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An epimer of threose nucleic acid

enhances oligonucleotide exonuclease

resistance through end capping
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End capping of oligonucleotides by modified nucleotides is essential for boosting resistance to 3’

exonuclease degradation, thereby enhancing their stability and therapeutic efficacy in vivo. However,
the rationale behind these modifications remains unclear. In this study, we designed a novel nucleic
acid analog, eTNA, by replacing deoxyribose with the a-D-erythrofuranosyl moiety. As an epimer of
TNA (threose nucleic acid), it combines structural features from inverted-dT and TNA, both known for
enhancing resistance against 3’-exonucleases. On top of this, we systematically investigated the

stability of a series of oligonucleotides capped with inverted-dT, TNA and eTNA at the 5’-, 3’-, or both
ends. The structural differences between eTNA and natural dT help to understand how the sugarring’s

conformation and rigidity affect duplex stability and exonuclease resistance. Our experimental and
theoretical results show that the modified furanose affects the binding positions of terminal
nucleotides in the phosphodiesterase active site, preventing phosphodiester hydrolysis. Our
mechanistic study should benefit future therapeutic oligonucleotide design with end capping.

Over the past few decades, significant progress has been made in the
development of oligonucleotide-based treatments, with 19 drugs approved
for various diseases". Typically, oligonucleotide therapeutics utilize short
synthetic nucleic acid polymers to modulate gene expression, and target
specific genes or proteins in various diseases’. They include antisense oli-
gonucleotides (ASOs), small interfering RNAs (siRNAs), and microRNAs
(miRNAs), which primarily function by forming double-stranded com-
plexes with target RNA, leading to the cleavage or degradation of target
mRNA and interruption of protein production®. Notably, oligonucleotide-
based therapeutic platforms also encompass two distinct classes of func-
tional molecules—aptamers and DNAzymes—derived from in vitro selec-
tion methodologies™. Aptamers are highly specific and bind strongly to
target molecules’, while DNAzymes, a class of catalytic nucleic acids,
combine sequence recognition with enzymatic activity’. As oligonucleotides
have the potential to treat diseases associated with undruggable proteins,
they offer a versatile and targeted approach at the molecular level’.
Although oligonucleotide therapeutics has demonstrated significant
therapeutic potential, their clinical application still faces several challenges

such as low delivery efficiency, off-target effects, and poor stability"*. The
biostability of oligonucleotide therapeutics is one of the most important
difficulties hindering their development and clinical application, as
unmodified DNA and RNA oligonucleotides decay fast in vitro and in vivo,
particularly in blood™"’. Chemical modifications are frequently required to
improve the intracellular and serum stability of oligonucleotides, therefore
improving their resistance to nuclease metabolism and plasma half-life'".
Various chemically modified oligonucleotides have been developed,
including phosphorothioate ODN and sugar-modified XNAs like 2’-F-
RNA, 2-OMe-RNA, 2’-MOE-RNA, FANA (2’-fluoro-arabinonucleic acid),
LNA (locked nucleic acid), phosphorodiamidate morpholino oligomer
(PMO)* and TNA (threose nucleic acid)'*. These modifications have been
widely implemented in approved nucleic acid drugs and those in clinical
trials, particularly for ASOs and siRNAs, which function through Watson-
Crick base pairing with target RNA’. For instance, second-generation
antisense oligonucleotides like Mipomersen and Inotersen have utilized 2’-
O-methoxyethyl-modified nucleotides to enhance enzyme resistance'’. In
contrast, other types of oligonucleotide drugs, like aptamers and
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DNAzymes, require specific 3D structures to maintain their binding affinity
or catalytic efficiency, making them sensitive to chemical modifications in
their functional sequences™". For example, the DNAzyme 10-23, when
modified with phosphorothioate (PS) linkages throughout its substrate
recognition arms, showed significantly reduced catalytic activity'. To
replicate ASO-like functions and stability, iterative design, build, test, and
learn cycles are necessary to identify permissive sites within the scaffold for
chemical modifications'*'. Extensive changes to the backbone may also
impact hybridization efficiency and pose additional challenges related to
chirality, hydrophobicity, and potential toxicity"’.

Studies indicate that oligonucleotide degradation in serum, plasma, or
in vivo primarily occurs through 3’ to 5" exonucleolytic mechanisms™ *'*"".
The plasma half-life of oligonucleotides directly affects their clearance
kinetics and tissue distribution, making long-term effectiveness—especially
in non-liver tissues—largely dependent on stability'*. Therefore, enhancing
oligonucleotide stability, particularly at the 3’ end, is vital for improving
accumulation in both hepatic and extrahepatic tissues'*”’. For this, capping
the 3’-end with unnatural nucleoside analogs has emerged as a key and
straightforward strategy for boosting stability of aptamers or
DNAzymes®**'. For example, the Selger laboratory synthesized oligonu-
cleotides incorporating inverted deoxythymidine (inverted-dT, INV-T) at
the ends, leading to a significantly extended half-life of 30 h in human
serum, compared to just 20 min for natural oligonucleotideszz. Similarly,
Beigelman et al. reported that the inverted-dT residue enhanced stability by
30-50-fold depending on the specific chemistries involved*"”’. Notable
research by the Chaput laboratory and others on threose nucleic acid (TNA)
has highlighted its exceptional stability against nucleases™*’, demonstrating
its potential as a protective capping agent for safeguarding DNAzyme
against degradation in various enzyme-rich environments”’. This strategy
has been successfully applied in FDA-approved aptamer drugs, such as
Pegaptanib’ and Avacincaptad pegol’, both of which utilize 3’-end
inverted-dT capping. Additionally, it is being investigated in several clinical-
stage candidates, including ARC1779, REG1, and BAX499”.
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Fig. 1 | The crystal structure, active site and hypothesized catalytic mechanism of
snake venom phosphodiesterase (VPD). A The crystal structure of VPD shows the
enzyme consists of three structural domains, i.e. the N-term (blue), PDE (palecyan)
and NUC (orange) domains. The active site is located in the PDE domain and
contains two Zn" ions, PDB code: 5GZ5. B The binding site of VPD accom-
modating dTMP nucleotide is depicted by molecular surface (left) and cartoon
models. Zn** ions are shown as spheres with labels. The N and S pockets for
nucleotides are indicated. Crucial amino acid residues are colored differently in the

The 3’-exonuclease resistance mechanisms of several uncommon
terminal ribose modification have been elucidated through crystal structure
analysis’"" or molecular modeling studies™ based on the Klenow Fragment
(KF) exonuclease from E. coli. Surprisingly, studies have not been conducted
on the widely used INV-T, which is employed in FDA-approved aptamer
drugs. Furthermore, no structural studies have been conducted on more
relevant phosphodiesterases (PDEs), such as snake venom phosphodies-
terase (VPD), as opposed to the Klenow Fragment (KF)". VPD shares
significant sequence and structural similarities with the human ectonu-
cleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) family’*, which
hydrolyze extracellular nucleotide derivatives to regulate signaling path-
ways. Although KF shares some similarities to mammalian exonucleases, it
exhibits subtle differences in both structure and catalysis mechanism
compared to VPD”, The active site of KF contains two metal ions, Zn>* and
Mg**, with the latter being crucial for stabilizing the leaving phosphate
group’™"**. In contrast, VPD contains two Zn>* atoms at its active site’ and
hydrolyzes phosphodiesters (Fig. 1A, B) via a two-step inline displacement
mechanism (Fig. 1C) which utilizes the conserved threonine nucleophile at
the active site’>”. Since VPD is more relevant to human PDEs in serum,
investigating the molecular interactions between VPD and oligonucleotides
with modified 3’-terminal nucleotides is essential for elucidating the
structural basis for 3’-exonuclease resistance in these modified
oligonucleotides.

Inspired by the enhanced nuclease resistance of INV-T and TNA, this
study investigates the molecular mechanisms underlying their 3’-exonu-
clease resistance. The INV-T switches the orientation of deoxyribose ring
and subsequently the orientation of the thymine base (Fig. 2A). In the case of
TNA, the phosphate group is shifted to 2’-OH of threofuranosyl ring, not
only reducing the spacing between neighboring phosphate groups, but also
changing the pucker conformation of the sugar ring (Fig. 2B). These
structural changes should somehow disturb the recognition of 3’-exonu-
clease to the terminal nucleotide. Questions arise about how 3’-exonuclease
recognizes normal 3’-terminal nucleotides and how structurally distinct
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surface model and shown as sticks in the cartoon model. C The two-step inline
displacement mechanism proposed for the enzymatic hydrolysis of phosphodiester
by PDEs. The R” represents the 3’-terminal nucleotide, while R is the second
nucleotide counted from the 3’-end. Threonine (T185) acts as a nucleophile
attacking the phosphorus to form a trigonal bipyramidal transition state. The Oy
atom of T185, phosphorus and the oxygen connecting to R are supposed to be
aligned in a line as indicated by the blue arc arrows.
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Fig. 2 | Distinct nucleoside modifications at the 3’- A
terminus of oligonucleotides. A Structures of the

DNA oligonucleotides with a single dT, INV-T, or
eTNA-T at the 3’-end. B Pucker conformations of all

4 terminal nucleotides obtained by QM structural
optimization. Only backbone atoms are shown

while the thymine base is represented by a single

nitrogen atom with a T label. Carbon, oxygen, 0
nitrogen, phosphorus and polar hydrogen atoms are 70_2:0
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XNAs inhibit enzymatic cleavage. To investigate these issues, we designed a
novel nucleic acid by substituting deoxyribose with a-D-erythrofuranosyl,
the epimer of a-L-threofuranosyl (termed eTNA, Fig. 2). This new structural
configuration combines features of both inverted nucleotide and TNA,
aiming to reveal how the conformation and rigidity of the sugar ring alter the
binding poses of terminal nucleotides in the active site of phosphodiesterase.
Subsequently, we synthesized oligonucleotides with three different terminal
modifications—INV-T, TNA-T, and eTNA-T—and assessed their thermal
stability and nuclease resistance. Molecular modeling studies were carried
out to elucidate how these modifications affect duplex stability and enhance
protection against 3’-exonucleases.

Results and discussion

Structural features of terminal nucleotides

Modified nucleotides often exhibit distinct puckering conformations
compared to canonical DNA or RNA, influencing the conformation of the
oligonucleotide’s phosphodiester backbone and altering base stacking
interactions between neighboring nucleotides. The puckering angles of all
four thymine nucleotides were calculated based on structures optimized
using quantum mechanics (QM) method (Fig. 2B). Both T and INV-T
adopted a C2-endo conformation, characteristic of B-form DNA. The
pucker angle for TNA-T was measured at 33.4°, within the 36 + 22° range
observed by NMR for the 3’-terminal TNA nucleotide®, validating the
reliability of the quantum mechanical optimizations. Subsequent analysis of
the QM-optimized structure of e TNA-T revealed a markedly different sugar
conformation, with a pucker angle of 9.5°, indicative of a C3’-endo con-
formation similar to that of the ribose ring in RNA. The pucker angles of all
four nucleotides are detailed in the Supporting Information (Supplementary
Table S1).

Synthesis of eTNA monomers

The eTNA nucleoside is an epimer of the TNA nucleoside. Our chemical
synthesis strategy for e TNA is derived from the method established for TNA
by Chaput and colleagues (Fig. 3)”. In this study, our synthesis began with
the preparation of the glycosyl donor 5. Initially, D-erythronolactone (2)
was prepared from the known compound D-isoascorbic acid (1) according
to the reported procedures”. The oxidative cleavage of D-isoascorbic acid

(1) was carried out in the presence of hydrogen peroxide and Na,COs,
followed by treatment with hydrochloric acid to induce an intramolecular
lactonization, resulting compound D-erythronolactone (2). The 2’-O-
position of 2 was selectively protected with a benzoyl group to facilitate the
neighboring group participation effect for stereoselective p-glycosylation".
Subsequently, treatment of compound 3 with tert-butyldimethyl-
chlorosilane and imidazole in CH,Cl, furnish compournd 4. Finally,
compound 4 was reduced from its lactone form to the corresponding lactol
using DIBAL-H, followed by acetylation at the anomeric position, yielding
glycosyl donor 5 in a 75% yield.

With the glycosyl donor 5 in hands, the Vorbriiggen glycosylation** of
silylated thymine was conducted in the presence of trimethylsilyl tri-
fluoromethanesulfonate (TMSOTS) at 60°C in anhydrous acetonitrile,
resulting in the synthesis of fully protected nucleoside T for eTNA 6a.
Similarly, glycosyl donor 5 was treated with silylated N °-benzoyladenine
and TMSOTf at 95°C in anhydrous toluene, resulting the protected
nucleoside A of eTNA 6b. Desilylation of the fully protected nucleosides T
and A for eTNA was achieved using triethylamine trihydrofluoride as a mild
desilylation reagent", providing compounds 6a and 6b, respectively, in
yields of 75-80% after crystallization. The 3’-O-position of 6a and 6b are
tritylated with DMTr-Cl using pyridine as a base, followed by selective
deprotection of 2’-O-benzoyl group by sodium hydroxide to provide
compound 7a and 7b, respectively. The 2’-OH of 7a and 7b were phos-
phitylated with 2-cyanoethyl-N,N-diisopropylchlorophosphine to yield the
phosphoramidite monomers 8a and 8b.

Overall, our synthetic protocol for eTNA phosphoramidites involves
ten sequential chemical transformations, along with three crystallization
steps and three chromatographic purifications, yielding T phosphor-
amidites at 13.1% and A phosphoramidites at 11.4%. The characterization
of all compounds was carried out thoroughly using high-resolution mass
spectrometry (HRMS) and nuclear magnetic resonance (NMR) spectro-
scopy, as detailed in the Supporting Information (Supplementary
Figs. S60-89).

Synthesis of oligonucleotides
After obtaining the pure eTNA phosphoramidites 8a and 8b, they were used
as modified monomers in solid-phase syntheses and incorporated at the

Communications Chemistry | (2025)8:144


www.nature.com/commschem

https://doi.org/10.1038/s42004-025-01545-8

Fig. 3 | Synthesis of eTNA phosphoramidites. OH
Reagents and conditions: a (1) Na,COs3, 30% aq. 0 S
H,0,, H,0, 1 h, 0-40 °C; (2) active charcoal, 1 h,

40°C; (3) Conc. HCL, pH=1, 0.5h, 0°C, 70%;

b benzoylchloride, 1:9 pyridine—CH,Cl,, 1 h, 0°C, 1
60%; c tert-butyldimethylchlorosilane, imidazole,

CH,Cl,, overnight, rt, 90%; d 1 M DIBAL-H in

hexanes, anhydrous THF, 2.5 h, —78 °C; e sat. aq.

potassium sodium tartrate, EtOAc, overnight, rt; g,
—

f Ac,0, DMAP, CH,Cl,, 4 h, rt, 75% for three steps;

g thymine, N,0-bis(trimethylsilyl)acetamide (BSA),
trimethylsilyltriflate (TMSOTY), anhydrous acet-

onitrile, 1 h, rt to 60 °C; h N°-benzoyladenine, BSA,

TMSOTT, anhydrous toluene, 2 h, 95 °C;

i triethylaminetrihydrofluoride, THF, overnight, rt, Y
80% for 6a, 75% for 6b; j 4,4’ -dimethoxytrityl
chloride (DMTrCl), 4-dimethylaminopyridine
(DMAP), pyridine, 6 h, 80 °C; k DMTrCl, DMAP,
pyridine, overnight, 80 °C; 11 M NaOH, 5:4 THF
—MeOH, overnight, 0 °C to rt, 80%; m 1 M NaOH, h,i
5:4 THF—MeOH, 7 h, 0 °C, 67%; n N,N-diisopro-

pylethylamine, 2-cyanoethyl N,N-diisopropyl-

chlorophosphoramidite, anhydrous CH,Cl,, 1 h, rt,

72% for 8a, 80% for 8b.
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specified positions within the DNA strands, either in central or at terminal
positions. Oligonucleotides modified at the terminus with INV-T and TNA-
T were synthesized simultaneously, along with four RNA oligonucleotides
containing 3’-end modified nucleosides. The synthesis of all oligonucleo-
tides was carried out by utilizing standard solid-phase P (III) oligonucleotide
chemistry. The synthesized oligonucleotides were subjected to purification
via high-performance liquid chromatography (HPLC), and their identities
were confirmed through MALDI-TOF mass analysis (Supplementary
Figs. S3-24). The obtained data and sequences are presented in supporting
information Supplementary Table S2.

Thermal melting studies

The effect of INV-T, TNA-T and eTNA-T modifications on the thermal
stability of oligonucleotide duplexes was assessed by analyzing changes in
melting temperatures (T;,,). The T, curves were obtained with an UV —vis
spectrophotometer equipped with a temperature controller, and the results
were shown in Supplementary Table S3 and Table 1, and all T, curves were
shown in Supporting Information (Supplementary Figs. S25-28).

To evaluate the compatibility of eTNA phosphoramidite for oligonu-
cleotide synthesis, we incorporated it site-specifically into the central posi-
tion of DNA strands and measured the melting temperatures of the resulting
duplexes (Supplementary Table S3). The results revealed that the incor-
poration of central eTNA severely destabilized duplex stability, with AT,
values ranging from —11.3 to —16.0 °C. In contrast, DNA duplexes con-
taining a single central TNA residue or a TNA-TNA pair exhibited only
slight destabilization (AT, = —0.4 to —2.6 °C), highlighting TNA’s favor-
able accommodation within the DNA helix. The pronounced destabiliza-
tion caused by eTNA likely arises from its distinct sugar configuration,
which positions the nucleobase downward, disrupting base stacking and
hydrogen bonding (Fig. 2). These findings underscore €ITNA’s incompat-
ibility as an internal modification.

Previous research has demonstrated that a single unpaired nucleotide
at the ends of double-stranded nucleic acids, also known as “dangling ends”,
can potentially enhance the stability of the duplex structure*. In view of this,
INV-T, TNA-T or eTNA-T was incorporated at the terminus of DNA
chains as dangling nucleotides to investigate their influence on DNA duplex
stability, in comparison to the natural dT residue. The results were shown in
Table 1. The findings indicated that incorporation of all four types of

nucleotides showed an improvement in the stability of DNA duplexes when
placed at the end of a DNA strand as dangling nucleotides, whether at the 3’
end, the 5 end, or both ends. Notably, the presence of dangling dT
nucleotides at both ends of the DNA strand led to a further enhancement in
the stability of the DNA duplexes compared to those at only one end.
Furthermore, different non-natural dangling T's at the 5’ end or both ends of
DNA exhibited a similar stabilizing effect on the DNA duplexes, with ATy,
values ranging from +1 °C to 4-2 °C. Overall, the positive effects of terminal
dangling modifications on DNA duplexes suggested that the formation of
the double helix structure remained largely unaffected by the introduction of
inverted ends, indicating that these modified nucleotides did not disrupt
Watson-Crick base-pairing.

To gain insights into the structural origins of the stabilization effect of
these terminal modified Ts, we performed molecular dynamics (MD)
simulations on DNA duplexes capped with 3’-dT, 3’-INV-T, 3’-eTNA-T
and 3-TNA-T (Supplementary Fig. S1). Previous studies suggest that
dangling ends stabilize oligonucleotide duplexes through cross-strand
stacking which protects the terminal base pair from water”. This
mechanism was confirmed in MD trajectories of DNA duplexes capped by
3’-INV-T (Fig. S2B) and 3’-eTNA-T (Supplementary Fig. S2C) which
displayed a higher population of cross-strand stacking conformations,
exerting higher stabilization effects to the duplex. In contrast, the 3’-T
nucleotide was primarily stacked on the neighbor thymine of the same
strand, providing limited protection to the terminal base pair (Supple-
mentary Fig. S2A).

Nuclease stability assays of 5’ or 3’- terminal modified
oligonucleotides

Given the critical role of biostability in the efficacy of nucleic acid drugs in
biomedical applications, it is imperative to assess the stability of oligonu-
cleotides bearing terminal modifications such as INV-T, TNA-T, eITNA-T,
or dT in a biological environment. These modifications were introduced at
the 5’-end, 3’-end, or both ends of the oligonucleotides. Subsequently, the
oligonucleotides underwent nuclease degradation using bovine spleen
phosphodiesterase (SPD)*, snake venom phosphodiesterase (VPD), or 50%
human serum®. SPD and VPD exhibit 5" to 3’ and 3’ to 5 exonuclease
activities, respectively. For further validation, we also added these mod-
ifications to the 3’ end of RNA oligonucleotides and treated them with VPD.

Communications Chemistry | (2025)8:144


www.nature.com/commschem

https://doi.org/10.1038/s42004-025-01545-8

Article

Table 1 | Melting temperatures of DNA duplexes with terminal capping

5’-d(ACGGCTATTGAGT)-3’ T®/ATP (°C)

3’-d(Z TGCCGATAACTCA 2)-5’

z DNA-T TNA-T INV-T eTNA-T
5’ dangling Z 60.7/40.2 61.5/+1.0 61.4/+0.9 61.1/40.6
3’ dangling Z 61.2/+0.7 60.8/+0.3 62.1/+1.6 61.3/+0.8
5’ and 3’ dangling Z 61.2/40.7 62.4/4+1.9 61.5/4+1.0 62.5/4-2.0
None dangling 60.5

“Measured at 260 nm with 2.5 uM + 2.5 uM single-strand concentration at a heating rate of 0.6 °C/min in 1 M NaCl, 10 mM MgCI2, pH 7.0. T, values were calculated from the heating curves.
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B snake venom phosphodiesterase and D 50% human serum. N.C. indicates Ty,
cannot be calculated, N.D. indicates no significant degradation.

The resulting stability profiles were depicted in the Supporting Information
(Supplementary Figs. S29-59).

Capping the oligonucleotides with eTNA-T at the 5’-end significantly
improved their exonuclease resistance against SPD (Fig. 4A). PAGE analysis
showed no significant degradation throughout the observation period.
Generally, oligonucleotides capped with 5-INV-T exhibited the highest
resistances to SPD, with almost no degradation. After 72 h of digestion with
SPD, nearly 67% and 70% of the oligonucleotides protected with eTNA-T
and TNA-T 5-capping remained. 5-modified oligonucleotides showed
significant enhancement of stability compared to unmodified oligonu-
cleotides which have a half-life of only a few minutes. To better mimic
biological conditions, modified oligonucleotides were also subject to
degradation in 50% human serum (Fig. 4C). As expected, the terminal

e¢TNA modification extended the half-life of oligonucleotides from 8.7 min
to 3.3 h, significantly enhancing the stability of oligonucleotides in human
serum. Comparable effects were also observed for INV-T (T, of 3.7 h) and
TNA (T}, of 2.8 h) modifications.

Exonuclease resistance assays against VPD, known for its 3’ to 5
exonuclease activity, were conducted for oligonucleotides capped with
eINA-T, INV-T, or TNA-T at the 3’-end (Fig. 4B). These modified oligo-
nucleotides showed no observable degradation during the observation
period of 72 h, whereas unmodified oligonucleotides remained stable for less
than 15min. When 3’-end modified oligonucleotides were subject to
degradation in 50% human serum (as illustrated in Fig. 4D), it was observed
that oligonucleotides with eTNA-T, INV-T and TNA-T exhibited sig-
nificantly prolonged half-lives of 24.2, 10.5 and 18.8 h, while oligonucleotide
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with natural dT had a half-life of approximately 19 min. The eTNA-T
modification increased 3’-exonuclease resistance, outperforming estab-
lished modifications like TNA-T and INV-T, which are commonly used as
standard commercial modifications.

Next, we investigated the potential to combine protective modifica-
tions at both the 5’ and 3’ ends of oligonucleotides simultaneously (Sup-
plementary Fig. S29). It is not surprising that all dually-modified
oligonucleotides—eTNA-T, INV-T, or TNA-T showed similar enhanced
stability compared to their unmodified counterparts, with no notable
degradation observed during the observation period. Upon exposure to 50%
human serum (Supplementary Fig. S30), terminal modifications of oligo-
nucleotides with eTNA-T, INV-T, or TNA-T at both ends show improved
stability (half-life of 9.8, 12.4, and 24.0 h) when compared to unmodified
oligonucleotides (half-life of 27.6 min). Surprisingly, 3’- and 5-end dual
modification of oligonucleotides with eTNA-T was less stable than 3’-end
modification alone. In contrast, dual capping with TNA-T or INV-T further
enhanced enzymatic resistance.

In addition, we tested the VPD stability of RNA oligonucleotides
modified with €TNA, INV-T, and TNA-T at the 3’ end. The results were
showed in the Supporting Information (Supplementary Fig. S31). All 3’
modifications increased the half-life of RNA oligonucleotides by 8-18 folds
compared to unmodified RNA oligonucleotides, which had a half-life of
only 1.6 min. Serum stability was not assessed due to rapid RNA degrada-
tion in serum, which is mainly due to the hydrolysis by RNase enzymes.

Collectively, comparative analyses reveal that eTNA-T 3’-capping
outperforms both INV-T and TNA-T in 50% human serum, demonstrating
2.3-fold and 1.3-fold greater stability against 3> — 5 exonuclease degrada-
tion, respectively (Fig. 4D). The eTNA-T modification represents a sig-
nificant advancement in 3’-end stabilization, probably providing high
efficiency and broad applicability across nucleic acid therapeutics.

Molecular mechanism of exonuclease resistance of 3’-capped
oligonucleotides

Motivated by the significant enhancement of exonuclease resistance in
terminally capped oligonucleotides, we aimed to elucidate the molecular
mechanisms underlying 3’-exonuclease resistance. Early experiments
indicated that cleavage by 3’-exonucleases primarily contributes to oligo-
nucleotide degradation in serum. We chose VPD as a model enzyme
because it is commonly used to assess 3’-exonuclease resistance for
oligonucleotides™. Additionally, the recent reporting of VPD crystal
structures allows for direct investigation of interactions between oligonu-
cleotides and VPD”.

For simplicity in the computational studies, we used dinucleotides
consisting of a normal thymidine and a modified thymidine (INV-T, TNA-
T, eTNA-T) to model oligonucleotides with terminal modifications. The 5’-
O of the first thymidine was capped with a methyl phosphate group,
resulting in dinucleotides labeled as MpTT, MpTiT, MpTeT, and MpTtT,
respectively. We employed ligand-protein docking and molecular dynamics
simulations to construct structural models for VPD and these dinucleotides.
The catalytic active site of VPD (Fig. 1B) features a bi-zinc metal center, a
nucleobase-binding pocket (N pocket) between aromatic amino acids F186
and Y269, and an S pocket for VDP accommodating the second nucleotide
of dinucleotide substrates. Binding poses of all four dinucleotides in VPD’s
active site are illustrated in Fig. 5. The binding orientations of the normal
thymidine in all four dinucleotides were similar (Fig. 6B), indicating reliable
structural models. While the 5-methyl phosphate group varied among
binding poses due to the absence of the remaining oligonucleotide segments,
it showed minimal interactions with the 3’-terminal nucleotides. Conse-
quently, we focused our analyses on the 3’-terminal nucleotides, dis-
regarding the 5-methyl phosphate group.

The four 3’-terminal nucleotides displayed diverse binding poses
(Figs. 5 and 6B), particular for the sugar ring and the thymine base. The 3’-
terminal thymines of MpTT (T3) and MpTiT (INV-T) occupied the N
pocket, with their rings sandwiched between the aromatic residues F186 and
Y269 (Figs. 5A, B and 6A, B). In the cases of MpTeT (eTNA-T) and MpTtT

(TNA-T), their nucleobase moieties were positioned closer to the entrance
of the N pocket and were more solvent-exposed (Figs. 5C, D and 6B), rather
than extending into the space between F186 and Y269. Previous studies have
shown that the strength of -t stacking between nucleobases and the phenol
ring of Y269 is crucial for NTP recognition by VPD. In the cases of MpTeT
and MpTtT, this m-n stacking interaction was absent. Furthermore, these
nucleotides were more solvent-exposed, likely reducing the binding affi-
nities of oligonucleotides capped with eTNA-T or TNA-T. This diminished
binding affinity partially explains the hydrolysis resistance of eTNA-T and
TNA-T capped oligonucleotides.

Close inspection into binding poses of all dinucleotides revealed that
the orientations of the nucleobases were mainly determined by the con-
figurations of the sugar rings (Fig. 6C, D). The deoxyribose ring of MpTT
adopted an orientation nearly vertical to the plane of the phenol ring of Y269
of VPD and the 3’-OH group on the sugar ring formed a hydrogen bond
with the amine group of K271 in VPD (Figs. 5A and 6A). The binding pose
of Ty was quite similar to that of dTMP in its cocrystal structure (PDB code:
4GTX; Fig. 1B) with mouse Enpp1 which is homologous to VPD. For the
other three modified thymidines (Fig. 6C, D), the sugar rings were all parallel
to the phenol ring of Y269, due to the direct connection of the phosphate
group to these rings. As a result, 5-OH of INV-T in MpTiT formed a
hydrogen bond with the carboxylic oxygen of D305, which also coordinated
with Zn2 (Fig. 5B). This interference could disrupt the enzyme’s catalytic
function, as both carboxylic oxygens of D305 can coordinate with Zn2. The
thymine base of INV-T was also parallel to the phenol ring of F269 and
reached the space between F186 and Y269 (Figs. 5B and 6C). Although the
nucleobases in DNA typically adopt a vertical orientation relative to the
pseudo-plane of the deoxyribose ring, the sugar ring of INV-T adopted a
C2-endo puckering conformation, allowing considerable rotational free-
dom for the thymine base. In MpTeT, however, the thymine group was
almost vertical to the sugar ring, pointing away from F186 and Y269 of VPD
(Figs. 5C and 6D). This was because the sugar ring adopted a C3’-endo
conformation with the 2’-OH blocking the thymine base to rotate as in INV-
T (Fig. 7A). A similar binding pose was observed for the TNA-T in MpTtT
(Figs. 5D and 6D).

Realizing that both the conformation and rigidity of the sugar ring
significantly influence the binding poses of the 3’-terminal nucleosides in
VPD’s active site, we questioned whether these structural effects perturb
subsequent enzymatic catalysis steps, such as transition state formation.
According to the two-step inline displacement mechanism, the hydrolysis of
phosphodiesters involves a five-coordinate trigonal bipyramidal transition
state (Fig. 1C). Critical to this process is the accessibility of the phosphorus to
the Oy atom of T185, as well as the angle formed by Oy of T185, the
phosphorus, and the leaving oxygen, which should be close to 180°. Failure
to meet either condition would hinder the hydrolysis of the phosphodiester.
We then constructed transition state-like (TS-like) structure models for all
four dinucleotides using steered molecular dynamics simulations and
assessed their stability. As shown in Fig. 5, the alignment of Oy of T185, the
phosphorus, and the leaving oxygen connected to the second thymidine
closely matched the rat NPP2-VO5 TS analog complex structure (PDB
code: 5IJS). Interestingly, during short molecular dynamics simulations
(5 ns) with a strong distance restraint applied between Zn1 and the nearest
oxygen of the phosphate group, all three modified 3’-terminal dinucleotides
quickly deviated from their TS-like structures (Fig. 5B-D). In contrast, the
dinucleotide formed by two normal thymidine maintained its TS-like
structure (Fig. 5A). These results clearly indicate that it is significantly more
difficult for these modified dinucleotides to form the five-coordinate tri-
gonal bipyramidal transition state in VPD’s active site.

Based on our computational calculations and structural analyses, we
propose a mechanism to explain the 3’-exonuclease resistance of the three
modified thymidines against VPD. In the enzyme-substrate (ES) complex,
the direct connection of the phosphate group to the sugar ring forces it into a
parallel orientation with the phenol ring of Y269 in VPD (Fig. 7). The
position of the thymine base on the opposite side of the sugar ring leads to
varying binding poses in the N-binding pocket of VPD (Fig. 6B), depending
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Fig. 5 | Binding poses of dinucleotides in the catalytic active site of VPD, the rat
NPP2 x VOS5 TS analog complex structure (PDB code: 5IJS). From A to D are
binding poses of MpTT (dT), MpTiT (INV-T), MpTeT (eTNA-T) and MpTtT
(TNA-T), respectively. Critical amino acids in the active site of VPD are depicted as
sticks with carbon atoms colored in cyan. Zn>* ions are shown as gray spheres with
labels Zn1 and Zn2, respectively. The dinucleotides are shown as sticks with carbons

in the 3’-end nucleotides colored in yellow, while carbons in the 5’-end nucleotides
are colored in magentas. Superimposition between the transition state (TS) like
structures of dinucleotides and the rat NPP2 x VO; TS analog complex structure are
presented on the right side. Distances between atoms or hydrogen bonds are indi-
cated by dashed black lines.
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Fig. 6 | Binding poses of dinucleotides at the active
site of VPD. A Binding pose of natural thymidine
dinucleotide (MpTT). Key amino acid residues
surrounding the dinucleotide are indicated. The
molecular surface of VPD is shown.

B Superimposition of binding poses of all four
dinucleotides. C, D Different orientations of the 3’-
terminal thymine bases between deoxyribose-based
nucleotides (MpTT and MpTiT) and threose-based
nucleotides (MpTtT and MpTeT) in the N pocket of
VPD. Dinucleotides are depicted by sticks with
oxygen, nitrogen, phosphorus and polar hydrogens
colored in red, blue, orange and white, respectively.
Carbon atoms from different nucleotides colored:
MpTT (dT), green; MpTiT (INV-T), cyan; MpTeT
(eTNA-T), magentas; MpTtT (TNA-T), yellow.
Zinc atoms are shown as gray spheres.

on the sugar pucker conformations (Fig. 2). Consequently, reduced binding
affinity occurs when the thymine binding is suboptimal, such as lacking r-m
interactions with Y269. Additionally, the rigidity of the sugar ring hampers
the formation of productive transition states, further affecting the catalytic
reaction. Together, these factors contribute to the enhanced 3’-exonuclease
resistance of oligonucleotides with modified 3’-terminal thymidine.

This mechanism, to our knowledge, is the first molecular mechanism
proposed for the underlying VPD resistance of 3’-terminal modifications of
oligonucleotides, facilitated by the recent publication of VPD crystal
structures”. For nearly 40 years, the principle of blocking metal ion binding
at the site equivalent to Zn1 in VPD (Fig. 1B) has guided the design of 3’-
exonuclease resistant oligonucleotides’. This principle stems from crystal-
lographic studies showing that bulky modifications, such as phosphor-
othioate (PS) and 2’-O-substituents, prevent Mg*" from occupying the
active site of KF when bound to DNA oligomers™’'. However, no evidence
suggests that 3’-terminal modified nucleotides replace Zn1 at the VPD active
site, highlighting the need for caution when using KF to design new mod-
ifications. VPD is routinely employed as a model enzyme to evaluate the 3’-
exonuclease resistance of oligonucleotides, particularly as it closely resem-
bles human ENPP1, a key contributor to oligonucleotide degradation in
human serum”’. Here, we investigate the exonuclease resistance mechanism
directly based on VPD structures. The mechanism proposed in this
manuscript can serve as a guiding principle for the future design of 3™-
exonuclease resistant nucleotides.

3’-Capping as a minimal strategy for enhancing oligonucleotide
exonuclease resistance

Chemical modification strategies in oligonucleotide therapeutics differ
significantly between drug classes. Antisense oligonucleotides (ASOs) and
siRNAs, which rely on Watson-Crick base pairing, employ extensive
backbone modifications—such as phosphorothioate (PS) linkages, 2’-F-
RNA, 2’-O-methyl (2’-OMe), and locked nucleic acid (LNA)—to enhance
enzymatic resistance and hybridization stability'. In contrast, aptamers (e.g.,
Pegaptanib) and DNAzymes require precise three-dimensional structures
for their function, making them sensitive to broad modifications'®. Their
structural sensitivity necessitates a minimal approach, with modifications
restricted to non-functional termini or combined with localized sugar
adjustments (e.g., 2’-F, 2’-OMe) to avoid disrupting critical catalytic cores or
binding pockets'*”’. This underscores the importance of 3’-terminal capping
as a critical solution. By selectively blocking 3’ — 5’ exonuclease degradation
—the primary pathway for oligonucleotide clearance—this approach
enhances biostability while maintaining structural integrity™*'*".

The 3’-terminus is essential for optimizing aptamer and DNAzyme
therapeutics. Clinically validated strategies include Pegaptanib’s3™-inverted
thymidine (INV-T) capping, combined with 2’-F/2-OMe modifications’,
and Avacincaptad pegol’s™ dual 3’-capping/PEGylation system to extend
systemic circulation. In addition to extending plasma half-life, 3’-end
engineering may address several limitations of global modifications,
including (1) minimal disruption to critical secondary/tertiary structures';
(2) elimination of chirality issues associated with PS linkages’; and (3)
enhanced predictability in structure-activity relationships®. This approach
lessens the need for iterative optimization of functional sequences by
focusing modifications on non-critical termini.

Emerging innovations, including novel caps and mechanistic studies of
exonuclease recognitions, are positioning 3’-terminal chemistry as a cor-
nerstone for advancing oligonucleotide therapies. This study introduces
¢TNA, a new 3’-capping analog derived from the stereochemical epimer-
ization of TNA, and demonstrates its superior resistance to 3’-exonuclease.
Utilizing molecular modeling with venom phosphodiesterase (VPD)—a
human ENPP1 homolog critical for the degradation of therapeutic oligo-
nucleotides—we reveal that eTNA’s unique sugar puckering (9.5° compared
to TNA’s 33.4°) flips the 2’-OH toward solvent and forces thymine into a
high-energy syn conformation, destabilizing VPD binding. In contrast to
inverted-dT, which blocks catalysis by preventing transition-state forma-
tion, eTNA disrupts enzyme-substrate recognition through disturbed n-n
stacking and impedes catalytic progression, providing dual resistance
mechanisms. Comparative analyses with TNA further emphasize eTNA’s
enhanced ability to evade enzymatic degradation, attributable to its ste-
reochemical reconfiguration. By integrating atomistic MD simulations of
VPD complexes with functional validation, this work establishes a rational
framework for designing 3’-capping analogs that maintain structural
integrity in aptamers and DNAzymes. This approach advances stability-
enhanced oligonucleotide therapeutics through targeted, scalable mod-
ifications rather than relying solely on the empirical trial-and-error strategy.

Conclusion

In summary, while the recognition of 3’-terminal nucleotide modifications
by 3’-exonucleases and how structurally distinct XNAs inhibit enzymatic
cleavage remain unclear, we have investigated the structural and functional
effects of terminal modifications on natural oligonucleotides and the
underlying molecular mechanisms using chemical biology and computa-
tional modeling. Experimental and computational analyses of oligonu-
cleotides capped with inverted-dT, TNA and eTNA at the 5-, 3’-, or both
ends were carried out. Particularly, we designed a novel nucleic acid by

Communications Chemistry | (2025)8:144


www.nature.com/commschem

https://doi.org/10.1038/s42004-025-01545-8

Fig. 7 | Molecular mechanism of cleavage resis-
tance of 3’-eTNA-T and 3’-TNA-T to VPD.
Dinucleotides are depicted by sticks with carbon
atoms of the normal thymidines colored in cyan.
The calculated binding poses of 3’-eTNA-T (A) and
3’-TNA-T (B) are colored in magentas. Imaged
binding poses for thymines of 3’-eTNA-T and 3’-
TNA-T are generated by manually rotating the base
round the glycosidic bond and the carbon atoms are
colored in yellow. Steric clashes between atoms are
indicated by dashed yellow arcs.

substituting deoxyribose with a-D-erythrofuranosyl, the epimer of a-L-
threofuranosyl (termed eTNA), which can be produced easily and effec-
tively incorporated into synthetic oligonucleotides through solid-phase
synthesis. This structure combines features of both inverted nucleotide and
TNA, helps to reveal how the conformation and rigidity of the sugar ring
affect the binding poses of terminal nucleotides in the phosphodiesterase
active site. Our findings indicate that the terminal modification of oligo-
nucleotides with eTNA confers marked resistance to exonucleases, irre-
spective of whether the modification is at the 3’-terminus, 5-terminus, or
both. Computational investigations revealed that the introduction of these
modifications, which impart increased rigidity and altered nucleoside
conformations, modulates the interactions between 3’-terminal nucleosides
and phosphodiesterases, such as VPD, thereby impeding the formation of
the catalytic transition state. Our work should benefit the rational design of
end-capping nucleotides for oligonucleotide drugs, particularly aptamers
and DNAzymes, thereby improving resistance to 3’-exonuclease
degradation.

Methods

General

Unless otherwise specified, all non-aqueous reactions were conducted in dry
glassware under argon or nitrogen gas balloon pressure. All chemicals and
solvents were of laboratory grade as obtained from commercial suppliers
and were used without further purification; anhydrous solvents were pur-
chased as the highest grade. Organic solvents are designated as follows:
EtOAg, ethyl acetate; CH,Cl,, dichloromethane; MeOH, methanol; THF,
tetrahydrofuran. Thin-layer chromatography (TLC) was performed on
TLC glass sheets covered with silica gel 60 F254. Flash column chromato-
graphy (FC): silica gel of 100-200 mesh or 200-300 mesh. NMR spectra
were measured at 400 MHz for 'H, 101 MHz for *C and 162 MHz for *'P.
The J values are given in Hz; § values are given in ppm relative to Me,Si as
internal standard.

D-Erythronolactone (2). To a precooled solution of D-isoascorbic acid
(35.2 g,0.2 mol) (1) in 500 mL of distilled H,O, Na,CO5 (42.4 g, 0.4 mol)
was incrementally added in ten portions over a 20-min period, during
which the evolution of CO, was observed. Then, 30% aq. H,O, (44 mL,
0.45 mol) was added dropwise to the resulting solution in ice bath. The
reaction mixture was removed from ice bath and allowed to heat to 40 °C
and stirred for another 1 h. After that, the reaction mixture was treated
with 8.0 g of activated charcoal (200 mesh) and stirred at 40 °C until
bubbles were no longer observed. The suspension was filtered through a
pad of celite, and the filtered cake was washed by H,O (2 x 50 mL). The
filtrate was cooled to 0°C, and hydrochloric acid was added dropwise
until the pH of solution reached 1, then the solvent was removed under
reduced vacuum and further dried under high vacuum. The crude pro-
duct was obtained as a white solid. Subsequently, 100 mL of EtOAc was
added, and the suspension was heated to 90 °C with stirring. The hot
suspension was filtered, and the filtrate was collected. This process was
repeated five times. The filtrates were combined and concentrated, and
crystallized at 4 °C overnight. After filtration, the compound 2 was
obtained as a white crystal: yield 16.5g (70%)."H NMR (400 MHz,

DMSO-dg) 8 5.79 (s, 1H), 5.39 (s, 1H), 4.38 (d, J = 4.3 Hz, 1H), 4.28 (dd,
J=9.9,3.0 Hz, 1H), 4.25-4.21 (m, 1H), 4.05 (d, = 9.8 Hz, 1H); *C NMR
(101 MHz, DMSO-dq) & 176.86, 72.24, 69.90, 68.83. HRMS: calcd for
C,HO, [M + H'] 119.0339, found 119.0340.

2-0-Benzoyl-D-erythronolactone (3). Compound 2 (9.8 g, 84.4 mmol)
was dissolved in 90 mL of CH,Cl, and 10 mL of pyridine, and then cooled
to 0 °C, benzoyl chloride (10.7 mL, 92.84 mmol) was added dropwise and
the mixture was stirred in 0 °C for 1 h. The mixture was concentrated
under vacuum, and redissolved in 50 mL of EtOAc, washed with 1 N HCl
(3 x 50 mL). The organic layer was collected and dried over Na,SO, and
concentrated, crystallized at 4 °C overnight. The mixture was filtered and
compound 3 was obtained as a white crystal: yield 9.2 g (60%)."H NMR
(400 MHz, DMSO-d,) 8 8.06 (d, J = 8.2 Hz, 2H), 7.72 (t, ] = 7.4 Hz, 1H),
7.58 (t, J=7.7 Hz, 2H), 5.93 (s, 1H), 5.80 (d, J = 4.6 Hz, 1H), 4.64 - 4.60
(m, 1H), 4.56 (dd, ] = 10.0, 2.3 Hz, 1H), 4.24 (d, ] = 9.9 Hz, 1H); ®*C NMR
(101 MHz, DMSO-dg) 6 172.69, 165.21, 134.34, 130.08, 129.29, 129.22,
7347, 71.64, 67.59. HRMS: caled for C;;H,;00s [M 4+ H'] 223.0601,
found 223.0596.

2-0-Benzoyl-3-O-tert-butyldimethylsilyl-D-erythronolactone (4).
Compound 3 (12.0 g 54.0 mmol), imidazole (9.2 g, 135.1 mmol) and
tert-butyldimethylchlorosilane (8.9 g, 59.4 mmol) were dissolved in
200 mL of CH,Cl, and stirred overnight at room temperature. The
mixture was concentrated under vacuum, and redissolved in 50 mL of
EtOAc, washed with H;O (3 x50mL). The organic layer was col-
lected and dried over Na,SO, and then concentrated and separated
through silica gel column chromatography (5:1 hexanes—EtOAc) and
compound 4 was obtained as a colorless syrup: yield 16.4 g (90%).'"H
NMR (400 MHz, CDCl,) & 7.85 (d, J= 7.9 Hz, 2H), 7.40 (t, J = 7.4 Hz,
1H), 7.26 (t, J=7.7 Hz, 2H), 5.65 - 5.54 (m, 1H), 4.40 (d, J=5.3 Hz,
1H), 4.34 (dd, J=11.2, 3.4 Hz, 1H), 4.29 (d, J= 11.1 Hz, 1H), 0.63 (s,
9H), 0.00 (s, 3H), -0.09 (s, 3H); *C NMR (101 MHz, CDCl;) 8
173.49, 165.59, 133.51, 129.89, 129.17, 128.46, 70.74, 69.09, 68.93,
2541, 18.18, -4.90, -5.39. HRMS: calcd for C;,H,,0sSi [M+ H']
337.1466, found 337.1458.

1-O-Acetyl-2-O-benzoyl-3-O-tert-butyldimethylsilyl-D-erythrofur-
anose (5). Compound 4 (10.0 g, 29.72 mmol) was dissolved in 150 mL of
anhydrous THF, then the mixture was cooled to —78 °C in acetone/dry
ice bath, diisobutylaluminumhydride (35.66 mL, 35.66 mmol, 1 M in
hexanes) was added dropwise to the mixture with a syringe in 20 min.
The mixture was stirred under nitrogen for additional 2.5h at —78 °C,
5 mL of MeOH was added slowly with a syringe (evolution of bubble was
observed). After 10 minutes, acetone/dry ice bath was removed and the
reaction mixture was warm to room temperature, added with 100 mL of
sat. aq. potassium sodium tartrate and 150 mL of EtOAc and further
stirred overnight at room temperature. The mixture was extracted with
EtOAc (3 x50 mL), the organic layers were combined and dried over
Na,SO, and then concentrated.

The residue was dissolved in150 mL of CH,Cl, and then cooled to 0 °C,
40 mg of 4-dimethylaminopyridine and Ac,O (3.07 mL, 32.69 mmol) were
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added to the solution. The ice bath was removed and the reaction mixture
was stirred at room temperature for 4 h, and then concentrated. The residue
was separated through a silica gel column chromatography (15:1 hexanes
—EtOAc) and compound 5 was obtained as a white solid: yield 8.4 g
(75%)."H NMR (400 MHz, DMSO-d,) & 8.03 (d, J= 7.2 Hz, 2H), 7.72 (t,
J=7.4Hz, 1H), 7.59 (t, J=7.7 Hz, 2H), 5.95 (d, J=2.6 Hz, 1H), 5.55 (q,
J=4.8 Hz, 1H), 4.61 (dd, J = 4.7, 2.7 Hz, 1H), 4.36 (dd, ] = 10.0, 5.0 Hz, 1H),
412 (dd, ] = 10.0, 3.4 Hz, 1H), 2.13 (s, 3H), 0.77 (s, 9H), 0.10 (s, 3H), 0.00 (s,
3H); *C NMR (101 MHz, DMSO-d;) & 170.15, 165.59, 134.00, 129.83,
129.70, 129.21, 101.52, 75.63, 73.55, 70.56, 25.76, 21.33, 18.00, -4.86, -4.93.
HRMS: caled for C,oH,506Si [M + H*] 381.1728, found 381.1714.

1-(2’-O-Benzoyl-a-D-erythrofuranosyl)thymine (6a). Compound 5
(4.14 g,10.88 mmol) and thymine (1.44 g, 11.42 mmol) were dissolved in
30 mL of anhydrous acetonitrile, and N,O-bis(trimethylsilyl)acetamide
(5.86 mL, 23.94 mmol) was added. The mixture was stirred under
nitrogen at room temperature until solids were completely dissolved,
then TMSOT( (3.03 mL, 17.41 mmol) was added, and stirring at 60 °C for
1 h. The reaction mixture was cooled to room temperature, and 10 mL of
sat. aq. NaHCOj; was added and stirred for another 1h at room tem-
perature. The suspension was filtered through a pad of celite, and the filter
cake was washed by EtOAc (2 x 20 mL). The filtrate was combined and
organic solvent was removed under vacuum. The residue was diluted
with 50 mL of EtOAc, and washed with brine (3 x 20 mL). The organic
layer was dried over Na,SO,4 and EtOAc was removed under vacuum.

The residue was dissolved in 30 mL of THF, and triethylamine trihy-
drofluoride (3.55 mL, 21.76 mmol) was added. The reaction mixture was
stirred at room temperature overnight, and then concentrated. The mixture
was flowed through silica gel column (50:1 CH,Cl, — MeOH) and eluent
fractions were collected and concentrated to dryness, a white solid was
obtained. 15 mL of EtOAc was added, the mixture was heated with stirring
until solids were completely dissolved. Compound 6a was crystallized from
the solution at 4 °C overnight. After filtration, the product was obtained as a
white solid: yield 2.9 g (80%). 'H NMR (400 MHz, DMSO-dq) 8 11.40 (s,
1H), 8.06 (d, J = 7.2 Hz, 2H), 7.69 (t, ] = 6.3 Hz, 2H), 7.57 (t, ] = 7.6 Hz, 2H),
5.86 (dd, J=12.5, 6.6 Hz, 2H), 5.53 (t, J=3.6 Hz, 1H), 4.66 (q, J=6.2 Hz,
1H), 4.53 (dd, J = 10.5, 3.9 Hz, 1H), 4.02 (t, ] = 8.0 Hz, 1H), 1.82 (s, 3H); °C
NMR (101 MHz, DMSO-ds) § 165.58, 164.19, 151.39, 137.42, 133.96,
130.04, 129.87,129.21,110.42, 88.80,74.17,72.56,71.34, 12.49. HRMS: calcd
for C;6H,N,Og [M + H'] 333.1081, found 333.1070.

1-(3’-O-dimethoxytrityl-a-D-erythrofuranosyl)thymine (7a). A mix-
ture of 6a (2.42g, 7.28 mmol), 4,4-dimethoxytrityl chloride (3.7 g,
10.92 mmol) and 40 mg of 4-dimethylaminopyridine was co-evaporated
with anhydrous pyridine (2 x 20 mL) before dissolution in 20 mL of
anhydrous pyridine, and the reaction mixture was stirred at 80 °C for 6 h.
The solvent was removed under vacuum, and the residue was redissolved
in 50 mL of EtOAc, which was washed with brine three times (3 x 50 mL).
The organic layer was collected and dried over Na,SO, and then
concentrated.

The residue was dissolved in a mixture of 15 mL of THF and 12 mL of
MeOH, and then stirring at ice bath, added 7.2 mL of ice-cold 1N agq.
NaOH. After 1 h, another 7.2 mL of ice-cold 1 N aq. NaOH was added, and
ice bath was removed and the reaction mixture was stirred at room tem-
perature overnight. After that, the reaction was quenched with 36 mL of
10% aq. NH,Cl, and the volatile solvent was removed under vacuum. Then,
the residue was diluted with 30 mL of EtOAc, and washed with brine
(3 x50 mL). The organic layer was collected and dried over Na,SO, and
concentrated. Purification by silica gel column chromatography (100:1
CH,Cl, — MeOH) gave compound 7a as yellow solid: yield 3.09 g (80%). 'H
NMR (400 MHz, DMSO-d,) 8 11.13 (s, 1H), 7.44 (d, ] = 7.3 Hz, 2H), 7.32 (d,
J=8.8 Hz, 2H), 7.28 — 7.15 (m, 5H), 7.09 (s, 1H), 6.78 (dd, /= 19.1, 8.9 Hz,
4H), 5.90 (d, J = 7.1 Hz, 1H), 5.76 (s, 1H), 5.00 (d, J = 4.5 Hz, 1H), 4.37 (dd,
J=6.9, 4.3 Hz, 1H), 4.06 (dd, J = 9.4, 2.6 Hz, 1H), 3.70 (d, ] = 6.4 Hz, 6H),
3.65 (d, J=9.5Hz, 1H), 1.63 (s, 3H); >*C NMR (101 MHz, DMSO-d;) §

164.18, 158.66, 158.57, 151.10, 145.94, 137.68, 136.31, 135.97, 130.68,
130.44, 128.21, 128.06, 127.07, 113.37, 113.28, 88.44, 86.96, 76.23, 75.03,
70.29, 55.38, 12.27. HRMS: calcd for CseHsoN,0, [M + Na't] 553.1945,
found 553.1924.

1-(3’-O-Dimethoxytrityl-a-D-erythrofuranosyl)thymine 2’-(2-cya-
noethyl)-N,N-diisopropylphosphoramidite (8a). Compound 7a
(1.26 g, 2.37 mmol) in 15 mL of anhydrous CH,Cl, was pre-cooled in
ice bath, and N,N-diisopropylethylamine (2.07 mL, 11.85 mmol) was
added, and the mixture was stirred in ice bath. After that,
2-cyanoethyl  N,N-diisopropylchlorophosphoramidite  (1.06 mL,
4.74 mmol) was added dropwisely, ice bath was removed and the
reaction mixture was stirred at room temperature. After 1h, the
reaction was quenched with 10 mL of sat. aq. NaHCO;, and the
mixture was washed with sat. aq. NaHCO; (3x 20 mL). The organic
layer was dried over Na,SO, and concentrated. Purification by silica
gel column chromatography (1:1 hexanes—EtOAc with 0.1% Et;N)
gave compound 8a as a white foam: yield 1.25g (72%). 1H NMR
(400 MHz, Chloroform-d) 8 8.25 (s, 1H), 7.48 (d, J = 7.2 Hz, 2H), 7.39
- 7.32 (m, 4H), 7.26 - 7.20 (m, 3H), 6.82 - 6.76 (m, 4H), 6.53 (s, 1H),
5.62 (d, J= 6.8 Hz, 1H), 4.85 (dd, J = 6.6, 4.3 Hz, 1H), 4.17 - 4.12 (m,
2H), 4.03 - 3.97 (m, 1H), 3.90 - 3.85 (m, 1H), 3.79 (d, J=7.4Hz,
6H), 3.73 (dd, J=6.7, 3.5Hz, 1H), 2.67 - 2.61 (m, 2H), 1.80 (d,
J=52Hz, 3H), 1.66 (s, 2H), 1.26 - 121 (m, 12H); *P NMR
(162 MHz, CDCl3) § 151.29, 148.57. HRMS: calcd for C39H4,N,OgP
[M + H*] 731.3204, found 731.3175.

Bovine spleen phosphodiesterase Il (SPD) resistance assay

3 ug of eINA-T-5, INV-T-5, TNA-T-5 or DNA-T-5" was treated with
Phosphodiesterase II from bovine spleen (12.6 mU/uL, 1.2 uL) in 10 uL
reaction buffer (CaCl, 100 mM, sodium succinate 300 mM, pH 6.0) at 37 °C
for different time intervals, and then heated at 90 °C for 5 min to stop the
reactions. Then, the samples were mixed with 10 uL stop buffer (8 M urea,
5mM Tris-HCl, 20 mM EDTA, pH 7.5), analyzed on 15% denaturing
PAGE gels, stained with GelRed, and visualized with a Bio-Rad gel imager
(GelDoc XR+). The images were analyzed with Image].

Snake venom phosphodiesterase | (VPD) resistance assay

1 ug of eTNA-T-3’, INV-T-3’, TNA-T-3’ or DNA-T-3’ (R-eTNA-T-3’, R-
INV-T-3’, R-TNA-T-3’ or Native RNA) was treated with phosphodiesterase
I (2 mU/uL, 0.5 L) from Eastern Diamondback Rattlesnake Venom in
10 pL reaction buffer (50 mM Tris-Borate, 7 mM MgCl,, pH 7.5) at 37 °C
for different time intervals, and then heated at 90 °C for 5 min to stop the
reactions. Then, the samples were mixed with 10 pL stop buffer (8 M urea,
5mM Tris-HCl, 20 mM EDTA, pH 7.5), analyzed on 15% denaturing
PAGE gels, stained with GelRed, and visualized with a Bio-Rad gel imager
(GelDoc XR+). The images were analyzed with Image].

50%Human serum resistance assay

500 ng of eTNA-T-3’, INV-T-3’, TNA-T-3’, DNA-T-3’, eTNA-T-5, INV-
T-5, TNA-T-5, DNA-T-5, €INA-T-5'3’, INV-T-5'3, TNA-T-53 or
DNA-T-5'3’ was treated with 50% Human serum (HS) in 10 puL PBS reac-
tion buffer at 37 °C for different time intervals, and then heated at 90 °C for
5 min to stop the reactions. Then, the samples were mixed with 10 pL stop
buffer (8 M urea, 5 mM Tris-HCI, 20 mM EDTA, pH 7.5), analyzed on 15%
denaturing PAGE gels, stained with GelRed, and visualized on a Bio-Rad gel
imager (GelDoc XR+). The images were analyzed with Image].

Data availability
The data supporting this study are available in the manuscript, the Sup-
porting Information and Supplementary Data.
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