirja esittelee uuden dynaamisen kombinatorisen kemian periaatteita 
hyödyntävän menetelmän, jossa muokattujen oligonukleotidien runko täydennetään 
reversiibelisti nukleoemästen aldehydijohdoksilla. N-Metoksi-1,3-oksatsinaani- ja -
oksatsolidiininukleosidien muodostusta oligonukleotidikonjugaattien valmistami-
seksi on tutkittu järjestelmällisesti. Reaktion lähtöaineina toimivat suojaamaton 
(2R,3S)-4-(meoksiamino)butaani-1,2,3-trioliyksikkö (MABT) ja nukleoemäs, johon 
on liitetty aldehydiryhmä. Reaktio on reversiibeli lievästi happamissa olosuhteissa 
(pH 5,5), mutta tuotteet ovat pysyviä pH:ssa 7,4, jolloin reaktio käytännössä 
pysähtyy. Reaktion nopeus ja tasapaino riippuivat käytettyjen aldehydien raken-
teesta puoliintumisaikojen vaihdellessa 9:stä 32:een tuntiin. Pääasiallinen reaktiota 
ajava voima oli emäspinoutuminen ja reaktion saanto ja emäspariutumis-
selektiivisyys olivat huomattavasti korkeammat suhteellisen jäykillä A-tyypin 
kaksoiskierteillä kuin joustavammilla B-tyypin kaksoiskierteillä. Sitä vastoin 
yksinauhaisten oligonukleotidien ja kolmoiskierteiden Hoogsteen-nauhan emäksillä 
täydentämisen saanto ja selektiivisyys olivat selvästi heikommat. (2R,3S)-4-
(meoksiamino)butaani-1,2,3-triolirungon paikkaisomerian vaikutus emäspariutu-
misselektiivisyyteen oli vähäinen ja oligonukleotidin sekvenssistä riippuva. 
Väitöskirjatyö on lupaava sellaisten muokattujen oligonukleotidien kehittämiseksi, 
joiden runkoa voidaan reversiibelisti täydentää emäksillä. Nämä puolestaan olisivat 
hyödyllisiä kehitettäessä oligonukleotidilääkkeitä, diagnostiikkaa ja DNA-
nanoteknologiaa. 

ASIASANAT: oligonukleotidi, konjugaatio, emäksillä täydentäminen, emäspariutu-
minen, affiniteetti, selektiivisyys, oksatsinaani, oksatsolidiini. 
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Abbreviations 

ASOs Antisense Oligonucleotides 
CD Circular Dichroism 
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circRNA Circular RNA  
CRISPR-Cas9 Clustered Regularly Interspaced Short Palindromic Repeats-

associated protein 9 
CPG Controlled Pore Glass 
DCC Dynamic Combinatorial Chemistry 
DCL Dynamic Combinatorial Library 
DMF N,N-dimethylformamide 
DMSO Dimethylsulfoxide 
DMTrCl 4,4'-Dimethoxytrityl Chloride 
DNAzymes Deoxyribozymes or DNA Enzymes 
dNTPs Deoxynucleotidyl triphosphates 
DyNAs Side-chain Dynamic Nucleic Acids 
ESI-MS-TOF Electrospray Ionization Mass Spectrometry coupled with Time-of-

Flight  
Fmoc Fluorenylmethoxycarbonyl 
GC  Gas Chromatography 
HRMS High Resolution Mass Spectrometry 
HG bps Hoogsteen base pairs 
lncRNA Long Non-Coding RNA  
LCMS Liquid Chromatography Mass Spectrometry  
MABT (2R,3S)-4-(methoxyamino)butane-1,2,3-triol  
MOANA N-methoxy-1,3-Oxazinane Nucleic Acid 
MOGNA N-Methoxy-1,3-Oxazolidine Glycol Nucleic Acid  
miRNA MicroRNA  
NMR Nuclear Magnetic Resonance 
2'-OMe RNA 2'-O-methyl Ribonucleic Acid 
PCR Polymerase Chain Reaction 
PNA Peptide nucleic acids 
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piRNA Piwi-Interacting RNA  
RCA Rolling circle amplification  
RP-HPLC  Reverse-Phase High-Performance Liquid Chromatography 
saRNA Small Activating RNA  
SEC Size Exclusion Chromatography 
shRNA Short Hairpin RNA 
siRNAs small interfering RNAs 
TBDMSCl tert-Butyldimethylsilyl Chloride, 
TFOs Triplex-Forming Oligonucleotides 
TEAA Triethylammonium acetate 
tmRNA Transfer Messenger RNA  
Tm melting temperature 
UPLC-TOF-MS Ultra-Performance Liquid Chromatography coupled with Time-

of-Flight Mass Spectrometry 
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1 Introduction 

1.1 Nucleic acids 
Nucleic acids are natural biopolymers found universally in the cells of living 
organisms. They are not only responsible for transmitting genetic information but 
also play additional functional roles[1,2] within biological systems such as regulate 
transcription and translation, modulate chromosomal structure, catalyze protein 
synthesis and control protein function.[3–7] There are two primary types of nucleic 
acids: deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). These two types 
differ in both structure and function. DNA is typically found in a double helical 
structure, where two complementary strands are joined together by hydrogen-bonded 
base pairs (Figure 1A). In contrast, RNA (Figure 1C) is usually a single-stranded 
polyribonucleotide chain, but it can also form a double helix with a complementary 
sequence. 

For nucleic acids to perform various biological activities they need to adopt 
several alternative conformations beyond their classical forms.[8] For instance, under 
specific conditions, DNA sequences can fold into non-B-form secondary structures 
such as triplexes,[9,10] cruciforms[11–13] tetraplexes (eg. G-quadruplex)[14–16] and left-
handed double helices.[17–19] Similarly, non-canonical RNA structures, including 
hairpins, bulged duplexes and RNA quadruplexes are known to serve as additional 
endogenous regulators of cellular functions.[20–24] The non-canonical forms of 
nucleic acids are responsible for genetic alterations that lead to various infectious 
diseases, genetic disorders, neurological conditions, and cancers.[25–28] 

Naturally occurring nucleic acids are made up of monomeric building blocks 
called nucleotides. Each nucleotide consists of a sugar moiety, a phosphate group 
and one of five nitrogenous bases (Figure 1B). The nitrogenous bases are classified 
into two main groups: pyrimidines and purines. Pyrimidine bases include cytosine 
(C), thymine (T) found only in DNA, and uracil (U) found only in RNA. Purines 
consist of adenine (A) and guanine (G). These bases form N-glycosidic bonds 
between the N1 atom of pyrimidines or the N9 atom of purines and the C1' carbon 
of the pentose sugar. 

A key distinction between DNA and RNA lies in their sugar units: DNA contains 
a 2-deoxyribose sugar moiety, whereas RNA has a ribose moiety. Nucleotides are 
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connected together in an array by 5',3'-phosphodiester bonds between two sugar 
moieties, creating an alternating sugar-phosphate backbone. When the phosphate 
group of a monomer is absent, the molecule is referred to as a nucleoside. The 
phosphodiester groups in nucleic acids are anionic and stable under physiological 
conditions. A short sequence of nucleotides, typically consisting of 8 to 50 units, is 
called an oligonucleotide.  
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Figure 1. A) Structure of DNA double helix, B) nucleotides (DNA when R = H, RNA when R = 

OH), and C) Structure of single stranded RNA 

1.2 Biological relevance of DNA and RNA 
DNA is often referred to as the blueprint for life. According to the central dogma of 
molecular biology, DNA contains the genetic information that is transcribed into 
RNA and RNA is responsible for the conversion (translation) of this information into 
the assembly of a protein. RNA is a versatile molecule playing a crucial role in 
various biological pathways. The functions of RNA can be broadly classified as 
either translated (protein-coding) or untranslated (non-coding). Messenger RNA 
(mRNA), a protein-coding RNA, plays a key role in the flow of genetic information 
within the central dogma. It conveys the genetic information from the DNA in the 
nucleus of the cell to the ribosomes in the cytoplasm where it serves as a template 
for protein synthesis. A matured translatable mRNA sequence consists of the coding 
sequence (CDS), surrounded by untranslated regions (UTRs).  

The other RNA molecules, called noncoding RNAs (ncRNAs), do not encode 
proteins, however, they play a multitude of important roles in every cell. NcRNAs 
are the final functional transcripts of DNA. There are several different types of 
ncRNA. Ribosomal RNA (rRNA) catalyzes peptide bond formation between two 
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amino acid residues. Transfer RNA (tRNA) helps to facilitates the accurate 
arrangement of amino acids into a polypeptide chain according to the sequence 
specified by mRNA. Small nuclear RNAs (snRNAs)[29,30] act as catalysts that splice 
mRNA into its mature form and are important in the selection of alternative splicing 
sequences. Small nucleolar RNAs (snoRNAs)[31–34] are bound to four core proteins 
and act as guides to correctly target modifications for the maturation of rRNA. Other 
ncRNAs include long non-coding RNA (lncRNA),[35,36] short hairpin RNA (shRNA), 
micro-RNA (miRNA),[37–39] transfer messenger RNA (tmRNA), small interfering 
RNA (siRNA),[40–42] small activating RNA (saRNA), piwi-interacting RNA 
(piRNA),[43–45] circular RNA (circRNA), ribozymes, and exosomal RNA.[46–48]  

1.3 Watson-Crick base pairing 
Classical Watson-Crick base pairs (WC bps) are formed by specific hydrogen 
bonding interactions between two of the four nitrogenous bases (A, C, G, T/U) of 
DNA and RNA. Adenine interacts with thymine in DNA or uracil in RNA while 
guanine associates with cytosine. The A-T/U pairs form through two hydrogen bonds 
that involve N1(A)…H-N3(T/U) and N6(A)-H…O4(T/U) and the G-C base pairs by 
three such interactions (N1(G)-H…N3(C), N2(G)-H…O2(C) and O6(G)…H-
N4(C). The additional hydrogen bond of the G-C base pair results in higher melting 
temperature of G-C over A-T rich sequences. The estimated free energy for isolated 
A-T and G-C base pairs is approximately -13 kcal/mol and -21 kcal/mol, 
respectively. [49–51] Furthermore, G-C base pairs are usually closer to the ideal planar 
geometry than A-T base pairs. 

The electrostatic nature of hydrogen bonding brings the protons of one base in 
close proximity to the nitrogen and oxygen acceptors of the complementary base, 
with distances between 1.9-2.0 Å, which is much closer than the typical van der 
Waals separation of 2.7-2.8 Å. In each purine-pyrimidine pair, the bases lie in a 
common plane, maintaining a constant distance of approximately 10.5 Å between 
the C1' sugar atoms. The C1'-C1' vector forms equivalent angles (around 55°) with 
the glycosidic bonds (C1'-N9 in purines and C1'-N1 in pyrimidines). The 
complementary base pairing rules of A-T (or A-U in RNA) and G-C (Figure 2) 
enable the formation of a stable double-stranded structure of an arbitrary base 
sequence, thus facilitating accurate copying of the genetic information from DNA to 
RNA.  
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Figure 2.  Base pairing modes: Watson-Crick base pairing. 

1.4 Hoogsteen base pairing 
Bases do not always pair according to the Watson–Crick base pairing rule. 
Hoogsteen base pairs (HG bps) provide an alternative pairing geometry (Figure 3). 
It was discovered by Karst Hoogsteen in 1959, when he was investigating the pairing  
of 1-methylthymine and 1-methyladenine by single crystal X-ray crystallography.[52] 
Although Watson-crick base pairing has become the dominant model for A-T and 
G-C bps in DNA, HG bps continue to surface in high-resolution structures of 
antiparallel DNA duplexes[53] and DNA in complex with quinoxaline and 
proteins[54,55]. Differentiating between Hoogsteen and Watson-Crick base pairs in 
large DNA assemblies and complexes using traditional biological techniques is often 
challenging. 

Computational studies have proven that the stability of antiparallel HG duplex is 
comparable to the B-form WC helix and that the chimeric WC-HG helix is an 
energetically accessible conformation.[56,57] Parallel studies using NMR and circular 
dichroism (CD) [58–60] have indicated that A-T and G-C+ HG bps can be found in 
parallel double stranded DNA, dumbbell-like DNA structures and DNA 
triplexes[61,62]. In duplex DNA, HG bps can be formed by rotating the purine base 
180° around the glycosidic bond to adopt a syn conformation instead of anti-
conformation. While the A-T HG bps retain the A-N6-H-O4-T H-bond, they 
substitute the N1-H-N3 H-bond with an N7-H-N3 H-bond. G-C HG bps, in turn, 
retain the O6-H-N4 H-bond and substitute the other two WC H-bonds (N1-H-N3 
and N2-H-O2) with a single N7-H-N3+ H-bond which needs the protonation of 
cytosine N3. Additionally, formation of HG-type H-bonds requires that the two bases 
come into closer proximity which constricts the C1´-C1´distance by approximately 
2 Å relative to WC bps.[63] Hoogsteen base pairs are less stable than Watson–Crick 
base pairs by 0.22 to 0.64 kcal/mol depending on the ionic conditions and the specific 
base composition. The HG bp A-T is as stable as the G-C+ base pair at low pH in the 
presence of Mg2+ ions. 
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The structural modification of sequence information in duplex DNA, particularly 
through Hoogsteen base pairs (HG bps), allows for the execution of unique and 
specialized functions. [64–66] Hoogsteen base pairing allows the formation of triple-
helix DNA (triplex or H-DNA). Although HG bps are rare compared to WC, they 
play a crucial role in replication by DNA polymerase,[67,68] DNA repair enzymes[69–

71], recognition by transcription factors[72–74] and binding to small molecules.[75] 
Hoogsteen base pairs are primarily found in higher-order nucleic acid secondary 
structures, such as triplexes and quadruplexes, and are only rarely observed in the 
context of double helices.[76,77] 

 

Figure 3.  Base pairing modes: Hoogsteen base pairing. 

1.5 Base stacking interactions 
Base stacking interactions, also known as π–π stacking interactions, are non-covalent 
interactions between aromatic moieties. Base stacking is a key force that contributes 
to the stability of the three-dimensional structure of RNA and DNA,[78] often more 
so than base pairing. Base stacking relies on several non-covalent interactions, 
including electrostatic attraction between dipoles, van der Waals forces and solvation 
effects.[79,80] The strength of stacking interactions increases in the order of 
pyrimidine-pyrimidine, purine-pyrimidine, and purine-purine. This is due to the 
larger surface area and higher polarizability of purines.[81–84]  

Measuring the stabilizing effect of unpaired bases enables direct quantification 
of stacking interactions without interference from base pairing. In RNA, base 
stacking at the 3´-terminus is more energetically favorable than at the 5´-terminus, 
whereas in DNA the opposite is true. Base stacking in the middle of either the DNA 
or RNA double helix exerts a greater influence on stability compared to stacking at 
the termini. However, the overall effect is complex due to factors such as the rigidity 
of the helix and the cooperative nature of base stacking interactions. Stacking 
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interactions play a crucial role in metabolic processes, the design of aptamers, and 
the construction of hierarchical DNA nanostructures. 

1.6 Oligonucleotide modifications 
Recently, there has been growing interest in the use of modified oligonucleotides.[85–

87] DNA and RNA oligonucleotides have been widely used as tools in antisense, 
aptamer and antigene therapy etc. Chemical modifications to the backbone, sugar, 
and nucleobase of oligonucleotides, as well as conjugation or derivatization of 
modified oligonucleotides (Figure 4), have significantly addressed longstanding 
challenges associated with native nucleic acids. These advancements have enhanced 
nuclease resistance, bioavailability, specificity, binding affinity, biodistribution, cell 
targeting, and immune response.[88–90] For instance, modifying the sugar unit can 
enhance binding affinity and improve nuclease stability and/or interactions with 
cellular proteins.[91] Modifications to nucleobases can improve base-pairing 
specificity, and adjustments to the phosphodiester backbone can boost nuclease 
resistance and optimize pharmacokinetic properties.[92,93] Additionally, conjugation 
with lipophilic or cell-targeting moieties can improve tissue targeting and protein-
binding properties.[94] 
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Figure 4.  Chemical modifications of therapeutic oligonucleotides. 
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1.6.1 Sugar modification 
The (deoxy)ribofuranose sugar (Figure 5) conformation plays a crucial role in the 
structure and function of nucleic acids. Over the years, several modifications have 
been incorporated into the sugar moieties to improve their therapeutic potential. The 
stability of oligonucleotide duplexes and the formation of stable functional protein-
oligonucleotide complexes is largely influenced by the conformation and dynamics 
of the sugar moiety. For instance, replacing the 2'-hydroxy group with methoxy or 
fluoro groups has proven advantageous for the development of antisense 
oligonucleotides (AONs), small interfering RNAs (siRNAs), aptamers, microRNAs, 
and CRISPR-Cas9 systems.[95,96] Incorporating a 2'-SCF3

[97] group into the sugar 
moiety enables the monitoring of nucleotides by 19F NMR at micromolar 
concentrations, although this modification significantly destabilizes the double helix. 
Furthermore, 2'-SeCH₃[98] and 2'-N₃[99] nucleotides have also been developed, 
expanding the toolkit for functional nucleotide modification. Beyond 2' 
modifications, 4' modifications such as substituting the endocyclic oxygen with 
NAc[100], CH₂,[101] S,[102] or Se[98]have shown significant utility in gene-based 
therapies and crystallographic studies.  

 

 
Figure 5. Examples of pentose sugar mimic: modification at 2’, 4’ and a sugar with an expanded 

ring. The structure on the left shows the canonical deoxyribose. R1 = F, OMe, SCF3, 
SeMe, N3. R2 = CH2, NAc, S, Se. R3 = OH, F, R4 = F.  

1.6.2 Base modification 
Natural nucleobases, whether purines or pyrimidines, can be modified to enhance 
stability through various mechanisms. These include hydrogen-bonding interactions, 
hydrophobic forces, stacking effects and metal-mediated bonding. Such 
modifications are achieved by incorporating additional functional groups[103–108], 
inserting extra rings[109–111], or attaching a linker[107,108] between the sugar and the 
base. Various analogues have been developed to enhance the functionality of 
nucleobases.[112] These modifications generally cause minimal disruption to Watson-
Crick base pairing, allowing the flow of genetic information to remain unaffected. 
Additionally, nucleobase analogues can introduce properties such as redox 
activity[113], fluorescence,[114] and even anti-cancer or antiviral activity.[115,116]  
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The genetic alphabet has been expanded through the development of unnatural 
base pairs (UBPs). These synthetic base pairs are designed for use in both in vitro 
and in vivo systems, paving the way for innovative next-generation biotechnologies. 
For instance, the hydrogen-bond-mediated isoG-isoC pair (Figure 6A) serves as a 
constitutional isomer of the G-C pair, conforming to a different hydrogen-bond 
geometry than natural base pairs.[117,118] In addition to hydrogen-bond-mediated 
unnatural base pairs (UBPs), non-hydrogen-bonded hydrophobic bases (Figure 6B) 
have emerged as promising candidates. Base pairing can also be facilitated by metal 
ions. Metal-mediated base pairs (Figure 6C) can compensate for the absence of 
hydrogen bonds, imparting new properties to the DNA double helix and expanding 
its potential applications. In early 1963, mercury(II) was incorporated between 
thymine (T) bases.[119] Recently, metal-mediated base pairs have gained significant 
attention, leading to the development of various novel systems.[120] For instance, 
copper(II) has been used to connect hydroxypyridone bases[121] and silver (I) to 
connect pyridine bases within the DNA double helix. 

 

Figure 6. Structures of A) H-bond mediated natural and unnatural base pairs, B) hydrophobic 
unnatural base pairs, C) metal-mediated unnatural base pairs. 
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1.6.3 Phosphate modification 
The phosphodiester backbone of nucleic acids is highly susceptible to hydrolysis by 
nucleases under biological conditions, limiting its effectiveness for therapeutic 
applications. Significant efforts have been made to explore alternative backbones 
that enhance stability against nucleases and improve affinity for RNA/DNA.[122] 
Common backbone modifications involve substituting one of the non-bridging 
oxygen atoms in the phosphate linkage with boron, nitrogen, carbon, or sulfur, as 
illustrated in Figure 7. These alterations significantly impact the physicochemical 
and biological properties of oligonucleotides. For example, replacing a non-bridging 
oxygen with sulfur creates a phosphorothioate linkage, which carries a negative 
charge and enhances nuclease stability while retaining chemical stability similar to 
the conventional PO linkage.[123] Conversely, substituting oxygen with carbon leads 
to the formation of an alkyl phosphonate linkage, which is neutral in charge, reduces 
affinity for RNA and is unstable under basic conditions, particularly during the 
deprotection steps following oligonucleotide synthesis.[124] Replacing oxygen with 
nitrogen neutralizes the charge and reduces the affinity for RNA and the resulting 
phosphoramidate linkage is highly unstable in the acidic environment required to 
remove the dimethoxytrityl protecting group during synthesis.[125] Substituting the 
anionic oxygen with an alkoxy group results in a phosphotriester linkage, which is 
also neutral and labile under basic conditions necessary for the deprotection of 
oligonucleotides post-synthesis. Boranophosphate is another interesting modified 
backbone structure in which one of the non-bridging oxygen atoms in the phosphate 
group is replaced with a borane group (-BH₃). Finally, several backbone 
modifications have been reported that replace one of the bridging oxygen atoms in 
the phosphate (PO) linkage with either nitrogen (N in 3′-phosphoramidates) or 
carbon (C in 3′-methylene phosphonates).[126]      
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Figure 7.  Examples of backbone modifications of nucleic acids analogues. 

1.7 Chemical and enzymatic synthesis of modified 
DNA 

DNA can be chemically modified through solid-phase synthesis or enzymatically 
using DNA polymerases in combination with unnatural deoxynucleotidyl 
triphosphates (dNTPs). Solid-phase synthesis is widely employed for producing 
large quantities of oligonucleotides. However, it has limitations, including a 
maximum synthesis length of approximately 200 nucleotides and constraints related 
to the compatibility of functional groups with the chemical reactions used in 
oligonucleotide assembly.[127] Enzymatic DNA modification methods include PCR, 
primer extension, and rolling circle amplification (RCA). These techniques rely on 
polymerases with limited tolerance for chemically modified dNTPs and require a 
template strand to guide primer extension. 

1.7.1 Direct incorporation of modifications by solid phase 
oligonucleotide synthesis 

For the direct incorporation, the functional group is first introduced into a 
predetermined position of the nucleotide scaffold, which is then attached to DNA 
directly through a synthetic cycle. The most commonly used technique for robust 
and efficient chemical synthesis of oligonucleotides is automated solid-phase 
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synthesis, which involves a four-cycle process on solid support (Scheme 1).[128] In 
this approach, large excesses of reagents are employed to rapidly drive reactions to 
completion, with unreacted reagents easily washed away. The initial building block 
is attached to solid support via a long-chain alkylamine (LCAA) linker, connected 
through a succinyl spacer. This attachment provides a stable foundation for the 
subsequent stepwise addition of nucleotides. The synthesis proceeds in the 3′ to 5′ 
direction. Initially, the 5′-O-DMTr protecting group of the support-bound nucleoside 
is removed using an acid. The resulting 5′-hydroxy group is then allowed to react 
with a nucleoside phosphoramidite monomer in the presence of an activator, 
typically tetrazole or one of its derivatives. The unreacted 5′-hydroxy groups are 
blocked in a capping step, where acetylation is achieved using acetic anhydride, N-
methylimidazole, and pyridine. The subsequent oxidation step converts the reactive 
P(III) phosphorus atom of the phosphite triester, formed during coupling, into a 
stable P(V) form. This step is accomplished using iodine in the presence of water 
and pyridine. This entire cycle is repeated, adding a nucleotide at each step until the 
desired oligonucleotide is synthesized. The phosphoramidite coupling step is highly 
sensitive to moisture so the reaction must be conducted under a nitrogen or argon 
atmosphere and with anhydrous solvents. The efficiency of each cycle can be 
monitored during the detritylation step when the 4,4′-DMTr cation is removed. After 
the final cycle and detritylation, treatment with concentrated aqueous ammonia is 
performed to cleave the oligonucleotide from the solid support and remove the base 
protecting groups and the cyanoethyl groups on the phosphates. The direct 
incorporation of functional molecules into a desired position within a DNA sequence 
presents significant challenges. One major difficulty is the synthesis of a 
corresponding phosphoramidite monomer for unnatural molecules, which is often 
complex and challenging. Additionally, certain functional groups in 
phosphoramidite building blocks may be incompatible with the oxidation step in the 
DNA synthesis cycle. Given these limitations, a post-synthetic approach emerges as 
an attractive alternative. 
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Scheme 1. General scheme of DNA/RNA solid-phase synthetic cycle using the phosphoramidite 

approach. R1, and R4: protecting groups for 5′-OH, 2′-OH, phosphate residue, 
respectively; R2 (H or OH). Conditions: 1) Detritylation, 3% TCA, dichloromethane 
(DCM) 2) Coupling, 0.25 M tetrazole (or DCI), phosphoramidite, acetonitrile (ACN) 3) 
Capping, Ac2O, N-methylimidazole, pyridine, ACN 4) Oxidation, 0.02 M I2, pyridine, 
H2O, tetrahydrofuran (THF). 

1.7.2 Enzymatic synthesis via DNA polymerases 
DNA polymerases[129] are a class of enzymes that catalyze the synthesis of 
polydeoxyribonucleotides from deoxyribonucleoside triphosphates (dNTPs). They 
play a fundamental role in DNA replication, repair, and, in some cases, cell 
differentiation. Under appropriate conditions, DNA polymerases can also be used 
for in vitro DNA synthesis. A primer is an initiating oligonucleotide (or 
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DNA strand elongation. Primers provide a double-stranded structure by annealing to 
a complementary region of an RNA or DNA template. The enzyme then extends the 
primer in the 5′ → 3′ direction, following the Watson–Crick base-pairing rule, where 
A pairs with T (or U in RNA), and C pairs with G. This process occurs in a repetitive 
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cycle which involves nucleotide binding, base pairing, phosphodiester bond 
formation and template strand progression.  

DNA polymerases exhibit remarkable speed and accuracy, synthesizing DNA at 
a rate of nearly 1,000 base pairs per second,[130] with an error frequency of only one 
mistake per million base pairs.[131,132] A key limitation of enzymatic DNA synthesis 
is the strict substrate specificity of DNA polymerases, which limits the incorporation 
of chemical modifications into oligonucleotides. As a result, post-synthetic 
functionalization is often required for many applications. Additionally, enzymatic 
synthesis becomes less efficient for generating long or highly modified DNA 
sequences due to polymerase errors and premature termination.        

1.7.3 Post-Synthetic Functionalization of Nucleic Acids 
Post-synthetic functionalization[133] of DNA (Scheme 2) is the technique of 
modifying nucleic acids after they have been synthesized, either chemically or 
enzymatically as described above. This technique allows the introduction of 
functional groups, probes, or modifications that are difficult or impossible to 
incorporate during direct synthesis and reduces the synthetic challenges by reducing 
monomer complexity. There are some simple small functional handles, such as linear 
alkynes, cycloalkynes, aldehydes, carboxylic acids, primary amines[134] or thiols[135] 
which can be introduced as nucleobase modifications during enzymatic or chemical 
synthesis, and subsequently reacted to generate the final desired modification. For 
others, such as azides, a second pre-labelling step is sometimes necessary because of 
the chemical instability during solid-phase oligonucleotide synthesis. Reactions 
widely employed for post-synthetic functionalization include oxime and 
hydrazone,[136–141] ester modification,[142], peptide coupling conjugation,[143,144] click 
chemistry[145], Diels—Alder reaction[146] and Staudinger ligation.[147] 
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Scheme 2. Post-synthetic functionalization of DNA. 

1.8 Dynamic combinatorial chemistry 
Combinatorial chemistry has evolved into a powerful technology for generating vast 
numbers of structurally related compounds. Unlike classical organic synthesis, 
which follows a sequential approach where a target molecule is synthesized step by 
step to yield a single product, combinatorial chemistry employs a parallel strategy, 
enabling the simultaneous synthesis of multiple compounds using different reactants 
(Scheme 3). Moreover, combinatorial steps can also be performed sequentially, 
further expanding the diversity of potential products. Combinatorial chemistry was 
initially developed for creating peptide libraries to screen against antibodies and 
identify receptors with optimal binding characteristics and has since expanded 
significantly and is now a cornerstone technique in drug discovery. Various 
methodologies have been devised for chemical library generation. 

Dynamic combinatorial chemistry (DCC) is a powerful screening tool that 
harnesses the reversible assembly of molecular building blocks through covalent and 
non-covalent bonds,[148–151] creating dynamic combinatorial libraries (DCLs) of 
potentially complex, interchanging products with high efficiency. As the reactions 
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is governed by their thermodynamic stability. DCLs have an advantage over 
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library's composition to re-equilibrate, selectively amplifying members with the 
strongest affinity for the target. This process allows for the identification of the best 
binders without the need for conventional synthesis, purification, and 
characterization of each individual library member. DCLs have a wide range of 
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applications, including receptor design[152–155], catalysis[156,157], drug discovery[158,159], 
dynamic resolution[160], self-sorting[161], self-replication[162,163], DNA-templated 
synthesis[164,165], sensing[166,167], and the controlled release of bioactive 
compounds.[168,169] 

The distribution of dynamic combinatorial libraries (DCLs) depends on the 
composition and intrinsic reactivity of the building blocks [170,171], as well as the 
thermodynamic stability of each member of the library under the given experimental 
conditions. The DCL is responsive to external stimuli. In the absence of external 
stimuli, the building blocks engage in reactions that generate all possible 
combinatorial products once equilibrium is achieved. However, when external 
stimuli are introduced, the equilibrium becomes biased and shifts, altering the 
product distribution within the library. The stimuli can be changes in pH[172,173] or 
temperature[174,175], exposure to light[176,177], the addition of metal ions[178,179], 
reversible phase separation[180], mechanical forces[181], gelation[182] or an electric 
field.[183,184] Also, a biological template such as a peptide[158] or a protein[185] can 
influence the composition of the library. Additionally, solid-state DCC often 
produces libraries with compositions different from those achieved through 
equilibration in solution.[186] 

The composition of a DCL can be analyzed using high performance liquid 
chromatography (HPLC)[187–189], size-exclusion chromatography (SEC)[190], gas 
chromatography (GC)[191] and mass spectrometry (MS)[192–194]. When the target (e.g. 
a protein) can be subjected to non-denaturing electrospray ionization mass 
spectrometry (ESI-MS)[195,196], both the stoichiometry and binding strength to the 
target can be measured. In cases where the DCL contains a limited number of 
components, techniques such as X-ray crystallography[197,198], nuclear magnetic 
resonance (NMR) spectroscopy[199,200], and circular dichroism (CD) spectroscopy 
[201] have been utilized for analysis. 
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Scheme 3. Comparison of classic organic synthesis and dynamic combinatorial chemistry. 

1.8.1 Conditions for formation of dynamic combinatorial 
libraries 

The main feature of DCC is the reversible reaction that allows exchange of the 
building blocks of the different library members and this reaction must meet certain 
criteria. Several reversible covalent exchanges (Scheme 4) are commonly used, 
including transamidation,[202–204] ester exchange,[205,206] transimination,[207–209] oxime 
exchange,[210,211] disulfide exchange,[212,213] hydrazone formation,[214,215] the Diels–
Alder reaction,[216] Michael reactions[217], and olefin metathesis.[206,218] Non-covalent 
reversible interactions, such as hydrogen bonding and metal–ligand coordination, are 
also employed in the preparation of DCLs.[219–222] Most of these reactions are 
conducted in aqueous media for biocompatibility. The reversible reaction must occur 
on a reasonable timescale. Since equilibration and selection typically happen 
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simultaneously, the reversible reactions need to be compatible with the experimental 
conditions of the selection process. This includes considering the functional groups 
on the building blocks and template, as well as factors such as solvent and pH. The 
reaction conditions used in DCL should be mild to prevent interference with the 
delicate noncovalent interactions involved in molecular recognition. To avoid 
undesired cross-reactivity with the functional groups of the building blocks or target 
molecules, the reactions must be chemoselective. 

For proper analysis of the DCL, the building blocks should exhibit comparable 
reactivity. If mass spectrometry is used for DCL analysis, building blocks should 
have distinct molecular weights to enable clear differentiation. Additionally, all 
building blocks must be soluble to prevent precipitation of certain library members, 
which could bias the data. Dimethyl sulfoxide (DMSO) can be employed as a co-
solvent to enhance the solubility of organic compounds. Careful optimization of the 
co-solvent concentration is necessary to maximize solubility without adversely 
affecting the target compound. 

A DCL should be capable of being “frozen” in the presence of a target molecule, 
enabling convenient analysis while preserving the library's equilibrium composition. 
There are several ways to achieve this, including adjusting the pH, removing or 
inactivating catalysts, or employing irreversible functionalization such as reducing 
imines to amines.  
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Scheme 4. Reversible reactions used in dynamic combinatorial chemistry. 
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template strand enables sequence-selective reactions, especially when the coupling 
reaction is reversible. 

An early approach to template-directed oligonucleotide synthesis involved 
backbone ligation, where two monomeric nucleotides or short oligonucleotides were 
coupled by connecting their backbone functional groups. This method utilized DNA, 
RNA or PNA as templates for the ligation process.[227–229] The first application of 
backbone ligation involved an irreversible reaction that resulted in the formation of 
a stable phosphodiester bond.[230] Base-filling approach has at least two advantages 
over the backbone ligation approach. One advantage is that the monomeric 
nucleobases lack complementary functional groups, which prevents self-reactivity 
and potentially reduces nontemplated reactions. Another advantage is that the 
reaction site is in close proximity to the base pairing, which can potentially enhance 
sequence specificity. 

The natural nucleic acid backbones consist of sugars connected by 
phosphodiester bonds and linked to the base moieties via N-glycosidic linkages. This 
structure does not allow base filling, as the equilibrium strongly disfavors the 
formation of the latter in the presence of water.[231–233] On the contrary, the peptide 
nucleic acid (PNA) backbone is an excellent option, as the peptide bond between the 
base moiety and the backbone amino function is easily accessible even under 
aqueous conditions. The resulting product is identical to the corresponding PNA 
oligonucleotide synthesized using traditional methods, leading to typical high 
hybridization affinity. However, the irreversibility of the coupling reaction results in 
modest fidelity, despite a general preference for incorporating the matching Watson–
Crick base pairing partner.[225] Besides "native" PNA (Scheme 5A and B), other 
backbone chemistries adaptable for base filling, such as D-threoninol phosphate 
(Scheme 5C) and cysteine-rich peptides (Scheme 5D), have been reported,[234,235] 
incorporating a strong nucleophile in the backbone along with an electrophilic handle 
on the base moiety. 

PNA, an unnatural nucleic acid, has the capacity to hybridize with 
complementary sequences with high affinity and specificity.[236] Base-filling a PNA 
backbone has been achieved by both reductive amination and acylation, 
demonstrating sequence selectivity.[237,238] Base-filling through reductive amination 
results in the formation of an artificial PNA with a new backbone, known as 
deoxyPNA, while base-filling of PNA via amine acylation produces native PNA. 
Both of these base-filling reactions — reductive amination (a reversible reaction) 
and amine acylation (an irreversible reaction) — demonstrate sequence selectivity. 
However, reductive amination typically affords higher yields and selectivity 
compared to amine acylation.  
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2 Aims of the thesis 

Although there are existing technologies for oligonucleotide conjugation, there 
remains the need for alternative conjugation chemistries that enable straightforward, 
orthogonal functionalization of modified oligonucleotides. Post-synthetic 
incorporation of nucleobases or their analogues into oligonucleotides, often called 
”base-filling” has emerged as an attractive alternative to conventional stepwise 
coupling for preparing oligonucleotide libraries that differ by a single residue. Base-
filling through reductive amination between nucleobase acetaldehydes and abasic 
sites within a PNA backbone has been successfully applied for detecting single-
nucleotide polymorphisms and circulating microRNAs. Additionally, base filling 
offers a valuable framework for investigating phenomena such as base pairing, base 
stacking and ultimately the secondary and tertiary structures of nucleic acids. For 
such applications, a coupling chemistry more compatible with the sugar-phosphate 
backbone of natural DNA and RNA would be ideal. 

The base-filling reaction should ideally be reversible under conditions that allow 
Watson-Crick base pairing, facilitating the formation of a DCL. While reductive 
amination meets this requirement, its reduction step alters the hybridization and 
geometry of the product. To avoid such complications, a reversible base-filling 
approach that preserves the hybridization state would be a more suitable alternative. 
To address the aforementioned needs, this study introduces a novel pH-controlled 
reversible base filling reaction suitable for DCC, namely the formation of N-
methoxy-1,3-oxazinanes and N-methoxy-1,3-oxazolidines through reactions 
between readily available (2R,3S)-4-(methoxyamino)butane-1,2,3-triol-modified 
oligonucleotides and aldehydes. The aims of the thesis can be summarized as 
follows: 

I  Developing a robust synthesis strategy for oligonucleotides incorporating 
residues that allow reversible pH-controlled base-filling. 

II  Elucidating the factors affecting the rate and equilibrium of the base-filling 
reactions. 

III  Verifying the selectivity of the base-filling reactions in terms of Watson—
Crick base pairing. 
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3 Results and Discussion 

3.1 Synthesis of aldehydes 
The syntheses of the four canonical nucleobase analogues have been described in the 
literature.[239,240] For control experiments, 2-(2-methylbenzimidazol-1-yl)acetaldehyde 
(Scheme 6) was synthesized using the same method as with the canonical nucleobases. 
This compound, which acts as a purine base for base stacking effects, contains no 
hydrogen bond donors or acceptors. 2-methylbenzimidazole 1 was thus alkylated at the 
N3 position with bromoacetaldehyde diethyl acetal to yield compound 2, which was 
hydrolyzed by aqueous HCl to afford 2-(2-methylbenzimidazol-1-yl)acetaldehyde 3.  
 

Scheme 6. 2-(2-methylbenzimidazol-1-yl) acetaldehyde. Reagents and conditions: a) 
bromoacetaldehyde diethyl acetal, Cs2CO3, DMF, 90 °C, 90 min; b) HCl, H2O, 90 °C, 
60 min.  

3.2 Synthesis of (2R,3S)-4-(methoxyamino)butane-
1,2,3-triol (MABT) 

Preparation of (2R,3S)-4-(methoxyamino)butane-1,2,3-triol (8) is outlined in 
Scheme 7. Oxidation of methyl 4,6-O-benzylidene-α-D-glucopyranoside (4) 
yielded (4R)-5-((S)-1-methoxy-2-oxoethoxy)-2-phenyl-1,3-dioxane-4-carbaldehyde 
(5). Oximation of compound 5 gave a mixture of geometric isomers, the major one 
being (2S,E)-2-methoxy-2-(((4S)-4-((E)-(methoxyimino)methyl)-2-phenyl-1,3-
dioxan-5-yl)oxy)acetaldehyde O-methyl oxime (6). Reduction of compound 6 
afforded N-((2S)-2-methoxy-2-(((4S)-4-((methoxyamino)methyl)-2-phenyl-1,3-
dioxan-5-yl)oxy)ethyl)-O-methylhydroxylamine (7). Subsequently, acid-catalyzed 
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hydrolysis of 7 removed acetal protections, resulting in (2R,3S)-4-
(methoxyamino)butane-1,2,3-triol (8). 
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Scheme 7. Synthesis of the protected (2R,3S)-4-(methoxyamino)butane-1,2,3-triol. Reagents and 

conditions: a) NaIO4, MeOH, H2O, 25 °C, 20 h; b) MeONH3Cl, pyridine, 80 °C, 16 h; c) 
NaCNBH3, AcOH, CH2Cl2, MeOH, 25 °C, 16 h; d) HCl, 1,3-propanedithiol, H2O, 40 °C, 
16 h. 

3.2.1 Synthesis of Fmoc-protected MABT phosphoramidite 
The synthesis of Fmoc-protected MABT phosphoramidite 14 was performed 
following the procedure outlined in Scheme 8. Initially, the methoxyamino group in 
compound 8 was protected with a 9-fluorenylmethoxycarbonyl (Fmoc) group, 
resulting in compound 9. The primary alcohol in compound 9 was then 
dimethoxytritylated to yield compound 10. Next, the base-labile Fmoc group on 
compound 10 was removed, producing compound 11. Compound 11 subsequently 
underwent silylation to yield compound 12, followed by the reintroduction of the 
Fmoc group to produce compound 13. Finally, compound 10 was phosphitylated, 
generating the desired phosphoramidite building block 14. 
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Scheme 8. Synthesis of the F-moc protected phosphoramidite building block 1. a) FmocCl, K2CO3, 

1,4-dioxane, H2O, 25 °C, 16 h; b) DMTrCl, CH2Cl2, pyridine, N2 atmosphere, 25 °C, 16 
h; c) Et2NH, CH2Cl2, 25 °C, 45 min; d) TBDMSCl, imidazole, DMF, 25 °C, 16 h; e) 
FmocCl, K2CO3, 1,4-dioxane, H2O, 25 °C, 16 h; f) 2-cyanoethyl-N,N-
diisopropylaminophosphoramidite, Et3N, CH2Cl2, N2 atmosphere, 25 °C, 45 min. 

3.2.2 Synthesis of 4-(benzoyloxy)benzylidene-protected 
MABT phosphoramidite 

The synthesis of the 4-(benzoyloxy)benzylidene-protected (2R,3S)-4-
(methoxyamino)butane-1,2,3-triol phosphoramidite building block 17 is outlined in 
Scheme 9. The process began with the reaction of (2R,3S)-4-
(methoxyamino)butane-1,2,3-triol with 4-(benzoyloxy)benzaldehyde in the 
presence of acetic acid to afford compound 15. The primary hydroxy group of 
compound 15 was then protected as a dimethoxytrityl ether to form intermediate 16. 
Finally, the remaining secondary hydroxy group was phosphitylated using standard 
methods to yield the phosphoramidite building block 17. 
 

Scheme 9. Synthesis of the 4-(benzoyloxy)benzylidene protected (2R,3S)-4-
(methoxyamino)butane-1,2,3-triol phosphoramidite building block 17. Reagents and 
conditions: a) 4-benzoyloxybenzaldehyde, AcOH, 1,4-dioxane, 50 °C, 16 h; b) DMTrCl, 
CH2Cl2, pyridine, N2 atmosphere, 25 °C, 16 h; c) 2-cyanoethyl-N,N-
diisopropylchlorophosphoramidite, Et3N, CH2Cl2, N2 atmosphere, 25 °C, 1 h. 
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3.2.3 Synthesis of para-nitrobenzylidene-protected MABT 
phosphoramidites 

The synthesis of the para-nitrobenzylidene-protected phosphoramidites 20 and 23 is 
illustrated in Scheme 10. Initially, (2R,3S)-4-(methoxyamino)butane-1,2,3-triol (8) 
was reacted with 4-nitrobenzaldehyde under acidic conditions to produce compound 
18. The primary hydroxy group of compound 18 was 4,4´-dimethoxytritylated 
resulting in compound 19. Finally, the secondary hydroxy group of compound 19 
was phosphitylated using standard procedures to obtain phosphoramidite 20. 
Phosphoramidite 23 was synthesized following a similar approach, but with an 
extended reaction time between (2R,3S)-4-(methoxyamino)butane-1,2,3-triol and 4-
nitrobenzaldehyde under acidic conditions. This prolonged reaction favored the 
formation of the thermodynamically preferred six-membered oxazinane ring, 
yielding compound 21. The primary hydroxyl group of compound 21 was 
subsequently protected by dimethoxytritylation to form compound 22, which was 
then phosphitylated via conventional methods to afford phosphoramidite 23. 
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Scheme 10. Synthesis of the protected (2R,3S)-4-(methoxyamino)butane-1,2,3-triol 

phosphoramidite building block 20 and 23. Reagents and conditions: a) 4-
nitrobenzaldehyde, AcOH, 50 °C, 3 h; b) DMTrCl, CH2Cl2, pyridine, N2 atmosphere, 25 
°C, 14 h; c) 2-cyanoethyl-N,N-diisopropylaminophosphoramidite, Et3N, CH2Cl2, N2 
atmosphere, 25 °C, 1 h. d) 4-nitrobenzaldehyde, AcOH, 50 °C, 15 h; e) DMTrCl, 
CH2Cl2, pyridine, N2 atmosphere, 25 °C, 14 h; f) 2-cyanoethyl-N,N-
diisopropylaminophosphoramidite, Et3N, CH2Cl2, N2 atmosphere, 25 °C, 1 h.  
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3.3 Oligonucleotides synthesis 
Oligonucleotide syntheses were performed on an ÄKTA Oligopilot Plus 10 
DNA/RNA synthesizer at a 1-2 μmol scale using CPG solid support, following the 
conventional phosphoramidite strategy. Table 1 summarizes the sequences and 
structural modifications of synthesized oligonucleotides and commercial products 
employed in this study. Commercially sourced oligonucleotides ON11a, ON11c, 
ON11g, ON11t, ON12a, ON12c, ON12g and ON12t were used without further 
modification. Modified oligonucleotides were synthesized using different 
phosphoramidite building blocks. Phosphoramidite 14 was utilized for the synthesis 
of DNA-MOANA oligonucleotide ON1 while phosphoramidite 17 was employed to 
synthesize DNA-MOANA oligonucleotides ON2a, ON2c, ON2g, ON2t, and 
ON2s.[241]. The coupling yield of phosphoramidite 14 was only approximately 64% 
despite a prolonged coupling time of 15 min, while the other couplings proceeded 
with normal (>99%) efficiency. The coupling yield of phosphoramidite 17 was 99%. 
Building blocks 20 and 23 were employed to introduce a single MOGNA or 
MOANA residue into oligonucleotides ON3, ON4a, ON4c, ON4g, ON4t, ON4s, 
ON5, ON6a, ON6c, ON6g, ON6u, ON6s, ON7, ON8a, ON8c, ON8g, ON8u, 
ON8s, ON9 and ON10. MOANA and MOGNA phosphoramidite building blocks 
20 and 23 showed coupling yields between 77% and 99% based on trityl response 
measurements. After synthesis, oligonucleotides were cleaved from the solid support 
and deprotected by incubation in 25% aqueous ammonia at 55 °C for 16 hours.  
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Table 1.  Sequences of the oligonucleotides used in this study. The variable residues (base-filling    
scaffolds and nucleotides opposite to them) are underlined. 

Oligonucleotide Sequence (5´-3´)[a] 

ON1 5´-CGA GCX CTG GC-3´ 
ON2a 5´-GCC AGA GCT CGT TTT CGA GCX CTG GC-3´ 
ON2c 5´-GCC AGC GCT CGT TTT CGA GCX CTG GC-3´ 

 

ON2g 5´-GCC AGG GCT CGT TTT CGA GCX CTG GC3´ 
ON2t 5´-GCC AGT GCT CGT TTT CGA GCX CTG GC3´ 
ON2s 5´-GCC AGS GCT CGT TTT CGA GCX CTG GC3´ 
ON3 5´-CGA GCY CTG GC-3´ 
ON4a 5´-GCC AGA GCT CGT TTT CGA GCY CTG GC3´ 
ON4c 5´-GCC AGC GCT CGT TTT CGA GCY CTG GC3´ 
ON4g 5´-GCC AGG GCT CGT TTT CGA GCY CTG GC3´ 
ON4t 5´-GCC AGT GCT CGT TTT CGA GCY CTG GC3´ 
ON4s 5´-GCC AGS GCT CGT TTT CGA GCY CTG GC3´ 
ON5 5´-cga gcX cug gc-3´  
ON6a 5´-gcc aga gcu cgu uuu cga gcX cug gc-3´ 

 

ON6c 5´-gcc agc gcu cgu uuu cga gcX cug gc-3´ 
ON6g 5´-gcc agg gcu cgu uuu cga gcX cug gc-3´ 
ON6u 5´-gcc agu gcu cgu uuu cga gcX cug gc-3´ 
ON6s 5´-gcc ags gcu cgu uuu cga gcX cug gc-3´ 
ON7 5´-cga gcY cug gc-3´  
ON8a 5´-gcc aga gcu cgu uuu cga gcY cug gc-3´ 
ON8c 5´-gcc agc gcu cgu uuu cga gcY cug gc-3´ 
ON8g 5´-gcc agg gcu cgu uuu cga gcY cug gc-3´ 
ON8u 5´-gcc agu gcu cgu uuu cga gcY cug gc-3´ 
ON8s 5´-gcc ags gcu cgu uuu cga gcY cug gc-3´ 
ON9 5´-TTT TTT TTT TTT TTT XT-3´ 

 

ON10 5´-TTT TTT TTT TTT TTT YT-3´ 
ON11a 5´-GAT TTT TTT TTT TTT TTG C-3´ 
ON11c 5´-GCT TTT TTT TTT TTT TTG C-3´ 
ON11g 5´-GGT TTT TTT TTT TTT TTG C-3´ 
ON11t 5´-GTT TTT TTT TTT TTT TTG C-3´ 
ON12a 5´-GCA AAA AAA AAA AAA AAA C-3´ 
ON12c 5´-GCA AAA AAA AAA AAA AAC C-3´ 
ON12g 5´-GCA AAA AAA AAA AAA AAG C-3´ 
ON12t 5´-GCA AAA AAA AAA AAA AAT C-3´ 

[a] Uppercase letters refer to DNA and lowercase letters to 2´-O-methyl-RNA nucleotides, “X” to the 
MOANA residue, “Y” to the MOGNA residue and “S” to the abasic 2-
(hydroxymethyl)tetrahydrofuran-3-ol spacer. 
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3.4 Formation of N-methoxy-1,3-oxazinane 
oligonucleotides 

The formation of N-methoxy-1,3-oxazinane residues within oligonucleotides was 
initially examined by reacting ON1 with an excess of various aromatic (e.g., 
benzaldehyde, 3-hydroxybenzaldehyde, 3-methoxybenzaldehyde, 3-
cyanobenzaldehyde, 3-nitrobenzaldehyde, isophthalaldehyde, imidazole-2-
carbaldehyde, and quinoline-2-carbaldehyde) as well as aliphatic (e.g., 
butyraldehyde and benzyloxyacetaldehyde) aldehydes. Each reaction was conducted 
separately, allowing ON1 to react with a single aldehyde under mildly acidic 
conditions (pH 5.0) at 55°C overnight. After the reaction, the mixture was quenched 
by adjusting the pH to 7.0. The aqueous solution was then washed with 
dichloromethane and analysed by reverse-phase high-performance liquid 
chromatography (RP-HPLC). A representative chromatogram is shown in Figure 8. 
As anticipated, the reaction of ON1 with 3-nitrobenzaldehyde led to the formation 
of an N-methoxy-1,3-oxazinane-functionalized oligonucleotide, which eluted more 
slowly. Table 2 provides a summary of the retention times, yields, and both the 
calculated and observed m/z values of the products. Mass spectrometric analysis of 
confirmed the formation of N-methoxy-1,3-oxazinanes in each case. The yields 
ranged from 24% to 82%, the lowest ones being obtained with relatively volatile 
aldehydes, such as benzaldehyde (24%) and butyraldehyde (33%). The reaction was 
shown to be reversible under mildly acidic conditions (pH 5.0) and stable at pH 7.0.  

Table 2.  RP-HPLC retention times, yields and calculated and observed m/z values of the 
products of the reactions of the oligonucleotide scaffold ON1 with various aldehydes. 

Aldehyde tR/min[a] yield/%[b] cald.m/z obs.m/z[c] 

benzaldehyde 17.7 24 1663.8 1663.8 
3-hydroxybenzaldehyde 15.8 78 1671.8 1671.8 
3-methoxybenzaldehyde 17.4 55 1678.8 1678.8 
3-cyanobenzaldehyde 17.1 63 1676.3 1676.3 
3-nitrobenzaldehyde 17.8 82 1686.3 1686.3 
isophthaladehyde 16.0 71 1677.8 1677.8 
imidazole-2-carbaldehyde 11.3 80 1658.8 1658.8 
quinoline-2-carbaldehyde 12.7 53 1689.3 1689.3 
butyraldehyde 15.9 33 1646.8 1646.8 
benzyloxyacetaldehyde 16.6 82 1685.8 1685.8 

[a] For HPLC conditions, see Figure 8. 
[b] Estimated based on relative peak areas in HPLC. 
[c] Bruker Daltonics micrOTOF-Q, [M – 2H]2- 
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Figure 8. A) RP-HPLC trace of the product mixture of the reaction of the oligonucleotide scaffold 
ON1 with 3-nitrobenzaldehyde (method A); Hypersil ODS C18 column (250 × 4.6 mm, 
5 µm); detection wavelength = 260 nm; flow rate = 1.0 mL min-1; linear gradient (8—
23% over 25 min) of acetonitrile in 50 mM aqueous triethylammonium acetate (pH = 
7.0). 

3.5 Thermal stability of the modified duplexes and 
triplexes 

Incorporating a modified building block into the DNA/RNA sequence has the 
tendency of impacting the hybridization affinity. The formation and hydrolysis of N-
methoxy-1,3-oxazinanes and N-methoxy-1,3-oxazolidines are acid-catalyzed 
processes that proceed relatively slowly at neutral pH. However, excessively acidic 
conditions could disrupt the hybridization of oligonucleotide scaffolds into the 
desired hairpin or triplex structures. To ensure the stability of the hairpins and 
triplexes under conditions where the incorporation and dissociation of nucleobase 
analogs occur at a reasonable rate, their UV melting profiles were measured under 
the slightly acidic conditions (pH = 5.5) of the DCC experiments. The UV melting 
experiments were conducted for various hairpin structures (Figure 10), including 
DNA–MOANA (ON2a, ON2c, ON2g, ON2t, and ON2s), DNA–MOGNA (ON4a, 
ON4c, ON4g, ON4t, and ON4s), 2'-OMe-RNA–MOANA (ON6a, ON6c, ON6g, 
ON6u and ON6s) and 2'-OMe-RNA–MOGNA (ON8a, ON8c, ON8g, ON8u and 
ON8s) hairpins. For DNA–MOANA hairpins (ON2a, ON2c, ON2g, ON2t, and 
ON2s), UV melting temperatures were measured over a temperature range of 10–90 
°C in a 100 mM triethylammonium acetate buffer (pH 5.5). For DNA–MOGNA 
hairpins (ON4a, ON4c, ON4g, ON4t, and ON4s), as well as 2'-OMe-RNA–
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MOANA and 2'-OMe-RNA–MOGNA hairpins (ON6a, ON6c, ON6g, ON6u, 
ON6s, ON8a, ON8c, ON8g, ON8u, and ON8s), UV melting temperatures were 
determined in a 20 mM cacodylate buffer (pH 5.5) with an ionic strength of 0.10 M, 
adjusted with sodium perchlorate. The melting temperatures for the DNA—
MOANA hairpins ranged from 54 to 57 °C, whereas the DNA—MOGNA hairpins 
exhibited significantly higher melting temperatures, ranging from 62 to 68 °C 
(Figure 9), although there is only a slight structural difference between them. The 
2´-OMe-RNA—MOANA and 2´-OMe-RNA—MOGNA hairpins exhibited even 
higher melting temperatures, ranging from 74 to 82 °C. The high melting 
temperature of 2´-OMe-RNA is attributed to its 2'-O-methyl group on the ribose 
sugar, which increases the rigidity of the RNA strand. This rigidity enhances base 
stacking interactions, resulting in a more stable double helix.     
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. UV melting curves obtained for 1.0 µM solutions of hairpins A) ON2a, ON2c, ON2g, 
ON2t, and ON2s in a 100 mM triethylammonium acetate buffer at pH 5.5, B) ON4a, 
ON4c, ON4g, ON4t, ON4s, C) ON6a, ON6c, ON6g, ON6t, ON6s, D) ON8a, ON8c, 
ON8g, ON8t, and ON8s, using a 20 mM cacodylate buffer at pH 5.5 with an ionic 
strength of 0.10 M (NaClO4). 
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Similar experiments were performed under the same conditions for the triplexes 
ON11t•ON12a*ON9, ON11g•ON12c*ON9, ON11c•ON12g*ON9 and 
ON11a•ON12t*ON9 and ON11t•ON12a*ON10, ON11g•ON12c*ON10, 
ON11c•ON12g*ON10 and ON11a•ON12t*ON10. The melting curves of the 
triplexes displayed a biphasic pattern as shown in Figure 10. The higher melting 
temperature, associated with the unwinding of the Watson-Crick double helix, was 
remarkably consistent across all triplexes, averaging around 42 °C. In contrast, the 
lower melting temperature, which corresponds to the dissociation of the triplex-
forming oligonucleotide ON9 or ON10 from the double helix, exhibited much 
greater variation, ranging from 21 to 31 °C. This means that in some triplexes, 
significant Hoogsteen melting could occur even at room temperature (23 °C). 
However, this temperature was still selected for the DCC experiments, as lowering 
it further to minimize Hoogsteen melting would have made equilibration of the DCL 
impractically slow.  

 

 

 

 

 

 

 

Figure 10. UV melting profiles of 1.0 µM triplex A) ON11t•ON12a*ON9 (black), 
ON11g•ON12c*ON9 (red), ON11c•ON12g*ON9 (blue), ON11a•ON12t*ON9 (pink), B) 
ON11t•ON12a*ON10 (black), ON11g•ON12c*ON10 (red), ON11c•ON12g*ON10 
(blue) and ON11a•ON12t*ON10 (pink); pH = 5.5 (20 mM cacodylate    buffer); I(NaClO4) 
= 0.10 M. 
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3.6 Kinetics of N-methoxy-1,3-oxazinane and -
oxazolidine formation and decomposition 
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Figure 11. Starting materials for the DCC experiments A) Modified oligonucleotides bearing a 4-

methoxyaminobutane-1,2,3-triol residue B) 9-formyl-9-deazaadenine (fA) and 5-
formyluracil (fU), indole-3-carbaldehyde (fI) C) formylmethyl derivatives of the canonical 
nucleobases (fmA, fmC, fmG and fmT) and2-(2-methylbenzimidazol-1-yl)acetaldehyde 
(fmB).  

The kinetics of N-methoxy-1,3-oxazinane decomposition were determined using 
selected hairpin oligonucleotides (ON2a, ON2c ON2g ON2s and ON2t) and 
aldehydes, specifically 9-formyl-9-deazaadenine (fA), 5-formyluracil (fU) and 
indole-3-carbaldehyde (fI) shown in Figure 11B. fU and fI are commercially 
available aldehydes and the synthesis of fA has been reported.[242] Oligonucleotide-
aldehyde mixtures were incubated for several days in a buffered aqueous solution 
(0.1 M triethylammonium acetate, pH 5.5, and at a high concentration (500 μM) to 
ensure incorporation of a significant fraction of the aldehyde into the 
oligonucleotide. The reaction mixtures were then diluted to a concentration of 1.0 
μM, where nearly complete dissociation was expected, and their compositions were 
monitored over time using RP-HPLC. All oligonucleotide components eluted as a 
single broad peak, so quantification was based on the relative peak area of the free 
aldehyde and the formation of N-methoxy-1,3-oxazinane conjugates was confirmed 
by UPLC-MS. Notably, in each case, only a single aldehyde molecule was 
incorporated, excluding the possibility of non-specific imine formation with the 
exocyclic amino groups of the nucleobases. Time-dependent increases in aldehyde 
concentration were observed and the reactions strictly followed first-order kinetics. 
The first-order rate constants for dissociation were determined by non-linear least-
squares fitting of the experimental data to Equation 1.  
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 [aldehyde]t = ([aldehyde]eq−[aldehyde]0) (1−e−kt) + [aldehyde]0  (1) 

In this equation, [aldehyde]0, [aldehyde]t and [aldehyde]eq represent the 
concentrations of free aldehyde at the start, at time t, and at equilibrium, respectively, 
with k as the observed first-order rate constant. 

Table 3.  Observed first‐order rate constants for the release of aldehydes fA, fU and fI from 
hairpin oligonucleotides ON2a, ON2c, ON2g, ON2t and ON2s; T = 23 °C; pH = 5.5 (100 
mM triethylammonium acetate buffer). 

Oligonucleotide k(fA)/10−5 s−1 k(fU)/10−5 s−1 k(fI)/10−5 s−1 

ON2a 3.4 ± 0.8 2.5 ± 0.6 2 ± 1 
ON2c 9 ± 1 1.4 ± 0.1 1.3 ± 0.5 
ON2g 4.6 ± 0.2 0.4 ± 0.3 2 ± 1 
ON2t 4 ± 2 1.5 ± 0.5 0.6 ± 0.4 
ON2s 7 ± 4 1.1 ± 0.6 4.0 ± 0.9 

 
The observed reaction rates are summarized in Table 3. The rate constants for 

the incorporation of aldehydes into oligonucleotides varied between 3.4 and 9 × 
10−5 s−1 for fA, 0.4 and 2.5 × 10−5 s−1 for fU and 0.6 and 4 × 10−5 s−1 for fI. The 
decomposition of ON2c-fA exhibited the highest reaction rate. The dissociation rate 
was primarily influenced by the structural differences of the aldehydes, following a 
general trend of fU < fI < fA. Based on the observed rate constants, the optimal 
equilibration time for the DCC analysis was determined to be 48 h for fA and 120 h 
for both fU and fI.  

The kinetics of base-filling were determined by analyzing the composition of the 
reaction mixtures at specific time intervals using UPLC-TOF-MS. Hairpin 
oligonucleotides ON2t, ON4t, ON6u, and ON8u and the aldehyde fmA were selected 
for this study. Each of the oligonucleotides (1.0 μM) and the aldehyde (2.0 μM) were 
incubated for several days in a 20 mM cacodylate buffer (0.1 M NaClO4, pH 5.5) at 23 
°C. Figure 12 illustrates the reaction rates for the formation of N-methoxy-1,3-oxazinane 
and N-methoxy-1,3-oxazolidine, which range from 0.5×105 to 1.75×105 s−1. Among the 
reactions, ON4t + fmA exhibited the highest reaction rate (1.75×105 s−1), while ON8U 
+ fmA had the lowest (0.5×105 s−1). The reaction rates for ON2t + fmA and ON6U + 
fmA were similar, approximately (1.5−1.6×105 s−1). In each case, the first-order 
disappearance of the starting material was observed, accompanied by the formation 
of the fmA adduct with half-lives ranging from 9 to 32 h and no clear dependence 
on the backbone structure. A reaction time of 120 h, equivalent to 4–13 half-lives, 
was considered sufficient for the DCC reactions.  
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Figure 12. Time-dependent mole fraction of oligonucleotide ON2t (A), ON4t (B), ON6u, and ON8u 
(□) and its 9- formylmethyladenine adduct (■); pH = 5.5 (20 mM cacodylate buffer); 
I(NaClO4) = 0.10; [oligonucleotides] = 1.0 µM; [aldehydes] = 2.0 µM. 

3.7 Equilibria of N-methoxy-1,3-oxazinane 
formation 

The equilibrium constants for the formation of N-methoxy-1,3-oxazinanes were 
determined to evaluate the stability of the conjugates obtained by incorporating each 
aldehyde (fA, fU, and fI) into the hairpin oligonucleotides (ON2a, ON2c, ON2g, 
ON2s and ON2t). A series of equimolar (1–500 μM) mixtures of each aldehyde and 
oligonucleotide were first prepared and incubated in a buffered aqueous solution (0.1 
M triethylammonium acetate, pH 5.5) at 23 °C for an appropriate time period (48 h 
for fA and 120 h for fU and fI). The mixtures were then analyzed by RP‐HPLC. As 
the total aldehyde and oligonucleotide concentrations of all mixtures were 
equimolar, decrease in the concentration of the free aldehyde translates to increase 
in the concentration of the aldehyde incorporated to the hairpin oligonucleotide. The 
stability constants were determined by non‐linear least‐squares fitting of Equation 
2 to the experimental data. 

 A(aldehyde)c = A(aldehyde)0 + (A(aldehyde)∞ - A(aldehyde)0) (1 + 1−√4Kc+1
2K𝑐𝑐

) (2) 

A(aldehyde)o, A(aldehyde)c and A(aldehyde)∞ are relative peak areas of the free 
aldehyde at zero, c and infinite concentration of the aldehyde and the 
oligonucleotide, respectively. By definition, the concentration of the free aldehyde 
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is equal to the total aldehyde concentration at c = 0 (i.e., infinite dilution) and 
approaches zero as c → ∞. However, in practice, more reliable results were obtained 
by fitting these parameters in the equation above. K represents the stability constant 
of the oligonucleotide-aldehyde conjugate and c the total concentration of both the 
oligonucleotide and the aldehyde.  

Table 4.  Stability constants for the covalent conjugates of aldehydes fA, fU and fI with hairpin   
oligonucleotides ON2a, ON2c, ON2g, ON2t and ON2s; T = 23 °C; pH = 5.5 (100 mM 
triethylammonium acetate buffer). 

Oligonucleotide K(fA)/103 M−1  K(fU)/103 M−1  K(fI)/103 M−1  

ON2a  20 ± 10 13 ± 6 12 ± 5 
ON2c  200 ± 100 9 ± 5 3 ± 2 
ON2g  300 ± 200 30 ± 30 50 ± 40 
ON2t  700 ± 400 12 ± 10 5 ± 3 
ON2s  3 ± 2 8 ± 5 8 ± 8 

 
The stability constants shown in Table 4 for the covalent conjugates of 

aldehydes fA, fU and fI with hairpin oligonucleotides ON2a, ON2c, ON2g, ON2t 
and ON2s were between 3 and 700 × 103 M−1 for fA, 8 and 30 × 103 M−1 for fU and 
3 and 50  × 103 M−1 for fI. The adenine analogue fA showed 1–2 orders of magnitude 
higher affinity for hairpin oligonucleotides ON2c, ON2g, and ON2t compared to fU 
and fI. In contrast, the affinities for ON2a and ON2s were lower, comparable to 
those of fU and fI . Notably, the highest stability constant was observed when fA 
paired with thymine, which is consistent with Watson-Crick base pairing. The 
relatively high affinity of ON2c and ON2g suggests the presence of hydrogen 
bonding interactions with both cytosine and guanine. The importance of hydrogen 
bonding in determining affinity is also evident from the low incorporation efficiency 
of fA into ON2s, an oligonucleotide containing an abasic site opposite fA. The 
affinity of ON2a was intermediate between that of ON2s and ON2c, likely due to 
weak mismatched base pairing. With the exception of fA incorporation into hairpin 
ON2s, nearly all conjugates formed through the incorporation of fU were less stable 
than those formed with fA. In summary, fA, with its large stacking surface and array 
of hydrogen bond donors and acceptors, showed the highest affinity and selectivity, 
following Watson-Crick base pairing rules. In contrast, 5-formyluracil (fU) and 
indole-3-carbaldehyde (fI), which lacked either stacking or hydrogen bonding 
capabilities, demonstrated significantly lower affinity and selectivity. 
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3.8 DCC experiment for base pairing selectivity 
The efficiency and selectivity of base-filling MOANA or MOGNA residues inside a 
double helix were examined by incubating 1.0 µM of each hairpin oligonucleotide 
(ON2, ON4, ON6 and ON8) with a mixture 2.0 µM of each of formylmethyl 
derivatives of canonical nucleobases (fmA, fmC, fmG and fmT) and 2-
methylbenzimidazole (fmB) at pH of 5.5, ionic strength of 0.10 M and temperature 
of 23 °C (Scheme 11). Similar reactions were performed on triple-helical models 
with MOANA or MOGNA residues positioned in the Hoogsteen strand, allowing for 
a comparative investigation of base filling within the major groove. For single-
stranded references, 11-mer oligonucleotides ON1, ON3, ON5 and ON7, which 
include only the 3'-end of the hairpins, or the Hoogsteen strands ON9 and ON10, 
were studied under the same conditions but at a 10-fold higher aldehydic 
concentration (20 µM). Figure 13 presents the data obtained for the hairpin 
oligonucleotide ON2t as a representative example, with all corresponding UV and 
extracted ion chromatograms and mass spectrum of the main product. 
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Scheme 11. A dynamic combinatorial assay for studying the incorporation of modified nucleobase 

aldehydes into an abasic backbone through the formation of (A) N-methoxy-1,3-
oxazinane (MOANA) and (B) N-methoxy-1,3-oxazolidine glycol (MOGNA) nucleotide 
analogues. The assay was performed using a modified oligonucleotide (1.0 μM) 
incubated with a mixture of aldehydes (fmA, fmC, fmG, fmT, and fmB) (2.0 μM) under 
the following conditions: T = 23 °C, pH = 5.5 (20 mM cacodylate buffer), and I(NaClO₄) 
= 0.10 M for 120 h. 
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Figure 13.  A) Representative UV profile and extracted ion UPLC traces and B) mass spectrum of 

the main component on incubation of the hairpin oligonucleotide ON2t (1.0 µM) with a 
mixture of aldehydes fmA, fmC, fmG, fmT and fmB (2.0 µM) at T = 23 oC, pH = 5.5 (20 
mM cacodylate buffer) and I(NaClO4) = 0.10 M for 72 h; ACQUITY Premier OST column 
(50 x 2.1 mm, 1.7 µm); flow rate = 0.4 mLmin-1; linear gradient (5—25 % over 4 min) of 
MeOH in an aqueous solution of hexafluoroisopropanol(40 mM) and triethylamine (7 
mM). λ = 254 nm; T = 60 oC. 
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Figure 14. Yields of base-filling A) MOANA—DNA, B) MOGNA—DNA, C) MOANA-2´-OMe- RNA 
and D) MOANA-2´-OMe-RNA oligonucleotides with a mixture of formylmethylated 
derivatives of adenine (fmA, blue), cytosine (fmC, magenta), guanine (fmG, yellow) and 
thymine (fmT, black); [oligonucleotides] = 1.0 µM; [aldehydes] = 20 µM (with the single-
stranded oligonucleotides ON1, ON3, ON5 and ON7) / 2.0 µM (with the other 
oligonucleotides); T = 23 oC; pH = 5.50 (20 mM cacodylate buffer); I(NaClO4) = 0.10 M; 
reaction time = 120 h. In addition to the derivatives of the canonical nucleobases, 2-(2-
methylbenzimidazol-1-yl)acetaldehyde (fmB) was also included in the reaction mixtures 
but the corresponding base-filling products could not be detected. 

Figure 14 provides a summary of the results of base-filling for single-stranded 
oligonucleotides and duplexes. As anticipated, conversion of the single-stranded 
control oligonucleotides to aldehyde adducts was low (10–40%) despite the 
relatively high aldehyde concentration (20 µM). The thymine derivative fmT was 
generally incorporated less efficiently than the other nucleobase derivatives, and the 
2-methylbenzimidazole derivative fmB was not incorporated at all. No base 
selectivity was observed in the absence of a template, irrespective of the sequence or 
backbone chemistry of the single-stranded oligonucleotide.  

For MOANA-DNA, the adenine derivative (fmA) appears to dominate across all 
hairpins. The highest base pairing selectivity (88%) with a yield of 74% was 
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observed with the incorporation of the adenine derivative fmA into a hairpin 
opposite to a thymine residue, aligning with the Watson-Crick base pairing model. 
The other hairpins, including ON2a, ON2c and ON2g, show a preference for 
incorporating mismatched fmA. ON2s, with an abasic site positioned opposite the 
modified residue, was primarily converted to the fmA adduct, achieving a 35% yield 
with 78% selectivity. Purine-purine mismatches, such as ON2a-fmA (55%) and 
ON2g-fmA (37%), demonstrated higher yield compared to pyrimidine-pyrimidine 
mismatches, such as ON2c-fmC (10%) and ON2t-fmT (0%). This trend may be 
attributed to the stabilizing effects of base stacking interactions. Notably, the 
thymine aldehyde derivative showed little or no incorporation into any of the 
hairpins, consistent with findings reported in other studies.[235]  

The base-filling selectivity of MOGNA-DNA hairpins was similar to that of 
MOANA-DNA hairpins, with the exception that guanine aldehyde derivative fmG 
incorporated into ON4c following Watson-Crick base pairing, yielding 59% with a 
selectivity of 74%. With ON4t, fmA incorporated better with 79% yield and 86% 
selectivity. However, base-filling against purines in MOGNA-DNA hairpins was 
slightly less efficient compared to their MOANA-DNA counterparts, with overall 
conversion rates ranging from 40–50%, without a single dominant product in either 
case. The abasic oligonucleotide hairpin ON4s exhibited a reactivity pattern similar 
to its MOANA counterpart ON2s, producing low yields of fmA (19%) and fmG 
(10%) adducts, while fmC and fmT adducts were formed at 1.9% and 1.4% yields, 
respectively. 

In the case of MOANA-2'-OMe-RNA hairpins, base pairing selectivity was 
improved with either of the purine bases opposite to the modified residue of the 
oligonucleotide hairpins. For ON6a, although the main product was still mismatched 
(fmG at 31% yield), a significant fraction (9%) of the expected fmT adduct was also 
observed, which contrasts with the results on the DNA hairpins. With ON6g, 
incorporation of the Watson-Crick partner fmC was favored, though the yield (60%) 
and selectivity (72%) were still less than ideal. Base filling opposite pyrimidine 
residues yielded the highest efficiencies, with 75% yield and 81% selectivity for the 
incorporation of fmG into ON6c, and 78% yield and 88% selectivity for the 
incorporation of fmA into ON6u. Interestingly, the abasic hairpin ON6s 
demonstrated significantly higher reactivity compared to its DNA counterparts, with 
the fmA (37%) and fmG (27%) adducts being the predominant products in the 
mixture. 

Changing the base-filling scaffold from MOANA to MOGNA, while retaining 
the 2'-OMe-RNA backbone, had the most significant effect on the hairpin structure 
when guanine was positioned opposite the modified residue (ON8g). The aldehyde 
derivative fmC demonstrated enhanced incorporation into the hairpin ON8g, with 
selectivity and yield comparable to the aforementioned matched purine nucleobase 
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derivatives (73% and 67%, respectively). Incorporation of fmG into ON8c exhibited 
excellent selectivity (89%), although the yield was relatively modest (52%). For 
ON8a, ON8u and ON8s, the product mixtures were essentially the same as those 
obtained with their MOANA counterparts, but with slightly higher overall 
conversions. 

Our findings show a clear preference for base-filling in double helices with 
purine derivatives, consistent with prior studies across various backbones and 
coupling chemistries.[225,235] This is likely driven by base stacking interactions, which 
are stronger for purines. However, base pairing also plays a significant role, as shown 
by the selectivity of adenine, cytosine, and guanine derivatives for hairpins that align 
their canonical Watson–Crick partners opposite to the MOANA or MOGNA residue. 
This is further supported by the strong discrimination against 2-(2-
methylbenzimidazol-1-yl)acetaldehyde (fmB), which has a purine-sized stacking 
surface but lacks the hydrogen bond donors and acceptors necessary for Watson–
Crick base pairing. Thymine derivatives consistently exhibited the lowest yield and 
selectivity. Notably, base-filling discrimination against fmT was more pronounced 
in double helices than in single-stranded oligonucleotides. This may be attributed to 
the methyl group at the C5 position of thymine, which introduces steric hindrance. 
In base-filling experiments involving MOANA or MOGNA scaffolds, this methyl 
group can cause steric clashes with neighboring nucleotides or the backbone, 
particularly in the compact double-helical environment, making thymine less 
favorable for incorporation. 

The selectivity and yield of base-filling in 2´-O-methyl-RNA hairpins were 
notably higher compared to their DNA counterparts, particularly with the cytosine 
derivative fmC. This difference can be attributed to the more rigid and pre-
organized A-type double-helical structure of 2´-O-methyl-RNA, which reduces the 
entropic penalty of base-filling. It is also worth noting that peptide nucleic acid 
(PNA), which is highly suited for base-filling, is similarly pre-organized, 
facilitating hybridization with both RNA and DNA. PNA-RNA duplexes adopt an 
A-type structure, while PNA-DNA duplexes exhibit characteristics of both A- and 
B-type helices, with base pairs displaced from the helical axis—a hallmark of A-
type conformations. The influence of the base-filling scaffold—whether MOANA 
or MOGNA—is more nuanced than the effects of helix geometry and rigidity. In 
DNA hairpins, the MOGNA scaffold appears to confer certain advantages. 
However, in the case of 2′-O-methyl-RNA hairpins, the effects are less clear, 
though the MOGNA scaffold does yield better results with the cytosine derivative 
fmC. The 5-membered oxazolidine ring of the MOGNA scaffold is more flexible 
than the 6-membered oxazinane ring of the MOANA scaffold. However, this 
comparison is complicated by the fact that both scaffolds likely exist in a dynamic 
equilibrium between α and β pseudoanomers. Despite these complexities, the 
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observed selectivity for base-filling in 2′-O-methyl-RNA hairpins indicates that 
both scaffolds can effectively position the nucleobase moiety in a manner 
conducive to Watson–Crick base pairing. 

In contrast to the hairpin oligonucleotides, base-filling of the Hoogsteen strand 
in the triplex assemblies showed little sensitivity to the base pair within the Watson-
Crick duplex, regardless of whether the MOANA or MOGNA scaffold was used. 
Overall conversions were generally below 50%, with no clear selectivity for any 
specific aldehyde. However, there were some exceptions with the 
ON11a•ON12t*ON9 and ON11a•ON12t*ON10 triplexes, which showed a 
moderate preference for base-filling with fmC (26% and 22%) and fmG (29% and 
23%). The choice of base-filling scaffold (MOANA or MOGNA) had a minor 
impact, though slightly higher conversions were observed with MOANA (Figure 
15). 

 
Figure 15. Yields of base-filling A) MOANA—DNA and B) MOGNA—DNA oligonucleotides with 

a mixture of formylmethylated derivatives of adenine (fmA, blue), cytosine (fmC, 
magenta), guanine (fmG, yellow) and thymine (fmT, black); [oligonucleotides] = 1.0 
µM; [aldehydes] = 20 µM (with the single-stranded oligonucleotides ON9 and ON10 
alone) / 2.0 µM (with the triplex assemblies); T = 23 oC; pH = 5.50 (20 mM cacodylate 
buffer); I(NaClO4) = 0.10 M; reaction time = 120 h. In addition to the derivatives of the 
canonical nucleobases, 2-(2-methylbenzimidazol-1-yl)acetaldehyde (fmB) was also 
included in the reaction mixtures but the corresponding base-filling products could not 
be detected. 
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3.9 Duplex stability of oligonucleotide hairpin-fA 
and -fmA conjugates 

The base-filling experiments demonstrated a strong preference for the incorporation 
of fA or fmA into the hairpin oligonucleotides with either thymine or uracil residue 
opposite to the MOANA or MOGNA site. The melting temperatures of all hairpin 
ON2‐fA conjugates (ON2a + fA, ON2c + fA, ON2g + fA, ON2t + fA and ON2s + 
fA) were measured to investigate the effect of a single MOANA residue on the 
stability of the DNA double helix. The samples were prepared at 500 μM 
concentration of both the oligonucleotide and the aldehyde and preincubated for 120 
hours at 23 °C. After incubation, the reaction mixtures were diluted to 1.0 μM 
concentration by addition of 20 mM cacodylate buffer (pH = 7.4), the ionic strength 
of which had been adjusted to 0.10 M with NaClO4. For reference, a set of samples 
of the naked hairpins ON2 without fA was also prepared. Similar studies were 
conducted on MOANA‐DNA and MOGNA‐DNA hairpin oligonucleotides (ON2a, 
ON2c, ON2g ON2s and ON2t and ON4a ON4c ON4g ON4s, and ON4t) with 
fmA. Each hairpin (1.0 µM) was incubated with two equivalents of the adenine 
derivative fmA at 23 °C and pH 5.5 for 120 hours after which the pH of the solutions 
was adjusted to 7.4. Melting profiles were acquired by recording the absorbance at 
260 nm over a temperature range of 10–90 °C.  

 
Figure 16. Melting temperatures of the hairpin oligonucleotides A) ON2a, ON2c, ON2g, ON2s and 

ON2t in the presence of the aldehyde fA; B) ON2a, ON2c, ON2g, ON2s and ON2t and 
C) ON4a, ON4c, ON4g, ON4s and ON4t and their base-filling products with aldehyde 
fmA; [oligonucleotides] = 1.0 µM; pH = 7.4 (20 mM cacodylate buffer); I(NaClO4) = 0.10 
M. 
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Table 5.  Melting temperatures of the hairpin oligonucleotides ON2a, ON2c, ON2g, ON2t and 
ON2s, ON4a, ON4c, ON4g, ON4s and ON4t, ON6a, ON6c, ON6g, ON6s and ON6u, 
ON8a, ON8c, ON8g, ON8s and ON8u) in the absence and presence of the aldehyde 
fA or fmA; [oligonucleotides] = 1.0 μM; [fA] = 0/1.0 μM; pH = 7.40 (20 mM cacodylate 
buffer); I(NaClO4) = 0.10 M. 

Oligos Tm (naked)/oC Tm (+fA)/oC Tm (+fmA)/oC ∆Tm 
(+fA)/oC 

∆Tm(+fmA)/o
C 

ON2a 66.6 ± 0.1[a] 66.2 ± 0.1 67.9 ± 0.3 -0.4 1.3 
ON2c 63.9 ± 0.1[a] 63.9 ± 0.1 64.4 ± 0.3 0 0.5 
ON2g 67.4 ± 0.1[a] 65.0 ± 0.1 66.7 ± 0.3 -2.4 -0.7 
ON2t 64.2 ± 0.1[a] 66.7 ± 0.1 66.5 ± 0.3 2.5 2.3 
ON2s 64.7 ± 0.1[a] 64.4 ± 0.4 62.8 ± 0.3 -0.3 -1.9 
ON4a 66.7 ± 0.1 n.a[b] 60.7 ± 0.1 n.a[b] -6 
ON4c 65.9 ± 0.4 n.a[b] 61.0 ± 0.2 n.a[b] -4.9 
ON4g 68.8 ± 0.2 n.a[b] 62.9 ± 0.1 n.a[b] -5.9 
ON4t 64.7 ± 0.1 n.a[b] 64.2 ± 0.1 n.a[b] -0.5 
ON4s 66.9 ± 0.1 n.a[b] 61.7 ± 0.1 n.a[b] -5.2 
ON6a 83.2 ± 0.1 n.a[b] n.a[b] n.a[b] n.a[b] 
ON6c 77.8 ± 0.1 n.a[b] n.a[b] n.a[b] n.a[b] 
ON6g 83.0 ± 0.1 n.a[b] n.a[b] n.a[b] n.a[b] 
ON6u 79.3 ± 0.1 n.a[b] n.a[b] n.a[b] n.a[b] 

ON6s 79.5 ± 0.1 n.a[b] n.a[b] n.a[b] n.a[b] 
ON8a 83.4 ± 0.1 n.a[b] n.a[b] n.a[b] n.a[b] 
ON8c 80.7 ± 0.1 n.a[b] n.a[b] n.a[b] n.a[b] 
ON8g 83.7 ± 0.2 n.a[b] n.a[b] n.a[b] n.a[b] 
ON8u 80.2 ± 0.5 n.a[b] n.a[b] n.a[b] n.a[b] 
ON8s 79.8 ± 0.1 n.a[b] n.a[b] n.a[b] n.a[b] 

[a] The average results of the ON2 series were obtained from experiments conducted in different 
buffer solutions under otherwise the same conditions.  
[b] Not determined. 

 
Table 5 summarizes the melting temperatures (Tm) of modified oligonucleotides 

incorporating 9-formyl-9-deazaadenine (fA) or adenine acetaldehyde (fmA), along 
with the differences in melting temperature (ΔTm) compared to the unmodified 
(naked) sequences. All hairpin‐fA and fmA conjugates showed monophasic 
sigmoidal melting profiles (Figure 16). Incorporation of fA into ON2a and ON2s led 
to a slight decrease in melting temperature (ΔTm = -0.4 and -0.3 °C, respectively), 
indicating a minor destabilization of the duplex. ON2t-fA showed the greatest 
stabilization (ΔTm = +2.5 °C), while ON2g-fA exhibited the most significant 
destabilization (ΔTm = -2.4 °C). With the ON2c hairpin, the fA conjugate showed no 
change in stability (ΔTm = 0.0 °C). In evaluating the impact of fmA on the ON2 
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series, the greatest stabilization was observed in ON2t-fmA (ΔTm = +2.3 °C), again 
consistent with Watson-Crick base pairing. ON2a-fmA also exhibited significant 
stabilization with a ΔTm of +1.3 °C. Conversely, the highest destabilization occurred 
when fmA was incorporated into ON2s (ΔTm = -1.9 °C). Incorporation of fmA into 
ON2c and ON2g resulted in modest stabilization (+0.5°C) and destabilization (-
0.7°C), respectively. For the ON4 series, significant decreases in Tm were observed 
with fmA incorporation into ON4a (ΔTm = -6.0 °C), ON4c (ΔTm = -4.9 °C), ON4g 
(ΔTm = -5.9 °C) and ON4s (ΔTm = -5.2 °C). The most substantial destabilization was 
seen in ON4a+fmA (ΔTm = -6.0 °C) and ON4g+fmA (ΔTm = -5.9 °C), indicating 
that these modifications are particularly disruptive to the oligonucleotide structure. 
The ON4t-fmA conjugate also showed slight destabilization (ΔTm = -0.5 °C), but 
much less than the mismatched conjugates. In the case of 2′-O-methyl-RNA hairpins, 
the melting temperatures were high, exceeding 80 °C and the curves were not 
levelling off even at 90 °C. Due to their exceptional stability even in their naked 
form, the 2‐O‐methyl‐RNA hairpins were considered unsuitable for studying the 
effects of base‐filling. As a result, the impacts of base filling experiments were 
focused exclusively on the DNA hairpins. 
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4 Conclusion 

The reversible base-filling of N-methoxy-1,3-oxazinane (MOANA) and N-methoxy-
1,3-oxazolidine glycol nucleic acids (MOGNA) has proven to be a viable approach for 
preparing oligonucleotide-conjugates. The required (2R,3S)-4-(methoxyamino)butane-
1,2,3-triol-modified oligonucleotides can be conveniently synthesized using an 
automated synthesizer, achieving yields of 77–99% for coupling of the modified 
building block. Two isomers of this reactive scaffold were used, resulting in either 
an N‐methoxy‐1,3‐oxazinane (MOANA) or an N‐methoxy‐1,3‐oxazolidine glycol 
(MOGNA) nucleoside analogue via cyclization with aldehyde-derivatized 
nucleobases. The formation of MOANA and MOGNA conjugates is dynamically 
reversible under slightly acidic pH (5.5) but the products are relatively stable at 
neutral pH (7.4). Moreover, the reaction rate and equilibrium vary with the properties 
of the aldehydes.  

Base filling of single-stranded oligonucleotides showed low efficiency, with 
conversions ranging from 10 to 40%, even at relatively high aldehyde 
concentrations. Moreover, no selectivity for any particular nucleobase aldehyde was 
observed without a templating strand. Overall, the yield and selectivity of base-
filling were consistently higher with the relatively rigid 2´-OMe-RNA than with the 
more flexible DNA backbone, regardless of whether the MOGNA or MOANA 
scaffold was used. Adenine acetaldehyde consistently incorporated with high yield 
and selectivity, especially when paired with thymine or uracil, in line with the 
Watson-Crick base pairing model. Cytosine acetaldehyde showed significantly 
better incorporation into 2´-OMe-RNA-MOGNA and 2´-OMe-RNA-MOANA than 
into a DNA-MOANA duplex. Guanine acetaldehyde was efficiently incorporated 
into most hairpins, except in DNA-MOANA, where yields were notably lower. The 
Watson–Crick base-pairing along with a high stacking contribution of purine 
nucleobases appears to be important for the yield and selectivity. Thymine 
acetaldehyde was poorly incorporated overall, though slightly better in 2´-OMe-
RNA than in DNA, consistent with previous report.[235] Mismatches such as A-A and 
G-G were prevalent, highlighting a preference for purine-purine over pyrimidine-
pyrimidine base pairing. 2-Methlybenzimidazole acetaldehyde, an analogue of 
adenine acetaldehyde with no hydrogen bond donors or acceptors, did not show any 
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incorporation. Conversely, the effects of the two isomers of the (2R,3S)-4-
(methoxyamino)butane-1,2,3-triol scaffold (MOANA vs. MOGNA) on base-pairing 
selectivity were modest and varied depending on the sequence. 

The incorporation of 9-formyl-9-deazeadenine and adenine acetaldehyde 
opposite to a thymine within a MOANA-DNA hairpin resulted in increased melting 
temperatures of +2.5 °C and +2.3 °C, in line with canonical Watson-Crick base 
pairing. In the MOGNA-DNA hairpins, a general trend of decreased stability was 
observed upon incorporation of adenine acetaldehyde. However, a smaller 
destabilization was observed for base-filling opposite to thymine, again consistent 
with Watson-Crick base pairing. 

The method developed in this work can be applied to produce and screen a broad 
range of oligonucleotides with diverse modifications. More broadly, the use of 
oxazinane/oxazolidine-based DCC is a promising technique with numerous potential 
applications in the discovery of DNA-binding molecules. The pH-dependent 
reactivity of N-methoxy-1,3-oxazinanes and -oxazolidines makes it a valuable tool 
for generating dynamic combinatorial libraries. Potential applications include 
identification of single-nucleotide polymorphisms (SNPs), antisense therapies, 
CRISPR-Cas gene-editing systems, peptide-oligonucleotide chimeras or modified 
aptamers and DNAzymes. 
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5 Materials and Methods 

5.1 General Methods 
Air and moisture-sensitive reactions were performed using oven-dried glassware 
under inert nitrogen atmosphere. All the reagents for the syntheses were commercial 
products and were used as received. Solvents used in organic synthesis were of 
reagent grade and dried over 3 or 4 Å molecular sieves. The reactions were monitored 
by thin layer chromatography (TLC) performed on Merck 60 (silica gel F254) plates. 
TLC plates were visualized by exposure to ultraviolet light. Purification of products 
was accomplished using column chromatography on silica gel (230-400 mesh). 
Freshly distilled triethylamine was for used for HPLC elution buffers. Mass spectra 
were recorded on a micrOTOF-Q ESI-MS and Waters Acquity RDa mass 
spectrometer. 1H, 13C and 31P NMR spectra were recorded on Bruker Avance 500 
and 600 NMR spectrometers and chemical shifts are given in ppm. Detailed 
characterization of synthesized compounds is provided in the original publications.  

5.2 Oligonucleotide synthesis 
The oligonucleotides were synthesized on an ÄKTA Oligopilot Plus 10 DNA/RNA 
synthesizer by conventional phosphoramidite strategy. In the case of ON1, 
phosphoramidite building block 14 was used. The coupling proceeded with 64% 
efficiency. Phosphoramidite 17 was used in the syntheses of ON2a, ON2c, ON2g 
ON2s and ON2t. Based on the trityl response, the coupling efficiency was 99%. 
Phosphoramidites 20 and 23 were used for the syntheses of oligonucleotides ON3, 
ON4a, ON4c, ON4g, ON4t and ON4s and ON5, ON6a, ON6c, ON6g, ON6u, 
ON6s, ON7, ON8a, ON8c, ON8g, ON8u and ON8s. The coupling efficiency for 
the phosphoramidite building blocks 20 and 23 were 77-99%. After chain assembly, 
the cleavage of oligonucleotides from the solid support and the phosphate and base 
protections of the modified building block removed by incubation in 25 % aqueous 
NH3 at 55 °C between 16 -18 h. 

Purification of the modified oligonucleotides ON1, ON2a, ON2c, ON2g, ON2s, 
and ON2t by RP-HPLC on a Hypersil ODS C18 column (250 × 10 mm, 5 µm) eluting 
with a linear gradient (5—20 % over 25 min, flow rate = 3.0 mL min-1) of acetonitrile 
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in 50 mM aqueous triethylammonium acetate (pH = 7.0), the detection wavelength 
being 260 nm. For modified oligonucleotide ON1, the base, phosphate group and the 
Fmoc protection of the methoxyamino group were quantitively removed but the 
TBDMS protection was not which enable in the separation of the full-length from 
the truncated sequences of the oligonucleotides. The purified oligonucleotide was 
desilylated by conventional treatment with triethylamine trihydrofluoride in 
dimethylsulfoxide, and passed through an RP-HPLC column again using the 
aforementioned conditions to yield the pure product.  

Purification of modified oligonucleotides ON3, ON4a, ON4c, ON4g, ON4t and 
ON4s and ON5, ON6a, ON6c, ON6g, ON6u, ON6s, ON7, ON8a, ON8c, ON8g, 
ON8u and ON8s were carried out by using reverse phase HPLC on a Hypersil ODS 
C18 column (250 × 4.6 mm, 5 μm) upon elution with a linear gradient of acetonitrile 
(10–40 % over 25 min, flow rate 3.0 mL min−1) in 50 mmol L−1 aqueous 
triethylammonium acetate. The paranitrobenzylidene group was removed by 
acidification using acetic acid and incubating for 5 days. The oligonucleotides were 
passed through an RP-HPLC column again using the aforementioned conditions to 
yield the pure products. 

The identities of the purified oligonucleotides ON1, ON2a, ON2c, ON2g, 
ON2s, and ON2t were confirmed using ESI-TOF-MS. In the case of modified 
oligonucleotides ON3, ON4a, ON4c, ON4g, ON4t, and ON4s, as well as ON5, 
ON6a, ON6c, ON6g, ON6u, ON6s, ON7, ON8a, ON8c, ON8g, ON8u, and ON8s 
the identities were characterized by UPLC-ESI-TOF-MS. All the synthesized 
oligonucleotides were quantified using UV spectrophotometry. 

5.3 UV Melting temperature studies 
The UV melting curves was obtained by measuring the absorbance as a function of 
temperature at 260 nm on a PerkinElmer Lambda 35 UV-vis spectrophotometer 
equipped with a Peltier temperature controller using quartz cuvettes with 10 mm 
optical path length. The temperature was changed at a rate of 0.5 °C min-1 from 10 
to 90 °C. The measurements were carried out at pH 5.5 and 7.4 in 20 mM cacodylate 
buffer with ionic strength of 0.1 M, adjusted with NaClO4. Thermal stabilities were 
evaluated for the hairpin oligonucleotides ON2a, ON2c, ON2g, ON2t and ON2s 
(1.0 µM) in the absence and presence of the aldehyde fA (0 / 1.0 µM). Subsequently, 
the thermal stabilities of ON2a, ON2c, ON2g, ON2t, ON2s, ON4a, ON4c, ON4g, 
ON4t and ON4s (1.0 µM) were assessed in the absence and presence of the aldehyde 
fmA (0 / 1.0 µM). Melting temperatures for the 2'-OMe-RNA–MOANA and 2'-
OMe-RNA–MOGNA hairpins ON6a, ON6c, ON6g, ON6u and ON6s and ON8a, 
ON8c, ON8g, ON8u and ON8s and the triplexes ON11t ⋅ ON12a*ON9, 
ON11g ⋅ ON12c*ON9, ON11c ⋅ ON12g*ON9 and ON11a ⋅ ON12t*ON9 and 



Mark Nana Kwame Afari 

 60 

ON11t ⋅ ON12a*ON10, ON11g ⋅ ON12c*ON10, ON11c ⋅ ON12g*ON10 and 
ON11a ⋅ ON12t*ON10 were determined only in the absence of any aldehydes. The 
Watson-Crick and Hoogsteen Tm values were determined as inflection points on the 
UV melting curves. 

5.4 Kinetic and equilibrium studies 
Both kinetic and equilibrium studies on aldehydes fA, fU and fI were performed by 
first preparing a 500 μM stock solution of the aldehyde and a hairpin oligonucleotide 
(ON2a, ON2c, ON2g, ON2t or ON2s). The reaction mixtures were prepared by 
mixing appropriate volumes of stock solutions of the oligonucleotide in H2O and the 
aldehyde in either DMSO (for fA and fI) or H2O (for fU). The mixtures were 
lyophilized to dryness. The residues were dissolved in a 200 mM aqueous 
triethylammonium acetate buffer (pH = 5.5) and the resulting solutions incubated at 
23 °C for either 48 (in the case of fA) or 120 h (in the case of fU and fI). The 
dissociation rates of hairpin-aldehyde conjugates were analyzed by diluting the 500 
μM stock solutions to 1.0 μM with 200 mM aqueous triethylammonium acetate 
buffer (pH = 5.5). The resulting solutions were analyzed at diffrerent time intervals 
using RP-HPLC on a Thermo Scientific Hypersil ODS C18 column (250 × 4.6 mm, 
5 μm). Separation was achieved with a linear gradient of MeCN in 50 mM aqueous 
triethylammonium acetate buffer (pH = 7.0) at a flow rate of 1.0 mL min⁻¹. For fA 
and fU, the MeCN content was increased from 5% to 29% over 15 minutes. For the 
more hydrophobic fI, this gradient was followed by a steeper increase from 29% to 
40% over 5 minutes, and finally 5 minutes of isocratic elution at 40%. Detection 
wavelengths were set at 260 nm for fA and fU and 300 nm for fI. The retention times 
were 6.9 min (fA), 4.2 min (fU), 18.5 min (fI), and 8.5 min (oligonucleotides). Peak 
areas of the aldehydes were normalized against the total peak area and plotted as a 
function of time. Dissociation rate constants were determined by non-linear least 
squares fitting of these data to a first-order rate law. The kinetics and equilibria of 
conversion of each oligonucleotide (ON2t, ON4t, ON6u and ON8u) to its adenine 
acetaldehyde (fmA) adduct were determined at pH 5.5 in 20 mM cacodylate buffer, 
with an ionic strength of 0.10 M (NaClO₄). The reaction mixtures contained a 1.0 
µM concentration of the oligonucleotides and a 2.0 µM concentration of fmA. The 
resulting solutions were analyzed at different time intervals using RP-HPLC on an 
ACQUITY Premier OST column (50 × 2.1 mm, 1.7 μm). The analysis was 
performed at a flow rate of 0.4 mL/min under a linear gradient of 5–25% MeOH over 
4 minutes in an aqueous solution of hexafluoroisopropanol (40 mM) and 
triethylamine (7 mM). Detection was carried out at λ = 254 nm with a column 
temperature of 60°C. In each case, the starting material exhibited first-order 
disappearance, resulting in the formation of N-methoxy-1,3-oxazinanes and N-



Materials and Methods 

 61 

methoxy-1,3-oxazolidines. The observed half-lives ranged from 9 to 32 hours, 
showing no clear correlation with the backbone structure. A reaction time of 120 
hours, corresponding to approximately 4–13 half-lives, was considered sufficient for 
the DCC reactions. In each case, the formation of the expected conjugates was 
confirmed using UPLC-MS.  

5.5 Dynamic combinatorial chemistry 
The DCC reaction mixtures were prepared by diluting the appropriate 
oligonucleotide to a 1.0 μM concentration in a mixture of aldehydes (fmA, fmC, 
fmG, fmT and fmB) at different concentrations depending on the oligonucleotide 
type: 20 μM for single-stranded oligonucleotides (ON1, ON3, ON5 and ON7) and 
2.0 μM for both duplex (ON2, ON4, ON6 and ON8) and triplex (ON9 and ON10) 
oligonucleotides. The reaction was carried out in 20 mM cacodylate buffer (pH = 
5.5), with the ionic strength adjusted to 0.10 M using NaClO₄. The reaction mixtures 
were incubated at 23 °C for at least 120 h, after which their compositions were 
analyzed by UPLC‐ESI‐MS. The composition of the DCL, consisting of the naked 
oligonucleotides and their various base-filling products, was determined by 
integrating the extracted ion ([M–2H]²⁻ for the 11-mers, [M–3H]³⁻ for the Hoogsteen 
strands and [M–4H]⁴⁻ for the hairpins) chromatograms. Quantification was 
performed under the assumption of equal ionizability for closely related structures. 
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