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2'-Fluoro arabino nucleic acid (FANA), classified as a xeno nucleic acid (XNA), stands as a prominent subject
of investigation in synthetic genetic polymers. Demonstrating efficacy as antisense oligonucleotides (ASOs)
and exhibiting the ability to fold into functional structures akin to enzymes and aptamers, FANA holds
substantial promise across diverse biological and therapeutic domains. Owing to structural similarities to
DNA, the utilization of naturally occurring DNA polymerases for DNA-mediated FANA replication is well-
documented. In this study, we explore alternative nucleic acid processing enzymes typically employed
for DNA oligonucleotide (ON) phosphorylation, ligation, and amplification, and assess their compatibility
with FANA substrates. Notably, T4 polynucleotide kinase (T4 PNK) efficiently phosphorylated the 5'-
hydroxyl group of FANA using ATP as a phosphate donor. Subsequent ligation of the phosphorylated
FANA with an upstream FANA ON was achieved with T4 DNA ligase, facilitated by a DNA splint ON that
brings the two FANA ONs into proximity. This methodology enabled the reconstruction of RNA-cleaving
FANA 12-7 by ligating two FANA fragments amenable to solid-phase synthesis. Furthermore, Tgo DNA
polymerase, devoid of 3’ to 5 exonuclease activity [Tgo (exo-)], demonstrated proficiency in performing
polymerase chain reaction (PCR) with a mixture of dNTPs and FANA NTPs (fNTPs), yielding DNA-FANA
chimeras with efficiency and fidelity comparable to traditional DNA PCR. Notably, T7 RNA polymerase
(T7 RNAP) exhibited recognition of double-stranded fA-DNA chimeras containing T7 promoter
sequences, enabling in vitro transcription of RNA molecules up to 649 nt in length, even in the presence
of highly structured F30 motifs at the 3’ end. Our findings significantly expand the enzymatic toolkit for
FANA manipulation, encompassing phosphorylation, ligation, chimeric amplification, and templating T7

RNAP-catalyzed RNA transcription. These advancements are poised to expedite fundamental research,
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Accepted 17th June 2024 functional evolution, and translational applications of FANA-based XNA agents. They also have the

potential to inspire explorations of a broader range of non-natural nucleic acids that can be routinely
DOI: 10.1039/d4sc02904f studied in laboratories, ultimately expanding the repertoire of nucleic acid-based biomedicine and

rsc.li/chemical-science biotechnology.

and among themselves, serving as a cornerstone for the devel-
opment of XNA-based modulating agents®** and the evolution of

Introduction

Artificial genetic polymers, also known as xeno nucleic acids
(XNAs), feature distinct backbone sugar structures differing
from the ribose and deoxyribose present in RNA and DNA.*?
Despite these noncanonical backbone structures, most XNAs
retain the Watson-Crick base pairing capability with DNA, RNA,
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functional XNA molecules such as aptamers® and XNAzymes.”™
Due to their non-natural sugar moieties, XNAs exhibit unique
chemophysical properties, including expanded conformational
diversity, heightened resistance to nucleases, tolerance to
extreme chemical conditions, and an extended affinity range
when hybridized with DNA or RNA. These distinctive properties
have propelled research interest in XNAs beyond the original
exploration of prebiotically plausible genetic materials.'®** The
development of XNA-based alternatives seeks to address chal-
lenges encountered by DNA and RNA, particularly in achieving
full realization of their applicational potentials in biomedicine
and biotechnology. Key areas of focus include enhancing

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc02904f&domain=pdf&date_stamp=2024-08-03
http://orcid.org/0000-0002-1330-9475
http://orcid.org/0009-0006-9213-8331
http://orcid.org/0000-0002-7095-5211
https://doi.org/10.1039/d4sc02904f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc02904f
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015031

Open Access Article. Published on 24 June 2024. Downloaded on 10/31/2025 9:10:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

biostability and conformational stability, thereby opening
avenues for novel applications in various domains."

2'-Fluoro arabino nucleic acid (FANA, as depicted in Scheme
1), initially developed as an antisense oligonucleotide with
enhanced RNA substrate engagement capable of eliciting RNase
H-mediated RNA degradation, stands out as one of the most
extensively studied XNAs."'* With advancements in polymerase
engineering facilitating XNA replication, FANA has been evolved
into aptamers with ligand-binding activities and FANAzymes
with catalytic RNA cleavage activities, achieved through folding
into intricate secondary and tertiary structures.®”** These FANA-
based agents exhibited significantly enhanced biostability
under simulated physiological conditions and resistance to
depurination-induced strand scission under extremely acidic
conditions. Notably, two FANA aptamers selected to target HIV-
1 reverse transcriptase'® and integrase'” respectively, have been
demonstrated with picomolar (pM) binding affinities and
functioned in inhibiting the biological activity of their targets.
This suggests that FANA aptamers tend to fold into compact
structures, expanding their hydrophobic binding surface to
mimic the interface of protein-protein interactions. Due to
enhanced target RNA strand invasion capabilities conferred by
thermodynamic stability and boosted biostability, XNAzymes
comprising entirely FANA'™ or partially FANA"? in the
substrate-binding arms have shown dramatically improved
efficiency in cleaving long, structured RNAs under physiological
conditions. Moreover, they have enabled long-lasting allele-
specific gene silencing intracellularly. Collectively, these supe-
rior functional properties underscore the vast potential FANA
holds across a broad spectrum of biological and therapeutic
applications.

Structurally analogous to DNA, various naturally occurring
family B DNA polymerases exhibit DNA-templated FANA tran-
scription activity, while family A DNA polymerase Bst demon-
strates the ability to utilize FANA strands as templates to
synthesize ¢cDNA. In functional FANA molecule SELEX, the
combined use of family B Tgo polymerase and Bst led to the
isolation of the first RNA-cleaving FANAzyme, showcasing
robust catalysis with Michaelis-Menten kinetics."> Drawing
inspiration from the remarkable efficiency and fidelity of
naturally occurring DNA polymerases when interacting with
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Scheme 1 Constitutional structure for the linearized DNA, RNA, and
FANA. FANA is an unnatural genetic polymer composed of repeating
2'-fluoro arabinofuranosyl units that are connected by 5,3'-phos-
phodiester bonds.
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FANA, our study herein explored a range of other nucleic acid
processing enzymes routinely employed for phosphorylation,
ligation, and amplification of DNA oligonucleotides (ONs) when
FANA served as the substrate. We have demonstrated that T4
polynucleotide kinase (T4 PNK) efficiently phosphorylated the
5'-hydroxyl group of FANA using ATP as a phosphate donor.
Subsequently, T4 DNA ligase effectively ligated the resulting
phosphorylated FANA with an upstream FANA ON in the pres-
ence of a DNA splint ON, tethering the two FANA ONs in close
proximity. This enabled the reconstruction of the RNA-cleaving
FANAzyme 12-7 by ligating two FANA fragments amenable for
solid-phase synthesis. Tgo (exo-) was capable of utilizing
mixtures of dNTPs and fNTPs, containing up to two fNTPs, to
perform polymerase chain reaction (PCR) and exponentially
amplify DNA templates into DNA-FANA chimeras with high
efficiency and fidelity. Furthermore, double-stranded DNA-fA
chimeras containing T7 promoter sequences were recognized
by T7 RNA polymerase (T7 RNAP) for templated RNA in vitro
transcription (IVT), yielding long RNA transcripts with highly
structured F30 motifs at the 3’ end. Our findings expand the
toolkit for enzymatic manipulation of FANA, encompassing
phosphorylation, ligation, chimeric amplification, and tem-
plating T7 RNAP-catalyzed RNA IVT. These advancements hold
the potential to accelerate fundamental studies, therapeutic
translations, and the functional evolution of FANA-based XNA
agents.

Results and discussion
T4 PNK catalyzed 5 phosphorylation of FANA ON1

Oligonucleotide 5’ phosphorylation reaction is the prerequisite
step proceeding enzymatic ligation, and also is a critical strategy
for 5' radiolabeling of ON by using y-*>P-ATP. We therefore
initiated our study by examining the T4 PNK-catalyzed 5’
phosphorylation reaction of FANA using FANA ON1 under
typical T4 PNK reaction buffer conditions for phosphorylating
DNA or RNA, with ATP supplementation as the phosphate
donor. The molecular weight (MW) of the oligos was charac-
terized using matrix-assisted laser desorption/ionization-time
of flight (MALDI-TOF) mass spectrometry both before (PNK-)
and after 18 hours of incubation at 37 °C (PNK+) in the PNK
labeling reaction. MALDI-TOF spectra revealed complete
conversion of FANA ON1 by T4 PNK into a monophosphorylated
FANA ON2 and a diphosphorylated FANA ON3 (Fig. 1A). This
was evidenced by the disappearance of the peak corresponding
to the MW of FANA ON1 and the appearance of peaks at +80 and
+160 (Fig. 1B). Intrigued by the unexpected appearance of
diphosphorylated FANA ON3, we further characterized DNA
ON1 of the same sequence alongside FANA ON1 before and
after the PNK labeling reaction for comparison. While both
monophosphorylated DNA ON2 and diphosphorylated DNA
ON3 were observed via MALDI-TOF, the relative peak intensity
between DNA ON2 and DNA ON3 was significantly greater than
that observed for FANA (Fig. S1, ESIf). Upon shortening the
reaction time of FANA PNK labeling from 18 hours to 1 hour, we
observed an obvious increase in the relative peak ratio between
monophosphorylated FANA ON2 and diphosphorylated FANA

Chem. Sci., 2024, 15, 12534-12542 | 12535


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc02904f

Open Access Article. Published on 24 June 2024. Downloaded on 10/31/2025 9:10:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article

Chemical Science
A
Q g 4
HO— _ Base HO-P-0— o _Base HO-P-0-P-0— o
I
e oo KO o+ ol KO
»0 /\,O /\’O
FANA ON1 /\ FANA ON2 /\ FANA ON3
B

I_n}ens [aw]
g

8004

600+

5543.95 (FANA ON1)

PNK -

o i
ézm: 5704.22 (FANA ON3) PNK +
oo
-
o
o (FANA ON2) 5624.21
-
O'W-m T T T T T T T T T T T T T T T T T T T T T T T T T T T T
= 7 5 ~ = - o0

miz

Fig.1 T4 PNK catalyzed 5’ phosphorylation of FANA ON. (A) Schematic representation of T4 PNK catalyzed 5’ phosphorylation reaction of FANA.
(B) MALDI-TOF spectra of the FANA ON before and after PNK phosphorylation reaction, which suggested that both 5 mono- (FANA ON2) and
diphosphorylation (FANA ON3) products were generated. The reaction was performed in 1x T4 PNK reaction buffer containing 0.4 U pL~! of T4

PNK supplemented with 1 mM ATP for 18 h at 37 °C.

ONS3 via MALDI-TOF (Fig. S2, ESIT). Although the peak intensity
of the MALDI-TOF spectrum does not necessarily reflect the
abundance of the analyte in the analyzed sample,* we con-
ducted PNK phosphorylation reactions of both FANA and DNA
for 1 hour in preparation for subsequent oligonucleotide liga-
tion studies.

T4 DNA ligase catalyzed FANA ligation

Building upon the efficient phosphorylation of FANA by PNK,
we proceeded to investigate the activity of T4 DNA ligase,
a widely utilized ligase for DNA fragment ligation, in catalyzing
the ligation of an upstream FANA acceptor with a downstream 5’
phosphorylated FANA donor in the presence of a DNA splint
that brings the acceptor and donor into close proximity
(Fig. 2A). Specifically, we designed the acceptor and donor
sequences as depicted in Fig. 2B, aiming to reconstitute the
RNA-cleaving FANAzyme 12-7 upon ligation."® The time-

12536 | Chem. Sci,, 2024, 15, 12534-12542

dependent progression of ligation, visualized through the 5'-
IR signal on the acceptor sequence, is depicted in Fig. 2C. Our
findings revealed approximately 60% of the donor sequence was
ligated with the acceptor within 180 minutes as quantified by
the IR-labeled acceptor and calculated based on the equivalents
of the ligation pair. Extending the ligation reaction time to 20
hours did notyield further improvement in overall ligation yield
(see Fig. S3B, ESIt). We successfully recovered the ligation
product, FANAzyme 12-7, from a preparative-scale ligation
resolved by denaturing urea-PAGE (Fig. S3C, ESIT). This FANA-
zyme 12-7 demonstrated comparable activity in cleaving the
matched RNA substrate under pseudo first-order conditions
(Fig. 2D), affirming the fidelity of the ligation process. Our
observation reinforces that the generation of 5' diphosphory-
lated FANA ONs by PNK labeling does not impede subsequent
ligation reactions, a fact further supported by the indiscernible
difference in ligation yield observed between a FANA donor and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 T4 DNA ligase catalyzed FANA ligation. (A) Schematic representation of ligation of a dye-labeled acceptor FANA ON with a 5'-phos-
phorylated donor FANA ON in the presence of DNA splint tethering the two FANA ONs together by forming reverse complementary duplex. (B)
The sequence scheme of ONs depicted in (A) for T4 DNA ligase catalyzed ligation to generate the full-length FANAzyme 12-7. (C) Representative
PAGE showing the time-dependent progression of ligation reaction. The reaction was performed in 1x T4 DNA ligase reaction buffer containing
5 uM of donor, 10 uM of acceptor, 20 pM of splint, and 20 U uL~* of T4 DNA ligase for 18 h at 24 °C. (D) Representative PAGE showing the catalytic
RNA cleavage activity of FANAzyme 12-7 obtained by ligation under single-turnover conditions in buffer (pH 8.5) containing 25 mM MgCl, and

200 mM NaCl at 24 °C ([FANAzyme] = 2.5 uM, [S] = 0.5 uM).

a DNA donor with the same FANA acceptor sequence (Fig. S3C,
ESIT). The combination of readily achievable T4 PNK-catalyzed
5’ phosphorylation with efficient T4 DNA ligase-catalyzed liga-
tion facilitates access to long FANA oligonucleotides beyond the
scope achievable by solid-phase chemical synthesis or enzy-
matic transcription.

FANA substitutional polymerase chain reaction (PCR) using
Tgo (exo-)

Several family B DNA polymerases, such as Thermococcus gor-
gonarius (Tgo), Thermococcus kodakarensis (Kod), Thermococcus
sp. 9°N (9°N), and Pyrococcus sp. Deep vent (DV), deficient in
exonuclease activity, have been demonstrated to transcribe
FANA from DNA templates through primer extension reactions
with high fidelity and sufficient efficiency under isothermal
conditions. However, polymerase chain reaction (PCR) using
FANA triphosphates (fNTPs) has not been reported, likely due to
the inhibitory effect of highly stable FANA-FANA duplexes on
strand separation and primer binding in PCR cycles. Our recent
discovery that FANAzyme 12-7 retains a large extent of activity
even when the G and C nucleosides are substituted by DNA
congeners (data not shown) has sparked interest in exploring
DNA-FANA chimeric aptamers or catalysts. This approach
allows for the introduction of external functionalities onto DNA
nucleosides via established nucleic acid modification chemistry
to compensate for functions, while the FANA composition
provides conformational and biological stability. This integra-
tion offers a practical means to simultaneously leverage
expanded functionality and the advantages of an XNA
backbone.”

© 2024 The Author(s). Published by the Royal Society of Chemistry

To investigate the possibility of constructing DNA-FANA
chimeric sequences via exponential amplification, we first
compared the rate of DNA-templated single nucleotide incor-
poration of fNTPs and dNTPs using Tgo polymerase deficient in
3/-5" exonuclease activity [Tgo (exo-)]. When nucleotide
concentrations were set at 300 and 600 nM, spanning routine
dNTP concentrations in PCR, Tgo (exo-) displayed an incorpo-
ration rate for fATP and fGTP about 1.1-2 fold that of their DNA
counterparts, similar incorporation rates for fCTP and dCTP,
and a 2 to 4-fold reduction in the incorporation rates of fTTP
and fUTP relative to their respective DNA counterparts (Fig. 3A
and S4 in ESIt). These incorporation rate differences between
fNTPs and dNTPs were within the same range as those observed
among different dNTPs. Additionally, a full-length product of 79
nt was generated in 1 minute through DNA template-directed
primer extension reactions using triphosphate mixtures con-
taining a single fNTP substitution (Fig. S5, ESIt). Together,
these results suggest that substituting dNTPs with fNTPs in PCR
reactions may be feasible.

Then we proceeded to perform Tgo (exo-) catalyzed DNA-
FANA chimeric PCR following standard PCR protocols. Specifi-
cally, we systematically substituted individual or multiple
dNTPs with their FANA counterparts in PCR reactions using
a DNA template with 54% GC content to generate chimeric
amplicons of 93 bp (see Fig. 3B). Remarkably, all four single
fNTP substitutions (fATP, fGTP, fCTP, or fUTP) led to increased
PCR yield for this specific template, resulting in amplicon
bands with approximately twice the intensity compared to those
produced using dNTPs. Notably, no correct amplification
occurred when the tested fNTP was omitted from the reactions.
Instead, a truncational band appeared, presumably due to

Chem. Sci., 2024, 15, 12534-12542 | 12537
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Fig. 3 Single-nucleotide incorporation kinetics and FANA substitutional polymerase chain reaction (PCR) using Tgo (exo-). (A) Single-nucleotide
incorporation kinetic profiles of fNTPs in comparison to dNTPs. dNTPs are color coded in black, fA, G, C, UTPs are in orange, with fTTP in blue. All
reactions were performed in 1x ThermoPol buffer containing 50 nM of template-primer duplex, 300 or 600 nM tested dNTP or fNTP and 60 nM
of Tgo (exo-) at 55 °C. Values of ks Were calculated by fitting the percentage of incorporation and reaction time (min) to the first-order decay
equation using Prism 8, GraphPad. (B) Schematic representation of PCR using dNTPs or a mixture of dNTPs and fNTPs wherein single or double
dNTPs were substituted by fNTP counterparts. (C) Representative agarose gel electrophoresis showing the PCR amplicons (denoted by the
asterisk) of different INTP and fNTP combinations. All single fNTP substitutions led to increases of PCR efficiency as reflected by the intensity of
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suboptimal template-primer designs, which was also observed
to varying extents in the all-ANTP control and some other
combinations. When two fNTPs were present in the PCR reac-
tions, only the combination of fA and fG yielded amplicons of
similar yield to controls using all dNTPs (Fig. 3B). To further
investigate the generalizability of FANA substitutional PCR, we
amplified a DNA template coding for the spinach aptamer,
which has a higher GC content of 65%, to generate 117 bp
amplicons. Fortuitously, amplicons of the correct size contain-
ing single substitutions of all five fNTPs, including fTTP, were
generated without the truncational products observed in
Fig. 3C. This reinforces the notion that truncational products
are likely related to suboptimal template-primer designs. The
use of a highly structured DNA template with high GC content
did result in a decreased yield of PCR amplicons, particularly in
the cases of fGTP and fCTP substitutions. As expected, double-
fNTP substitutional PCR failed to generate detectable ampli-
cons for this highly structured GC-rich template (Fig. S6, ESIT).
It is noteworthy that, even without extreme denaturation
conditions to promote strand separation, amplicons up to 1000
bp were obtained for single FANA substitutional PCR contain-
ing either fA, fG, or fC. However, the yield was substantially
compromised compared to the control using all dNTPs (Fig. S7,
ESIY).

We further quantitatively assessed the fidelity of Tgo (exo-)
mediated FANA substitutional PCR for all four single fNTP
substitutions and the combined fA and fG substitution. To
achieve this, we designed primers and a synthetic DNA template
enabling recombination of the resulting chimeric amplicon (93
bp) into a plasmid expressing UV-excitable green fluorescent
protein (GFPuv) using Gibson assembly. A forward primer
containing a 5’ overhang sequence region was employed to
distinguish the synthetic DNA template from the PCR amplicon
(Fig. 3A). After transforming the assembled plasmids into E.
coli, recombinants harboring the inserted amplicon were
screened on antibiotic-containing LB-agar plates. Green colo-
nies were swiftly identified under a UV transilluminator for
subsequent Sanger sequencing (Fig. 4A). Alignment of the ob-
tained sequences revealed that among the 10 sequenced colo-
nies for each substitutional PCR, 8 to 9 contained the inserted
amplicon of the correct size, indicating a high level of recom-
binational success (Fig. S8, ESIf). Notably, no errors were
observed for the single fC substitution (Fig. 4D), and only one G-
to-T transversion was noted for the combined fA and fG
substitution, corresponding to an error rate of ~1 x 10> errors
per base (Fig. 4F). The overall error rates for the other three
single FANA substitutions were calculated to be in the range of
~3.6 x 10> to 4.6 x 107> errors per base (Fig. 4B, C and E),
with 2 deletions and 1 insertion observed only for fU substitu-
tion (Fig. S8, ESIT). These values are consistent with those re-
ported for Kod (exo-), which exhibits error rates of ~3.5 x 107>
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errors per base when amplifying DNA under the same number
of PCR cycles.>***

T7 RNA polymerase catalyzed in vitro RNA transcription (IVT)
of using DNA-FANA chimeric amplicon as template

The insertion of DNA-FANA chimeric sequences into a linear-
ized vector via Gibson assembly resulted in the generation of
plasmids containing “alien” genetic material for the replicative
system of E. coli. The remarkable replicational capability of E.
coli with these alien plasmids was evidenced by both the regu-
larly grown colonies expressing strong GFPuv signal and the
faithful conservation of sequence information of the inserted
chimera. This observation marked the first demonstration that
FANA can be recognized by the E. coli replication system and
converted into DNA in vivo, a phenomenon also known as
genetic transliteration.”®*® While being transliterated into pure
DNA plasmids to template RNA transcription was the primary
fate of the transformed FANA-containing plasmid in E. coli,
whether the small amount of chimeric plasmid could be directly
recognized by certain RNA polymerases to directly template
RNA transcription in vivo had not yet been explored (Fig. S97).
To investigate this possibility, we amplified a synthetic DNA
template encoding the fluorescent spinach RNA aptamer, with
one of the primers containing the T7 promoter sequence,
through single fNTP substitutional PCR. The resulting chimeric
amplicon served as a template for T7 RNA polymerase (T7
RNAP)-catalyzed in vitro RNA transcription. We chose T7 RNAP
due to its wide application in in vitro mRNA production.>** The
spinach RNA transcript was readily detected and quantified by
the addition of 3,5-difluoro-4-hydroxybenzylidene imidazoli-
none (DFHBI), which induced folding of aptamer and activated
the fluorescence of DFHBI**** (Fig. 5A). Excitingly, T7 RNAP
recognized the DNA-fA chimera and transcribed RNA with
approximately 2-fold efficiency compared to using DNA
template, as evidenced by the stronger fluorescent signal asso-
ciated with DNA-fA-templated IVT reaction (Fig. 5B and C).
However, only a faint fluorescent signal was detected for the IVT
reaction using DNA-fG template, and no detectable signal was
generated when DNA-fC or DNA-fU was used as a template. We
further analyzed the fluorescent sample on an agarose gel,
which resolved discrete RNA transcript bands with relative
yields consistent with those quantified by fluorescent signal
readings (Fig. 5D).

Prompted by the doubled yield of spinach RNA IVT using T7
RNAP and DNA-fA template, we further challenged the system
with the IVT of long RNA transcripts measuring 449, 649, and
829 nt, respectively. These RNA transcripts comprised a frag-
ment of the ORF of GFP mRNA ranging from 200 to 580 nt, and
a structural motif of two spinach aptamers positioned by the
F30 scaffold®* (F30-2xdspinach, 249 nt) as illustrated in Fig. 5E.
Fortuitously, the 449 and 649 nt transcripts were fully

amplicon band, and only the combination of fA and fG was able to generate amplicon of similar yield with control using all ANTPs. All reactions
were performed in 1x ThermoPol buffer supplemented with 1 uM of each primers (forward and reverse), 0.25 mM of each dNTP or fNTP, 1 mM
MgSQOy, and 40 nM of Tgo (exo-). PCR protocol: step 1: 95 °C for 5 min; step 2: 25 cycles of (98 °C for 30 s; 55 °C for 30 's; 72 °C for 60 s); step 3:

72 °C for 5 min.
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Fig. 4 The replicational fidelity of FANA substitutional PCR using Tgo (exo-). (A) Schematic representation of fidelity measurement by Sanger
sequencing of E. coli colonies transformed with GFPuv expressing plasmids recombined through Gibson assembly to contain the FANA
substitutional PCR amplicon. (B—F) Fidelity profiles observed for fA (B), fG (C), fC (D), fU (E), and fA and fG (F) substitutional PCR, respectively.

transcribed by T7 RNAP using the corresponding DNA-fA individual IVT reaction (Fig. 5F). Visualization of the IVT reac-
templates, albeit with relatively lower yield compared to the tion on agarose gel suggested that the relatively low yield of RNA
DNA controls, as indicated by the fluorescent signals of each transcripts using DNA-fA as template was associated with
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Fig.5 T7 RNA polymerase catalyzed in vitro RNA transcription (IVT) of the fluorescent spinach aptamer using DNA-FANA chimeric amplicon as
template. (A) Schematic representation of the experimental protocol of single-fNTP substitutional PCR using one of the primers containing the
T7 promoter sequence to obtain DNA-FANA chimeric amplicons as template for the IVT of spinach aptamer RNA, to which the addition of DFHBI
activates the fluorescence of the aptamer-DFHBI complex. (B) Fluorescent image of DFHBI activated IVT reactions using different DNA-FANA
chimeric amplicons as templates. (C) Quantitative analysis of the fluorescent signal intensities of different IVT reactions in panel (B). (D)
Representative agarose gel resolving the IVT reaction templated by DNA and DNA—-fA. (E) Schematic representation of the IVT of long RNA
transcripts tagged with a 3’ structural motif of two spinach aptamers positioned by the F30 scaffold using DNA-fA templates. (F) Fluorescent
image of DFHBI activated IVT reactions using different DNA—-fA chimeric amplicons measuring different length as templates.
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a lower concentration of template compared to that using DNA
as template (Fig. S101). Therefore, an improved RNA IVT yield
using DNA-fA as a template could be expected by optimizing the
IVT conditions. In contrast, no fluorescent signal was observed
for the transcription of the 829 nt RNA using either fA-DNA or
DNA template. This may be attributed to IVT reaction condi-
tions that were suboptimal for transcribing such a long RNA
transcript tagged with the 3’ highly structured F30 motif
(Fig. 5F). However, the optimization of these conditions is
beyond the scope of the current research.

Efficient strategies to increase the yield of RNA IVT would
significantly benefit RNA-based biomedicine and biotech-
nology, representing a technical challenge in the mRNA vaccine
industry. Our findings suggest that DNA-fA chimeras can be
recognized by T7 RNAP and serve as templates for RNA in vitro
transcription with even higher yields, providing an alternative
RNA transcription system that utilizes biologically more stable
XNA-containing chimeric templates.

Conclusions

We have demonstrated that, akin to DNA, a series of naturally
occurring DNA processing enzymes can recognize and function
with comparable activity on FANA. T4 PNK efficiently phos-
phorylated the 5'-hydroxyl group of FANA ON using ATP as
a phosphate donor. The resulting phosphorylated FANA was
successfully ligated by T4 DNA ligase with an upstream FANA
ON, facilitated by a DNA splint ON tethering the two FANA ONs
in close proximity. This ligation reaction enabled the successful
reconstruction of the RNA-cleaving FANAzyme 12-7 by ligating
two FANA fragments amenable for solid-phase synthesis. By
tandem ligation of multiple FANA fragments, it should be
possible to produce long FANA oligonucleotides with complex
functions. Tgo (exo-) exhibited the capability to utilize dNTP
and fNTP mixtures to perform PCR, exponentially amplifying
DNA templates into DNA-FANA chimeras with sufficiently high
efficiency and fidelity. To the best of our knowledge, this is the
first report of the exponential amplification of extensively FANA-
decorated amplicons using standard PCR procedures. This
breakthrough paves the way for the scalable preparation of
biologically more stable and conformationally diversified
chimeric nucleic acids. Additionally, T7 RNAP recognized
double-stranded DNA-fA chimeras containing the T7 promoter
sequence, facilitating the templating of IVT of RNA transcripts
up to 649 nt with a 3’ highly structured F30 motif. The ability to
use biologically more stable DNA-fA chimera to template RNA
IVT with higher yield not only provides a feasible platform for
more efficient RNA transcription but also inspires the explora-
tion of other non-natural nucleic acid-based systems for tem-
plating RNA synthesis. Our results significantly expand the
toolkit for enzymatic manipulation of FANA to include phos-
phorylation, ligation, chimeric amplification, and templating
RNA IVT, using correspondingly naturally occurring enzymes.
The ready availability of these enzymatic tools holds promise for
accelerating the fundamental study, functional evolution, and
therapeutic translation of FANA-based XNA agents and
technologies.
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