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Despite the growing interest in mirror-image L-oligonucleotides, both as a robust nucleic acid analogue and
as an artificial genetic polymer, their broader adoption in biochemical research and medicine remains
hindered by challenges associated with the synthesis of long sequences, especially for L-RNA. Herein, we
present a novel strategy for assembling long L-RNAs via the joining of two or more shorter fragments using
cross-chiral ligase ribozymes together with new substrate activation chemistry. We show that 5'-
monophosphorylated -RNA, which is readily prepared by solid-phase synthesis, can be activated by
chemical attachment of a 5'-adenosine monophosphate (AMP) or diphosphate (ADP), vyielding 5'-
adenosyl(di- or tri-)phosphate L-RNA. The activation reaction is performed in mild aqueous conditions,
proceeds efficiently with short or large L-RNA, and, yielding few byproducts, requires little or no further
purification after activation. Importantly, both groups, when added to L-RNA, are compatible with ribozyme-
mediated ligation, with the 5’-adenosyltriphosphate permitting rapid and efficient joining of two long L-RNA
strands. This is exemplified by the assembly of a 129-nt L-RNA molecule via a single cross-chiral ligation
event. Overall, by relying on ribozymes that can be readily prepared by in vitro transcription and L-RNA
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substrates that can be activated through simple chemistry, these methods are expected to make long L-RNAs
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Introduction

L-DNA and r-RNA are the enantiomers of our native genetic poly-
mers, p-DNA and p-RNA, respectively. Although r-oligonucleotides
(ONs) do not naturally occur, they can be synthesized chemically in
the laboratory, providing researchers with a unique opportunity to
build and study mirror-image biology systems. From a biotechnol-
ogy standpoint, 1-ONs offer several advantages over their native
counterparts.” Notably, 1-ONs exhibit high resistance to nuclease
degradation, which greatly enhances their stability in challenging
biological conditions.>® 1-ONs are also less prone to off-target
hybridization with endogenous nucleic acids because Watson—-Crick
(WC) base pairing is stereoselective.>*® Moreover, as enantiomers,
p- and -ONs share identical physical and chemical properties, such
as thermostability, making them equivalent from a rational design
perspective.*® Due to these beneficial properties, 1-ONs are being
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more accessible to a wider range of researchers and facilitate the expansion of L-ON-based technologies.

increasingly utilized in diverse biomedical applications, including
molecular imaging,” ™ clinical diagnostics,"*** and aptamer-based
therapeutics.*®

Due to their inverted backbone, 1-ONs are not compatible
with enzymatic synthesis using native DNA and RNA
polymerases.'” Consequently, 1-ONs are typically prepared using
solid-phase phosphoramidite chemistry. This imposes practical
limitations on the length and quality of 1-ONs that can be
currently obtained, especially for 1-RNA, placing many of exciting
applications mentioned above out of reach. With this in mind,
researchers have sought alternative strategies to synthesize long
L-ONs. Perhaps the most obvious solution is simply inverting the
stereochemistry of natural polymerase enzymes to facilitate .-ON
synthesis. Indeed, several groups have successfully prepared b-
amino acid versions of protein polymerases'®*** and ligases,>*
permitting the assembly and amplification of gene-sized .-DNA
fragments and transcription of full-length ribosomal r-RNAs.
While this progress is promising, the chemical synthesis of large
mirror-image polymerases (>400 amino acids) remains a highly
specialized process that is labor intensive, costly, and difficult to
scale. Thus, off-the-shelf solutions that are more accessible and
practical for the average researcher are still needed.

An alternative approach to using mirror-image enzymes is
the use of so called “cross-chiral” enzymes, i.e., enzymes
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Fig. 1 Cross-chiral ligation of L-RNA. (a) The p-16.12t ribozyme catalyzes ligation of the 3’-hydroxyl (OH) of the “acceptor” L.-RNA substrate to the 5'-
triphosphate (ppp) of the “donor” L-RNA substrate, resulting in formation of a 3’,5’-phosphodiester linkage (solid arrow). Whether this reaction occurs
with 5’-adenylated (App) or related substrates is the subject of this study (dotted arrow). (b) Scheme for the chemical 5’-triphosphorylation of synthetic
oligonucleotides using Ludwig—Eckstein chemistry. (c) Scheme for the chemical adenylation of synthetic oligonucleotides using adenosine-5’-

phosphoimidazolide (ImpA). SalPCl = salicyl phosphorochloridite; TBAP
tetrabutylammonium fluoride.

composed of native biopolymers (p-ONs and r-amino acids) that
can directly act on 1-ONs. Such enzymes could be readily produced
using standard biochemical and molecular biology techniques,
making them accessible to a wider range of researchers. Towards
this goal, Joyce and colleagues have reported a cross-chiral ribo-
zyme, 16.12t, that catalyzes the RNA-templated ligation of RNA
molecules of the opposite handedness (Fig. 1a).>> The ligation
reaction involves attack of the 3’-hydroxyl of the “acceptor” RNA
substrate on the 5'-triphosphate of the “donor” RNA substrate,
resulting in formation of a 3’,5-phosphodiester linkage. Iterations
of this reaction have enabled the assembling long L-RNAs from a
mixture of r-trinucleotide building blocks and exponential ampli-
fication of 1-RNA via “ribo-PCR”.***” Thus, cross-chiral assembly of
long 1-RNAs using p-ribozymes, which are easily obtained by in vitro
transcription, is well within reach. Nevertheless, this approach also
suffers from a key limitation: synthesis of the 5'-triphosphorylated
L-RNA donor substrates. The most common method for preparing
RNA 5'-triphosphates, in vitro transcription,”® is not possible with
enantio-RNA. Thus, 5'-triphosphates must be added to 1-RNA
through chemical means.>** Unfortunately, current methods for
the chemical triphosphorylation of ONs are often plagued by poor
yields and undesired side products. For example, many of these
methods use the phosphitylation reagent salicyl phosphorochlor-
idite, which was developed by Ludwig and Eckstein for the
solution-phase triphosphorylation of mononucleosides (Fig. 1b).*®

210 | RSC Chem. Biol., 2025, 6, 209-217

= tributylammonium pyrophosphate; THF = tetrahydrofuran; TBAF =

Salicyl phosphorochloridite is highly reactive to water, leading to 5’-
H-phosphonate side products if rigorous anhydrous conditions are
not maintained.?>**® Moreover, this method often results in 10-
20% of the 5’-diphosphate side product due to contamination in
the tributylammonium pyrophosphate reagent.***'***® Both of
these side products are very difficult to purify from the desired
triphosphorylated product, especially for longer oligonucleotides.
The yield of the desired 5'-triphosphorylated product also decreases
precipitously with increasing ON length.***> Taken together, it
remains difficult to produce 5'-triphosphorylated 1-RNAs in suffi-
cient yield and quality to support the cross-chiral assembly of long
1-RNA molecules.

Compared to chemical 5'-triphosphorylation, 5’-adenylation of
ONs is synthetically more tractable.***' For example, 5'-adenylated
ONs can be readily prepared from synthetic 5’-phosphorylated ONs
by incubation with an aqueous mixture of adenosine-5'-
phosphoimidazolide (ImpA) and MgCl, (Fig. 1c).*® This reaction
is not moisture sensitive and, thus, does not require special
equipment or carefully reagent handling to maintain anhydrous
conditions. More importantly, this reaction is high-yielding and
does not form difficult to remove side products. Recently, Hobart-
ner and colleagues reported an RNA ligase DNAzyme that utilize
5’-adenylated RNAs as donor substrates and demonstrated that
its ligase activity was equivalent to DNAzymes that utilize
5'-triphosphorylated donors.”* With this in mind, the goal of this

© 2025 The Author(s). Published by the Royal Society of Chemistry
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study was to determine whether previously reported cross-chiral
ligase ribozymes would accept 5’-adenylated L-RNA donors (or
analogues thereof) prepared using the more easily accessible
phosphoimidazolide chemistry and, if so, to assess the overall
practicality of this approach for assembling long 1-RNA molecules.

Results and discussion
Synthesis of 5'-adenylated L-RNAs

We first set out to prepare 5’-adenylated donor substrates for the
ligation experiments, as well as demonstrate the compatibility of
this charging reaction with long L-RNAs. Our initial substrate
was an 8-mer .-RNA (1-RNAg; Fig. 2a) that serves as the donor for
the ligation reaction depicted in Fig. 1a. This ligation complex is
identical to the one originally used to evolve the 16.12t cross-
chiral ligase.>® 5'-adenylated 1-RNAg (App-1.-RNAg) was prepared
from synthetic 5-phosphorylated 1-RNAg by incubation with
ImpA and MgCl,, as previously described (Fig. 1c).>° As shown
in Fig. 2b and c, the adenylation reaction proceeded to nearly
80% completion after 5 hours and the 5’-adenylated product
App-1-RNA; was readily purified to >90% via polyacrylamide gel
electrophoresis (PAGE) (Fig. Sla, ESIt). While this result was
encouraging, efficient assembly of long 1-RNAs by cross-chiral
ligation will require the use of much longer substrates, which
have proven challenging to activate via 5'-triphosphorylation
using Ludwig-Eckstein chemistry.>***> Therefore, we proceeded
to examine the efficiency of the adenylation reaction using
progressively longer 5’-monophosphorylated 1-RNAs (Fig. 2a).
We note that each substrate was a 3’-extension of 1-RNAg,
allowing them to be used in the same ligation complex
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(Fig. 1a). As shown in Fig. 2c (Fig. S1ib-d, ESI}), all 5-
monophosphorylated 1-RNA donors could be charged to at least
50%, including the 50-mer p-L.-RNAs;, (55%). This indicated that
the 5’-adenylation reaction provides an efficient approach for
generating 1-RNA donors for the eventual assembly of long t-
RNAs by cross-chiral ligation.

Cross-chiral ligase 16.12t is compatible with 5’-adenylated
donors

With the 5’-adenylated 1-RNA donors in hand, we investigated
their compatibility with the cross-chiral ligation reaction catalyzed
by p-16.12t. The 8-mer App-L-RNAg donor was assembled into the
corresponding substrate complex (Fig. 1a) and treated with excess
p-16.12t ribozyme. As controls, we also performed the reaction
using 5’-phosphorylated and 5'-triphosphorylated versions of the
same donor (p-.-RNAg and ppp-L-RNAg, respectively). As shown in
Fig. 3a, p-16.12t was indeed capable of catalyzing the ligation of
the 5-adenylated donor App-i-RNAg, yielding ~30% ligated
L-RNA product after 24 hours. Mass spectrometry (MS) analysis
of the purified product confirmed that it contained the expected
monophosphate linkage (Fig. S2, ESIf). For comparison, the
reaction employing the 5’-triphosphorylated substrate ppp-i-
RNA;g resulted in >50% ligated product after just 10 hours. The
reduced activity observed for App-.-RNAg was not unexpected, as
the p-16.12t ribozyme was evolved to recognize and ligate
5'-triphosphorylated 1-RNA. Furthermore, assuming a similar
mechanism between the two substrates (i.e., Sy2 at the o phos-
phate), the pyrophosphate leaving group associated with
ppp-L-RNAg is highly favored in the reaction compared to the
adenosine monophosphate (AMP) leaving group associated with
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Fig. 2 5’-Adenylation of L-RNA. (a) Sequences of the L-RNA donors used in this study (5 — 3’). Underlined text indicates sequence complementarity
with the hairpin acceptor depicted in Fig. 1a. A complete list of oligonucleotides used in this study can be found in Table S1 (ESIt). (b) Representative
denaturing PAGE analysis of the 5’-adenylation reaction. p-t-RNAg (100 uM) was incubated with or without ImpA (100 mM) in a reaction buffer containing
50 mM MgCl; at 52 °C for 5 h. (c) Adenylation yields as determined by gel electrophoresis for different length L-RNAs donors. Error bars show standard

deviation (n = 3).
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Fig. 3 Cross-chiral ligation of adenylated L-RNA by p-16.12t. (a) Repre-
sentative denaturing PAGE analysis for cross-chiral ligation of the indicated
donor substrate by p-16.12t. A 5'-FAM-labeled version of the acceptor
depicted in Fig. 1a was used in these experiments. Reactions employed
10 uM p-16.12t, 1 uM acceptor substrate, 2 pM donor substrate, 250 mM
NaCl, 250 mM MgCl,, and 50 mM Tris (pH 8.5) and were incubated at 23 °C
for 2, 6, 10, 18, and 24 h. (b) Kinetic time course of p-16.12t ligating the
indicated donor substrate. Reaction conditions are the same as in panel a.
Error bars show standard deviation (n = 3).

App-1-RNA,.** No ligated product was observed for up to 24 hours
when the 5’-phosphorylated donor (p-.-RNAg) was used, and this
reaction was indistinguishable from the no-ribozyme control
(Fig. 3a). The longer 5’-adenylated 1-RNA donors also proved to
be compatible with p-16.12t-mediated cross-chiral ligation, with
product yields ranging between 20-40% after 24 hours (Fig. 3b).
Overall, these results demonstrated that 5’-adenylated L-RNA
donors are compatible with the cross-chiral ligation reaction
catalyzed by p-16.12t and can support the cross-chiral ligation of
long 1-RNA fragments.

Cross-chiral ligation of 5’-adenylated donors is dependent on
the identity of the f-phosphate nucleoside

Compared to an optimal 5'-triphosphorylated donor, 5'-
adenylated donors contain a substitution of the y-phosphate
with an adenosine nucleoside. The possibility that 16.12t
interacts directly with the y-phosphate position prompted us
to evaluate what role, if any, the identity of the substituted
nucleoside plays in the reaction. Therefore, using the corres-
ponding imidazolides, we prepared 5'-cytidylated (Cpp-.-RNAg),
5’-guanylated (Gpp-.-RNAg), and 5’-uridylated (Upp-L-RNAg) ver-
sions of the 8-mer L-RNA donor and subjected these substrates
to the p-16.12t-catalyzed cross-chiral ligation reaction. Surpris-
ingly, compared to App-.-RNAg, the new rL-RNA donors per-
formed far worse in the reaction (Fig. 4a). Notably, the reaction
employing the 5’-uridylated .-RNA donor (Upp-L-RNAg) yielded

212 | RSC Chem. Biol., 2025, 6, 209-217
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Fig. 4 Cross-chiral ligation of 5’-adenylated donors is dependent on the
identity of B-phosphate nucleoside. (a) Kinetic time course of p-16.12t
ligating the indicated L-RNA donor substrate. Reaction conditions are the
same as in Fig. 3a. Error bars show standard deviation (n = 3). (b) Michaelis—
Menten parameters for the ligation of the indicated L-RNA donor by
p-16.12t. Data is mean =+ standard deviation (n = 3).

<3% ligated product after 24 hours, which was ~10-fold less
than App-L.-RNAg during the same period. The purity of all 5'-N-
ylated donors was determined to be >90% by MS (Fig. S3,
ESIY), indicating that these results were not due to differences
in substrate quality.

To examine this phenomenon more carefully, we deter-
mined Michaelis-Menten constants for the ligation of the four
different 5’-N-ylated L-RNA donors by p-16.12t (Fig. S4, ESIf).
K., and k., values are listed in Fig. 4b and reveal a similar trend
as the time-course experiments above. K, values for the ligation
of 5’-N-ylated donors were comparable to the ligation of the
5’-triphosphorylated donor (ppp-L-RNAg), increasing ~ 2-fold for
the poorest substrate (Upp-L-RNAg). However, k.. values for the
ligation of 5’-N-ylated donors decreased dramatically. For exam-
ple, while the ligation reactions for App-L.-RNAg and ppp-L-RNAg
had nearly identical K,,, values, the k., for ligation of App-L.-RNAg
was ~35-fold slower than ppp-1.-RNAg. This strongly suggested
that the reduced activity of p-16.12t with 5’-N-ylated .-RNA donors
relative to the 5’-triphosphorylated donor is due to a much slower
chemical step rather than weaker substrate binding. Again, this is
consistent with the triphosphate being the more favored substrate
in the Sy2 reaction mechanism.*? Interestingly, the k. values
among the four 5’-N-ylated donors differed by as much as 8-fold

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 4b), despite the reactions all taking place with the same
diphosphate moiety. This indicated the involvement of the f-
phosphate-linked nucleoside in the catalytic step, the identity of
which either favors or disfavors the reaction, possibly due to
unique interactions of the nucleobases with the ribozyme. Future
studies will be needed to determine the exact mechanism(s)
underlying these observations. Taken together, these data show
that p-16.12t-mediated cross-chiral ligation of 5’-N-ylated L-RNA
donors is dependent on the identity of the B-phosphate-linked
nucleoside, with 5’-adenylated substrates being highly preferred
in the reaction.

Cross-chiral ligation is compatible with 5'-
adenosyltriphosphate L-RNA

Given the efficiency by which adenylated substrates could be
produced from ImpA, we investigated whether a similar approach
could be used to generate .-RNA donors with a 5'-triphosphate
moiety, which were expected to be a better substrates for cross-
chiral ligation. To begin, we prepared adenosine-5"-diphosphate
(ADP)-imidazolide (ImppA) (Fig. 5a) and subjected it to the same
coupling reaction with p-.-RNAg and p-1-RNA, to generate the
corresponding 5’-adenosyltriphosphorylated 1-RNAs. Crude reac-
tion mixtures were analyzed by PAGE (Fig. S5a, ESIt) and MS
(Fig. 5b and Fig. S5b and d, ESIf), revealing that p-.-RNAg and
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pL-RNA,, had undergone >80% conversion to the corresponding
5’-adenosyltriphosphates (Appp-.-RNAg and Appp-1-RNA,,, respec-
tively). Importantly, little to no undesirable side-products were
generated during the reaction. For comparison, we also attempted
to prepare ppp-i-RNA;; by chemical 5'-triphosphorylation
using Ludwig-Eckstein chemistry (Fig. 1b) following the rigorous
procedures established by Bare et al.*® In this case, a large amount
of side products were observed (Fig. 5b), including the 5'-
monophosphate, 5’-H-phosphonate, and the 5’-diphosphate,
which are commonly produced during this reaction and are very
challenging to separate from the desired product, especially for
longer oligonucleotides.*>*® Indeed, attempts to purify ppp-i-
RNA,;, by PAGE were unsuccessful at completely removing these
impurities (Fig. S6d and e, ESIt). Furthermore, HPLC-purified ppp-
L-RNAg obtained from a commercial source was only ~70% pure
and still contained various hypo-phosphorylated impurities
(Fig. S6c, ESIT). In contrast, after PAGE purification, Appp-i-
RNA;, generated from ADP-imidazolide was >90% pure and
contained none of the aforementioned side products (Fig. S5e,
ESIt). Taken together, these results show that ADP-imidazolide
provides a practical, fast, and high-yielding approach to generate
high purity 5’-adenosyltriphosphate modified oligonucleotides
and is attractive alternative to the more arduous Ludwig-Eckstein
chemistry.

0. .«Base le) o
5 Z Ag. 50 mM MgCl,  Ho 0% o ¥

o

v /ON,..Base
—Q P{ /F:\ ’?\ 7 '

s No” )07 170
HO -0 O0- " O-

o
5'-Adenosyltriphosphate I

a N
7\
<’;\
N O=p_ .-
HN—C N QAL 9
— o-R rorbing””
NG N ON Ll O- OH
S Z + o OH
HO  ©OH Rr!lA
ImppA
b .
.
Appp-L-RNA1,
ppp-L-RNA14
0
0
o
P I . Ll “'L“ n L L
1 L lml | al

5000 6000

M.W. (Da)

4000

L-RNA RNA
c 100 =
B Vars D-16.12t
(B L -t
% 50 < D-27.3t
® 't
A D-27.6t
1 V7 —¥— Control
. 0 == 7 A 1
0 8 30 150
Time (min)

Fig. 5 Cross-chiral ligation is compatible with 5’'-adenosyltriphosphates. (a) Scheme for the chemical activation of synthetic oligonucleotides using
adenosine-5’-diphosphate (ADP)-imidazolide (ImppA). (b) Representative mass spectrometry analysis of crude products from (i) the reaction of p-L-
RNA14 with ImppA (red) or (i) the chemical triphosphorylation of L-RNA4 via Ludwig—Eckstein chemistry (black). Open diamond = starting material; filled
diamond = desired product; open square = 5’-monophosphate; filled square = 5’-H-phosphonate; open circle = 5'-diphosphate. (c) Kinetic time course
of the indicated p-RNA ribozyme ligating Appp-L-RNAg to the acceptor depicted in Fig. 1a. The control experiment lacks a ribozyme. Reaction conditions

are the same as in Fig. 3a. Error bars show standard deviation (n = 3).
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We next tested the compatibility of Appp-L.-RNAg with cross-
chiral ligation by p-16.12t. As shown in Fig. 5c, the ligation
reaction was ~75% complete after 2.5 hours, marking a dra-
matic improvement compared to reactions employing the 5’-N-
ylated donors (e.g., App-.-RNAg) (Fig. 4a). Michaelis-Menten
constants for the ligation of Appp-L.-RNAg were almost identical
to ppp-L-RNAg, indicating that the adenosine moiety had little
impact on the ligation reaction when linked to the y-phosphate
(Fig. 4b). Furthermore, MS analysis confirmed that the ligated
products generated using either Appp-L.-RNAg or ppp-L-RNAg as
donors were identical (Fig. S7, ESIt). In addition to 16.12t, we
also examined two other cross-chiral ligases ribozymes, namely
27.3t and 27.6t (Table S1, ESIt), for their compatibility with this
new class of donor substrate. These ribozymes were evolved
from 16.12t for templated ligation of 5’-triphosphorylated
trinucleotides and show greatly improved ligation activity
(10>-10%fold) compared to the parental ribozyme.>® 27.3t and
27.6t have also been shown to be fairly general in terms of
sequence and are active in ligation reactions involving all 16
combinations of nucleotides on either side of the r-RNA liga-
tion junction. Consistently, cross-chiral ligation reactions
employing these ribozymes and the donor Appp-.-RNAg were
nearly complete in under 10 minutes (Fig. 5c). Furthermore,
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both ribozymes were capable of ligating two other sets of
substrates with unrelated sequences and different nucleotides
at the ligation junction (Fig. S8, ESIt), demonstrating the
generality of this approach. Taken together, the combination
of 5’-adenosyltriphosphate donors and cross-chiral ligases 27.3t
or 27.6t provides a promising strategy for ligating 1-RNAs
and, potentially, for assembling large 1-RNAs from multiple
components.

5’-Adenosyltriphosphates are compatible with large -RNA
assembly

The key motivation behind this work was the development of a
more efficient strategy for assembling long 1-RNAs by cross-
chiral ligation. Therefore, having shown the ease by which
compatible 5’-triphosphorylated .-RNA donors could be pro-
duced using ImppA and the efficient ligation of these sub-
strates by p-27.3t and p-27.6t, we attempted to assemble a large
L-RNA using this overall approach. For this study, we chose to
assemble the 1-RNA version of the 27.6t ribozyme (Fig. 6a),
which at 129 nt long, is well beyond the limit of current solid-
phase synthesis methods. Moreover, we sought to use the newly
assembled 1-27.6t ribozyme to ligate 5’-adenylated p-RNAs,
demonstrating the compatibility of our approach with both

b Timehy o 3 2
Ligated » - =-_‘-_—-_-_I
Donor » *

C

100
s
©

2

> 27.6t

= 50 -o— D-27.

& = 1276t
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Fig. 6 Assembly and functional analysis of L-27.6t. (a) Sequence and secondary structure of the 27.6t ribozyme. Black wedge indicates the ligation
junction, with the donor and acceptor sequences on either side. Nucleotides that are complementary to the splint (27.6t,) are indicated with red text. (b)
Representative denaturing PAGE analysis for cross-chiral assembly of L-27.6t. Reactions employed 5 uM p-27.3t, 2.5 uM acceptor substrate, 2.5 uM donor
substrate, 2.5 uM splint strand, 250 mM NaCl, 250 mM MgCl,, and 50 mM Tris (pH = 8.5), which were incubated for the indicated times at 23 °C. The red
box indicates the ligated product that was excised from the gel for further analysis. (c) Catalytic activity of L-27.6t assembled by cross-chiral ligation. For
comparison, the ligation of L-RNA by p-27.6t prepared by in vitro transcription is also shown. The reaction conditions are the same as in Fig. 3a, except
that 5 uM ribozyme was used. The substrates for this reaction are depicted in Fig. S10a (ESI). Error bars show standard deviation (n = 3).

214 | RSC Chem. Biol., 2025, 6, 209-217

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cb00253a

Open Access Article. Published on 26 Aralk 2024. Downloaded on 20.02.2026 03:31:08.

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

(cc)

RSC Chemical Biology

stereochemical orientations of the system. The ribozyme was
broken up into two -RNA fragments: a 64-nt acceptor (L-27.6t,)
and a 65-nt donor (p--27.6tp) (Fig. 6a). Following solid-
phase synthesis, the 5-monophosphorylated donor was reacted
with ImppA as before to generate the corresponding 5'-
adenosyltriphosphate (Appp-L-27.6tp). Analysis of the crude reac-
tion mixture revealed nearly complete conversion of p-1-27.6tp
into Appp--27.6tp, (>95%; Fig. S13, ESIT), which was used with-
out further purification. To the best of our knowledge, this is the
longest .-RNA produced synthetically containing a 5'-triphosphate
moiety. When combined with the splint (1-27.6tg; Table S1, ESIT),
cross-chiral ligation of 1-27.6t, and Appp-1-27.6t, by p-27.3t
proceeded to ~60% yield (35% PAGE-isolated yield) after only 3
hours (Fig. 6b). MS analysis of the PAGE purified product con-
firmed the correct assembly of 1-27.6t (Fig. S9b, ESIt). Impor-
tantly, the newly assembled 1-27.6t was functional (Fig. 6c).
Addition of 1-27.6t to the p-RNA substrate complex shown in
Fig. S10a (ESIT) resulted in the formation of >80% ligated p-RNA
product in less than 10 minutes, which was similar to the b-
ribozyme (prepared by in vitro transcription) acting on an .-RNA
substrate complex (Fig. 6¢). Thus, both reaction configurations (p-
ribozyme and 1-substates versus -ribozyme and p-substrates) are
compatible with 5’-adenosyltriphosphate donors. However, we
note that the rate of ligation was slightly faster for the 1-
ribozyme acting on p-substrates (Fig. 6¢). Given that both p- and
L-RNA donors were generated using ImppA containing a p-ribose
moiety, this observation possibly reflects a minor impact on the
reaction due to the stereochemistry of the y-phosphate-linked
nucleoside relative to the RNA substrates and ribozyme. Finally,
the product of the ligation of the two p-RNA substrates was
subjected to RNase A digestion, which only cleaves 3’,5'-
phosphodiester linkages. Complete cleavage was observed at the
ligation junction (Fig. S10, ESIt), indicating that cross-chiral
ligation using donors activated with 5’-adenosyltriphosphates
produces natural 3',5'-phosphodiester linkages.

Conclusions

In summary, this work expands the substrate scope of cross-
chiral ligase ribozymes to include 5’-adenylated (or related)
L-RNAs as donors, opening the door to a straightforward and
practical approach for assembling long 1-RNA. Until now, a key
bottleneck in the cross-chiral assembly of long L-RNA molecules
from multiple shorter fragments has been obtaining 5'-tripho-
sphorylated L-RNA donors in sufficient purity and quantity to
support the ribozyme-catalyzed ligation reaction. Herein, we show
that compatible donors can be readily obtained by coupling
5’-phosphorylated 1-RNA with either ImpA or ImppA, the latter
yielding 5’-adenosyltriphosphate donors having activity equivalent
to the native 5'-triphosphate. Compared to other chemical tripho-
sphorylation approaches (e.g;, Ludwig-Eckstein chemistry®®), the
advantages of this method are: (1) the procedure is straightforward
and does not require careful reagent preparation or specialized
equipment; (2) the yields are high, even for long (> 50-nt) .-RNAs;
and (3) It does not generate difficult to purify side products.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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We acknowledge that this approach for generating 5'-
triphosphorylated oligonucleotides does require prior synthesis
of ImppA (or ImpA for 5’-adenylation). However, this reagent can
be readily prepared via a single-step, high-yielding reaction and
can be used without purification. To demonstrate the utility of this
approach for assembling long 1-RNA molecules, we synthesized a
65-nt -RNA containing a 5’-adenosyltriphosphate in high yield
and purity, which was subsequently assembled into the L-RNA
version of the 129-nt 27.6t ribozyme via cross-chiral ligation. To the
best of our knowledge, this is the longest 1-RNA molecules
assembled by a single ligation event to date. We anticipate that
further optimization will lead to even more efficient donor activa-
tion chemistries and L-RNA assembly strategies. For example, we
showed that the identity of the B-phosphate-linked nucleoside
greatly impacted cross-chiral ligation of the 5’-adenylated donors
(Fig. 4a), possibly as a result of direct interactions with the
ribozyme. Thus, screening a larger repertoire of chemically mod-
ified nucleosides harboring different classes of functional groups
(e.g., cations, anions, polar groups, etc.) may yield donors with
improved ligation activity. Further in vitro evolution of the cross-
chiral ribozymes employing 5’-adenosyl .-RNA donors (both di-
and triphosphates) is also expected to produce more efficient
catalysts and warrants future investigation.>>>°

Overall, given the practical advantages of phosphoimidazolide
chemistry for preparing compatible 5'-triphosphorylated L-RNAs,
coupled with the ready availability of p-cross-chiral ribozymes via
standard in vitro transcription reactions, we expect that the
methods reported herein will make long 1-RNAs more accessible
to a wider range of researchers and will enable a variety of practical
applications. For example, because this approach has few
sequence or other design constraints, it could be used to generate
nuclease-resistant, mirror-image versions of many RNA-based
molecular sensors and other devices, thereby greatly expanding
the utility of these technologies for in vivo applications. Moreover,
the ability to easily generate long 1-RNAs will further support
ongoing efforts to build mirror-image biological systems, such as
a mirror-image ribosome that translates p-proteins. Finally,
although this work focused on the chemical activation and ligation
of L-RNA, our straightforward method for generating y-substituted
5'-triphosphates can be readily applied to any nucleic acid poly-
mer, providing researchers access to ONs harboring a diverse
range of triphosphate analogues and mRNA 5’-cap modifications.

Author contributions

Xuan Han: methodology, investigation, formal analysis, visua-
lization, writing - review & editing. Jonathan T. Sczepanski:
conceptualization, writing - original draft, supervision, project
administration, funding acquisition.

Data availability

The data supporting this article have been included as part of the
ESI.f Original raw MS data and gel electrophoresis images are
available to readers by contacting the corresponding author.

RSC Chem. Biol., 2025, 6, 209-217 | 215


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cb00253a

Open Access Article. Published on 26 Aralk 2024. Downloaded on 20.02.2026 03:31:08.

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

(cc)

Paper

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the National Science Foundation
(2114588) and the National Institute of General Medical
Sciences (R35GM124974) of the National Institutes of Health.
The content is solely the responsibility of the authors and does
not necessarily represent the official views of the National
Institutes of Health.

References

1

10

11

12

B. E. Young, N. Kundu and J. T. Sczepanski, Mirror-Image
Oligonucleotides: History and Emerging Applications,
Chem. — Eur. J., 2019, 25(34), 7981-7990.

N. C. Hauser, R. Martinez, A. Jacob, S. Rupp, J. D. Hoheisel
and S. Matysiak, Utilising the left-helical conformation of L-
DNA for analysing different marker types on a single uni-
versal microarray platform, Nucleic Acids Res., 2006, 34(18),
5101-5111.

H. Urata, E. Ogura, K. Shinohara, Y. Ueda and M. Akagi,
Synthesis and properties of mirror-image DNA, Nucleic Acids
Res., 1992, 20(13), 3325-3332.

M. Szabat, D. Gudanis, W. Kotkowiak, Z. Gdaniec,
R. Kierzek and A. Pasternak, Thermodynamic features of
structural motifs formed by B-L-RNA, PLoS One, 2016,
11, €0149478.

K. Hoehlig, L. Bethge and S. Klussmann, Stereospecificity of
Oligonucleotide Interactions Revisited: No Evidence for
Heterochiral Hybridization and Ribozyme/DNAzyme Activ-
ity, PLoS One, 2015, 10(2), €0115328.

H. Urata, K. Shinohara, E. Ogura, Y. Ueda and M. Akagi,
Mirror-image DNA, J. Am. Chem. Soc., 1991, 113(21), 8174-8175.
W. Zhong and ]J. T. Sczepanski, Chimeric D/L-DNA Probes of
Base Excision Repair Enable Real-Time Monitoring of Thy-
mine DNA Glycosylase Activity in Live Cells, J. Am. Chem.
Soc., 2023, 145(31), 17066-17074.

W. Zhong and J. T. Sczepanski, A Mirror Image Fluorogenic
Aptamer Sensor for Live-Cell Imaging of MicroRNAs, ACS
Sens., 2019, 4(3), 566-570.

L. Cui, R. Peng, T. Fu, X. Zhang, C. Wu, H. Chen, H. Liang,
C.]J. Yang and W. Tan, Biostable L-DNAzyme for sensing of metal
ions in biological systems, Anal. Chem., 2016, 88(3), 1850-1855.
G. Ke, C. Wang, Y. Ge, N. Zheng, Z. Zhu and C. J. Yang, L-
DNA Molecular Beacon: A Safe, Stable, and Accurate Intra-
cellular Nano-thermometer for Temperature Sensing in
Living Cells, J. Am. Chem. Soc., 2012, 134(46), 18908-18911.
D. Ji, J. H. Yuan, S. B. Chen, J. H. Tan and C. K. Kwok,
Selective targeting of parallel G-quadruplex structure using L-
RNA aptamer, Nucleic Acids Res., 2023, 51(21), 11439-11452.
A. M. Kabza and ]. T. Sczepanski, An L-RNA Aptamer with
Expanded Chemical Functionality that Inhibits MicroRNA
Biogenesis, ChemBioChem, 2017, 18(18), 1824-1827.

216 | RSC Chem. Biol., 2025, 6, 209-217

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

View Article Online

RSC Chemical Biology

S. Klussmann, A. Nolte, R. Bald, V. A. Erdmann and
J. P. Fiirste, Mirror-image RNA that binds D-adenosine,
Nat. Biotechnol., 1996, 14, 1112-1115.

J. T. Sczepanski and G. F. Joyce, Specific Inhibition of
MicroRNA Processing Using L-RNA Aptamers, J. Am. Chem.
Soc., 2015, 137(51), 16032-16037.

J. T. Sczepanski and G. F. Joyce, Binding of a Structured D-
RNA by an L-RNA Aptamer, J. Am. Chem. Soc., 2013, 135,
13290-13293.

A. Vater and S. Klussmann, Turning mirror-image oligonu-
cleotides into drugs: the evolution of Spiegelmer therapeu-
tics, Drug Discovery Today, 2015, 20(1), 147-155.

J. An, J. Choi, D. Hwang, J. Park, C. W. Pemble, T. H. M. Duong,
K. R. Kim, H. Ahn, H. S. Chung and D. R. Ahn, The crystal
structure of a natural DNA polymerase complexed with mirror
DNA, Chem. Commun., 2020, 56(14), 2186-2189.

Z.Wang, W. Xu, L. Liu and T. F. Zhu, A synthetic molecular
system capable of mirror-image genetic replication and
transcription, Nat. Chem., 2016, 8(7), 698-704.

W. Jiang, B. Zhang, C. Fan, M. Wang, J. Wang, Q. Deng,
X. Liu, J. Chen, J. Zheng, L. Liu and T. F. Zhu, Mirror-image
polymerase chain reaction, Cell Discovery, 2017, 3, 17037.
M. Wang, W. Jiang, X. Liu, J. Wang, B. Zhang, C. Fan, L. Liu,
G. Pena-Alcantara, J.-J. Ling, J. Chen and T. F. Zhu, Mirror-
Image Gene Transcription and Reverse Transcription,
Chem, 2019, 5(4), 848-857.

A. Pech, J. Achenbach, M. Jahnz, S. Schiilzchen, F. Jarosch,
F. Bordusa and S. Klussmann, A thermostable D-polymerase
for mirror-image PCR, Nucleic Acids Res., 2017, 45(7),
3997-4005.

C. Fan, Q. Deng and T. F. Zhu, Bioorthogonal information
storage in L-DNA with a high-fidelity mirror-image Pfu DNA
polymerase, Nat. Biotechnol., 2021, 39(12), 1548-1555.

Y. Xu and T. F. Zhu, Mirror-image T7 transcription of
chirally inverted ribosomal and functional RNAs, Science,
2022, 378(6618), 405-412.

J. Weidmann, M. Schnolzer, P. E.
J. D. Hoheisel, Copying Life: Synthesis of an Enzymatically
Active Mirror-Image DNA-Ligase Made of D-Amino Acids,
Cell Chem. Biol., 2019, 26(5), 645-651.€3.

J. T. Sczepanski and G. F. Joyce, A Cross-Chiral Polymerase
Ribozyme, Nature, 2014, 515, 440-442.

K. F. Tjhung, J. T. Sczepanski, E. R. Murtfeldt and
G. F. Joyce, RNA-Catalyzed Cross-Chiral Polymerization of
RNA, J. Am. Chem. Soc., 2020, 142(36), 15331-15339.

G. A. L. Bare and G. F. Joyce, Cross-Chiral, RNA-Catalyzed
Exponential Amplification of RNA, J. Am. Chem. Soc., 2021,
143(45), 19160-19166.

J. F. Milligan, D. R. Groebe, G. W. Witherell and
O. C. Uhlenbeck, Oligoribonucleotide synthesis using T7
RNA polymerase and synthetic DNA templates, Nucleic Acids
Res., 1987, 15(21), 8783-8798.

A. V. Lebedev, I. I. Koukhareva, T. Beck and M. M. Vaghefi,
Preparation of oligodeoxynucleotide 5-triphosphates using
solid support approach, Nucleosides, Nucleotides Nucleic
Acids, 2001, 20(4-7), 1403-14009.

Dawson and

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cb00253a

Open Access Article. Published on 26 Aralk 2024. Downloaded on 20.02.2026 03:31:08.

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

(cc)

RSC Chemical Biology

30

31

32

33

34

35

36

1. Zlatev, M. Manoharan, J.-J. Vasseur and F. Morvan, Solid-
Phase Chemical Synthesis of 5'-Triphosphate DNA, RNA,
and Chemically Modified Oligonucleotides, Curr. Protoc.
Nucleic Acid Chem., 2012, 50, 1.28.1-1.28.16.

I. Zlatev, T. Lavergne, F. Debart, J.-J. Vasseur, M. Manoharan
and F. Morvan, Efficient Solid-Phase Chemical Synthesis of
5'-Triphosphates of DNA, RNA, and their Analogues, Org.
Lett., 2010, 12(10), 2190-2193.

I. Zlatev, J. G. Lackey, L. Zhang, A. Dell, K. McRae, S.
Shaikh, R. G. Duncan, K. G. Rajeev and M. Manoharan,
Automated parallel synthesis of 5'-triphosphate oligonu-
cleotides and preparation of chemically modified 5'-
triphosphate small interfering RNA, Bioorg. Med. Chem.,
2013, 21(3), 722-732.

M. Goldeck, T. Tuschl, G. Hartmann and J. Ludwig, Efficient
Solid-Phase Synthesis of pppRNA by Using Product-Specific
Labeling, Angew. Chem., Int. Ed., 2014, 53(18), 4694-4698.
I. Sarac and C. Meier, Solid-Phase Synthesis of DNA and
RNA 5’-O-Triphosphates Using cycloSal Chemistry, Curr.
Protoc. Nucleic Acid Chem., 2016, 64, 4.67.1-4.67.13.

I. Sarac and C. Meier, Efficient Automated Solid-Phase
Synthesis of DNA and RNA 5'-Triphosphates, Chem. — Eur.
J., 2015, 21(46), 16421-16426.

J. Ludwig and F. Eckstein, Rapid and efficient synthesis
of nucleoside 5’-0-(1-thiotriphosphates), 5'-triphosphates

© 2025 The Author(s). Published by the Royal Society of Chemistry

37

38

39

40

41

42

43

View Article Online

Paper

and 2',3'-cyclophosphorothioates using 2-chloro-4H-1,3,2-
benzodioxaphosphorin-4-one, J. Org. Chem., 1989, 54(3),
631-635.

R. K. Gaur, B. S. Sproat and G. Krupp, Novel solid phase synthesis
of 2’-O-methylribonucleoside 5'-triphosphates and their o-thio
analogues, Tetrahedron Lett., 1992, 33(23), 3301-3304.

G. A. L. Bare and D. P. Horning, Chemical Triphosphoryla-
tion of Oligonucleotides, J. Vis. Exp., 2022, 184, €63877.

M. Hafner, P. Landgraf, J. Ludwig, A. Rice, T. Ojo, C. Lin,
D. Holoch, C. Lim and T. Tuschl, Identification of micro-
RNAs and other small regulatory RNAs using cDNA library
sequencing, Methods, 2008, 44(1), 3-12.

N. C. Lau, L. P. Lim, E. G. Weinstein and D. P. Bartel, An
Abundant Class of Tiny RNAs with Probable Regulatory
Roles in Caenorhabditis elegans, Science, 2001, 294(5543),
858-862.

P. J. Unrau and D. P. Bartel, RNA-catalysed nucleotide
synthesis, Nature, 1998, 395(6699), 260-263.

C. P. M. Scheitl, S. Lange and C. Hobartner, New Deoxyr-
ibozymes for the Native Ligation of RNA, Molecules, 2020,
25(16), 3650.

B. van Beek, M. A. van Bochove, T. A. Hamlin and
F. M. Bickelhaupt, Nucleophilic substitution at di- and
triphosphates: leaving group ability of phosphate versus
diphosphate, Electron. Struct., 2019, 1(2), 024001.

RSC Chem. Biol., 2025, 6, 209-217 | 217


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cb00253a



