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ABSTRACT: Expanding the chemical space of evolvable non-
natural genetic polymers (XNAs) to include functional groups that
enhance protein target binding affinity offers a promising route to
therapeutic aptamers with high biological stability. Here we describe
the chemical synthesis and polymerase recognition of 10 chemically
diverse functional groups introduced at the C-S position of a-L-
threofuranosyl uridine nucleoside triphosphate (tUTP). We show
that the set of tUTP substrates is universally recognized by the
laboratory-evolved polymerase Kod-RSGA. Insights into the
mechanism of TNA synthesis were obtained from a high-resolution X-ray crystal structure of the postcatalytic complex bound to
the primer—template duplex. A structural analysis reveals a large cavity in the enzyme active site that can accommodate the side
chain of C-5-modified tUTP substrates. Our findings expand the chemical space of evolvable nucleic acid systems by providing a

synthetic route to artificial genetic polymers that are uniformly modified with diversity-enhancing functional groups.

B INTRODUCTION

The dominance of proteins over nucleic acids as scaffolds for
biological receptors and catalysts is generally explained by the
presence of 20 chemically diverse amino acids in comparison
to the four chemically similar nucleobases of adenine (A),
cytosine (C), guanine (G), and thymine (T) or uracil (v).!
Despite this weakness, aptamers can more easily evolve in
comparison to antibodies, making them a promising class of
molecules for diagnostic and therapeutic applications that
require target-specific binding via a programmable nucleic acid
scaffold.”™ In recent years, the biological stability of nucleic
acid aptamers has improved by the development of engineered
forms of naturally occurring DNA polymerases that allow for
the evolution of xeno-nucleic acid (XNA) aptamers comprised
entirely of non-natural backbone architectures.” To date,
aptamers have been discovered for the XNA systems of 2'-
fluoroarabino nucleic acid (FANA),*” hexitol nucleic acid
(HNA),*’ and threose nucleic acid (TNA, Figure 11071 as
well as a mixed-backbone system consisting of 2'-O-methoxy
RNA and locked nucleic acid (LNA).'* Although substitution
of the ribose sugar for another sugar or sugar-like moiety can
substantially improve the pharmacokinetic properties of the
oligonucleotide,13’15 these polymers often utilize the same
nucleobases as those found in the natural genetic polymers of
DNA and RNA.'® This level of chemical similarity, consisting
primarily of highly polar amino and carbonyl groups, is thought
to limit the targetability of aptamers to a subset of the human
proteome.17
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Augmenting DNA scaffolds with diversity-enhancing func-
tional groups is an effective route for generating aptamers that
function with improved target binding affinity and specificity.'®
The simplest approach involves using click chemistry to
introduce new a chemical functionality onto alkyne-modified
nucleotides that have been incorporated into a DNA
oligonucleotide.'” Krauss and Mayer pioneered this strategy
to evolve base-modified aptamers against targets that are
challenging for DNA libraries having only natural bases.”””'
Soh and colleagues extended this strategy to a particle display
format that allows for greater control over the selection
parameters.”” Though it is amenable to a broad range of
functional groups, including bulky substituents that maybe
difficult to prepare enzymatically, the click chemistry approach
generates a heterogeneous mixture of base-modified oligonu-
cleotides due to subquantitative coupling of the alkynyl group
to its corresponding azido-modified side chain.

Preparing uniformly modified nucleic acid libraries demands
synthetic strategies that introduce new chemical functionalities
into the oligonucleotide during the synthesis step of library
construction. One approach uses a template-directed ligase-
mediated assembly path for constructing highly functionalized
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Figure 1. Chemically modified TNA triphosphates. (A) Constitutional structure for the linearized backbone of ribose nucleic acid (RNA) and
3',2’-a-L-threofuranosyl nucleic acid (TNA) with the chemical structure of the nucleobases shown on the right. The location of the side chain
modifications is denoted by an R group (red) at the C-S position of the uracil nucleobase. (B) The chemical structure of the side chains prepared as
C-5-modified tUTP derivatives with the amide linkage attached to the C-S carbon atom of uracil.

nucleic acid polymers (HFNAP) that mimic proteins by
containing diverse sets of chemical functionalities within the
same oligonucleotide.”*™*® HFNAPs have been selected to
bind several therapeutic targets, including proprotein con-
vertase subtilisin/kexin type 9 (PCSK9), interleukin-6, and
thrombin.”»** The polymerase-mediated synthesis of chemi-
cally modified nucleoside triphosphates offers a different
approach to assembling uniformly modified oligonucleotides
by incorporating base-modified residues directly into the
growing strand. This strategy has been broadly explored as a
general route to DNA aptamers with expanded chemical and
physical properties.”’

We have previously developed an in vitro selection system
that allows for the rapid isolation of TNA aptamers by
covalently linking freshly synthesized TNA strands to their
encoding DNA template.'” The DNA-display strategy avoids
the need for a separate TNA reverse transcription step, as
functional aptamers that remain bound to the target are
recovered by amplifying their encoding DNA sequence using
the polymerase chain reaction. In a proof-of-principle
demonstration, TNA aptamers isolated from just three rounds
of a stringent, affinity-based selection were found to bind HIV
reverse transcriptase with solution binding affinity constants
(Kp) of 0.4—4.0 nM and remain functional in the presence of
biological nucleases.'" This finding provides strong motivation
for pursuing the development of functionally enhanced TNA
aptamers as biologically stable affinity reagents for diagnostic
and therapeutic applications.

Here, we describe the chemical synthesis and polymerase
recognition of 10 chemically diverse functional groups
introduced at the C-S position of a@-L-threofuranosyl uridine
nucleoside triphosphate (tUTP, Figure 1). The stereo-
chemistry of the modified nucleosides was unambiguously
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determined by solving the small-molecule X-ray crystal
structures of two representative members. We further show
that the set of tUTP substrates is universally recognized by the
engineered polymerase Kod-RSGA, which is currently the best
example of a DNA-dependent TNA polymerase.”> We
obtained insight into the mechanism of TNA synthesis by
solving a high-resolution X-ray crystal structure of the
postcatalytic complex of Kod-RSGA bound to the primer—
template duplex. The crystal structure reveals a large cavity in
the major groove region of the primer—template binding site
that can accommodate the side chain of C-5-modified tUTP
substrates. Together, our findings support the growing field of
synthetic genetics by providing a synthetic route to TNA
polymers that are uniformly equipped with new chemical
functionality.

B RESULTS

We began by chemically synthesizing a set of 10 C-5 modified
tUTP substrates (Figure 1) following a palladium cross-
catalyzed carboxyamidation reaction that couples S-iodo-1-(2'-
O-benzoyl-a-L-threofuranosyl )uracil to aryl or alkyl amines via
in situ formation of an amide linkage.** The side chains
analyzed in this study included the aryl ring systems of
phenylalanine (Phe), tryptophan (Trp), p-methoxyphenyl
(pMP), phenethyl (PE), dioxol (Dx), dioxethyl (DE), and
naphthalene (Nap), while the alkyl groups included the leucine
(Leu), cyclopropyl (cP), and isopentyl (isoP) side chains
(Figure 1). Although other conjugation chemistries are
available for linking functional groups to uracil nucleosides,”
we viewed this strategy as a highly versatile route to uniformly
modified TNA oligonucleotides. In addition to broad chemical
reactivity, the resulting amide linkage benefits from reduced
hydrophobicity relative to carbon linkers and limits the
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Figure 2. Chemical synthesis and structural characterization of TNA monomers. (A) Synthetic strategy used to prepare a set of 10 chemically
distinct C-S modified tUTP derivatives. Analogues a—j correspond to the 10 unique side chains provided in Figure 1B. (B) Small-molecule X-ray
crystal structures of the C-S-modified uridine nucleosides prepared for p-methoxyphenyl (pMP, 2c) and cyclopropyl (cP, 2h).

number of rotatable bonds between the functional group and
nucleobase.

The starting S-iodo-1-(2’-O-benzoyl-a-L-threofuranosyl)-
uracil nucleoside 1 was prepared in eight steps from L-ascorbic
acid using a Vorbriiggen reaction to conjugate 5-iodouracil to
an orthogonally protected threose sugar (Scheme S1).*°
Subsequent conjugation of the side chain to the nucleobase
was accomplished in separate reactions by heating the desired
aryl or alkyl amine with the 5-iodo-TNA nucleoside 1 in the
presence of 10 mol % of Pd(PPh,), and CO (Figure 2A). The
stereochemistry of the modified nucleosides was unambigu-
ously determined by solving small-molecule X-ray crystal
structures for the p-methoxyphenyl (2c) and cyclopropyl (2h)
analogues. As illustrated in Figure 2B, both side chains are
attached to the uracil base via an amide linkage at the C-5
position with proper stereochemistry observed at the C1’, C2’,
and C3’ sugar positions (Figures S1 and S2 and Tables S1—
S3). After purification by silica gel chromatography, the C-$-
modified uracil nucleosides were converted to their corre-
sponding nucleoside-3’-triphosphates 6 by transforming the 3'-
hydroxyl group into the activated nucleoside 3’-mono-
phosphate S that was coupled to pyrene pyrophosphate 7 to
produce a fully protected TNA nucleoside-3'-triphosphate.
Following purification, the triphosphate precursor was
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deprotected for 1 h at 24 °C in concentrated ammonium
hydroxide and precipitated as a sodium salt to afford the a-L-
threofuranosyl uracil nucleoside triphosphates 6 carrying the
desired side chain at the C-S position (see the Supporting
Information for synthetic protocols and compound character-
ization). This study also required the preparation of all four
TNA triphosphates with the natural bases of adenine (tATP),
cytosine (tCTP), thymine (tTTP), and guanine (tGTP),
which were each synthesized in 14 steps from L-ascorbic acid as
described previously.***”

We confirmed that the set of base-modified TNA
triphosphates were viable substrates for TNA synthesis by
evaluating their incorporation into a TNA oligonucleotide
library using a primer extension assay. Accordingly, a 5'-IR-
labeled DNA primer annealed to a DNA library containing a
central random region was incubated with a mixture of
chemically synthesized tNTPs and Kod-RSGA for 2 h at 55 °C.
In these reactions, the tNTP mixture contained either standard
bases only or a tNTP solution in which the tTTP substrate was
individually replaced with one of the 10 base-modified tUTP
substrates. An analysis of the primer extension reactions by
denaturing polyacrylamide gel electrophoresis indicates that
the primer was extended to a full-length product in all cases, as
evidenced by the presence of a discrete slower-moving band
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Figure 3. Polymerase-mediated synthesis of chemically modified TNA oligonucleotides having diverse sequence composition. A 5'-IR680-labeled
DNA primer annealed to a DNA library was extended with TNA using a laboratory-evolved TNA polymerase. In the cartoon image, DNA is
depicted in black and TNA is shown in red. The reaction conditions included 1 #M primer/template duplex, 100 uM tNTPs, 1 uM Kod-RSGA,
and 1X ThermoPol buffer with heating for 2 h at 55 °C. Products of the primer-extension reaction were analyzed by denaturing polyacrylamide gel
electrophoresis. The primer only and the standard base reaction denote the markers for the starting primer and fully elongated product strands.
Abbreviations: standard (std), phenylalanine (Phe), tryptophan (Trp), dioxyethyl (DE), dioxol (Dx), naphthalene (Nap), cyclopropyl (cP),
isopentyl (isoP), leucine (Leu), phenethyl (PE), and p-methoxyphenyl (pMP).
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Figure 4. Crystal structure of Kod-RSGA TNA polymerase. (A) Anatomy of engineered TNA polymerase Kod-RSGA colored by domain. The
DNA primer—template duplex is shown in red and blue, respectively, sitting in the groove between the palm and thumb subdomains. Two a-L-
threofuranosyl nucleic acid (TNA) additions (tT and tA) are shown in yellow. (B) The active site of Kod-RSGA, showing Watson—Crick base
pairing between the TNA and DNA nucleotides. A polder map of the tT and tA additions is shown in gray and contoured at 5.00. (C) Surface
representation of the enzyme-active site in the binary conformation overlooking the cavity in the major groove of the TNA/DNA heteroduplex.
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A.

Figure S. Kod-RSGA gain-of-function mutations. (A) Binary structure of Kod-RSGA in complex with a DNA duplex (light gray) with two TNA
additions (yellow) to the 3’-end of the DNA primer. Locations of mutated residues in Kod-RSGA are shown in blue: A485R, N491S, R606G, and
T723A4, including the reversion mutation I664E from Kod-RI. (B) Mutated residues of Kod-RSGA finger (A48SR, N491S) and thumb (R606G)
subdomains shown in blue, superimposed with Kod-RI (light blue; PDB: SVU9) and Kod WT (gray; PDB: 4K8Z). (C) Solvent-exposed loop
region harboring the T723A mutation of the thumb, superimposed with Kod-RI and Kod-WT.

that comigrates with the positive control containing only
natural bases (Figure 3). Although slight differences in primer
extension efficiency are observed between the different TNA
substrates, for example, Nap and isoP produce less full-length
material in comparison to the other modified tNTPs, it may be
possible to improve the incorporation of these substrates by
optimizing the reaction conditions through increased enzyme
concentration or reaction time.

Structural insights into Kod-RSGA were obtained by
crystallizing the postcatalytic product of a primer extension
reaction that added two TNA residues onto the 3’-end of a
DNA primer—template duplex. Kod-RSGA was recently
identified as a highly efficient TNA polymerase from a
programmed allelic mutagenesis assay that comprehensively
screened all possible single-point mutations in the catalytic
domain (~400 aa) of the wild-type DNA polymerase isolated
from the hyperthermophilic archaeal species Thermococcus
kodakarensis (Kod).”® Kod-RSGA functions with a catalytic
rate of ~10 nt/min, which is ~20-fold faster than that of Kod-
RI,* the only other TNA polymerase for which a crystal
structure is available.*” Diffraction-quality crystals were
identified from a screening of ~600 conditions in a hanging-
drop format using a Mosquito crystallization robot and
subsequently optimized to 0.1 M Mg(OAc),, 0.1 M MOPS
(pH 7.0), and 10% PEG 8000. The best crystal resolved to a
diffraction limit of 2.1 A (Table S4) and was solved by a
molecular replacement using Kod-RI as the search model
(PDB: SVU9) for the Kod-RSGA structure.

Kod-RSGA adopts a disk-shaped architecture (Figure 4A)
that contains an N-terminal domain (NTD), an exonuclease
domain (Exo), and a catalytic domain consisting of the palm,
finger, and thumb subdomains. As with Kod-RI and the parent
wild-type enzyme, the primer—template duplex is bound in a
deep groove defined by the palm and thumb subdomains.”**!
The finger subdomain lies in an open conformation, ready to
accept an incoming tNTP substrate. The DNA duplex is
primarily recognized by contacts to the phosphodiester
backbone, with a smaller number of contacts to the sugar
and base moieties as previously described.*”*" All of the sugar
and nucleobase contacts occur through the minor groove,
which is consistent with the tendency for B-family DNA
polymerases to accept modified nucleotides bearing functional
groups at the C-$ pyrimidine and C-7 deazapurine positions.*”
A polder map contoured at So (Figure 4B) clearly shows that
the newly incorporated tT and tA nucleotides at positions 12
and 13 of the primer strand adopt Watson—Crick base pairs
with their complementary nucleotides in the DNA template.
An analysis of the protein surface reveals a large opening near
the enzyme active site (Figure 4C) with the N7 atom of the
newly incorporated tA nucleobase pointing toward the center
of the cavity which is accessible to bulk solution.

Kod-RSGA differs from wild-type Kod by the presence of
the mutations A485R, N491S, R606G, and T723A, which
confer TNA synthesis activity on the natural enzyme (Figure
5), as well as the 3’-5’-exonuclease silencing mutations D141A
and E143A. Mutations A485R and N491S are located in the
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finger subdomain, while mutations R606G and T723A are
located in the palm subdomain. The A485R mutation is known
to be a strong determinant of sugar recognition, allowing
natural polymerases to recognize a wide variety of sugar-
modified substrates.”” The change in enzymatic activity is
thought to be due to altered dynamics between the open and
closed states of the fingers, which increase the occupancy of
the closed conformation necessary for catalysis.*> Mutations
N491S and R606G are both located in the enzyme active site
(Figure SB), with 4918 situated directly over the nucleobase of
the incoming tNTP, as observed for ANTP in the wild-type
Kod structure.*’ The 606G mutation faces the primer—
template duplex, adjacent to the expected nucleotide binding
site. Both mutations, N491S and R606G, substitute bulky side
chains for smaller, more flexible groups that may help position
the tNTP substrate in the polymerase active site for chemical
bond formation. Finally, mutation T723A is located on a large
solvent-exposed loop on the surface of the protein, ~45 A from
the enzyme active site. We postulate that this mutation may
play a role in the long-range dynamics required for eflicient
primer-extension activity.

B DISCUSSION

Equipping xeno-nucleic acid polymers, such as TNA, with
diversity-enhancing functional groups poses a considerable
synthetic challenge, as these systems are not commercially
available and can only be obtained by chemical synthesis. For
example, a complete set of all four TNA substrates (tATP,
tCTP, tTTP, and tGTP) requires S6 chemical transformations
to convert L-ascorbic acid into the desired nucleoside
triphosphates.’®”” Synthesis of the 10 C-5 modified tUTP
analogues described in the current study necessitates an
additional 150 chemical transformations (15 steps each), with
the critical step being the palladium-catalyzed cross-coupling
reaction required to functionalize the uracil nucleobase with a
side chain. Further complicating the problem is the known
tendency for the 3’-hydroxyl position of a-L-threofuranosyl
nucleosides to be substantially less reactive than the §'-
hydroxyl position of most DNA and RNA analogues.”* The 3'-
hydroxyl position of TNA is more sterically encumbered in
comparison to the 5'-hydroxyl position of DNA due to its close
proximity to the nucleobase and suffers from the fact that it is a
secondary alcohol, which is less nucleophilic than a primary
alcohol. Despite these challenges, the current methodology
proved exceptionally versatile, allowing for a broad range of
chemically diverse side chains to be installed on the tUTP
substrate.

Recognizing that our synthetic approach demanded the
production of reasonably large quantities (50—100 mg) of C-5
modified tUTP substrates for use as substrates during the in
vitro selection of functionally enhanced TNA aptamers, we
chose to pursue a convergent phosphorylation strategy that
avoids the need for purification by high-performance liquid
chromatography (HPLC).*® In our experience, the separation
of highly polar nucleoside triphosphates from polar side
products using HPLC is a tedious process that limits the scale
of nucleoside triphosphate synthesis to a few tens of milligrams
per week, which was unsuitable for the current application.”
In contrast to more conventional nucleoside triphosphate
reagents, ™" we chose to couple an organic P(V) pyrene
pyrophosphate reagent to the protected form of the imidazole-
activated nucleoside monophosphates of C-5-modified
tUMPs.*® The product of this reaction is a fully protected

nucleoside triphosphate derivative that is sufficiently hydro-
phobic so that it can be purified by silica gel chromatog-
raphy.* Following purification, the triphosphate intermediate
is deprotected with concentrated ammonium hydroxide (33%
aqueous) and precipitated as the sodium salt using standard
conditions. This synthetic approach was highly effective at
generating the desired tUTP analogues in reasonable yield,
purity, and scale.

The next synthetic challenge that we faced was the synthesis
of base-modified TNA libraries by primer extension. To our
surprise, Kod-RSGA was able to recognize each of the
modified substrates without the need for any optimization of
the reaction conditions. In this case, the TNA polymerase was
able to extend a DNA primer with 36 contiguous TNA
residues by copying a library of DNA templates into TNA. A
comparison of the various primer-extension reactions by
denaturing PAGE reveals that the modified uridine nucleotides
are incorporated into the TNA library with the same high level
of efficiency as for the TNA thymidine nucleotide. The only
modified substrates that exhibited slightly reduced levels of
full-length product were the naphthalene and isopentyl
analogues, which may be physically constrained in the enzyme
active site by the methylene linker connecting the naphthalene
ring system to the amide moiety at the uracil C-5 position.
However, future studies are needed to fully elucidate the
relationship between the carbon linker and the incorporation
efficiency of bulky side chains.

We gained structural insights into the mechanism of C-5-
modified tUTP substrate incorporation into TNA oligonucleo-
tides by solving the X-ray crystal structure of Kod-RSGA to
high resolution. Our crystal structure captured the postcatalytic
product of a primer extension reaction that added two TNA
residues onto the 3’-end of a DNA primer. Consistent with the
known proclivity of archaeal B-family DNA polymerases to
accept a broader range of base-modified substrates in
comparison to bacterial A-family DNA polymerases,” our
structure revealed a wide, solvent-exposed channel in the
enzyme active site that opens to the major groove of the DNA
substrate. Similar observations have also been made for the
wild-type Kod DNA polymerase.*”** The pocket is large
enough to accommodate a wide assortment of aryl and
aliphatic side chains found at the C-$ position of the modified
tUTP substrates, which would occupy the major groove
following their incorporation into the growing TNA strand.

The crystal structure of Kod-RSGA also revealed the
location and orientation of the gain-of-function mutations
required for efficient TNA synthesis. Although it is difficult to
interpret the functional role of these amino acid changes in the
absence of the tNTP substrate, we speculate that these changes
confer TNA synthesis activity on the wild-type enzyme
through a combination of factors that optimize substrate
recognition in the enzyme active site and allow for more
favorable short- and long-range dynamic interactions. For
example, mutation N491S is situated at a position that would
contact the nucleobase of the incoming tNTP substrate, while
the R606G mutation faces the minor groove of the primer—
template duplex, just below the expected nucleotide binding
site. The locations of these mutations suggest that they may
help coordinate the tNTP substrate in the polymerase active
site for chemical bond formation. Additionally, these mutations
substitute bulky side chains for smaller, more flexible residues
that could play a role in short-range dynamics. In contrast, the
A485R and T723A mutations are located outside the active
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site, suggesting that they may be responsible for interactions
involving the opening and closing of the finger subdomain,
which is required for chemical bond formation. For example,
these mutations may lower the fidelity of the ajar conformation
observed in A-family DNA polymerases, which is thought to be
a critical checkpoint in the recognition of incoming nucleoside
triphosphates.”’ Alternatively, they could relax the specificity of
other checkpoints in the DNA synthesis mechanism, such as
the geometry of the duplex following the incorporation of
several modified nucleotides.”

B CONCLUSION

In summary, we report the synthesis and polymerase
recognition of TNA triphosphates equipped with diverse
chemical functionalities. We have found that, despite
significant chemical differences, the modified side chains are
efficiently incorporated into TNA libraries. The ability to
construct functionally enhanced TNA libraries by polymerase
extension suggests that it should be possible to explore new
regions of chemical space by in vitro selection. Such
experiments could one day narrow the gap between aptamers
and antibodies as affinity reagents in diagnostic and therapeutic
applications.
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