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ABSTRACT OF THE DISSERTATION

Towards the In Vitro Selection of Therapeutic Aptamers
by
Cailen Marie McCloskey
Doctor of Philosophy in Pharmaceutical Sciences
University of California, Irvine, 2021
Professor John C. Chaput, Chair

Aptamers are a class of nucleic acid molecules that mimic antibodies by folding, in a
sequence specific manner, into 3D structures that can bind a target. Vast random libraries,
routinely around 10> nucleic acid sequences undergo iterative cycles of binding their
target, stringent washing to remove weak and non-binders, elution, and amplification to
become enriched in sequences with high binding affinity to the target. Aptamers have many
benefits over other drug archetypes, such as their ease of discovery, reproducibility due to
their being chemically synthesizable, reversible folding and thermal stability, and low cost
relative to antibodies. This makes them attractive drug candidates, but aptamers have been
largely relegated to diagnostic settings due to the poor biological stability of natural nucleic
acids.

The field has long been dominated by RNA and DNA aptamers, which boast an ease
of discovery born of their origins in nature. However, recent advancements in polymerase
engineering have enabled the discovery of polymerases with the ability to transcribe DNA
into xeno nucleic acids (XNAs), synthetic nucleic acids with backbones unrelated to DNA or
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RNA. Although these engineered variants function with reduced activity when compared to
their natural substrate, the ability to transfer information from one genetic polymer to
another has had enabled the selection of XNA aptamers, among other technologies. One
such XNA, threose nucleic acid or TNA4, is unique in that it can form stable antiparallel
duplexes with itself or DNA, while being completely recalcitrant to nuclease digestion. This
makes TNA well suited for therapeutic use, as it will be more stable in the body.

In this dissertation, we first developed a method to allow the selection of TNA
aptamers covalently linked to their encoding DNA using an engineered TNA polymerase.
Next, aptamer chemical diversity was expanded with the addition of base-modified TNA
nucleotides. Finally, the scalability of TNA aptamer production was explored through TNA
ligation with natural ligases.

Chapter 1 is a review of literature pertaining to natural nucleic acid and xeno nucleic
acid aptamers, outlining what has been achieved and what remains to be overcome.
Specifically, we focus on TNA aptamer selection, and describe a foundational approach to
TNA aptamer selection, DNA display, which is utilized in Chapters 2-3. This new strategy
borrows from previous work on mRNA display to overcome one of the biggest stumbling
blocks to XNA aptamer selection: library regeneration after selection. The resultant TNA
aptamers are characterized to reveal picomolar binding affinity, a magnitude previously
not known to be achievable for TNA aptamers.

The next chapter details the discovery of a TNA aptamer to HIV RT with picomolar
affinity. While TNA'’s biological stability was previously known, this TNA aptamer
demonstrates high thermal stability of TNA molecules that is expected from DNA and RNA.

The use of an engineered TNA polymerase and a display strategy that provides a powerful

Xvil



genotype-phenotype linkage allowed the discovery of aptamers ranging in affinity from
~0.4-4 nM. The TNA aptamers remain intact and capable of binding in the presence of
nucleases. The combined properties of biological stability, high binding affinity, and
thermal stability make TNA aptamers a powerful system for the development of diagnostic
and therapeutic agents.

Chapter 3 describes work to inject greater chemical diversity into aptamer
selections by incorporating amino-acid-like side chains onto standard uracil bases. This
strategy parallels work done by Mayer, Liu, and others to expand chemical diversity in
aptamers. The base and backbone modified aptamers are referred to as ‘threomers’, which
bind with lower Kps and slower off rates than their unmodified TNA counterparts. Kinetic
measurements reveal that side chain modifications are critical for generating threomers
with slow off-rate binding kinetics. These findings expand the chemical space of evolvable
non-natural genetic systems to include functional groups that enhance protein target
binding by mimicking the structural properties of traditional antibodies. A detailed
investigation of the impact benzyl and indole displaying bases have on selection outcomes
are reported here.

Chapter 4 describes initial work to increase the scale of synthesizable TNA through
a combination of solid phase TNA synthesis and ligation with natural ligases. A thorough
exploration of ligases and reaction conditions with TNA-TNA and DNA-TNA ligations led to
the identification of T3 DNA ligase as the most active on TNA substrates. This knowledge

could serve as a starting point for future directed evolution of a TNA ligase.
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CHAPTER 1

1.1 Abstract

Nucleic acid aptamers rival antibodies in terms of selectivity and specificity, but they
have been limited by the use of natural nucleic acids which are not biologically stable.
Xenobiotic nucleic acids (XNAs) are inherently biologically stable architectures, several of
which are capable of Darwinian evolution. One of these, threose nucleic acid, has notable
properties and functions: 1) is recalcitrant to nuclease digestion, 2) base pairs efficiently
with DNA, and 3) can be synthesized efficiently by an engineered polymerase. Improved
selection strategies, such as the incorporation of chemically diverse base modifications,

could help TNA aptamers realize their therapeutic potential.

1.2 Natural Nucleic Acid Aptamers

Aptamers are nucleic acid molecules capable of folding into a three-dimensional
conformation to bind a target of interest, such as a small molecule or protein (Figure 1.1).
Since their discovery, aptamers have demonstrated the ability to compete directly with
proteinaceous antibodies in terms of binding affinity and selectivity (Dunn et al., 2017;
Ellington & Szostak, 1990; Tuerk & Gold, 1990). Aptamers even claim a few key benefits
over antibodies. Among these, aptamers have greatly improved thermal stability. Antibody
drugs require a cold chain, in which the distribution pathway from manufacturer to
consumer requires the antibodies must be kept frozen or they face irreversible
denaturation. Nucleic acids, however, fold reversibly and therefore do not require the same

strictness of supply chain. Another key benefit is that aptamers are chemically synthesized,



which cuts discovery costs and increases the ease by which production can be scaled for
widespread use. This also reduces batch-to-batch variability, which is a major issue faced
by commercial antibodies in both research and therapeutic applications (Baker, 2015).

However, antibodies remain the gold standard of therapeutic care.

Figure 1.1. RNA aptamer (blue) with interacting residues (orange) in complex with

thrombin target (white). Figure adapted from PDB: 3DD2, (Long et al., 2008).

Although aptamers hold great promise as therapeutics, their use in medicine has been
largely restricted to diagnostics. Only one aptamer has ever successfully run the gauntlet to
garner FDA approval. This RNA aptamer drug, named Macugen, was developed as an
antagonist of VEGF for the treatment of age-related macular degeneration (AMD) (Ng et al,,
2006). The lack of aptamers in the therapeutic arena relative to their abundance in
research is likely due to the poor biological stability of natural nucleic acids, which have
half-lives in human serum ranging from seconds for single stranded RNA to about an hour

for DNA (Kratschmer & Levy, 2017). Biological half-lives can be extended with the
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inclusion of chemical groups that disguise the DNA from nuclease recognition. An example
of this would be the incorporation of a phosphorothioate or phosphorodithioate linkage in
the backbone. In fact, careful placement of this linkage has an added benefit in that it can
increase affinity significantly, as demonstrated by Abeydeera and colleagues in which a
single phosphorothioate linkage was able to increase target affinity 1000-fold (Abeydeera
etal,, 2016). However, this linkage can increase nonspecific binding, and fully modified
oligonucleotides have shown toxicity in animal models (Ni et al., 2017).

Another strategy involves electronegative chemical modifications in place of the 2’
hydroxyl on ribose, such as 2’-fluoro, or 2’-methoxy groups (Shigdar et al., 2013). This was
successful for other nucleic acid therapeutics, such as antisense oligonucleotides. In the
case of Macugen, the aptamer was first selected in RNA, then the ribose sugars of the
parent sequence were carefully modified, which extended the biological half-life to about
10 days. Macugen also required an inverted dT cap at the 3’ end for further exonuclease
protection. While this first-in-class drug proves aptamers can make good therapeutics, the
extensive process of replacing every purine with the 2’-methoxy variant and every
pyrimidine with the 2’-fluoro variant can perturb the carefully selected structural
characteristics of an aptamer, and is not a feasible route for all aptamers.

In the late 1990s, a strategy for discovering biologically stable aptamers made from L-
ribonucleic acid was invented (Klussmann et al., 1996; Vater & Klussmann, 2015). Aptamer
selection is typically performed by challenging a vast pool of random sequences to bind a
target, partitioning the binders away from nonbinders, and then amplifying by PCR to
regenerate the pool of sequences (Figure 1.2). Over the course of many rounds of selection,

the pool becomes enriched in sequences that bind the target, which can then be identified



by Next Generation Sequencing (NGS) or Sanger sequencing. In this way, aptamers can be
generated for any conceivable target. Taking advantage of this straightforward discovery
pathway, natural D-RNA aptamers were selected against a mirror image version of the
target of interest (with D-amino acids). Termed “Spiegelmers”, for the German word for
mirror, the resultant aptamers were then synthesized from L-RNA and shown to retain
affinity to their selected target when presented in its natural L-amino acid form. While
Spiegelmers exhibit greatly improved biological stability, the range of pursuable targets is
limited to those that can be chemically synthesized as mirror images. Through a
combination of solid phase peptide synthesis and native chemical ligation, the longest
chemically synthesized protein yet achieved is only 358 amino acids (Jiang et al,, 2017). In
order to expand the range of druggable targets, it is necessary to develop a biologically

stable framework capable of Darwinian evolution to discover therapeutic aptamers.

= &

L@

Figure 1.2. General aptamer selection cycle. Figure adapted with permission from Nat. Rev.

Chem. 2017, 1, 0076.



1.3 Threose Nucleic Acid and other Xenobiotic Nucleic Acids

1.3.1 Xenobiotic Nucleic Acids

In concert with the development of increasingly better aptamer selection methods is
the invention of many synthetic nucleic acids, also called xenobiotic nucleic acids (XNAs).
XNAs differ from natural or chemically modified DNA or RNA in that they have a unique
chemical moiety in place of the ribose or phosphate. This moiety can theoretically be
anything, but only a small subset of possible chemical modifications retains the ability to
base pair with natural nucleic acid and allow for the transfer of genetic information. Among
these, select few genetic polymers have enzymes, natural or engineered, that allow for
efficient synthesis. Recognition by natural enzymes can be a double-edged sword, however,
where nucleic acids that are more easily incorporated by polymerases often also exhibit
greater risk of degradation by nucleases. This tradeoff is illustrated by the comparison of
polymerization and nuclease degradation of two common XNAs: 2’-fluoro-arabino nucleic
acid (FANA) and threose nucleic acid (TNA) in Figure 1.3. While the first generation
engineered TNA polymerase, Kod-Rl, and FANA polymerase, Tgo-D4K, show similarly
reduced activity on DNA substrates, Tgo-D4K demonstrates considerably greater activity
on FANA monomers than Kod-RI does on TNA monomers (Nikoomanzar et al., 2017).
Impressively, it was later shown that the rate of wild type Tgo polymerase on FANA
triphosphates is 15 nt/min, comparable to the rate of the evolved polymerases on DNA
triphosphates (Wang et al., 2018). However, when comparing nuclease resistance, the TNA
oligonucleotide showed no sign of degradation in human liver microsomes and human
serum (Figure 1.3C). Conversely, in the presence of human liver microsomes, the FANA

oligonucleotide degraded completely by three hours of incubation (Culbertson et al., 2016).
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Figure 1.3. A) DNA, FANA, and TNA chemical structures. B) Polymerization of TNA, FANA,

and DNA by first generation evolved polymerases, Kod-RI (left) and Tgo-D4K (right). Figure

adapted with permission from Anal. Chem. 2017, 89, 23, 12622-12625. Copyright 2017
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American Chemical Society. C) Nuclease degradation of FANA and TNA. Figure adapted
with permission from Bioorg. Med. Chem. Lett. 2016, 26, 10, 2418-2421. Copyright 2016

Elsevier.

Due to the challenges of XNA synthesis, XNAs are typically made by DNA-templated
primer extension. This has been made possible by continued efforts to improve synthesis of
XNA monomers and to engineer polymerases with activity on XNA congeners (Liao et al.,
2019; Nikoomanzar et al., 2019; Pinheiro et al., 2012). Despite significant progress, these
enzymes continue to suffer from poor fidelity, as compared to natural polymerases on
cognate substrates, and they lack the exonuclease activity needed to correct
misincorporation. This is magnified by the need for both a polymerase and a reverse
transcriptase, as XNAs are typically synthesized on DNA templates and reverse transcribed
back into DNA. However, while tedious, the interconversion of information between XNA
and DNA allows for the exploitation of powerful tools, such as PCR and NGS, to be applied
to XNA systems. As such, several xenobiotic nucleic acid architectures have already been
utilized to select aptamers to different targets ranging from small molecules to proteins.
These include but are not limited to: a TNA aptamer for ATP (Zhang & Chaput, 2020); FANA
and TNA aptamers to HIV RT, a key drug target for HIV and an aptagenic nucleic acid
binding protein (Dunn et al.,, 2020; Ferreira-Bravo et al., 2015; Mei et al., 2018); an 1,5-
anhydrohexitol nucleic acid (HNA) aptamer for vascular endothelial growth factor (VEGF),
the same protein targeted by Macugen for the treatment of AMD (Eremeeva etal., 2019).
These are among the most commonly selected targets for natural nucleic acid aptamers and

are well studied.



1.3.2 Threose Nucleic Acid, Benefits and Pitfalls

Among those XNAs capable of Darwinian evolution, TNA stands out due to its
recalcitrance to nuclease degradation. This coupled with TNA's ability to efficiently base
pair with DNA and itself and the availability of engineered TNA polymerases in recent
years makes TNA well suited for therapeutic use. Originally considered as a possible
progenitor to RNA in a prebiotic world, TNA consists of a four-carbon sugar oriented in a
similar geometry with phosphodiester bonds connecting the 2’ and 3’ carbons of adjacent
nucleosides. The simpler four carbon sugar would be more easily formed in a prebiotic
world, however the orientation of the phosphodiester linkage and the lack of a 5’ carbon
adds steric constraints relative to the ribose sugar backbones. This makes it difficult to
chemically synthesize TNA monomers, as the 3’ hydroxyl competes for space with the
nucleobase and has similar nucleophilicity to the 2’ hydroxyl, making regioselectivity
challenging (Sau et al., 2016; Schoning et al., 2000).

As TNA is one of the most structurally diverse XNAs, these differences also contribute to
the challenge of synthesizing TNA enzymatically. Unlike DNA:DNA homoduplexes,
TNA:DNA heteroduplexes are more A-form like than B-form, due to the more rigid, shorter
backbone of the TNA strand (Anosova et al,, 2016). Hybridization alone is not sufficient for
information transfer; polymerases themselves can also have unfavorable contacts with
XNA substrates. Crystal structures obtained of the first generation TNA polymerase, Kod-
R], reveal that the incoming TNA nucleobase has a high degree of flexibility in the active
site, weakening the Watson-Crick base pairing interaction with the template such that the
incoming base and templating base are not in a planar alignment (Chim et al., 2017). This
distortion likely accounts for the reduced activity and fidelity of engineered TNA
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polymerases, and may be improved in the second and third generation TNA polymerases,
Kod-RS and Kod-RSGA (Nikoomanzar et al., 2019, 2020). This is important because the
fidelity of the system for the faithful incorporation of substrates in the generation of full
length product is a major consideration for Darwinian evolution. An abundance of
mutations during aptamer selection would significantly decrease the enrichment of a given
sequence. Enrichment scores provide greater context to the functionality of the resultant
aptamers in terms of their binding affinity.

Finally, while great strides have been made recently in terms of monomer synthesis and
engineered polymerases, solid phase synthesis of TNA remains a significant challenge. A
ligase mediated strategy is proposed herein to extend the lengths achievable by solid phase
synthesis with ligase activity on TNA strands.

1.3.3 In Vitro Selection of TNA Aptamers

The in vitro selection of functional nucleic acids uses solid phase synthesis to generate
large DNA libraries of over 101> sequences, which typically consist of a central random
region flanked on both sides by conserved primer regions. Putative aptamers are
challenged to bind a target, usually a small molecule or protein. Next, binders are separated
from the rest of the pool. A common way to accomplish this is through the use of a target
with a label, such as biotin, 6X histidine tags, or FLAG tags. By passing free and complexed
target over an affinity resin, binding sequences are retained on the column, while weak and
nonbinders are washed through. Remaining sequences are then eluted off the column and
amplified by PCR.

In the case of functional nucleic acids, the genotype and phenotype are one and the
same. Over the course of 7-20 iterative cycles of binding, eluting, and amplification, the
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pool becomes enriched in functional sequences which are identified through NGS. As the
pool converges, the abundance of any given sequence typically correlates to its
functionality. While aptamer selection is conceptually simple, it can be technically
challenging. In order to maximize selection stringency while minimizing the necessary
number of rounds performed, a foundational approach to TNA aptamer selection termed
DNA display has been used. This system, analogous to mRNA display strategies, covalently
links the phenotype-the TNA aptamer-to its encoding DNA genotype. The first TNA
aptamer reported was selected against the protein thrombin in this manner, using
Therminator DNA polymerase and diaminopurine in place of adenine for improved
stability (Yu et al,, 2012). With the evolution of new TNA polymerases and discovery of a
reverse transcriptase with activity on TNA (Jackson et al,, 2019), the selection strategy has
evolved to transcribing DNA templates into free TNA, which may be partitioned and
reverse transcribed into DNA for PCR amplification. However, reverse transcriptases are
known to function with relatively poor activity in the presence of low substrate
concentrations, which make it particularly challenging to recover sequences after stringent

selections.

PBS random region PBS 33,

5’ e— —

3 e _— %

dsDNA (genotype) SSTNA (phenotype)

Figure 1.4. DNA display molecule design, with dsDNA (grey) flanked by primer binding
sites (PBS), attached to ssTNA (blue). A dye molecule (red star) allows the library to be
visualized during selection.
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Herein, we return to the original DNA display strategy and build on previous methods
of TNA aptamer selection but remove the need for a reverse transcriptase. This method
only requires a single engineered polymerase to transcribe DNA genetic information into

functional TNA, and the recovered molecules are easily PCR amplified.

N 6b HN

“OH
X = triphosphate HN ~ “NH
6d
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I
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Z

Figure 1.5. Selected SOMAmer dU modifications at C5 with amide linkage. Figure reprinted
with permission from J. Am. Chem. Soc. 2010, 132, 12, 4141-4151. Copyright 2010

American Chemical Society.

This DNA display strategy was further extended to explore new areas of chemical space

by including modified TNA nucleobases. A major thrust in the aptamer field aims to expand
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the chemical functionality of aptamers by adding new chemical groups on the nucleobase
moiety, typically in the 5 position of pyrimidines or the 7 position of purines, chemical
modifications into the major groove, which are less likely to interfere with polymerase
activity. This strategy is best exemplified by slow off-rate modified aptamers (SOMAmers).
These DNA aptamers contain modified dU residues, where the 5 position of the nucleobase
is modified by a chemically diverse moiety, often hydrophobic or amino acid-like in nature,
as shown in Figure 1.4 (Vaught et al., 2010). The modification is linked to the nucleobase by
an amide bond, which provides some planarity that can help keep the group oriented when
interacting with the target. An aptamer identified by Vaught et al. and selected with an
indole modification (Figure 1.4, 6d) showed a total loss of affinity when substituted with
TTP or other dU analogs, 6a and 6¢, indicating that these modifications are specific and
necessary for binding.

While functionally enhanced DNAs have previously been demonstrated to improve
binding kinetics, extension of these concepts to XNAs has been limited by major synthetic
challenges. While 5-iodo-dUTP, a common starting material, is commercially available, the
equivalent TNA triphosphate takes more than ten synthetic steps to prepare. An additional
hurdle for XNA aptamer development is the paucity of polymerases capable of handling
XNA substrates, let alone base-modified XNAs. Interestingly, KOD XL, a variant of Kod
polymerase, was shown by Vaught et al. to be one of the most active polymerases on base
modified DNA, which bodes well for modified TNA synthesis. The incorporation of deep
NGS paired with machine learning algorithms, allows for the generation of functionally
enhanced TNA libraries that produce a higher proportion of high affinity binders than

standard nucleobases alone. This observation holds across three libraries selected against
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two targets. It is likely that antigenic sites targeted by antibodies display a higher degree of
hydrophobicity, which is more easily targeted by antibodies than by unmodified aptamers.
Aptamers with side chains that emulate amino acids by presenting planar, hydrophobic
rings can mimic antibodies in this regard. The results presented herein are consistent with
this hypothesis, in which libraries containing phenylalanine and tryptophan derivatives
notably produced aptamers with lower Kps under the same selection stringency. What is
less clear is which moieties, or which combination thereof, are best suited for a particular

target-a question which necessitates future work to explore other chemical modifications.

1.4 Conclusion

In summary, while obstacles have prevented the widespread use of natural nucleic acid
aptamers in medicine, XNAs are ideally poised to join the ranks of antibodies as therapeutic
affinity reagents. TNA in particular is inherently biologically stable, and continuing
advances in monomer synthesis and polymerase engineering have allowed studies of TNA
molecules at greater depth and breadth. This thesis describes several methods to improve

the selection, characterization, and synthesis of these exceptional molecules.
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CHAPTER 2

Publication Note

This paper was originally published in the Journal of the American Chemical Society.
Adapted with permission from: Dunn, M.R.; McCloskey, C.M.; Buckley, P.; Rhea, K.; Chaput,
J.C. Generating Biologically Stable TNA Aptamers that Function with High Affinity and
Thermal Stability. ]. Am. Chem. Soc. 2020, 142, 17, 7721-7724. Copyright 2020 by American

Chemical Society.

2.1 Contribution Statement

M.D., C.M,, and ].C. conceived of the project and designed the experiments. M.D., C.M., P.B.,
and K.R. performed the experiments. C.M. and ].C. wrote the manuscript. All authors

reviewed and commented on the manuscript.
2.2 Abstract of Chapter

Aptamers are often prone to nuclease digestion, which limits their utility in many
biomedical applications. Here we describe a xeno-nucleic acid system based on a-L-
threofuranosyl nucleic acid (TNA) that is completely refractory to nuclease digestion. The
use of an engineered TNA polymerase permitted the isolation of functional TNA aptamers
that bind to HIV reverse transcriptase (HIV RT) with Kps of~0.4-4.0 nM. The aptamers
were identified using a display strategy that provides a powerful genotype-phenotype
linkage. The TNA aptamers remain active in the presence of nuclease and exhibit markedly
higher thermal stability than monoclonal antibodies. The combined properties of biological
stability, high binding affinity, and thermal stability make TNA aptamers a powerful system
for the development of diagnostic and therapeutic agents.
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2.3 Introduction

Aptamers, nucleic acid molecules that mimic antibodies by folding into shapes with
ligand binding affinity (Ellington & Szostak, 1990), have enormous potential as diagnostic
and therapeutic agents (Zhou & Rossi, 2017). Aptamers are generated by in vitro selection
from libraries of combinatorial sequences (Wilson & Szostak, 1999). Similar to natural
selection, in vitro selection is a process of selective amplification in which a population of
nucleic acid molecules is challenged to bind a target or catalyze a chemical reaction.
Molecules having a desired fitness are recovered and amplified to generate a new
population that has become enriched in members with a particular activity. Although
hundreds of aptamers have been reported in the literature (Dunn et al., 2017), most are
unsuitable for in vivo applications because they are susceptible to nuclease digestion
(Keefe et al., 2010). One exception is Spiegelmers, mirror-image aptamers, but such
reagents are restricted to achiral targets or targets that can be generated by chemical
synthesis (Vater & Klussmann, 2015). Modifications made to the 2’ sugar position offer
some relief against nucleases but are generally still prone to digestion (Dunn et al., 2017;

Keefe et al., 2010).

2.4 Results and Discussion

We describe an approach for evolving biologically stable aptamers based on the
framework of a-L-threofuranosyl nucleic acid (TNA, Figure 2.1a), a xeno-nucleic acid (XNA)
system in which the ribose sugar in RNA has been replaced with a threose sugar (Schoning
etal,, 2000). This approach is sufficiently general that it could be applied to any XNA for
which a polymerase is available to copy DNA templates into XNA (Pinheiro et al,, 2012; Yu
etal,, 2012). The strategy is analogous to protein display technologies, such as mRNA
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display, that provide a covalent link between the encoding mRNA and translated protein
(Roberts & Szostak, 1997). Here, freshly synthesized TNA is physically linked to its
complementary DNA template, which is present in double stranded (ds) form (Figure 2.1b).
In this configuration, TNA molecules are amplified by PCR using dsDNA as the template.

This approach simplifies the selection by avoiding the need for a reverse transcriptase.

a #r o c
O
B

|
£
0=P-0 o=—0 B
-0 ;O;I -0 ,o:

b3
)

o30] Ko = 4.05 nM

920
9101
900
890

880 ; ; ;
100 100 100 100 10°
Concentration [nM]

Fnorm [1/1000]

940
930 1
920 1
910
900

K, = 2.05 1M

L

3

l Enzymatic Ligation

O

l XNA Synthesis

Fnorm [1/1000]
o2}
8

880 - . ,
10" 10° 10° 10? 10°

Concentration [nM]

EVREL G R

O

3y

l Primer Annealing

940
9301
9201
910
900

K, = 0.38 nM

Fnorm [1/1000]
(o]
8

880 ———y
® 10* 102 10" 10° 10' 10 10°
HIV-RT 3.17 Concentration [nM]

3

Figure 2.1. Selection of high-affinity TNA aptamers. (a) Chemical structures of RNA and
TNA. (b) In vitro selection strategy. (c) MST binding affinity curves for the highest affinity
aptamers. HIV-RT 3.17 was evaluated in triplicate. Error bars, standard deviation of each

data point.
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The selection (Figure 2.1b) was performed by extending a self-priming DNA library
with chemically synthesized TNA triphosphates (tNTPs)(Liao et al., 2019) using an
engineered TNA polymerase that was developed to synthesize TNA on DNA templates
(Nikoomanzar et al., 2019). The product of the primer-extension step is a chimeric TNA-
DNA hairpin where a 40 nt random region and downstream primer binding site are copied
into TNA. The TNA portion of the duplex was displaced in a separate step by extending a
DNA primer annealed to the loop region of the hairpin with DNA, which results in a
combinatorial library of single-stranded TNA molecules that are each physically linked to
their encoding dsDNA templates. To enrich for TNA molecules with affinity to a desired
target, the TNA library was incubated with a protein target, and bound sequences were
recovered and amplified by PCR (SI Table 2.1). A second PCR step was performed with a
PEG-modified DNA primer, and the single-stranded, PEGylated DNA template was obtained
after purification by denaturing polyacrylamide gel electrophoresis (PAGE). The selection
was continued by ligating the template to the DNA stem-loop.

We applied this approach to isolate TNA aptamers with affinity to a reverse
transcriptase (RT) found in the human immunodeficiency virus (HIV) (Bala et al., 2018).
Although previous selections have generated DNA(Lai & DeStefano, 2012) and FANA (2'-
fluoroarabino nucleic acid) (Ferreira-Bravo et al,, 2015) aptamers to HIV RT, both classes
of aptamers are susceptible to nuclease digestion (Culbertson et al., 2016; Noronha et al,,
2000) . We therefore sought to establish a biologically stable aptamer that could function
with high binding affinity without the need for extensive chemical modifications. A key
question that we wished to address was whether TNA could adopt structures with the

same level of high affinity commonly observed for the best monoclonal antibodies (mAbs).
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Although we previously isolated a TNA aptamer that binds to HIV RT with a Kp of ~5 nM,
that example utilized a reverse transcription step and required NGS analysis (Mei et al.,
2018). Recognizing that our TNA reverse transcriptase functions with weak activity, we
reasoned that the new approach should make it possible to recover higher affinity binders
that may have been lost due to the limitations of our TNA reverse transcriptase.

We performed three rounds of selection starting from 1013 unique TNA molecules.
For each round, the library was incubated in buffer (20 mM Tris-HCI [pH 7.4], 140 mM
NaCl, 5 mM KCl, 1 mM MgCl;, and 1 mM CaClz) with HIV RT immobilized on the surface of
an ELISA plate. After a 1 h incubation (25 °C), the well was drained, unbound sequences
were removed, and nonspecific binders were disrupted with a high ionic strength buffer.
High-affinity aptamers that remained bound to the target were then recovered by
denaturing the complex at 70 °C with buffer containing 3.5 M urea. After three rounds of
selection, a portion of the pool was cloned and 20 library members were submitted for
sequencing. From this set, we obtained 15 high-quality reads with no significant sequence
similarity (SI Table 2.2).

We synthesized nine randomly selected clones by primer-extension and determined
their Kps by microscale thermophoresis (MST). The screen resulted in Kp values ranging
from 400 pM to 70 nM with six of the nine sequences having Kp values of <10 nM (SI Table
2.3). The three highest affinity TNA aptamers (HIV-RT 3.10, HIV-RT 3.15, and HIV-RT 3.17)
bound to HIV RT with Kps of 4 nM, 2 nM, and 380 pM, respectively (Figure 2.1c). The
tightest affinity aptamer, HIV-RT 3.17 (Kp 380 £+ 115 pM), was evaluated in triplicate. This
value compares favorably with the starting library, which shows no significant binding to

HIV RT (Kp > 2 uM, SI Figure 2.1).
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Figure 2.2. Characterization of HIV-RT 3.17. (a) Representative EMSA data in buffer. (b)

Representative EMSA data with SVPE. (c) Biostability validation using SVPE. (d) Thermal

stability validation after heating at 75 °C for 0-48 h and cooling to 24 °C for analysis.

To validate the affinity of HIV-RT 3.17, a second analytical technique was used to
measure the Kp. In this case, we used an electrophoretic mobility shift assay (EMSA) to
evaluate the binding interaction by incubating the protein with a low concentration of
labeled aptamer and varying the concentration of the protein target (Figure 2.2a, SI Figures
2.2, 2.3). As positive controls, we measured the Kp of R1T and FA1, known DNA (Lai &
DeStefano, 2012) and FANA (Ferreira-Bravo et al.,, 2015) aptamers, respectively, that were
previously selected to bind HIV RT. The resulting isotherms reveal that HIV-RT 3.17 binds

to HIV RT with a Kp of 196 + 86 pM, R1T binds with a Kp of 4.5 + 0.41 nM, and FA1 binds
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with a Kp of 324 + 50 pM. These values closely agree with our MST-derived value of 380 pM
for HIV-RT 3.17 and the literature Kp for R1T (1.1 + 0.2 nM). However, the FA1 aptamer
differed considerably from its reported value (4 + 3 pM), suggesting that the fluorescent
dye used in place of the radiolabel may have interfered with binding.

Next, we evaluated the binding of HIV-RT 3.17 under conditions where DNA
aptamers and mAbs lose their activity. Since most aptamers are susceptible to nuclease
digestion, we performed the HIV RT binding assay in the presence of snake venom
phosphodiesterase (SVPE), a highly active 3’ exonuclease. The HIV-RT 3.17, R1T, and FA1
aptamers were incubated with SVPE for 1 h at 37 °C prior to performing the equilibrium
binding assay by EMSA. Analysis of the resulting binding curves revealed that HIV-RT 3.17
remains active in the presence of SVPE (Kp of ~500 pM), while DNA and FANA digestion
abrogates all protein-binding activity for both the R1T and FA1 aptamers (Figure 2.2b, SI
Figure 2.2). Time-dependent analysis of digestion by denaturing PAGE reveals that the DNA
and FANA aptamers degrade in minutes, while the TNA aptamer remains undigested after
8 hat 37 °C (Figure 2.2c). Moreover, the TNA aptamer showed no signs of degradation after
24 h at 37 °C with 50% human serum or concentrated human liver microsomes (SI Figure
2.4). The functional activity of HIV-RT 3.17 was further validated using a pull-down assay
(SI Figure 2.5).

Recognizing that antibodies unfold irreversibly, we performed a thermal challenge
by heating HIV-RT 3.17, R1T, and a commercial mAb in buffer at 75 °C. At designated time
points between 0 and 48 h, the reagents were cooled to 24 °C and assayed for binding to
HIV RT by biolayer interferometry (BLI). The Kps from this data were used to calculate

changes in the Gibbs free energy at standard conditions (AG°), which were plotted as a
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function of temperature to illustrate the effect of heating on the affinity reagents (Figure
2.2d, SI Table 2.4, SI Figure 2.7). Visualizing these data in terms of binding energy as
opposed to affinity affords a more intuitive picture of the effect of heating on the function
of each binder. Our results indicate that HIV-RT 3.17 and R1T retain full activity after 48 h
of heating at 75 °C, while the monoclonal antibody lost activity within the first hour of
heating. After 72 h, the activities of both aptamers are reduced to 50%, presumably due to
thermal degradation (SI Figure 2.6).

To gain further insight, we performed a secondary structure prediction calculation
using mFold (Zuker, 2003). HIV-RT 3.17 was predicted to adopt a stem-loop structure that
contains two bulges in the base-pairing region (Figure 2.1c). It also contains a predicted
T:G wobble pair and flanking sequences on both the 5" and 3’ sides of the primary stem-
loop structure. Detailed structure-activity relationship studies confirmed the importance
of the stem-loop structure and the wobble base pair for binding to HIV RT. In general,
deletions made throughout the primary stem-loop structure reduced the binding activity of
HIV-RT 3.17 by 2-10-fold. However, more significant drops in activity (17-100-fold) were
observed when changes were made to the five base pairs that define the stem near the 5’
and 3’ termini. Even mutation of the T:G wobble pair to a C:G Watson-Crick base resulted
in a 10-fold loss in activity. Deletion of either of the two 5’ flanking nucleotides or the five

3’ flanking nucleotides resulted in a ~3-fold reduction in binding affinity (Figure 2.3).
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Figure 2.3. Structure- activity relationship of HIV-RT 3.17. MST-derived Kp values were

used to evaluate the structure and function of HIV-RT 3.17. Aptamer constructs were made

with deletions, mutations, and structural permutations at defined positions.

Confident that HIV-RT 3.17 adopts a stem-loop structure, we designed two split-

aptamers that function with Kps of 40-50 nM (Figure 2.3). The split-aptamer design is a

common approach for biological sensors and has not previously been demonstrated for




XNA polymers (Chen et al,, 2016). Interestingly, replacing the five base pair stem in the
primary stem-loop region in both the whole and split-aptamers resulted in a similar
reduction in binding affinity. This suggests that the precise stem structure selected for HIV-
RT 3.17 likely provides more than structural integrity and may manifest in a more complex
level of interaction with its protein target. Further engineering of the split-aptamer system
may yield a split-aptamer with even greater affinity.

Although antibodies remain the gold standard for affinity reagents, they also
represent the greatest source of problems in biomedical research (Baker, 2015). The
sensitivity of antibodies to elevated temperatures demonstrates a critical weakness that
limits their shelf life, reproducibility, and performance in functional assays. Thermal
instability could be linked to problems with batch-to-batch variability that have plagued
antibody research (Begley & Ellis, 2012). Given these problems, researchers are calling for
better standardization and access to new types of affinity reagents (Bradbury & Pliickthun,
2015).

Unlike conventional aptamers, or even certain XNAs, TNA is completely recalcitrant
to nuclease digestion and is amenable to in vitro selection against any biological protein of
therapeutic or diagnostic interest. The latter provides an important benefit over
Spiegelmers, whose chiral targets must be generated by chemical synthesis (Vater &
Klussmann, 2015). Relative to antibodies, TNA can achieve similar binding while avoiding
unwanted problems associated with thermal denaturation. The ability to fold cooperatively
into functional structures, combined with their chemical synthesis, solves the cold-chain

problem and should allow for improved performance in functional assays.
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In summary, our results establish that TNA aptamers can function with high
biological stability, binding affinity, and thermal stability. These data offer a possible
solution to the antibody problem and provide strong support for continued development of

TNA reagents for biomedical applications.
2.5 Experimental Details

2.5.1 General Information

Taq, Therminator, and Q5 high-fidelity DNA polymerases as well as T4 DNA ligase, 10x T4
DNA ligase buffer, and 10x ThermoPol buffer were purchased from New England Biolabs
(Ipswich, MA). Kod-RI TNA polymerase was expressed and purified as described
previouslyl. Noted experiments were performed in DNA LoBind tubes, purchased from
Eppendorf. DNA triphosphates were purchased from Sigma-Aldrich (St. Louis, MO). TNA
triphosphates bearing natural bases were synthesized as previously described. DNA
oligonucleotides were purchased from Integrated DNA Technologies (Coralville, [A),
purified by denaturing polyacrylamide gel electrophoresis (PAGE), electroeluted, buffer
exchanged and concentrated using Millipore YM-10 or YM-30 Centricon centrifugal filter
units, and quantified by UV absorbance via NanoDrop (Thermo Fisher Scientific, Waltham,
MA). Sequences were cloned into TOPO vectors using TOPO-TA Cloning Kit, with pCR2.1
Vector (Thermo Fisher Scientific, US). For the aptamer selection, Nunc Immobilizer Amino
plates (Lock Well C8) were used (Thermo Fisher Scientific, US). HIV Reverse Transcriptase
was obtained from Worthington Biochemical Corp (Lakewood, NJ). Anti-HIV1 Reverse
Transcriptase antibody [39/4.12.2] (ab9066) was purchased from abcam (Cambridge, MA).
EvaGreen dye was purchased from Biotium (Fremont, CA).

2.5.2 Library preparation using DNA display method
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The library was synthesized such that 35% of bases were A, 35% T, 15% G, 15% C. This
design was chosen to improve the TNA transcription efficiency with the engineered
polymerase. The initial library containing an internal variable region of 40 nucleotides
flanked on both sides by fixed priming sites (PBS7 and PBS8) was synthesized on an
ABI3400 DNA synthesizer and purified by 10% denaturing PAGE. The band corresponding
to full length library was excised from the gel using a scalpel, electroeluted, concentrated
by EtOH precipitation, resuspended in water, and quantified by UV absorbance. The
phosphorylated DNA hairpin primer was ligated to the library by combining 10nmolof both
hairpin and template in a final volume of 1 mL of 1x T4 DNA ligase buffer. The solution was
denatured for 5 min at 95°C and then annealed by incubating for 15 min at room
temperature. Once annealed, 20,000 U of T4 DNA ligase was added and the reaction was
incubated at 16°C overnight. The following morning, the hairpin library was purified by
10% denaturing PAGE and quantified by UV absorbance. The hairpin library was extended
with tNTPs to form a chimeric TNA:DNA hairpin heteroduplex as follows. A 250 pL reaction
volume containing 0.5 nmol hairpin library,1x ThermoPol Buffer, and 100 uM each tNTPs
was heated for 5 min at 95°C to denature and then annealed by incubating for 15 min at
room temperature. TNA polymerization was initiated by adding Kod-RI polymerase (1 uM)
and then incubated for 4 h at 55°C. To confirm reaction completion, a small fraction of 80 nt
library, 140 nt hairpin library, and 200 nt TNA extension products were run on an 8%
native TBE PAGE at 200 V, 4°C for 2 h, stained with ethidium bromide and UV imaged. Full
length TNA extended library was purified from incomplete reaction products by 10%
denaturing PAGE as described above. Following electroelution, the TNA:DNA hairpin

library was concentrated and buffer exchanged into water using a YM-30 Centricon filter
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device. Library was quantified by UV absorbance. To form the TNA display product with
the single-stranded TNA library (phenotype) physically connected to its encoding double-
stranded DNA template (genotype), the TNA strand was displaced by extending a DNA
primer annealed to the hairpin loop with dNTPs. Accordingly, the TNA:DNA library (1 uM
final) was resuspended in 1x ThermoPol buffer containing 500 uM dNTPs and 2 pM strand
displacement primer. After heating for 5 min at 95°C and slowly cooling to room
temperature, the displacement reaction was initiated by adding Therminator DNA
polymerase to a final concentration of 0.2 U/pL. The reaction was incubated for 30 min at
55°C followed by 90 min at 65°C. Therminator polymerase was extracted with
phenol/chloroform. Once treated, the displayed TNA library was purified from residual
phenol and reaction components, concentrated, and exchanged in aptamer binding (AB)
buffer [20 mM Tris-HCI pH 7.4, 140 mM NaCl, 5 mM KCI, 1 mM MgC(Cl2, and 1 mM CaCl2]
using a YM-30 Centricon filter device.

2.5.3 Estimation of non-specific background binding

To estimate the amount of background binding of the library to the Nunc plates, three wells
of a plate were passivated by overnight incubation with AB buffer, which was aspirated
before library application. The overnight pretreatment of the wells with AB buffer
neutralizes unreacted electrophiles displayed on the end-grafted polyglycol surface.
Approximately 300 pmol (1013 sequences) of starting DNA library in 300 pL of aptamer
binding buffer supplemented with 0.005% Tween 20 (ABT) was heated to 50°C and then
incubated at room temperature for 15 min to anneal. The library (100 pL each) was then
added to the three pretreated wells and incubated for 1 h at 25°C under gentle agitation

(500 rpm) in a Thermomixer equipped with a plate adapter. Unbound and weakly bound
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members were removed by first washing three times with 300 uL of ABT. A second, more
stringent set of three washes with 300 pL stringent wash (SW) buffer (20 mM Tris-HCl pH
7.4,4 M NaCl, 5 mM KCI, 1 mM MgCl2, 1 mM CaCl2, 0.005% Tween 20) was then applied to
remove non-specifically bound members. All remaining adsorbed library members were
eluted by three incubations with denaturing buffer (DB) (40 mM Tris-HCl pH 8.0, 3.5 M
urea, 10 mM EDTA, 0.005% Tween 20) at 70°C for 10 min. The elutions were combined and
desalted using a YM-30 Centricon filter unit. To determine the amount of DNA retained in
the wells through non-specific adsorption, the elutions were amplified by RT-qPCR
alongside a standard titration series of library. Accordingly, the elutions and titration series
were mixed with1x Q5 high-fidelity DNA polymerase master mix and 2x EvaGreen in a final
volume of 25 pL. Each reaction was thermocycled as follows in an Applied Biosystems
Quantstudio 6 Flex quantitative real-time PCR instrument: 60 sec at 95°C followed by 40
cycles of 15 sec at 95°C, 15 sec at 58°C, and 60 sec at 72°C. Fluorescence was monitored at
the end of each extension step and plotted against cycle number. The Cq of each titration
series and sample was utilized to determine the concentration of library bound to each
well.

2.5.4 Aptamer selection

HIV RT poised at a concentration of 80 nM was immobilized onto the surface of wells of
Nunc Amino Immobilizer C8 strips by incubating overnight at 4°C in 100 pL of 100 mM
sodium phosphate (pH 7.5). Following target immobilization, wells were washed three
times with 300 pL of AB. The wells were then filled once more with 300 pL of AB and left to
incubate at room temperature for 1 h under gentle agitation (500 rpm). The incubation

buffer was aspirated and three additional washes of 300 uL. ABT were performed before
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sealing the wells and storing them at 4°C until further use. Approximately 100 pmol (1013
sequences) of TNA displayed library was blocked with an equimolar amount of PBS7 DNA
primer in 100 pL of ABT. The solution was heated to 50°C and then incubated at room
temperature for 15 min to anneal. This step ensures that the fixed primer binding site is
double stranded, preventing it from interfering with the proper folding of the library
variable region. The folded, primer-blocked library was then added to a functionalized and
passivated well and incubated for 1 h at 25°C under gentle agitation (500 rpm) in a
Thermomixer equipped with a plate adapter. Unbound and weakly bound members were
removed by first washing three times with 300 pL each of ABT. A second more stringent set
of three washes with 300 pL of SW buffer was then applied. All remaining library members
were eluted by three incubations with DB buffer at 70°C for 10 min, then desalted using a
YM-30 Centricon device.

2.5.5 Droplet digital PCR amplification and template regeneration

Desalted aptamer pools were quantified by qPCR in an Applied Biosystems Quantstudio 6
Flex quantitative real-time PCR instrument in order to determine the amount of material
that was eluted from each well. The eluted pool was then subjected to droplet digital PCR
amplification (ddPCR) (QX-100, Bio-Rad) where the number of wells required was
determined by the quantity of library members eluted as to have 50 library members per
droplet. Each ddPCR reaction was carried out in a 20 pL volume by partitioning the
reaction mix (ddPCR Supermix for Probes without dUTP) containing the entire eluted pool
mixed with 500 nM of each DNA amplification primer (PBS7 and PBS8). The mixture was
loaded into a well of a DG8 cartridge before addition of fluorinated oil to the corresponding

oil wells of the cartridge. Droplets were formed by inserting the cartridge into the droplet
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generator instrument (Bio-Rad). The resulting emulsion, containing ~20,000 droplets per
well, was carefully transferred into a 96-well PCR plate and subjected to thermocycling as
follows: 60 sec at 95°C followed by 25 cycles of 15 sec at 95°C, 15 sec at 58°C, and 60 sec at
72°C. Immediately after amplification, all wells were pooled together, mixed with an equal
volume of chloroform, vortexed vigorously to break the droplets, and spun at 13,000xg to
separate the amplicon-containing aqueous phase from the organic phase. The recovered
aqueous phase was pipetted to a separate tube. The organic phase was washed with an
equal amount of water and pooled with the first recovery. Single-stranded DNA templates
were regenerated by PCR amplification and gel purification. Each PCR reaction (500 pL
total volume) contained 500 pmol of each DNA primer (PBS7 PEG Long and PBS8) and 5
pmol of double stranded DNA template. Reactions were performed with Taq DNA
polymerase in a 1x ThermoPol buffer with 400 uM dNTPs. The solution was divided into 50
uL reactions and thermocycled as follows: 60 sec at 95°C followed by 25 cycles of 15 sec at
95°C, 15 sec at 58°C, and 60 sec at 72°C. The reactions were combined and supplemented
with 5 mM EDTA and 50% (w/V) urea. The solution was heat denatured for 5 min at 95°C,
and the PEG-modified strand was purified by 10% denaturing PAGE. The corresponding
band was excised, electroeluted, and concentrated with a YM-10 Centricon centrifugal filter
device. The template was recovered in 100 pL of nuclease free water and quantified by UV
absorbance. The enriched single stranded DNA library was used to generate a new TNA
display library as described above.

2.5.6 Diversity estimation

The sequence diversity of a retained pool of library members was estimated by RT-qPCR.

Accordingly, a small aliquot of a retained pool was amplified by gPCR withQ5 high-fidelity
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DNA polymerase master mix in a final volume of 25 pL. Each reaction contained a final
concentration of 2x EvaGreen. The reactions were cycled as previously described: 60 sec at
95°C followed by 25 cycles of 15 sec at 95°C, 15 sec at 58°C, and 60 sec at 72°C. The dye-
bearing amplicons were then melted by heating from 55°C to 95°C in 0.5°C increments in
an Applied Biosystems Quantstudio 6 Flex quantitative real-time PCR instrument. The
resulting melt curves were analyzed by computing the areas beneath the two normalized
transition peaks centered at ~64°C and 76°C, which represent melting of hetero-duplexed
and homo-duplexed amplicons, respectively. The two peak areas were used to compute the
fraction fhetero of amplicons in the hetero-duplexed state: fhetero=As4°c/(As4°c+A76°c). Melt
analyses of serial reductions in the sequence diversity of the starting library were used to
create a standard curve relating fhetero to sequence diversity. The value of fhetero for the
retained pool thereby permitted estimation of sequence diversity.

2.5.7 Sequencing

Library members that remained in the pool after three rounds of selection were cloned
using the TOPO-TA cloning kit and transformed into XL1-blue chemically competent E. coli.
Cells were plated onto LB-amp plates and grown overnight at 37°C. The following morning,
isolates were grown at 37°C in 5mL liquid cultures of LB-amp overnight with shaking at
225 rpm. Plasmids were recovered by miniprepping and sequenced. Sequencing traces
were analyzed using CLC Main Workbench.

2.5.8 Microscale thermophoresis

Aptamers identified by DNA sequencing were prepared as IR680-labeled TNA molecules
using the PBS8 IR680 10mer DNA primer and the corresponding H3.X template (where X

represents the isolate number). A 250 pL reaction volume containing 0.5 nmol of both
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primer and template,1x ThermoPol Buffer, 1 mM MnC(Cl2, and 100 pM of each tNTP was
heated for 5 min at 95°C to anneal. TNA polymerization was initiated by adding Kod-RI
polymerase (~1 uM) and then incubated for 4 h at 55°C. Full length IR680-1abeled
aptamers were purified by 20% denaturing polyacrylamide gel electrophoresis for 3 h at
12 W constant. TNA was recovered from the gel by electroelution and then buffer
exchanged into water and concentrated using a YM-10 Centricon centrifugal filter device.
TNA concentration was quantified by NanoDrop absorbance. Aptamers were folded in
binding buffer by denaturing for 5 min at 90°C and then cooling for 30 min at room
temperature. Equilibrium binding reactions were performed in a 500 pL LoBind Eppendorf
tube in a final volume of 20 pL. Folded structures at a final concentration of 1nM were
incubated with HIV RT poised at concentrations spanning the expected range of Kp
(typically 1 pM-500 nM) for 1 hat room temperature. Each titration sample was then
loaded into a premium capillary (NanoTemper, Munich, Germany) and analyzed on the
Monolith NT.115 Pico (NanoTemper) [20% MST power, 20% laser power]. Binding
isotherms were deduced using NanoTemper’s NT Analysis software. Aptamer deletion and
split aptamer studies were performed as described above using the templates described in
the sequence table. To ensure reproducibility, the binding assay for aptamer HIV-RT 3.17
was performed in triplicate.

2.5.9 Validation of binding affinity by native gel shift

Folded IR800-labeled DNA primed TNA H3.17 molecules at a final concentration of 4 nM
were incubated for 1 h at room temperature with HIV-RT, serially diluted from 10 nM to 78
pM in 1x AB buffer. Each titration sample was then loaded into a single well of a 6% native

TBE PAGE gel and run for 35 min at 12 W constant. Gels and running buffers were cooled to

34



4°C prior to running to prevent heat denaturing the aptamer-protein complex. Gels were
then imaged on the LI-COR Odyssey CLx imager (Lincoln, NE). To ensure reproducibility,
binding assays were performed in duplicate. For the Kp measurement at elevated
temperature, the samples were incubated at 37°C for 1 h and the gel and running buffer
were heated to 37°C prior to running the gel.

2.5.10 Nuclease challenge

Folded IR800-labeled aptamers (all TNA HIV-RT 3.17, FANA FA1, and DNA R1T) ata
concentration of 8 nM was incubated for 1 h at 37°C with SVPE in 40 mM Tris pH 8.4, 10
mM MgCl2. The solution was then mixed with HIV RT, serially diluted from 10 nM to 78 pM
in 1x AB buffer (TNA and DNA) or 50 mM Tris-HCI pH 8, 80 mM KCl, 2 mM Mg(Cl2 and 1
mM DTT (FANA) in equal volume, so the final concentration of aptamer was 4 nM. Each
sample was loaded into a 6% native TBE PAGE gel and run for 35 min at 12 W constant.
Gels and running buffers were cooled to 4°C prior to running to prevent heat denaturing
the aptamer-protein complex. Gels were then imaged on the LI-COR Odyssey CLx imager.
To ensure reproducibility, binding was performed in duplicate. For the biological stability
challenge, folded IR labeled all TNA HIV-RT3.17 at a concentration of 8 nM was incubated
for 24 h at 37°C with 50% human serum (Sigma-Aldrich) or 2.0 mg/mL human liver
microsomes (Sekisui XenoTech, Kansas City, KS) diluted in 1x ThermoPol. Samples were
denatured with 95% formamide and 25 mM EDTA and analyzed by 20% denaturing PAGE.
Gels were then imaged on the LI-COR Odyssey CLx imager. To ensure reproducibility, this
experiment was performed in duplicate.

2.5.11 Temperature challenge
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For the temperature challenge, all TNA H3.17 aptamer, DNA R1T aptamer, and Anti-HIV 1
Reverse Transcriptase antibody were tested for binding activity for HIVRT using Biolayer
Interferometry (BLI). All BLI experiments were performed on a FortéBio (Menlo Park, CA)
Octet RED384 using Streptavidin biosensors. Assays were performed in 384-well
microplates at 28°C, with 50 pL volumes. Biotinylated ligands (antibody, DNA aptamer, and
TNA aptamer) were each immobilized onto a streptavidin biosensor surface and a baseline
was established in 1x AB buffer. These bound sensors were dipped into HIV RT in AB
buffer. A basic 60 sec baseline, 300 sec association, and 900 sec dissociation method was
used to determine the kinetic constants. Nonspecific binding was measured by screening
sensors not exposed to ligand versus analytes under conditions identical to those of the
binding assays and with the same analyte samples. Data were analyzed using the Octet
System Data Analysis 9.0 Software, and constants were determined by using the global one-
state fitting model on the association/dissociation curves. Gibbs free energy changes were
calculated from binding affinities (dissociation constants) using the formula:

AG%= -RT In Kp (1)
at standard temperature and in units of ] mol-1K-1. Experiments were performed to
determine the ability of the HIV RT antibody, DNA aptamer and TNA aptamer to retain
binding activity after exposure to heat. Each ligand (antibody, DNA aptamer, and TNA
aptamer) was diluted to 50 nM in AB buffer. One aliquot of each ligand was kept on ice for
the duration of the experiment and marked “time 0”. The remaining four aliquots were
heated to 75°C on a calibrated heat block for 1, 8, 24, and 48 h each. After each time point,
the corresponding aliquot was removed and placed in an ice bath. After the final time point,

all of these samples were then tested for binding activity using BLI. Each ligand was tested
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at their ideal binding concentrations of HIV RT, starting at a concentration of 125 pg/mL
and ending with 915 ng/mL for the antibody, 62.5 pg/mL and ending with 487.5 ng/mL for
DNA binding, and 7.8 pg/mL and ending with 122 ng/mL for TNA binding. For the PAGE
analysis of thermal degradation, 50 nM samples of DNA R1T aptamer, DNA primed TNA
H3.17 aptamer, and all TNA H3.17 aptamer were incubated in 1X AB buffer at 75°C.
Aliquots were taken at 0, 48, and 72 hours, then placed in an ice bath. After the final time
point, samples were denatured with 95% formamide and 25 mM EDTA and analyzed by
20% denaturing PAGE. Gels were then imaged on the LI-COR Odyssey CLx imager.

2.5.12 Structure-Activity Relationship Studies

The H3.17 aptamer was mapped for activity by truncating and splitting the aptamer,
swapping primer sites, and correcting wobble base pairing (T—C) found in the sequence,
based on the prediction of secondary structure given by the Mfold web server under RNA
folding constraints, as TNA is an RNA analog (http://unafold.rna.albany.edu/?q=mfold).
The predicted secondary structures are a best guess for the TNA aptamers as Mfold is not
configured for TNA parameters. Complementary templates were ordered from IDT and
transcribed into TNA as described above. IR680 dye-labeled DNA PBS8 primers were used

for transcription to enable screening of each new aptamer by MST, as described above.
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CHAPTER 3

Publication Note

This manuscript is in preparation for submission. McCloskey, C. M.;* Li, Q.;* Yik, E. ].; Chim,
N.; Ngor, A.,; Medina, E.; Grubisic, I.; Keh, L. C. T; and Chaput, ]. C. Evolution of Functionally
Enhanced TNA Aptamers.

*Signifies co-first author status.
3.1 Contribution Statement
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E.M,, and I.G. performed the experiments. ].C. wrote the manuscript with drafts from C.M.

and N.C. All authors reviewed and commented on the manuscript.
3.2 Abstract of Chapter

Synthetic genetic polymers (XNAs) have the potential to transition aptamers from
laboratory tools to therapeutic agents, but additional functionality is needed to compete
with antibodies. Here we describe the evolution of a biologically stable artificial genetic
system comprised of a-L-threofuranosyl nucleic acid (TNA) that facilitates the production
of backbone- and base-modified aptamers termed ‘threomers’ that function as high quality
protein capture reagents. Threomers were discovered against two prototypical protein
targets implicated in human diseases through a combination of in vitro selection and next-
generation sequencing using uracil nucleotides that are uniformly equipped with aromatic
side chains commonly utilized by antibodies in their recognition of protein antigens.
Kinetic measurements reveal that side chain modifications are critical for generating
threomers with slow off-rate binding kinetics. These findings expand the chemical space of
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evolvable non-natural genetic systems to include functional groups that enhance protein

target binding by mimicking the structural properties of traditional antibodies.

3.3 Introduction

The effectiveness of antibodies in diagnostic and therapeutic applications have
inspired efforts to explore the chemical space of evolvable non-natural genetic systems in
search of sequence-defined macromolecules that can recapitulate antibody binding by
folding into shapes that recognize disease-associated proteins with high affinity and high
specificity (Brudno & Liu, 2009; Dunn et al. 2017; Keefe et al,, 2010; Zhou & Rossi, 2017).
Toward this goal, much attention has been given to the establishment of Darwinian
evolution systems that allow for the isolation of artificial genetic polymers with nucleobase
or sugar-phosphate backbone modifications that function with enhanced target binding
affinity or elevated biological stability (Nikoomanzar et al., 2020; Packer & Liu, 2015).
However, despite many notable accomplishments, including the evolution of novel
synthetic genetic polymers (XNAs) with backbone chemistries not found in nature
(Pinheiro et al., 2012; Yu et al., 2012) and the creation of highly functionalized nucleic acid
polymers (HFNAPs) (Chen et al,, 2018; Kong et al,, 2017), the ability to generate affinity
reagents that are both recalcitrant to biological nucleases and capable of recognizing their
cognate protein target with low dissociation rate constants has proven elusive. Since slow-
off rate binding is a hallmark of a high quality antibody, renewed efforts are needed to
establish examples of biologically stable affinity reagents that mirror the binding
properties of the best monoclonal antibodies.

Previously, we have developed an in vitro selection system that allows for the rapid

isolation of high affinity xeno-nucleic acid (XNA) aptamers by covalently linking
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synthesized XNA strands to their encoding DNA template (Yu et al., 2012). The DNA display
configuration (Figure 3.1a) is conceptually similar to the protein evolution technique of
mRNA display, whereby a genotype-phenotype relationship is created by covalently linking
freshly translated proteins to their encoding mRNA strands (Roberts & Szostak, 1997). This
approach allows for stringent washing conditions to be employed as functional XNA
aptamers (phenotype) that remain bound to the protein are directly amplified using the
polymerase chain reaction (PCR) to copy the DNA coding region (genotype) of DNA-TNA
chimera (Roberts & Szostak, 1997). DNA display simplifies the selection cycle by avoiding
the need for an XNA reverse transcriptase. In a recent demonstration, we applied the DNA
display strategy to evolve a-L-threofuranosyl nucleic acid (TNA, Figure 3.1b) aptamers
against the protein target human HIV reverse transcriptase (Dunn et al,, 2020). Because
TNA is recalcitrant to nuclease digestion (Culbertson et al., 2016), the evolved aptamers
remained active in the presence of biological nucleases (Dunn et al., 2020). Similar results
have also been achieved with mirror image aptamers (Spiegelmers), but such reagents are
restricted to protein targets that are accessible to solid-phase peptide synthesis (Vater &
Klussman, 2015).

We postulated that the site-specific introduction of chemical groups into the nucleobase
moiety would allow TNA aptamers to function with enhanced binding affinity relative to
equivalent molecules produced from TNA libraries having only standard nucleobases. We
focused our attention on planar aromatic side chains (Figure 3.1b), such as phenylalanine
(Phe) and tryptophan (Trp) that are overrepresented at the paratope-epitope interface of

antibody-antigen co-crystal structures (Kringelum et al., 2013; Ramaraj et al., 2012).
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Several studies have reported the use of similar hydrophobic moieties installed on the
nucleobases of other DNA-encoded affinity reagents (Cheung et al., 2020; Gawande et al,,
2017; Kimoto et al., 2013; Ren et al,, 2017; Tolle et al. 2015; Vaught et al., 2010), a subset of
which have been solved by X-ray crystallography as binary protein-aptamer complexes
(Gelinas et al., 2016). However, the synthetic challenges of generating evolvable systems
equipped with diversity-enhancing functional groups has prevented the application of this
concept to synthetic genetic polymers with backbone structures that require laboratory
evolved polymerases for their synthesis and evolution in a test-tube. Here we demonstrate
that chemically modified uracil residues uniformly incorporated into TNA library
repertoires enable the evolution of biologically stable TNA aptamers (threomers) that
function with enhanced binding affinity. The ability to generate threomers with stable
backbone structures and functionally enhanced nucleobases offers hope that aptamers may

soon be able to compete with antibodies in the therapeutic arena.
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Figure 3.1. DNA display approach to evolving functionally enhanced TNA aptamers. a,
DNA display design showing the genotype-phenotype relationship of encoding double-
stranded (ds) DNA molecules covalently linked to their single-stranded (ss) TNA. TNA
molecules that bind a desired protein target are recovered and PCR amplified using
primers that are complementary to the primer binding sites (PBS) in the encoding dsDNA.
b, Constitutional structure for the linearized backbone of 3',2'-a-L-threofuranosyl nucleic
acid (TNA) with natural and chemically modified bases mimicking the amino acids
phenylalanine and tryptophan. c, Replication cycle. DNA molecules (grey) ligated to a self-
priming stem-loop structure are extended with TNA (blue), strand displaced by copying a

DNA primer annealed to the loop with DNA, and amplified by PCR.
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3.4 Results

In an effort to improve the quality of TNA aptamers produced by in vitro selection, we
chose to evaluate the potential for aromatic side chains to enhance the functional
properties of large random-sequence TNA libraries. Our study focused on tUTP derivatives
that are chemically modified at the C5 position with Phe and Trp side chains (Figure 3.1b).
Importantly, crystal structures of Kod DNA polymerase bound to modified DNA provided
confidence that our derivatized tUTP nucleotides would be viable substrates for TNA
synthesis (Hottin & Marx, 2016). The structures reveal a large cavity in the enzyme active
site that can accommodate bulky substituents in the major groove of the DNA duplex. A
recent crystal structure of Kod-RSGA (unpublished data) indicates that the large active site
cavity is maintained in our best laboratory evolved TNA polymerase (Nikoomanzar et al.,
2020).

We began by synthesizing the desired C5 modified tUTP substrates (SI Figure 3.1)
following a palladium cross-catalyzed carboxyamidation reaction that couples 5-iodo-1-(2'-
0-benzoyl-a-L-threofuranosyl)-uracil to aromatic amines via in situ formation of an amide
linkage (Vaught et al., 2010). Although other conjugation chemistries are available for
linking functional groups to uracil nucleosides (Tolle et al.,, 2015), we viewed this strategy
as a highly versatile route to uniformly modified TNA oligonucleotides. In addition to broad
chemical reactivity, the resulting amide linkage (Figure 3.1b) benefits from reduced
hydrophobicity relative to carbon linkers and limits the number of rotatable bonds
between the functional group and nucleobase.

The starting 5-iodo-1-(2'-0-benzoyl-a-L-threofuranosyl)-uracil nucleoside was

prepared in eight steps from L-ascorbic acid (vitamin C) using a Vorbriiggen reaction to
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conjugate 5-iodo-uracil to an orthogonally protected threose sugar (Supplementary
Scheme 3.1) (Mei & Chaput, 2018). Subsequent conjugation of the aromatic side chain to
the nucleobase was accomplished in separate reactions by heating either the benzyl or
tryptophan amine with the TNA nucleoside in the presence of 10 mol% Pd(Phs)4, and CO
(Supplementary Schemes 3.2-3.3). After purification by silica gel chromatography, the C5
modified uracil nucleosides were converted to their corresponding nucleoside-3'-
triphosphates by transforming the 3'-hydroxyl group into an activated nucleoside 3'-
monophosphate that was coupled to pyrene pyrophosphate to produce a fully protected
TNA nucleoside-3'-triphosphate (Liao et al., 2019). Following purification, the triphosphate
precursor was deprotected in concentrated ammonium hydroxide and precipitated to
afford the desired a-L-threofuranosyl uracil nucleoside triphosphates carrying the
phenylalanine and tryptophan side chains at the C5 position. This study also required the
preparation of all four TNA triphosphates (SI Figure 3.1) with the natural bases of adenine
(tATP), cytosine (tCTP), thymine (tTTP), and guanine (tGTP), which were each synthesized
in 13 steps from vitamin C (Supplementary Scheme 3.4) (Liao et al., 2019; Sau et al.,, 2016).

We confirmed that base modified TNA triphosphates were viable substrates for TNA
synthesis by evaluating their incorporation into TNA oligonucleotides using a standard
primer extension assay. Accordingly, an IR-labeled DNA primer annealed to a DNA
template was incubated with a mixture of chemically synthesized tNTPs and Kod-RSGA for
2 hours at 55 °C. In these reactions, the tNTP mixture contained either standard bases only
or a tNTP solution in which the tTTP substrate was replaced with either tUTPPhe or tUTPT».
Analysis of the primer extension reactions by denaturing polyacrylamide gel

electrophoresis (PAGE) indicates that the primer was extended to full-length product in all

46



cases, as evidenced by the presence of a discrete slower moving band in each lane of the gel
(SI Figure 3.2). Definitive evidence of tUTPPhe and tUTPT™P incorporation into the TNA
oligonucleotides was obtained by mass spectrometry (SI Figure 3.3).

Encouraged by the synthesis and successful enzymatic incorporation of base-
modified tNTPs into TNA, we prepared three chemically distinct libraries containing 1014
TNA oligonucleotides, each displayed on their encoding double-stranded (ds) DNA (Figure
3.1a). The libraries were designed at the DNA level to contain a 40 nucleotide (nt) random
region that was flanked on the 5' and 3' sides with fixed-sequence primer binding sites for
PCR amplification. Adjacent to the random region was a 6 nt bar code identifying the
library chemotype (standard, Phe, and Trp). The libraries were designed to randomly
sample different regions of TNA polymer space for individual sequences that could fold into
structures with high affinity to a desired protein target. In particular, we were interested in
evaluating the distribution of threomers that arise when the same in vitro selection
protocol is applied to different TNA library chemotypes. We operated under the hypothesis
that functionally enhanced libraries should yield a larger abundance of TNA aptamers with
higher binding affinity to the desired protein target due to their ability to mimic the
protein-protein interface.

As a model system, we chose to enrich for TNA sequences that bound to the spike
protein (S1) of SARS-CoV-2 (Figure 3.2a), the causative pathogen of COVID-19 (Wrapp et
al,, 2020; Yan et al., 2020). Successive rounds of in vitro selection and amplification (Figure
3.1c) were performed in parallel by ligating a DNA stem-loop structure onto a chemically
synthesized single-stranded (ss) DNA library. The ligated stem-loop structure serves as the

DNA primer for TNA extension across from the DNA template. Kod-RSGA mediated
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extension of the primer with tNTPs yields a chimeric TNA-DNA heteroduplex, which
undergoes strand displacement in a second primer extension step using Bst DNA
polymerase to extend a DNA primer annealed to the loop portion of the hairpin with
dNTPs. The product of strand displacement is a library of TNA molecules that are each

physically linked to their encoding dsDNA templates.
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Figure 3.2. Selection performance of standard and functionally enhanced libraries. a, Cryo-
EM structure of the SARS-CoV-2 spike protein trimer, with the S1 domains colored in blue,
green, and pink (PDB ID: 6VSB). The RBD domain of the blue subunit is in the ‘up’ position.
b, Unique reads obtained by bioinformatic analysis of the NGS data collected over the
course of the selection against S1. ¢, Enrichment values obtained for each library

chemotype against S1. d, X-ray crystal structure of the TNFa trimer, subunits colored blue,
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green, and pink (PDB ID: 2TNF). e, Unique reads over the course of the selection against

TNFo. f, Enrichment values obtained for each library chemotype against TNFa.

For each round of selection, the TNA libraries were incubated with free Ni-NTA beads to
remove any TNA sequences that bound nonspecifically to the solid-support matrix. In
round 1, a second negative selection step was performed on the naive library using His-
tagged hemagglutinin (HA), which was chosen as a generic off-target viral-coat protein. The
eluted material was incubated with the S1 protein containing a C-terminal His-6 tag.
Aptamers that bound specifically to the S1 protein were partitioned away from the
unbound material by passing the solution over Ni-NTA beads to capture the aptamer-
protein complexes. The beads were washed under high ionic strength conditions to remove
weak affinity sequences that bound primarily through electrostatic interactions and the
bound material was eluted from the Ni-NTA beads with imidazole. The eluted fractions
were exchanged into water and amplified by PCR. Regeneration of the ssDNA library
required a second PCR step using a PEG-modified DNA primer that allows for size
separation of the PEGylated DNA template by denaturing PAGE. The ssDNA material served
as the starting point for the next round of in vitro selection and amplification.

After round 4, the evolving pools of TNA sequences were subjected to high
throughput next-generation DNA sequencing (NGS) using an Illumina NovaSeq platform to
sequence the elution fractions from each round of selection (Supplementary Table 3.2). The
combined power of DNA display and NGS allows us to bypass the need for extensive rounds
of selection by identifying sequences with enrichment profiles that are indicative of high

affinity binders. Bioinformatic analysis of the data reveals that populations containing the
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Phe and Trp side chains converged more rapidly toward a smaller number of unique
sequences as compared to the unmodified library composed entirely of standard bases
(Figure 3.2b). Enrichment calculations performed on the top 10,000 most abundant
sequences observed after four rounds of protein-binding selection indicate a strong
enrichment in TNA sequences with Phe side chains. By comparison, TNA sequences
equipped with the Trp side chain show only a modest improvement over the unmodified
library. However, it’s interesting to note that the most enriched sequence derives from the
Trp chemotype, suggesting that the Trp population may nevertheless contain several high
affinity binders even though the pool exhibited a lower-than-expected enrichment profile.
To better illuminate the relationship between sequence enrichment and function,
members of each chemotype family were screened for affinity to the S1 protein. In this
experiment, 65 sequences with promising enrichment profiles were selected and
individually synthesized by polymerase-mediated primer extension on complementary
DNA templates. Estimated binding affinities (Kp) were determined by biolayer
interferometry (BLI) using biotinylated aptamers that were immobilized onto the surface
of streptavidin-coated biosensors and assayed for binding activity to S1 poised at a protein
concentration of 100 nM. The screen revealed striking differences in the number of high-
affinity aptamers produced from the modified libraries versus those produced from the
standard base library. A plot of estimated Kp value versus library chemotype highlights
these differences, which bin according to 3380 nM (n=30), 910 nM (n=20), and 430 nM
(n=15) for the average binding affinities observed for the standard, Phe, and Trp libraries,

respectively (Figure 3.3a). Analysis of the data indicates that more than half of the
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functionally enhanced aptamers are predicted to bind the S1 protein with a Kp of <90 nM

versus only 10% for the standard base library. In addition to reduced binding affinity, the
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Figure 3.3. Kinetic analysis of aptamer binding to the S1 domain. a, BLI screen of highly
enriched sequences at a defined S1 concentration of 100 nM. The Phe and Trp modified
libraries (n=20 and 15, respective) exhibit higher affinity binding than the standard base
library (n=30). b, Full kinetic analysis of 24 high performing TNA aptamers provided a
detailed view of the binding kinetics of modified and unmodified TNA aptamers. ¢, Binding

curves of representative high performance TNA aptamers isolated from the unmodified
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(top) and modified (bottom) TNA libraries. Standard-2 and Trp-1 correspond to entries 2

and 17 in the table provided in panel b.

standard library shows a wider range of Kp values, indicating the pool either contains
fewer high affinity binders or is less convergent, which is consistent with the higher
number of unique reads observed in the NGS data (Figure 3.2b). Together, these data
support the hypothesis that expanded chemical functionality is necessary for generating
threomers with higher protein binding affinity.

To more precisely evaluate the binding properties of the in vitro selected TNA
aptamers isolated from the three chemotype libraries, full kinetic measurements were
performed on a subset of the sequences that were predicted to bind S1 with a Kp value of
<50 nM. In total, 24 TNA aptamers were selected for further characterization (Figure 3.3b,
Supplementary Table 3.3). Curve fitting reveals that all of the data conform to a 1:1 binding
model with the top 8 binders having Kp value in the range of 1 - 10 nM, and deriving
exclusively from the functionally enhanced libraries. In general, TNA aptamers isolated
from functionally enhanced libraries bind S1 with Kp values that are >10-fold higher than
aptamers isolated from the standard library. Moreover, modified aptamers exhibit higher
binding responses (>2-fold) to the aptamer-coated biosensor than unmodified aptamers,
indicating a stronger aptitude for overall binding to the S1 protein.

To confirm the reproducibility of our data, we evaluated a representative high
performance S1 aptamer from the standard and modified chemotype libraries in triplicate
using independently synthesized material for each kinetic binding assay. The best modified

and unmodified S1 aptamers (designated Trp-1 and standard-2, respectively) have average
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affinity values of 3.1 + 1.0 nM and 34 * 11 nM, respectively, for the S1 protein of SARS-CoV-
2 (Figure 3.3c, Supplementary Table 3.5). These values, which closely approximate the Kp
values observed in the original kinetic titration assay, provide confidence that the data
provided in Figure 3.3b is an accurate reflection of the binding activity of the evolved
threomers. Analysis of the BLI sensorgrams indicates the enhanced activity of Trp-1 is due
to a combination of faster on-rates, slower-off rates, and higher overall binding to the
aptamer-coated biosensor than the unmodified standard-2 aptamer.

To more fully sample the sequence space adjacent to the Trp-1 sequence, a doped DNA
library was synthesized in which 85% of the amidite solution used corresponded to the
nucleotide present in Trp-1, while the other 15% contained an equal mixture of the other
three nucleobases. After a single round of selection, the most abundant sequence remained
the seed, Trp-1. Full kinetic characterization was performed on the top ten most abundant

sequences, revealing Kps from 3-10 nM, similar to the seed sequence.
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Figure 3.4. Binding kinetic analysis of aptamers to TNFa. a, Single concentration screens of
highly enriched sequences show a wider spread of estimated Kps for standard bases
(green) than for Phe- (blue) and Trp-modified sequences (red). Trp-modified aptamers
again show the tightest spread and highest affinities. b, Full kinetic analysis performed on
14 aptamers with high estimated affinity. Functionally enhanced sequences exhibit higher
average binding affinity, and in most cases, slower kofr values. ¢, Binding curves of

exemplary standard base aptamer (top) and Trp-modified aptamer (bottom) showcase the
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difference in affinity as well as significantly slower ko for the functionally enhanced

aptamer, Trp-13.

To evaluate the generality of functionally enhanced TNA libraries as a rich source of
chemical diversity for producing superior TNA-based affinity reagents, we performed a
similar in vitro selection experiment against a different protein target. For this study, we
chose tumor necrosis factor-alpha (TNFq, Figure 3.2d), a cytokine that is closely linked to
inflammatory diseases (Kalliolias & Ivashkiv, 2016). NGS analysis of the elution fractions
obtained after 3 rounds of in vitro selection and amplification for TNA aptamers with
affinity to TNFa indicates that TNA libraries carrying the Phe and Trp chemotypes exhibit
higher levels of enrichment than the standard base library (Figure 3.2e,f). An activity
screen of 66 TNA aptamers reveals an estimated Kp range of 24 - 1123 nM with most of the
Phe- and Trp-modified aptamers having Kp values that cluster below 200 nM (Figure 3.4a).
A full kinetic analysis of the top performing aptamers from each chemotype library
uncovered a strong preference for Trp-modified aptamers (Figure 3.3b). A comparison of
representative high performing standard and modified TNA aptamers (Figure 3.3c) reveals
that the higher activity of the modified aptamers is primarily due to slower off-rates in the
protein-aptamer binding equilibrium. In this case, the best aptamers isolated from the
standard and modified chemotype libraries (designated standard-2 and Trp-3,
respectively) bind with average Kp values of 82 + 24 nM and 20 * 6.1 nM (Figure 3.4c,
Supplementary Table 3.5), respectively, when assayed as three independent replicates. As
with the S1 aptamers, modified aptamers immobilized on the streptavidin-coated

biosensor exhibit higher binding responses than the unmodified aptamers. These data
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further support the general conclusion that functionally enhanced TNA libraries improve
the quantity and quality of high activity threomers generated by in vitro selection.

Last, we wished to evaluate the contribution of the modified side chains toward the
activity and specificity of threomer binding to the S1 and TNFa target proteins. We
evaluated the importance of the hydrophobic amino acid side chains by measuring the
binding affinity of modified and unmodified versions of the Trp-1 and Trp-3 aptamers
selected to bind S1 and TNFa, respectively. In both cases, the resulting BLI sensorgrams
clearly show that protein binding affinity is completely abrogated when the in vitro
selected TNA sequences are synthesized with the natural base chemotype (Figure 3.5 a). To
investigate the potential for protein target binding specificity, we challenged the Trp-1 and
Trp-3 aptamers to bind closely related protein targets. The resulting BLI sensorgram
reveals that Trp-1 exhibits a strong preference for the S1 protein of SARS-CoV-2 versus
SARS-CoV-1 (Figure 3.5b). An even more striking result was observed for the Trp-3
threomer, which shows no detectable binding for TNFf (Figure 3.5d). Interestingly, our BLI
analysis also revealed that Trp-1 binds outside the RBD domain of the S1 protein,
suggesting that additional screening or selections could lead to an RBD binder that could be

used in a sandwich assay or as a therapeutic candidate.

56



Modified vs. Unmodified Aptamer Target specificity
0.7{ S1Target , , Trp-1 i Trp-1 I s1 SAES-CoV-Z
E 0.5 E 1.0
[0} [0}
2 2
é 0.3 :é_) 06
< < J | S1SARS-CoV-1
0.1 . 02l / I T e
dified Trp-1 - -
I unmoditied Trp RBD SARS-CoV-2
0 0 =
0 150 300 450 600 750 900 1050 1200 0 150 300 450 600 750 900 1050 1200
Time (sec) Time (sec)
TNF-o. Target Trp-3 |
0.16 05 X
— — P / \
Eon E o4 'y _TNF-a
Q ® / \\‘\\
2 2
g 008 Trp-3 § 03 //
7] ] /
4 2 /
0.04 021/
unmodified Trp-3 / TNF-
0 ‘ 0 =
0 150 300 450 600 750 900 1050 1200 0 150 300 450 600 750 900 1050 1200
Time (sec) Time (sec)

Figure 3.5. Protein binding activity and specificity of the S1 and TNFa threomers. a, BLI
sensorgrams observed for the Trp-1 and Trp-3 aptamers containing and lacking the indole
chemotype against the S1 protein of SARS-CoV-2 and TNFa, respectively. b, BLI
sensorgrams showing the specificity of the Trp-1 S1 SARS-CoV-2 aptamer against the S1
protein of SARS-CoV-1 and the RBD domain of SARS-CoV-2, and separate BLI sensorgrams
showing the specificity of the Trp-3 TNFo aptamer against TNFp.

3.5 Discussion

The data collected in this study provides compelling evidence that functionally enhanced
TNA libraries produce higher affinity binders than standard TNA libraries carrying only
natural bases. This result was achieved through a combination of DNA display and high
throughput NGS sequencing, which allowed for the isolation of base-modified threomers

with Kp values in the low nM range after only 3-4 rounds of selective amplification. The
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absence of significant numbers of high affinity binders from the unmodified library supports
the hypothesis that planar aromatic side chains have the ability to mimic amino acid residues
that are overrepresented at the paratope-epitope interface of antibody-antigen complexes.
The generality of the conjugation chemistry established to construct uniformly modified
TNA libraries is sufficiently versatile that it should be possible to explore new regions of
chemical space by synthesizing a broader range of C5 modified tUTP substrates. As these
studies continue, it will be interesting to learn which side chains are best suited for a given
protein target, as such information could one day be used to create ‘smart’ libraries that are

better able to converge on optimal solutions to a given biochemical problem.

The path to functionally enhanced XNA libraries was limited by a number of synthetic
challenges that are less severe for DNA-based affinity reagent technologies. TNA, like most
XNAs, is assembled from building blocks that are not commercially available and must be
obtained by chemical synthesis. In our case, a complete monomer set of all four TNA
nucleoside triphosphates (tNTPs) requires 52 chemical transformation to convert vitamin C
into each of the four tNTPs (tATP, tCTP, tTTP, and tGTP) (Liao et al,, 2019; Sau et al., 2016).
The tUTPPhe and tUTPTP substrates demanded an additional 30 chemical transformations
(15 steps each) with the critical step being the palladium-catalyzed cross-coupling reaction
required to functionalize the uracil nucleobase with an aromatic side chain. Once the
substrates are prepared, it then becomes necessary to identify a polymerase that can
synthesize functionally enhanced TNA oligonucleotides. In the current study, this was
accomplished using Kod-RSGA, a recently evolved TNA polymerase developed for enhanced
TNA synthesis activity on DNA templates (Nikoomanzar et al, 2020). However, future

studies would benefit from a new polymerase variant that can recognize C5 modified tUTP
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substrates more efficiently than Kod-RSGA. The modest activity of Kod-RSGA toward
modified tNTP substrates may explain the observed discrepancy between enrichment and
affinity in the Phe- and Trp-modified libraries in which Trp threomers showed lower

enrichment but higher binding affinity in both of the selection experiments.

Although antibodies remain the gold standard as protein affinity reagents, aptamers
have a number of advantages that have caused them to grow in popularity (Dunn et al,,
2017). In addition to prolonged storage and shipping at ambient temperature, aptamers are
produced by cell-free synthesis (chemical or enzymatic), which avoids viral or bacterial
contamination problems associated with cellular protein production systems. Aptamers
have low immunogenicity, low batch-to-batch variability, and greater ease of chemical
modifications than antibodies and other protein-based affinity reagents. However, despite
these advantages, aptamers have historically suffered from poor biological stability and fast
off-rates. The current study is part of a program of research designed to narrow the gap
between antibodies and aptamers. Our focus has been to establish an artificial genetic
system that is both biologically stable and amenable to Darwinian evolution, and then to
augment this system with the chemical functionality required to achieve high affinity
interactions that are driven by slow off-rate binding kinetics. Future studies will explore new
technological advances for identifying threomers that function with high affinity and

specificity.

In conclusion, we have established threomers as new biologically stable affinity
reagents with enhanced functional activity. We expect that further advances in aptamer
technology will pave the way towards the discovery of new therapeutic and diagnostic

agents that are better equipped to compete with traditional antibody technology.
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3.6 Experimental Details

3.6.1 General Information

Taq DNA polymerase, Bst 3.0 DNA polymerase, T4 DNA ligase, 10x T4 DNA ligase buffer,
and 10x ThermoPol buffer were purchased from New England Biolabs (Ipswich, MA).
PCRBIO HiFi polymerase was purchased from PCRBiosystems (Wayne, PA). Kod-RSGA TNA
polymerase was expressed and purified as described previouslyl. Experiments were
performed in DNA LoBind tubes, purchased from Eppendorf (Hamburg, Germany). DNA
triphosphates were purchased from Thermo Fisher Scientific (Waltham, MA). TNA
triphosphates bearing natural bases were synthesized as previously described. DNA
oligonucleotides were purchased from Integrated DNA Technologies (Coralville, [A),
purified by denaturing polyacrylamide gel electrophoresis (PAGE), electroeluted, buffer
exchanged and concentrated using Millipore YM-3 or YM-30 Centricon centrifugal filter
units, and quantified by UV absorbance via NanoDrop (Thermo Fisher Scientific). For the
aptamer selection, Ni-NTA agarose resin was purchased from Qiagen (Hilden, Germany).
His-tagged SARS-CoV-2 spike (S1) protein, SARS-CoV-2 receptor binding domain (RBD) of
S1, and SARS-CoV-1 S1 protein were purchased from ACROBiosystems (Newark, DE). His-
tagged TNFa was expressed from E. coli as previously described. His-tagged TNFa was
purchased from Sino Biological (Wayne, PA). Streptavidin and Ni-NTA biosensor were
purchased from ForteBio (Fremont, CA).
3.6.2 Library synthesis

Three libraries were synthesized at the DNA level using a custom nucleotide
distribution to minimize the occurrence of G-quadruplex structures. Each library contained

a unique 6 nt barcode located between the forward primer and random region to signify
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the library chemotype (standard, Phe, and Trp). The initial libraries containing an internal
variable region of 40 nucleotides (30% A, 30% T, 20% G, 20% C) flanked on both sides by
fixed-sequence primer binding sites. The libraries were purchased from the Keck
Oligonucleotide Synthesis Facility (Yale University) and purified by 10% denaturing PAGE.
The band corresponding to full-length product was excised, electroeluted, desalted, and
quantified by UV absorbance. The phosphorylated DNA hairpin primer was ligated to the
library by combining 5 nmol DNA library with 6 nmol of DNA hairpin in a final volume of 1
mL of 1x T4 DNA ligase buffer. The solution was denatured for 5 min at 95°C and then
annealed by incubating for 30 min at room temperature. Once annealed, 10,000 U of T4
DNA ligase was added and the reaction was incubated overnight at 24°C. The following day,
the hairpin library was purified by 10% denaturing PAGE and quantified by UV absorbance.

The hairpin library was extended with tNTPs to form a chimeric TNA:DNA hairpin
heteroduplex. In a 1 mL reaction volume containing 1 nmol hairpin library and 1x
ThermoPol buffer was heated for 5 min at 95°C to denature and then annealed by
incubating for 30 min at 24°C. TNA polymerization was initiated by adding Kod RSGA (1
uM) and 100 puM of each tNTP (tATP:tCTP:tGTP:tTTP or tUTPPhe or tUTPT™P) and incubating
for 2 h at 55°C. Excess polymerase was extracted with phenol:chloroform:isoamyl alcohol
(25:24:1, saturated with 10 mM Tris, pH 8.0, 1 mM EDTA). Following extraction, the
TNA:DNA hairpin library was concentrated and the remaining tNTPs were removed by
buffer exchange into water using a YM-30 Centricon filter device. Library was quantified by
UV absorbance.

Next, the TNA strand was displaced by extending a DNA primer annealed to the hairpin

loop with dNTPs. Accordingly, the TNA:DNA library (1 uM final) was resuspended in 1x
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ThermoPol buffer containing 500 uM dNTPs and 2 uM strand displacement primer. After
heating for 5 min at 95°C and slowly cooling to room temperature, the displacement
reaction was initiated by adding Bst 3.0 DNA polymerase to a final concentration of 80
U/mL. The reaction was incubated for 1 h at 50°C. Bst polymerase was extracted with
phenol:chloroform as described above. The TNA library was separated from the residual
phenol and reaction components in a YM-30 Centricon. Any remaining phenol was
removed by adding 900 pL of ethanol to the solution and drying completely. The libraries
were resuspended in selection buffer (S1: 150 mM NacCl, 25 mM Tris pH 8.0, TNFo:: 20 mM
imidazole, 450 mM NaCl, 20 mM Tris pH 8.0).
3.6.3 Aptamer selection

Aptamer selections were performed by passing each library through unmodified Ni-
NTA agarose beads for 30 minutes at 24°C with rotation to remove any sequences that
bound to the affinity matrix. This step was performed for each round of selection. For the
S1 selection, an additional negative selection step was performed with 1 uM hemagglutinin
(HA) for 30 minutes at 24°C with rotation, chosen as a generic viral coat protein. For this
step, the flow through from the empty beads was passed through Ni-NTA beads containing
the HA protein. The negative HA selection step was only performed in the first round of the
S1 selection. The material collected from the flow-through of the negative selection was
incubated with the appropriate His-tagged protein (either the S1 protein from SARS-CoV-2
or TNFa) poised at a concentration of 1 uM for 15 minutes at 24°C with rotation. The
mixture was incubated in a disposable plastic column with Ni-NTA beads for 15 minutes at
24°C with rotation. The column was drained and washed three times with 400 uL of

selection buffer to remove unbound and weakly bound molecules. A more stringent wash
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step was performed with 1 M NaCl to reduce the occurrence of nonspecific electrostatic
interactions (S1: 1 M NaCl, 25 mM Tris pH 8.0, TNFa: 20 mM imidazole, 1 M NaCl, 20 mM
Tris pH 8.0), followed by an additional wash with selection buffer to return to baseline salt
concentrations before elution. Six 250 pL elutions were performed with elution buffer (S1:
500 mM imidazole, 150 mM NacCl, 25 mM Tris pH 8.0, TNFa: 100 mM imidazole, 450 mM
NaCl, 20 mM Tris pH 8.0). Elution fractions were imaged on a LI-COR Odyssey CLx. The two
elution fractions with the highest fluorescence were pooled and desalted using a NAP-5
DNA purification column (Cytiva, Marlborough, MA). TNA aptamers were amplified by PCR
with library-specific PCR primers and purified using DNA Clean and Concentrator columns
(Zymo Research, Irvine, CA). The single-stranded DNA library was regenerated through a
second PCR using a PEGylated forward primer and the high fidelity PCRBIO HiFi
polymerase, then purifying by 10% denaturing PAGE, cutting the corresponding band with
a scalpel and recovering by electroelution.
3.6.4 NGS & Analysis

86 bp library members that remained in the pool after each round of selection were
PCR amplified and purified as above. Amplicons were prepared as barcoded libraries and
sequenced on a NovaSeq6000 with the S4 flow cell with the paired end setting for 200
cycles for an estimated 2-400 million reads per library, per round.

Sequencing data was parsed by filtering, trimming and aligning reads. Enrichment
scores over the course of the selection were calculated for the top 10,000 most abundant
sequences in the final round.

3.6.5 Directed evolution of Trp-1
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A doped library of Trp-1 was synthesized at the DNA level with 15% doping of the other
3-nts at each position in the aptamer sequence. The DNA displayed TNA library was
generated and taken through one round of selection exactly as described above, excluding
the HA negative selection, with the exception that the S1 protein was poised at a
concentration of 0.5 pM. TNA aptamers collected in the elution fractions were amplified by
PCR with library-specific PCR primers, purified using DNA Clean and Concentrator columns
(Zymo Research, Irvine, CA), and submitted for NGS analysis.

3.6.6 Aptamer preparation for Kinetic analysis

Aptamers identified by sequencing were prepared as biotin-labeled TNA molecules
using the PBS8 biotin 20mer DNA primer and the corresponding template. A 500 pL
reaction volume containing 0.5 nmol of both primer and template as well as 1x ThermoPol
Buffer was heated for 5 min at 95°C to anneal. TNA polymerization was initiated by adding
100 uM of each tNTP and Kod-RSGA polymerase (1 uM for standard bases or Phe, 2 uM for
Trp) and then incubated for 2 h at 55°C. Full length biotin-labeled aptamers were purified
by 10% denaturing polyacrylamide gel electrophoresis for 1.5 h at 18 W constant. TNA was
recovered from the gel by electroelution and then buffer exchanged into water and
concentrated using a YM-3 Centricon centrifugal filter device. TNA concentration was
quantified by NanoDrop absorbance. Aptamers at a concentration of 100 nM were folded in
BLI binding buffer (125 mM NacCl, 20 mM HEPES pH 7.5, 2 mM CaCl2, 0.05% Tween 20) by

denaturing for 15 min at 95°C and then cooling for 1 h at room temperature.
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3.6.7 BLI screening

Aptamers were screened en masse to identify sequences of interest for further
characterization. Prior to testing, all sensors were equilibrated in BLI binding buffer for > 1
h. Aptamers at a concentration of 100 nM were loaded on a single biosensor. A fixed target
concentration of 100 nM for S1 and 1000 nM for TNFa was used.

After aptamer folding, the BLI run was performed with the following steps: a buffer only
baseline for 60 sec to equilibrate sensors, loading the aptamer for 200 sec, a second buffer
only baseline for 200 sec, an association phase with the target protein for 600 sec for S1 or
120 sec for TNFq, and a dissociation phase for 600 sec for S1 or 120 sec for TNFa. The
plate and reagents were incubated at 30°C for S1 samples or 24°C for TNFa for the
duration of the experiment and for 10 min prior to each run. Data was analyzed using the
Octet Data Analysis HT software. For screens, Savitzky-Golay filtering was applied before
fitting both association and dissociation curves together to calculate approximate Kp
values.

3.6.8 Full kinetic measurements for S1

Aptamer sequences of interest were characterized with four different concentrations of
target and one buffer only sensor to determine background. Prior to testing, all sensors
were equilibrated in BLI binding buffer (defined above) for > 1 h. After aptamer folding, the
BLI run was performed with the following steps: a buffer only baseline for 60 sec to
equilibrate sensors, loading the aptamer for 200 sec, a second buffer only baseline for 200
sec, an association phase with the target protein for 600 sec for S1 or 120 sec for TNFa, and
a dissociation phase for 600 sec for S1 or 120 sec for TNFo. The plate and reagents were

incubated at 30°C for S1 or 24°C for TNFa for the duration of the experiment and for 10
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min prior to each run. Data was analyzed using the Octet Data Analysis HT software. For
full kinetics measurements, the buffer only baseline sample was used to subtract
background from all samples before applying Savitzky-Golay filtering and fitting both the
association and dissociation curves together and applying a global fit to determine Kp and

other metrics.
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CHAPTER 4

Publication Note

This article was originally published in ACS Synthetic Biology. Reprinted with permission
from: McCloskey, C. M.; Liao, ]. Y.; Bala, S.; and Chaput, J. C. Ligase-Mediated Threose Nucleic
Acid Synthesis on DNA Templates. ACS Synth. Biol. 2019, 8, 2, 282-286. Copyright 2019 by

American Chemical Society.
4.1 Contribution Statement

J.C., C.M, and ].Y.L. conceived of the project and designed the experiments. C.M., ].Y.L., and
S.B. performed the experiments. C.M. and ].C. wrote the manuscript. All authors reviewed

and commented on the manuscript.
4.2 Abstract of the Chapter

Ligases are a class of enzymes that catalyze the formation of phosphodiester bonds
between an oligonucleotide donor with a 5’ terminal phosphate and an oligonucleotide
acceptor with a 3’ terminal hydroxyl group. Here, we wished to explore the substrate
specificity of naturally occurring DNA and RNA ligases to determine whether the molecular
recognition of these enzymes is sufficiently general to synthesize alternative genetic
polymers with backbone structures that are distinct from those found in nature. We chose
threose nucleic acid (TNA) as a model system, as TNA is known to be biologically stable and
capable of undergoing Darwinian evolution. Enzyme screening and reaction optimization
identified several ligases that can recognize TNA as either the donor or acceptor strand
with DNA. Less discrimination occurs on the acceptor strand indicating that the
determinants of substrate specificity depend primarily on the composition of the donor
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strand. Remarkably, T3 and T7 ligases were able to join TNA homopolymers together,
which is surprising given that the TNA backbone is one atom shorter than that of DNA. In
this reaction, the base composition of the ligation junction strongly favors the formation of
A-T and A-G linkages. We suggest that these results will enable the assembly of TNA
oligonucleotides of lengths beyond what is currently possible by solid-phase synthesis and

provide a starting point for further optimization by directed evolution.

4.3 Introduction

Ligases are a class of naturally occurring enzymes that catalyze the formation of a
phosphodiester bond between a terminal 5" monophosphate and a 3’ hydroxyl group on
adjacent oligonucleotides of a nicked duplex structure (Lehman, 1974). The reaction
proceeds by way of a two-step mechanism involving a series of transesterification
reactions (Cherepanov & de Vries, 2002; Crut et al., 2008). The first step entails the transfer
of AMP to the 5’ phosphate of the donor strand from a covalent enzyme-AMP complex. The
second step involves attack of the 3’ hydroxyl group on the AMP-activated phosphate to
produce a covalent phosphodiester bond joining the donor and acceptor strands. These
enzymes play a critical role in maintaining genome stability in cells and have found broad
utility in practical applications that require DNA synthesis, including DNA sequencing and
vector assembly (Kosuri & Church, 2014). The reaction has been studied in detail and is
known to synthesize DNA and RNA oligonucleotides in high yield (Enland & Uhlenbeck,
1978).

Here we sought to evaluate the substrate specificity of naturally occurring DNA and
RNA ligases to determine whether the molecular recognition of these enzymes is

sufficiently general to allow for the synthesis of alternative genetic polymers (i.e., XNAs)
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with backbone structures that are distinct from those found in nature (Anosova et al, 2016;
Chaput et al, 2012). Previous studies have documented the tolerance of ligases toward gaps
and base-pair mismatches in the substrate as well as blunt-end cohesion (Goffin et al.,
1987; Nilsson & Magnusson, 1982; Wu & Wallace, 1989). Other studies have examined
substrates bearing chemical modifications on the base and sugar moieties of nucleotides at
or near the ligation site (Hili et al,, 2013; Kestemont et al., 2018). However, in all cases
investigated thus far, the substrates maintain the same six-atom backbone repeat unit
found in DNA and RNA. By comparison, threose nucleic acid (TNA, Figure 4.1), an artificial
genetic polymer in which the natural ribose sugar found in RNA has been replaced with an
unnatural threose sugar, is a more radical departure from the chemical space of DNA and
RNA (Schoéning et al., 2000). Despite a backbone repeat unit that is one atom shorter than
that of natural genetic polymers, TNA is capable of forming stable antiparallel Watson-
Crick duplex structures with itself and with DNA and RNA (Wu et al,, 2002; Yang et al,,
2007). Due to its chemical simplicity and high biological stability, TNA has received
significant attention as a possible RNA progenitor in the evolution of life and as a new

analogue for RNA therapeutics (Joyce, 2002; Orgel, 2000).
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Figure 4.1. Molecular structure of TNA and DNA. Constitutional structure for the linearized
backbone of a-I-threofuranosyl-(3',2’) nucleic acid (left) and DNA (right). TNA is an
unnatural genetic polymer composed of repeating a-1-threofuranosyl units that are

vicinally connected by 2',3'-phosphodiester bonds.

4.4 Results and Discussion

We used a nick joining assay to compare the efficiency of TNA-DNA, DNA-TNA, and
TNA-TNA ligation on a complementary DNA template (Figure 4.2). The TNA
oligonucleotides were obtained by solid-phase synthesis using chemically synthesized TNA
phosphoramidites (Sau et al., 2016). In this assay, stoichiometric concentrations of the
donor, acceptor, and template strands are combined and annealed by heat denaturing and
slow cooling in buffer. The reaction is then initiated with the addition of ATP and enzyme.
Following the incubation period (typically 24 h), product formation was assessed by

denaturing polyacrylamide gel electrophoresis (PAGE) using an [R-labeled acceptor strand.
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Figure 4.2. Initial screen of ligases and conditions. (a) Sequence and schematic illustration
of the nicked duplex substrate. (b) Ligation efficiency determined under different reaction
conditions and temperatures. Ligation efficiency was measured by denaturing

polyacrylamide gel electrophoresis after 24 h of incubation.

We screened several different types of ligases including bacteriophage T3, T4, and
T7 DNA ligases as well as a T4 RNA ligase. The screen was performed across a range of
temperatures (16, 25, and 37 °C) and reaction conditions that included standard (1 mM)
and low (25 pM) ATP concentrations and 0.1 mg/mL BSA as a crowding reagent (Hili et al.,
2013). In all cases, T4 RNA ligase consistently showed little or no activity for the TNA
substrates. This result was surprising given that TNA, like RNA, has a strong preference for
A-form helical structures (Anosova et al., 2016; Ebert, M.-0. et al., 2008). This may be due
to the ability for RNA ligases to discriminate between 3'- and 2'-hydroxyls during nick
sealing.
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By contrast, all DNA ligases tested in our assay showed at least some activity for the
TNA substrates. The level of activity depended on the location of the TNA strand, with the
highest levels observed when TNA was present as the acceptor strand with a downstream
DNA donor strand. This reaction produced a chimeric TNA-DNA oligonucleotide with a
2',5'-phosphodiester bond at the ligation junction. Remarkably, conditions were found
where 60-80% product formation could be obtained for all three enzymes, suggesting that
DNA ligases have less discrimination against the 2’ hydroxyl position on the acceptor
strand.

However, the ligation efficiency was noticeably lower when TNA was present as the
downstream strand, which produced a chimeric DNA-TNA oligonucleotide with a 3',3'-
phosphodiester bond at the ligation junction. Although one condition was identified where
T4 DNA ligase could produce the chimeric product in 70% yield, most of the reaction
conditions were substantially less efficient (~10-40% yields), indicating that the
determinants of substrate specificity depend on the composition and presumably sequence
of the donor strand.

The trend toward reduced activity continued for the all-TNA system, where TNA
oligonucleotides were present in both the donor and acceptor strands. In this system, two
conditions emerged as promising approaches for TNA synthesis. The best conditions
required T3 DNA ligase at 37 °C with BSA and 25 uM ATP or T7 DNA ligase at 16 °C with no
added BSA and 1 mM ATP. Under these conditions, TNA strands with 2’,3’-phosphodiester
bonds at the ligation junction could be generated in 45-50% yield. This result was

surprising given the structural differences between TNA and DNA (Schéning et al., 2000).
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A summary of the best results for each nicked duplex structure is shown in Figure
4.3. The global trend of TNA-DNA > DNA-TNA > TNA-TNA is consistent with previous
studies documenting the increased intermolecular interaction between the ligase and the
downstream sequence (Cherepanov & de Vries, 2002). However, these studies were
performed with natural DNA and RNA substrates, which form optimal contacts with the

enzyme active site.

a TNA-DNA b DNA-TNA c TNA-TNA
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Figure 4.3. Enzymatic ligation under optimized reaction conditions. The ligation efficiency
of (a) TNA-DNA, (b) DNA-TNA, and (c) TNA-TNA substrates was measured by denaturing
polyacrylamide gel electrophoresis after 24 h of incubation. Reactions were performed

under the optimal conditions determined for each enzyme-substrate pair.

To determine the sequence requirements of ligation, we screened all of the 16
possible sequence combinations that define ligation junctions at the terminal nucleotide
positions (Figure 4.4a,b, SI Figure 4.1). Using T3 DNA ligase, we compared DNA and TNA
synthesis using donor and acceptor strands that generate the all-DNA and all-TNA

products. As expected, DNA synthesis proceeds efficiently for all 16 nucleotide junctions,
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giving an average yield of 70% product formation. However, TNA synthesis was found to be

highly sequence-dependent with a clear-cut bias for A-T and A-G junctions (~50-60%

yield). With the exception of G-G and G-T junctions (~25% yield), the remaining sequence

combinations showed little or no activity (Figure 4.4b). This result was significant, as

ability to synthesize TNA oligonucleotides beyond what is currently possible with

conventional solid-phase synthesis (~30-mers) provides a new tool for the synthetic

biology arsenal.

a

Acceptor Strand Donor Strand

Ho @

rrrrrrrrrrrrrrTrTrTrTrTrrTd
ACCACCTGAGTATAGTTAAGTX

TGGTGGACTCATATCAATTCAX

Trrrrrrrrrrrrrrrrrrrnd
YAATTGTTATTGTAGAATATTG

YTTACCAATAACATCTTATAAC

Ligation (%)

80

60

40

20

n = e . &
AA AC AG AT CACCCG CT GAGCGGGT TATC TG TT

Junction Sequence (XY)

Figure 4.4. TNA and DNA synthesis by T3 DNA ligase. (a) Structure and sequence of the

nicked duplex structure. The letters X and Y denote the upstream and downstream

terminal nucleotides at the ligation junction. (b) Ligation efficiency profile for the all-DNA

(gray) and all-TNA (red) strands.

77



To investigate the rate of TNA synthesis, we performed a time course analysis using
T3 DNA ligase and the TNA strands carrying the A and T terminal residues designed to
form the A-T junction. As shown in Figure 4.5, the reaction is complete in ~4 h with a
maximum product conversion of 60% full-length TNA. The reaction was scaled-up, and
product formation was validated by mass spectrometry (SI Figure 4.2), which produced a

mass similar to the calculated theoretical mass (observed: 13 135, calculated: 13 138 Da).
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Figure 4.5. TNA-TNA ligation by T3 DNA ligase. Time course analysis of TNA synthesis
using the A-T junction. Polyacrylamide gel electrophoresis data provided as an inset.

Experiments were performed in duplicate.

Despite a narrow sequence preference, the current results represent a significant
improvement over previous nonenzymatic ligation studies by Eschenmoser and colleagues
that required a 3’-amino group on the donor strand, which achieved 37% product

conversion (Wu et al. 2002). Significantly, the ability to generate longer TNA polymers by
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enzymatic ligation avoids the need to chemically synthesize amino-modified TNA
monomers, which is a costly and labor-intensive process.

In summary, we have identified bacteriophage T7, T4, and T3 DNA ligases as enzymes
capable of synthesizing TNA-DNA, DNA-TNA, and TNA-TNA oligonucleotide products by
template-directed ligation, respectively. We suggest that directed evolution of these
enzymes, especially T3 DNA ligase, which is responsible for TNA-TNA synthesis, could lead
to new enzyme variants with higher efficiency and broader substrate specificity. Such
enzymes would provide an important new tool for synthetic genetics where researchers

are studying artificial genetic polymers inspired by nature.
4.5 Experimental Details

4.5.1 General Information

Ligases were purchased from New England Biolabs (NEB, I[pswich, MA). DNA
oligonucleotides were obtained from Integrated DNA Technologies (Coralville, IA), purified
by denaturing polyacrylamide gel electrophoresis, electroeluted, desalted using Amicon
Ultra 0.5 mL centrifugal filters from Millipore Sigma (Burlington, MA), and UV quantified
using a NanoDrop spectrophotometer from ThermoFisher (Waltham, MA).
4.5.2 TNA Oligonucleotide Synthesis and Preparation

TNA phosphoramidites were synthesized as reported previously (Sau et al., 2016).
Standard (-cyanoethyl phosphoramidite chemistry and an Applied Biosystems 3400 DNA
Synthesizer were used to synthesize TNA oligonucleotides on Universal Support I CPG
columns (1 uM scale, Glen Research, Sterling, VA). Standard DNA coupling procedures were
modified such that coupling time for TNA amidites is increased to 2000 s and detritylation

is performed in two cycles, 60 s each. Upstream oligonucleotides were coupled with 5'-
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Hexynyl Phosphoramidite (Glen Research) for later tagging via click chemistry.
Downstream oligonucleotides were 3’ phosphorylated with Chemical Phosphorylation
Reagent II (Glen Research). Cleavage from the solid support was achieved in NH4OH (33%)
for 18 h at 55 °C. Oligonucleotides were purified and deprotected using a Poly-Pak II
Cartridge (Glen Research).

To dye-label alkynylated oligonucleotides, 50 nmol of IRB00 azide and freshly
prepared solution containing final concentrations 22 mM CuBr and 44 mM TBTA ligand in
3:1 DMSO/t-BuOH were added to 25 nmol of TNA. The mixture was held at 37 °C overnight.
The reaction was subsequently diluted with 0.3 M NaOAc, and the TNA precipitated using 1
mL cold EtOH. The precipitate was resuspended in 95% formamide stop buffer and
purified by denaturing PAGE.

4.5.3 Broad Screen for TNA Ligase Activity

1 uM of dye-labeled acceptor oligonucleotide (DNA P1 or TNA P1), 1 uM of
phosphorylated donor oligonucleotide (DNA P2 or TNA P2), 1 uM of DNA splint were
added to a total of 10 pL of reaction volume with 1x of the buffers provided by NEB for
each ligase. ATP was tested at two different concentrations, 1 mM and 25 uM. For samples
containing BSA, BSA (Calbiochem, La Jolla, CA) was added to a final concentration of 0.1
mg/mL. Reactions were initiated with the addition of 50 U of ligase and allowed to incubate
for 24 h at 16, 25, or 37°C. The reaction was then diluted (1:4, v/v) in 95% formamide stop
buffer and analyzed by denaturing PAGE.

4.5.4 Optimized Condition for TNA-TNA Ligation
1 uM of dye-labeled acceptor oligonucleotide, 1 uM of phosphorylated donor

oligonucleotide, and 1 uM of complementary template were added to 1x of T3/T7 buffer.
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The mixture was heated to 95 °C for 10 s, cooled to 65 °C for 4 min, then ramped down to 4
°Cat 100 s/°C. After annealing, 25 uM ATP, 0.1 mg/mL BSA, and 37.5 U/uL T3 DNA ligase
were added to the reaction mixture on ice for a total volume of 10 pL. Reactions were
incubated for 24 h at 37 °C. The reaction was then diluted (1:4, v/v) in 95% formamide
stop buffer and analyzed by denaturing PAGE.
4.5.5 Ligation Junction Assay

TNA oligonucleotides were constructed by solid-phase synthesis (see above) that
contained all the possible sequence combinations to evaluate the terminal nucleotide
position on the donor and acceptor strands for TNA-TNA ligation. The ligation reaction was
performed using the optimized conditions for TNA-TNA ligation (see above). A parallel set
of experiments were performed as controls using DNA oligonucleotides of the same
sequence. The DNA ligation reactions were performed in a manner identical to the TNA
ligation reactions.
4.5.6 Rate Determination Assay

The rate of TNA synthesis by T3 DNA ligase was determined for the all-TNA (A-T
junction) using 1 uM of TNA P1A, 1 uM of TNA P3T, and 1 uM of complementary template
in a solution containing 1x of T3 /T7 buffer. The mixture was heated to 95 °C for 10 s,
cooled to 65 °C for 4 min, then ramped down to 4 °C at 100 s/°C. After annealing, 25 uM
ATP, 0.1 mg/mL BSA, and 37.5 U/uL T3 DNA ligase were added to the reaction mixture on
ice for a total volume of 60 pL. The reaction was split into 6 tubes, 10 uL each, and
incubated at 37 °C for 8 h, during which time points were taken by removing a single tube
and immediately stopping the reaction by dilution (1:4, v/v) in 95% formamide stop buffer

and analyzed by denaturing PAGE.
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4.5.7 Mass Spectrometry Validation

1 uM of TNA P1A, 1 uM of TNA P3T, and 1 uM of complementary template (DNA
splint 2) were mixed in a solution containing 1x of T3 /T7 buffer. The mixture was heated
to 95 °C for 10 s, cooled to 65 °C for 4 min, then ramped down to 4 °C at 100 s/°C. After
annealing, 25 uM ATP, 0.1 mg/mL BSA, and 37.5 U/uL T3 DNA ligase were added to the
reaction mixture on ice for a total volume of 300 pL. The reaction was incubated at 37 °C
for 18 h, then stopped by dilution (1:4, v/v) in 95% formamide stop buffer and analyzed by
denaturing PAGE. The band corresponding to product was cut and the product
electroeluted and exchanged into water using an Amicon Ultra centrifugal filter. The
sample was UV quantified by Nanodrop. For external validation by mass spectrometry, the
sample was sent to Novatia (Newtown, PA) for high-resolution electrospray ionization

(ESI).
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SI Table 2.1 Oligonucleotide sequences used for selection and characterization of HIV-RT

3.17. Modifications are written in IDT nomenclature. Primers are indicated in lowercase,

blue letters.

Name Sequence (5’ to 3°)

Library = Nao -

Hairpin /5Phos/ACTACGTACCCACAACCTCGGCCGTACCACGGTACGTAGT
PBS8

PBS7

PBS7 PEG long

(AACA)10 /iSp9/

PBS7 IR680 10mer /5IR700/
PBS8 IR680 10mer /5IRD700/
PBS8 IR800 10mer /5IRD800/
PBS8 Biotin 10mer /5BIOSG/

Displacement Primer

ACTACGTACCGTGGTACGGCCGAGGTTGTG

30mer template

TCTCTATAGTGAGTCGTATA

H3.1 template

TATGTAATGTTGACGTAATTTATCTCTGTGAGAATAAGCA

H3.3 template

AGCATGTCAGTACTAGTAGGATATAAATCATGTGGTATTT

H3.6 template

CATGGTGTCAATACTATACCTTTTGCCGATGGTAACAGTT

H3.8 template

TATTGCAAATCCAAAATAAATAGAAAAAAAAAACTAATAA

H3.9 template

AGACATAGTACATAACCGATCAATGAACATTTAATTAAAT

H3.10 template

TGACAGTACGTACTGAACTAATTTATAAGTAATTTGCTAT

H3.12 template

GATGAATATCGCAATGAAATTATATATGTATAATTGGAAC

H3.15 template

TAGTCTAGGAACGGTACGATCGTATTCCAAGGACTTTGCT

H3.16 template

CAATCTGCTAAAACTTAAAGCCTATTAATGAAATTGTTAA

H3.17 template

TTATGTAGCATTTATGAAATTTTTAAATCAATTTACTATT

Primer swap template

TTATGTAGCATTTATGAAATTTTTAAATCAATTTACTATT

Wobble fix template

TTATGTAGCATTTATGAAATTTTTAAATCAATTTGCTATT

H3.17 5d2 template

TTATGTAGCATTTATGAAATTTTTAAATCAATTTACTA

H3.17 3d5 template

TAGCATTTATGAAATTTTTAAATCAATTTACTATT

H3.17 5d2 3d5 template

TAGCATTTATGAAATTTTTAAATCAATTTACTA

H3.17 dL template

TTATGTAGCATTTATGAAATAATCAATTTACTATT

H3.17 5d2 dL template

TTATGTAGCATTTATGAAATAATCAATTTACTA

H3.17 3d5 dL template

TAGCATTTATGAAATAATCAATTTACTATT

H3.17 5d2 3d5 dL template

TAGCATTTATGAAATAATCAATTTACTA

H3.17 dS template

ATTTATGAAATTTTTAAATCAATTT

H3.16 dS dL template ATTTATGAAATAATCAATTT
H3.17 split P1 template TTTAACTAAAT
H3.17 split P2 template TTTAAAGTATTTA
H3.17 splitdL P1 TTTAACTAA
H3.17 split dL P2 TAAAGTATTTA

IR R1T DNA aptamer

/5IR700/ CGCCTGATTAGCGATACTCAGGCGTTGGGTGGGTGGGTGGG

Bio R1T DNA aptamer

/5BIOSG/ CGCCTGATTAGCGATACTCAGGCGTTGGGTGGGTGGGTGGG

IR PF1 DNA aptamer

/5IR700/ AGGAAGGCTTTAGGTCTGAGATCTCGGAAT

Bio PF1 DNA aptamer

/5BIOSG/ AGGAAGGCTTTAGGTCTGAGATCTCGGAAT
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SI Table 2.2 TNA sequences identified by Sanger Sequencing, written in the 3’ to 2’ strand

direction.

FGETTATFETEABAGAGATAAATTABGTEAABATFABATA 40
AAATABEABATGATTTATATEETABTAGTABTGABATRGER 40
GEGHGEGHEGETAAGAGATTAEAETEAFEAAAGEBARGGG- 39
AABTGETABEATEGGEAAAAGGEATAGTARTGABABBARG 40
AfGEFGAAGATEAATABEGTABAGTEEAATAGAETEGABEE 40
H3.s MEANFAGENEEEERNEERENATNTRAREERGGARTNNGEAARA 40
H39 ANEFAARFAAARGEFEARTGATEGGERARGTAETANGEER 40
H3.10 ANACGEAAANTAEENATARARNAGTIREAGEAEGHABNGEEA 40
H3.11 HNANNAARARATRRCAAARNTAABEAAANABARAGEGGGHEA 40
H3.12 GENEEAARNARACARANATAATNENEARNGECGATARNEARE 40
H3.15 AGEAAAGEEERFEGGAARTABGATEGTABEGETEERAGABTEA 40
H3.16 IHAAEAAREREARTAATAGGETETAAGEERNAGEAGAREG 40
H3.17 AARAGHARARRGANENARARATENEARARATGETNABANAR 40
H3.19 AARGHEAANARGAAANNAGAAAETAARNANAAATNNAAAEA 40
H3.20 AGEATAGEFARAEAARFARAFAGGHEFGATARAATAGARNAG 40

H3.1
H3.3
H3.4
H3.6
H3.7
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SI Table 2.3 Binding constants for nine chosen TNA aptamers. MST derived Kp values

obtained from a single screen of 10 concentrations.

Entry Aptamer Kp (nM)
1 HIV-RT 3.1 34.5
2 HIV-RT 3.5 37.2
3 HIV-RT 3.6 6.4
4 HIV-RT 3.9 7.6
5 HIV-RT 3.10 4.6
6 HIV-RT 3.12 69.9
7 HIV-RT 3.15 2.0
8 HIV-RT 3.16 5.6
9 HIV-RT 3.17 0.41
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SI Table 2.4 Thermal stability affinity measurements using BLI.

Time at 75°C Antibody DNA aptamer TNA aptamer
0Oh 7.20E-07 M 4.75E-11 M 1.00E-12 M
1h 0 7.93E-11 M 1.00E-12 M
8h 0 7.47E-11M 1.00E-12 M
24 h 0 7.13E-11 M 1.00E-12 M
48 h 0 3.62E-10 M 1.00E-12 M
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SI Table 3.1 Oligonucleotide sequences used for selection and characterization of

threomers. Modifications are written in IDT nomenclature. N represents a 30 A:20 C:20

G:30 T combination. N’ represents a combination of 85 parent nucleobase:15 other three

nucleobases (5 each).

Name Sequence (5> 3’)

PBS7 GGATCGTCAGTGCATTGAGA

PEG PBS7 AACAAACAAACAAACAAACAAACAAACAAACA/ISPpI/GGATCGTCAGTGCATTGAGA
PBS8 GTCCCCTTGGGGATACCACC

PBS12 TTCTCATGTTTGACAGCTTA

PEG PBS12 AACAAACAAACAAACAAACAAACAAACAAACA/SPITTCTCATGTTTGACAGCTTA
PBS13 TCATCGATAAGCTTTAATGC

PEG PBS13 AACAAACAAACAAACAAACAAACAAACAAACA/SPITCATCGATAAGCTTTAATGC
PBS15 TTGCTAACGCAGTCAGGCAC

PEG PBS15 AACAAACAAACAAACAAACAAACAAACAAACA/SpI/TTGCTAACGCAGTCAGGCAC
DNA Display /5Phos/ACTACGTACCCACAACCTCGGCCGTACCACGGTACGTAGTGTCCCCTTGGGG
Hairpin ATACCACC

Displacement
Primer

/5IRD700/GGTGGTATCCCCAAGGGGACACTACGTACCGTGGTACGGCCGAGGTTGTG

3T Incorporation
Template

TCTCTATTGTGAGTCGTCTAGGTGGTATCCTTTTTTTTTTTTTTTTITTTT

S1 Std Library

TTCTCATGTTTGACAGCTTAATTCCT-N4o-GGTGGTATCCCCAAGGGGAC

S1 Phe Library

TCATCGATAAGCTTTAATGCCACTCA-N4o-GGTGGTATCCCCAAGGGGAC

S1 Trp Library

TTGCTAACGCAGTCAGGCACCCAACA-N40-GGTGGTATCCCCAAGGGGAC

TNFo Std Library

GGATCGTCAGTGCATTGAGAATTCCT-N4o-GGTGGTATCCCCAAGGGGAC

TNFa Phe Library

GGATCGTCAGTGCATTGAGACACTCA-N40-GGTGGTATCCCCAAGGGGAC

TNFa Trp Library

GGATCGTCAGTGCATTGAGACCAACA-N4-GGTGGTATCCCCAAGGGGAC

Doped Trp-1
Library

TTGCTAACGCAGTCAGGCACTGGCCT-N'40-GGTGGTATCCCCAAGGGGAC
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SI Table 3.2 Sequencing reads obtained by NovaSeq.

Processed Unique

Protein Base Round Reads Sequences

S1

TNFa
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SI Table 3.3 S1 aptamers chosen for full kinetics. Color scheme: standard library (green),

Phe library (red), and Trp library (blue).

* Signifies an independent replicate.

TNA Sequence Kb Kon Koft Fit | Variance
(3t02) (nM) (M's™) (s™ (R?) (Chi?)

Entry
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SI Table 3.4 TNFa aptamers chosen for full kinetics. Color scheme: standard library

(green), Phe library (red), and Trp library (blue).

TNA Sequence Kb Kon Koft Fit | Variance
(3t02) (nM) (M1s™) (s (R?) (Chi?)
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SI Table 3.5 High performing standard and modified S1 and TNFo aptamers chosen for

replicative trials. Color scheme: standard library (green) and Trp library (blue).

avg, average; std, standard deviation

Protein TNA Sequence Kb Kon Kot Fit Variance
Target

Aptamer (3-2) (nM) (M) (s™) (R?) (Chi2)

94



SI Table 3.6 DNA S1 and TNFa control aptamers.

Protein Aptamer (r}1<l\3l) (Ml_(f ;_1 ) (I;c_’:f) (E;[ ) V?gﬁ{!‘;e
TNFa S01 25.7 7.21 x 10* 1.85x 1073 0.93 1.55
TNFa BO1 90.5 3.36 x 10* 3.04x 103 0.95 2.49
Spike CoV2-RBD-1C 0.08 6.40 x 10° 5.06 x 10 0.88 301
Spike CoV2-RBD-4C 2.6 2.05x10° 5.23x10* 0.99 7.92

S1RBD CoV2-RBD-1C 54 8.30 x 10° 4.46x10° 0.97 26.4

S1 RBD CoV2-RBD-4C 1.6 4.70 x 10° 7.53x10* 0.98 15.15
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SI Table 4.1 TNA oligonucleotides, written from 3’-2’ using IDT notation for modified

positions.

Oligo Name Sequence (3’-2’)

TNAP1A /5IRD800/ACC ACC TGA GTATAG TTAAGT A
TNA P1C /5IRD800/ACC ACC TGA GTA TAG TTAAGTC
TNA P1G /5IRD800/ACC ACC TGA GTA TAG TTA AGT G
TNAP1T /5IRD800/ACC ACC TGA GTATAG TTAAGTT
TNA P2 /5Phos/GTT TGT GAG TAATTG TTATTG T
TNA P3A /5Phos/AAA TTG TTA TTG TAG AAT ATT G
TNA P3C /5Phos/CAA TTG TTA TTG TAG AAT ATT G
TNA P3G /5Phos/GAA TTG TTA TTG TAG AAT ATT G
TNA P3T /5Phos/TAA TTG TTA TTG TAG AAT ATT G
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SI Table 4.2 DNA oligonucleotides, written from 5’-3’ using IDT notation for modified

positions.

Oligo Name Sequence (5’-3’)

DNA splint ACA ATA ACA ATT ACT CAC AAA CTA CTT AAC TAT ACT CAG GTG GT

DNA splint 2 AAA AAA AAC AAT ATT CTA CAATAA CAATTATAC TTA ACT ATA CTC
AGG TGG TAA AAA AAA

DNA P1A /56-FAM/ACC ACC TGA GTA TAG TTAAGT A

DNA P1C /56-FAM/ACC ACC TGA GTA TAG TTA AGT C

DNAP1G /56-FAM/ACC ACC TGA GTA TAG TTA AGT G

DNA P1T /56-FAM/ACC ACC TGA GTATAGTTAAGT T

DNA P2 /5Phos/GTT TGT GAG TAATTG TTATTG T

DNA P3A /5Phos/AAA TTG TTA TTG TAG AAT ATT G

DNA P3C /5Phos/CAA TTG TTA TTG TAG AAT ATT G

DNA P3G /5Phos/GAA TTG TTA TTG TAG AAT ATT G

DNA P3T /5Phos/TAA TTG TTA TTG TAG AAT ATT G
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SI Figure 2.1 Representative native PAGE images used to calculate the Kp values for IR680

labeled aptamers in buffer (left) or in buffer after a 1-hour pre-incubation with snake

venom phosphodiesterase (SVPE, right).

Buffer
100 50 25 125 6.25 3.13 156 0.78 - HIV RT (nM)
Bound
- == = =~ =~ =~ Unbound
512 256128 64 32 1.6 08 04 02 - HIVRT(nM)
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FANA FA1 } Unbound
10 5 25 125 063 031 016 008 - HIVRT (nM)
TNA 3.17 - 0N

== Unbound
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SI Figure 2.2 Characterization of HIV-RT 3.17 at Elevated Temperature, where native
PAGE was used to calculate the Kp value for HIV-RT 3.17 at 37°C. The gel shift assay reveals
a Kp of 2.5 nM at this temperature.

10 5 25 125 063 031 016 008 - HIVRT (nM)

TNA 3.17
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SI Figure 2.3 Biostability validation of all TNA HIV-RT 3.17 using 50% human serum and 2

mg/mL human liver microsomes.

50% Human Serum _ Human Liver
Microsomes (2 mg/mL)
Ohrs 24 hrs Ohrs 24 hrs
L B — - — 4
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SI Figure 2.4 SDS-PAGE image shows the HIV RT (subunits p66 and p51) in the flow
through (FT) or bound to the beads (B), after incubation with biotinylated 3.17, R1T, or

buffer alone.

3.17 R1T
TNA DNA No
Aptamer Aptamer  Aptamer

FT B FT B FT B

p66 ::..A "~ . i -
p51 Bl Ty

— -——
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SI Figure 2.5 DNA R1T, DNA primed TNA HIV-RT 3.17, and all TNA HIV-RT 3.17 were
heated at 75 °C for 0-72 hours, then analyzed by denaturing PAGE for signs of

decomposition. All three constructs show similar thermal stability.

DNA primed TNA 3.17
TNA 3.17

Ohrs 48hrs 72hrs Ohrs 48 hrs 72hrs Ohrs 48 hrs 72 hrs

degradation products

T e gy S — - (] — d } intact aptamer

degradation products
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SI Figure 3.1 TNA triphosphate monomers used in this study.

o

o

o

O-T

O-1T

O-T

9 |
~0-P-0-P—0
o o |°
OH
tUTPPhe
NH,
N
¢ )
R T
-0-P-0-P—0 N
| |
o o _|O
OH
tATP
0
HackaH
o o LA,
-0-P-0-P—0
o o |°
OH
{TTP

104

@]

O

O-1

O-T

O

@]

O

O-T

O-1

O-T

O

O

O-1

O-T

OH
tUTPTP

tCTP

NH,



SI Figure 3.2 Primer extension assay. A 5'-labeled DNA primer annealed to a DNA template
was extended with TNA using Kod-RSGA. Lane 1: primer only. Lane 2: TNA synthesis with
natural bases. Lane 3: TNA synthesis with a tNTP mixture containing tUTPPhe in place of
tTTP. Lane 4: TNA synthesis with a tNTP mixture containing tUTPT™ in place of tTTP. Color
scheme: DNA (black), TNA with natural bases (orange), and TNA with modified bases (bold

blue).

5 _GGATACCACC
3’ —CCTATGGTGGATCTGCTGAGTGTTATCTCT

iKomRSGATNApd.

5"-GGATACCACCU
3'-CCTATGGTGGATCTGCTGAGTGTTATCTCT

JR— e | full-length product (30 nt)

-—— primer (10 nt)
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SI Figure 4.1 A representative set of raw data for the ligation junction assay shown in
Figure 4.4b. The sequence specificity of T3 DNA ligase was measured for (a) DNA and (b)
TNA substrates using oligonucleotides that spanned all of the 16 possible ligation junctions
for the terminal nucleotide position on the donor and acceptor strands. Reaction yields

were monitored by denaturing polyacrylamide gel electrophoresis.

a AA AC AG AT CA CC CG CT GA GC GG GT TA TC TG TT

b AA AC AG AT CA CC GG CT GA GC GG GT TA TC TG TT
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SI Figure 4.2 The mass spectrum for the ligated TNA-TNA product measured by high
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SUPPLEMENTARY SCHEMES
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SI Scheme 3.1 Chemical synthesis of 5-iodo-1-(2'-0-benzoyl-a-L-threofuranosyl)-uracil.
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SI Scheme 3.2 Chemical synthesis of C5-benzyl modified tUTP.
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SI Scheme 3.3 Chemical synthesis of C5-tryptophan modified tUTP.
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SI Scheme 3.4 Chemical synthesis of tNTP with natural bases.
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