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Chemical strategies that augment genetic polymers with amino acid residues that are overrepresented on
the paratope surface of an antibody offer a promising route for enhancing the binding properties of nucleic
acid aptamers. Here, we describe the chemical synthesis of a-L-threofuranosyl cytidine nucleoside
triphosphate (tCTP) carrying either a benzyl or phenylpropyl side chain at the pyrimidine C-5 position.
Polymerase recognition studies indicate that both substrates are readily incorporated into a full-length
a-L-threofuranosyl nucleic acid (TNA) product by extension of a DNA primer-template duplex with an
engineered TNA polymerase. Similar primer extension reactions performed using nucleoside triphosphate
mixtures containing both C-5 modified tCTP and C-5 modified tUTP substrates enable the production of
doubly modified TNA strands for a panel of 20 chemotype combinations. Kinetic measurements reveal faster
on-rates (ko) and tighter binding affinity constants (Ky) for engineered versions of TNA aptamers carrying
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DOI: 10.1039/d3cb00159h chemotypes at both pyrimidine positions as compared to their singly modified counterparts. These findings
expand the chemical space of evolvable non-natural genetic polymers by offering a path for improving the

rsc.li/rsc-chembio quality of biologically stable TNA aptamers for future clinical applications.
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Introduction

Crystal structures of antibody-antigen complexes have long
shown that protein epitope recognition is driven by the
presence of aromatic side chains found on the paratope sur-
face, which are five times more abundant in this region than
the rest of the antibody surface."” In an effort to improve the
binding properties of aptamers,** nucleic acid sequences that
mimic antibodies by folding into structures with ligand bind-
ing pockets,” numerous groups have sought to emulate nature
by augmenting nucleic acid scaffolds with diversity-enhancing
functional groups.°™® The simplest approach to this problem
involves employing copper(i)-catalyzed alkyne-azide cycloaddition
reactions (click chemistry) to link azide containing compounds
to libraries that have been prepared by replacing thymidine with
C5-ethynyl-2’-deoxyuridine.'* While this approach provides access
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to regions of chemical space that lie outside the boundary of
what is permitted by the structural requirements of natural or
engineered polymerases, sub-quantitative coupling leads to the
formation of complex heterogenous mixtures of base-modified
strands. Despite this potential weakness, click chemistry has
been used to modify genetic polymers with a range of func-
tional groups, including amino acids, carbohydrates, and dyes,
and subsequent in vitro selection experiments have yielded
aptamers against targets that were previously refractory to
in vitro selection.’>*®

The preparation of uniformly modified libraries requires
synthetic strategies that introduce new chemical functionality
directly into the oligonucleotide sequence during the library
generation step of the selection. One approach involves the
concept of genetic alphabet expansion, which increases the
sequence diversity of the starting library through the incorpora-
tion of a third Watson-Crick base pair.’”'® Using this strategy,
the Benner and Hirao laboratories have evolved several exam-
ples of aptamers that contain more than four genetic letters in
their DNA sequence, some of which function with solution
binding affinity constants (K;) in the picomolar range.'®™?
Functionally enhanced libraries prepared using nucleoside tripho-
sphates that are modified to include additional functionality at the
C-5 position of pyrimidines and N-7 or C-8 positions of purines
offer a different path for improving aptamer activity."***>” Slow
off-rate modified aptamers (SOMAmers), for example, utilize a
highly versatile palladium-catalyzed carboxyamidation reaction to
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install diversity enhancing functional groups at the C-5 position
of pyrimidines.”® This approach revolutionized the field of
aptamer-based diagnostics by increasing the success rate
of aptamer selections from ~30% for standard base libraries
to 84% for functionally enhanced libraries.>® Close inspection
of aptamer—protein co-crystal structures reveals striking simila-
rities in the recognition of protein epitopes by SOMAmers and
antibodies, showing the ability for base-modified aptamers to
effectively mimic the paratope surface of an antibody.*°
Recent advances in polymerase engineering have enabled
the development of laboratory evolved polymerases that can
replicate synthetic genetic polymers (XNAs) with backbone
structures that are distinct from those found in nature.*” These
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enzymes, along with similar improvements in nucleic acid
chemistry, have permitted the evolution of aptamers and
catalysts from libraries of XNA sequences.**® Given the suc-
cess of functionally enhanced DNA aptamers, base modifica-
tions were viewed as a critical next step in the development of
therapeutic aptamers that function with high biological stabi-
lity and slow off-rate binding kinetics. Threomers, functionally-
enhanced aptamers based on an o-L-threofuranosyl nucleic acid
(TNA) backbone architecture (Fig. 1), were previously shown to
function with enhanced binding affinity.>” Here, we explore the
potential for generating threomers with increased functional
density using nucleoside triphosphate mixtures -carrying
chemical modifications on both pyrimidine residues. We
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Fig. 1 Chemically modified TNA triphosphates. (A) Constitutional structure for the linearized backbone of deoxyribose nucleic acid (DNA) and 3/,
2'-a-L-threofuranosyl nucleic acid (TNA) with the chemical structure of the nucleobases shown on the right. The location of the side chain modifications
is denoted by an R group (red and green) at the C-5 position of the uracil and cytosine nucleobases. (B) The chemical structure of the side chains
prepared as C-5-modified tUTP and tCTP derivatives with the amide linkage attached to the C-5 carbon atom of the nucleobases.
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suggest that this approach will help drive the development
of highly functionalized XNA aptamers for future clinical
applications.

Results

The side chains analyzed in this study included phenylalanine
(Phe) and phenyl propyl (PP), viewed here as representative
aromatic groups (Fig. 1(B)) with properties that are expected to
be similar to the side chains found on the paratope surface of
the antigen binding domain of an antibody.*® We considered
this initial proof-of-concept study as a possible generalizable
route to modified tCTP analogs with diverse chemotypes that
could be used in future aptamer selections. However, before
such systems could be explored by in vitro selection, it was first
necessary to demonstrate the impact of increased functional
density toward TNA aptamer function through the synthesis
and polymerase recognition of modified tCTP™ or tCTP™®
substrates in the presence of known tUTP-modified analogs.*’

The starting 5-iodo-1-(2'-O-benzoyl-o-i-threofuranosyl)-cytosine
nucleoside 1 was prepared in 8 steps from r-ascorbic acid using a
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Vorbriiggen reaction to conjugate 5-iodo-cytosine to an orthogon-
ally protected threose sugar (Scheme S1, ESI). Subsequent con-
jugation of the side chains to the nucleobase was accomplished by
heating the aryl amines with TNA nucleoside 1 in the presence of
10 mol% Pd(PPh;),, and CO (Scheme 1). The stereochemistry of
the modified nucleoside was unambiguously determined by sol-
ving a small molecule X-ray crystal structure for the phenylalanine
derivative 2a. The aromatic side chain is linked to the C-5 position
of the cytosine nucleobase via an amide bond with the correct
stereochemistry observed at the C1’, C2, and C3' sugar positions
(Scheme 1). After purification by silica gel chromatography,
nucleosides 2a and 2b were converted to the desired nucleoside-
3/-triphosphates 9a and 9b. The exocyclic amines were first
protected with benzoyl chloride to afford 3a and 3b, which were
treated with TBAF to remove the TBDPS protecting groups and
afford nucleosides 4a and 4b.

Conversion of the free 3’ OH groups of 4a and 4b to the desired
nucleoside-3'-triphosphates 9a and 9b required the use of a
specialized pyrene pyrophosphate reagent as previous studies
have shown that the Yoshikawa® and Ludwig-Eckstein*’ meth-
ods commonly used to prepare DNA nucleoside triphosphates are
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Scheme 1 Synthetic strategy for preparing C-5 modified tCTP analogs with crystallographic validation of nucleoside 2a.
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incompatible with TNA.** This problem is likely due to the
reduced nucleophilicity and steric compression of the 3’ OH
found in TNA as compared to the 5 OH of DNA. Accordingly, 4a
and 4b were converted to the 3’-O-phsophoramidite derivatives
5a and 5b by treatment with 2-cyanoethoxy-N,N-diisopropylcho-
rophosphine in the presence of Hunig’s base and DMAP.
Intermediates 5a and 5b were converted to their trialkyl phos-
phite derivatives by replacing the N,N-diisopropyl amino group
with a base-labile cyanoethoxy group and oxidized to their
phosphate derivatives 6a and 6b. Deprotection of the alkyl
phosphate chains and both benzoyl groups yielded the
3’-monophosphates 7a and 7b, which were activated with
2-methyl-imidazole (8a and 8b) and converted to their fully
protected o-i-threofuranosyl cytidine-5'-triphosphates upon
treatment with ZnCl, and pyrene pyrophosphate.** Following
purification, the triphosphate intermediates were deprotected
with concentrated ammonium hydroxide (33% aq.) and pre-
cipitated as a sodium salt to afford the desired nucleoside-3'-
triphosphates 9a and 9b (Fig. S1, ESIY).

In addition to the C-5 modified tCTP analogs, this study also
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natural bases of adenine (tATP), cytosine (tCTP), thymine
(tTTP), and guanine (tGTP), which were each synthesized
in 14 steps from r-ascorbic acid.**** Additionally, ten C-5
modified tUTP analogs were prepared in 15 steps from
1-ascorbic acid.>® Together, these molecules represent 16 dif-
ferent TNA triphosphates that can be used as substrates in
polymerase-mediated TNA synthesis reactions by coping
DNA templates into TNA with a laboratory-engineered TNA
polymerase.**

To confirm that the C-5 modified tCTP analogs 9a and 9b
were viable substrates for enzymatic synthesis, primer exten-
sion assays were performed using a laboratory-engineered TNA
polymerase. Accordingly, a 5’-IR680 dye-labeled DNA primer
annealed to a DNA template containing an unpaired region of
20 nucleotides (nt) was challenged to extend the DNA primer
using a mixture of TNA triphosphates (tNTPs) that contained
either standard bases only or a mixture of tNTPs in which the
tCTP substrate was replaced with either of the newly synthe-
sized analogs tCTP™ or tCTP*" (Fig. 2(A)). Similar modifica-
tions were previously evaluated using modified tUTP substrates

required the preparation of all four TNA triphosphates with the to install the desired chemotypes at sequence-defined
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Fig. 2 Polymerase mediated synthesis of chemically modified oligonucleotides. (A) Primer extension representation with the DNA template and primer
in black and the final product with modified TNA in green. (B) Polymerase mediated synthesis of chemically modified oligonucleotides containing
standard bases (Std), phenylalanine tCTP (tCTPP") or phenyl propyl tCTP (tCTPPP). (C) Polymerase mediated synthesis of doubly modified oligonucleo-
tides. tCTPP"® and tCTP"” were incorporated in addition to a diverse set of tUTP modified bases: phenylalanine (Phe), tryptophan (Trp), dioxyethyl (DE),
dioxol (Dx), naphthalene (Nap), cyclopropyl (cP), isopentyl (isoP), leucine (Leu), phenethyl (PE) and p-methoxy-benzyl (PMB). Primer only and the standard
base reaction (Std) denote the markers for the starting primer (P) and the full-length product (FLP).
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positions.*® The primer extension reactions were incubated at
55 °C for 2 hours in ThermoPol buffer [20 mM tris (pH 8.8),
10 mM KCl, 10 mM (NH,),SO,, and 20 mM MgSO,] and product
formation was analyzed by 12% denaturing polyacrylamide gel
electrophoresis (PAGE). As illustrated in Fig. 2(B), formation of
the full-length product was observed in each case, indicating
that the TNA polymerase is able to recognize and incorporate
the newly synthesized tCTP substrates. The incorporation of a
base-modified nucleotide into the TNA product was confirmed
by MALDI-ToF mass spectrometry for a model template that
was more amenable to ionization than a longer, fully modified
sequence (Fig. S2, ESIt).

Encouraged by the ability of our polymerase to synthesize
TNA carrying amino acid-like side chains at the C-5 position of
cytidine, we explored the potential for this enzyme to recognize
tNTP mixtures in which both pyrimidine substrates were mod-
ified with function-enhancing chemotypes. Primer extension
reactions were performed using the newly synthesized tCTP""®
or tCTP'? substrates and a set of ten previously synthesized C-5
modified tUTP substrates.*® Analysis of a panel of 20 combina-
tions of doubly modified TNA synthesis reactions reveal that
full-length product formation is observed in all cases with the
product bands migrating with similar electrophoretic mobili-
ties as the standard base control reaction (Fig. 2(C)). Impor-
tantly, this result demonstrates that many of the synthetic

challenges previously overcome for base-modified DNA
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substrates can now be extended to base-modified XNAs, like
TNA. This includes the challenge of identifying polymerases
with the ability to incorporate nucleoside triphosphates carry-
ing modifications on both the backbone and base moieties of
the nucleic acid structure.

To explore the potential for modified cytidine analogs to
improve the binding properties of TNA aptamers, we chose to
evaluate the binding properties of two threomers previously
evolved to recognize the S1 subunit of the SARS-CoV-2 spike
protein.’” TNA aptamers $1-123 and S1-133 were prepared in
their original Trp chemotype forms using a tNTP mixture that
contained the tUTP™'P substrate in place of tTTP. Additionally,
the doubly modified forms of both aptamers were prepared
using the tUTP™™ and tCTP"™ substrates to install the indole
and benzyl chemotypes at sequence-defined positions of the
uracil and cytosine bases, respectively. The TNA extended
regions encode aptamers that are 25 and 30 nts in length and
carry base-modified residues at ~30% of the positions (Fig. 3).
All four aptamers were generated by extension of a 5’-bio-
tinylated DNA primer that allowed for kinetic binding assays
to be performed using a streptavidin-coated biosensor tip of a
bio-layer interferometry (BLI) instrument. Following PAGE pur-
ification and electroelution, the binding kinetics of the single
and doubly modified threomers were evaluated by BLI, a label-
free optical approach for precisely measuring the binding
kinetics of aptamer-protein complexes.*” Analysis of the
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Fig. 3 Background-subtracted BLI sensorgrams comparing the binding kinetics to S1 of two aptamers containing either a single modification (tU™™) or a
doubly modified sequence (tU™ and tC™"). (A) BLI sensorgrams for aptamer TNA-123. (B) BLI sensorgrams for aptamer TNA-133. Aptamers were

enzymatically prepared using a 5’ DNA primer (not shown).
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resulting sensorgrams indicates that the doubly modified
threomers achieve ~ 3-fold tighter binding than their singly
modified counterparts (Fig. 3). The increase in binding affinity
is primarily due to faster association kinetics (ko) of the
aptamer-protein complex, which may be attributed to favorable
hydrophobic interactions with the S1 protein and possibly an
improved pre-folded state of the aptamer. This interpretation is
consistent with control experiments, which show that protein
binding affinity is abrogated when the aptamers are prepared
with either standard bases only or as singly modified versions
that carry the tC™™ modification (Fig. $3, ESIt). It also confirms
that the tU™ modifications previously discovered by in vitro
selection provide critical hydrophobic interactions that drive
aptamer binding to the protein target.

Discussion

Antibodies have long been recognized as the gold standard in
affinity reagent technology.*® Driven by strong shape comple-
mentarity resulting from an extensive network of non-covalent
interactions in the antigen binding site, antibodies have been
shown to bind their cognate targets with high affinity and high
specificity." However, despite their routine use in biomedical
applications, antibodies are limited by several factors, includ-
ing their high cost of discovery and manufacturing and their
tendency for batch-to-batch variability, which can negatively
impact assay reproducibility.”” Aptamers, nucleic acid se-
quences that fold into shapes with target binding affinity, offer
a possible alternative to antibodies.*® Most aptamers are dis-
covered in vitro and chemically synthesized, which reduces
their discovery and production costs, and allows for minimal
batch-to-batch variability as compared to antibodies. Although
aptamer technology has improved significantly over time,*® the
next generation of aptamers will need to be more biologically
stable, function with slower dissociation constants, and have a
discovery platform that is more amenable to high throughput
screening.>®

Inspired by SOMAmers, slow off-rate binding DNA apta-
mers,”" we initiated a program of study aimed at generating
functionally enhanced XNA aptamers based on a biologically
stable framework of TNA.”” In an earlier study, we showed that
functionally enhanced TNA aptamers, referred to as threomers,
can be readily generated using uracil nucleotides carrying
amino acid-like side chains at the C-5 position.*” Much like
their DNA counterparts,”’ these reagents functioned with
higher affinity and slower dissociation rates than their unmo-
dified standard base sequences. In the current study, we
examined the hypothesis that threomers activity could be
further improved through increased chemical diversity. We
tested this hypothesis by first chemically synthesizing two
prototypical C-5 modified cytosine nucleoside triphosphates
and then evaluating their incorporation into TNA using a
laboratory-engineered TNA polymerase. Primer extension
assays showed that it is possible to enzymatically synthesize
TNA sequences in which both pyrimidine nucleotides are

46 | RSC Chem. Biol., 2024, 5, 41-48
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modified with a different aromatic side chain, which was a
nontrivial result given the potential for engineered polymerases
to stall during XNA synthesis.>® We then used this methodology
to test our hypothesis by comparing the binding properties to
two previously discovered threomers prepared in their original
Trp-modified form and their new doubly-modified Trp and Phe
forms. Kinetic titration assays indicate that both doubly-
modified threomers function with tighter binding affinity than
their singly-modified forms, suggesting that it should be pos-
sible to evolve new examples of threomers from doubly-
modified libraries that carry an assortment of functional
groups at the pyrimidine positions.

As these studies continue, we anticipate that the expansion
of chemical space through the synthesis of additional TNA
nucleoside triphosphate building blocks will lead to the dis-
covery of new types of aptamers with superior binding proper-
ties. Such libraries could, for example, be used to target
proteins that have previously been refractory to standard base
libraries or resulted in aptamers with weaker binding affinity. It
may also allow for platform technologies to be created that
accelerate the discovery process by making it easier for apta-
mers to be isolated by in vitro selection. Finally, functionally-
enhanced aptamers based on non-natural backbone structures,
like TNA, offer a viable route for developing therapeutic apta-
mers towards potential clinical applications, as they are invi-
sible to the enzymes that degrade DNA and RNA.>?

In conclusion, we have shown that chemical density has the
potential to increase the functional activity of in vitro selected
TNA aptamers. This finding expands the chemical space of
evolvable non-natural genetic polymers by offering a path for
improving the quality of biologically stable TNA aptamers for
future diagnostic and therapeutic applications.
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