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ABSTRACT: The building blocks of current life on Earth are

chiral compounds, such as 2’-deoxy-D-ribose of DNA and L-amino 6w
acids with homochirality, which play an important role in various Rigid NI
biological reactions. We investigated the effect of chirality on the (l KO/H structure (T scaffold SNA 0©

template-directed chemical synthesis of nucleic acids as a model ~ ®esesesé g"f:’“ . os-0"
for primitive replication of genetic materials in the absence of “%mx (‘ ﬂ st’f;ftﬁe

enzymes. The efficiency of the template-directed chemical ligation ~ Helicity " & o

. Co . . L o7 02 Flexible
of two acyclic nucleic acids, achiral serinol nucleic acid (SNA) and o

structure

chiral acyclic L-threoninol nucleic acid (L-aTNA), induced by N- 0 y Base Helicity % 2\ 0
cyanoimidazole and a divalent metal cation, was evaluated. The “\NO esochesd

0000000000000000
chemical ligation of SNA fragments on an SNA template was much o=(1;3—o* L‘aTNA @it scaffold

slower than the ligation of L-aTNA fragments on an L-aTNA No helicity

template. Examination of L-aTNA and SNA heteroligation and the

effects of chimeric template strands revealed the crucial importance of L-aTNA chirality, which induces helical propagation and fixes
the local conformation of the reactive phosphate group for effective chemical ligation. DNA and RNA templates also enhanced the
ligation of SNA and L-aTNA fragments. “Reverse transcription” from template RNA to L-aTNA was also demonstrated. Our
findings show that scaffold chirality is crucial for chemical replication and reverse transcription in XNA-based systems. Furthermore,
the reverse transcription from RNA to L-aTNA will find applications in XNA-based in vitro selection, the creation of artificial life,
and nanotechnologies.

B INTRODUCTION scaffold.” Orgel and co-workers demonstrated template-
directed elongation of PNA strands on DNA and RNA

Many of the components of living systems are chiral. The 0
templates and RNA elongation on a PNA template,” and Liu et

heterogeneity of the “primordial soup” resulted in homochiral

macromolecules, such as D-DNA, D-RNA, and proteins al. reported sequential ligation of PNA fragments on a DNA
composed of L-amino acids."” Hypotheses have been template.'” To the best of our knowledge, a primer extension
proposed to explain the evolution of selection for homochir- reaction using only PNA has not yet been reported. PNA
ality,3 and the role of chirality and the reason why specific synthesis on a PNA template has only been achieved using
chirality was selected during evolution remain unclear. relatively long fragments or a base-filling reaction.'' Very
Moreover, the helicity derived from chiral scaffolds could recently, Winssinger et al. demonstrated PNA elongation on a
affect the formation of higher-order structures, such as right- PNA template by chemical ligation; however, it needed chiral
handed DNA duplexes, G-quadruplexes, RNA secondary serine modification.'” These results imply that the strand
structures, and a-helices of proteins. elongation of an achiral XNA is significantly inefficient

Chirality is also important for nonenzymatic template- compared to a chiral XNA'"; however, this has not been
directed elongation, which is a strong candidate for the demonstrated. One challenge with performing studies using
prebiotic replication system, as shown by studies on non- achiral PNA is that it is difficult to distinguish the effects of

enzymatic strand synthelsis of DNA, RNA, and xeno nucleic chirality from the effects of large structural differences between
acid (XNA) oligomers. ™ Orgel, Szostak, Richert, and co- DNA and PNA.

workers have established the foundations of the chemical
ligation method and analyzed its detailed mechanism.”> Most of
these studies have focused on chiral specificity or selectivity
rather than the impact of chirality itself because almost all
XNAs have chiral scaffolds.” Some achiral nucleic acids were
proposed as a possible pre-RNA molecule; however, these
XNAs were too flexible to form a duplex.” One exception,
peptide nucleic acid (PNA), is composed of an achiral
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Figure 1. (a) Chemical structures of DNA, L-aTNA, and SNA. (b) Chemical ligation system driven by CNIm and a divalent metal cation and
sequences used for the reaction. (c) Reaction rates of chemical ligations with four homofragment pairs (T8Alp-T8B/T17t, T8A-pIT8B/T17t, S8Al
p-S8B/S17t, and S8A-plS8B/S17t). Brown hexagons and blue circles indicate L-aTNA and SNA monomers, respectively. All sequences are listed in
Table S1. (d) CD spectra of homo- and heteroduplexes formed between L-aTNA and SNA strands in solution containing Mn?*. Conditions: 2.0
UM fragments/template, 100 mM NaCl, and 20 mM MnCL, (e) Values of ks for homo- and heterochemical ligations of 8-mer L-aTNA and SNA
fragments on 17-mer L-aTNA and SNA templates in the presence of CNIm and Mn”*. Brown and blue bars show L-aTNA and SNA templates,
respectively. Reaction conditions: 0.9 uM T8A, T8A-p, S8A, or S8A-p, 1.1 uM p-T8B, T8B, p-S8B, or S8B, 1.0 uM T17t or S17t, 100 mM NaCl,
20 mM MnCl,, 20 mM CNIm, 4 °C. All ks were calculated based on linearized plots of —In([Fragment A]/[Fragment A],) as a pseudo-first-

order reaction.

Herein, we evaluated the effects of chirality of the template
on chemical ligation and primer extension. For this purpose,
we used two acyclic XNAs, chiral acyclic L-threoninol nucleic
acid (L-aTNA)"* and achiral serinol nucleic acid (SNA); the
two scaftolds differ only by a methyl group that is present on L-
aTNA but not on SNA' (Figure 1a). The SNA homo
oligomer has no helical preference, whereas L-aTNA has right-
handed helicity. L-aTNA cross-pairs with DNA, RNA, and L-
aTNA."*'® SNA forms highly stable SNA/SNA homodu-
plexes and cross-hybridizes with L-aTNA, DNA, and RNA.
Due to the achiral nature of a serinol scaffold, SNA can also
cross-pair with D-aTNA, L-DNA, and L-RNA.'*"

Previously, we demonstrated nonenzymatic primer extension
of L-aTNA using chemical ligation in the presence of N-
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cyanoimidazole (CNIm) and a divalent metal cation (Figure
S$1)."*72° We found that the chemical ligation of L-aTNA was
more efficient and rapid than the ligation of DNA due to
stabilization of the optimal conformation of the 3’ phosphate
at the nick site and high nucleophilicity of the primary
hydroxyl group.

Because SNA and L-aTNA have similar structural and
chemical properties, studies of these two XNAs allowed us to
assess the effect of chirality on nonenzymatic template-directed
ligation. We demonstrated that the helicity induced by chiral
L-aTNA remarkably increased the efliciency of chemical
ligation and the primer extension compared to the achiral
SNA scaffold by helical propagation and optimized local
conformation around reactive phosphate. We also achieved the
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Figure 2. (a) Values of k,, for chemical ligation reactions of 8-mer L-aTNA-SNA chimeric fragments on a 16-mer SNA template in the presence of
CNIm and Mn**. (b,c) CD spectra of duplexes formed between L-aTNA-SNA chimeric fragments and (b) SNA template and (c) L-aTNA-SNA
chimeric template. Conditions: 2.0 uM fragments/template, 100 mM NaCl, 20 mM MnCl,. Sequences are listed in Table S1. (d) Schematic of
chemical ligation of L-aTNA-SNA chimeric strands and effects of helicity and the local structure of phosphate on the ligation efficiency. Brown
hexagons and blue circles indicate L-aTNA and SNA monomers, respectively. Reaction conditions: 0.9 uM fragment A, 1.1 uM fragment B, 1.0 uM

template, 100 mM NaCl, 20 mM MnCl,, 20 mM CNIm, and 4 °C.

chemical primer extension of L-aTNA with random L-aTNA
trimers on an RNA template. These results provide insights
into the importance of chirality in novel XNA-based life and
partially in the primitive life system.

B RESULTS AND DISCUSSION

Importance of Chirality in Chemical Ligation. To
investigate the effect of chirality on chemical ligation, we first
evaluated the ligation rates of SNA compared to those of L-
aTNA. We prepared fluorescently labeled 8-mer SNA
fragments S8A and S8A-p and 8-mer SNA fragments S8B
and p-S8B (Figure 1b,c and Table S1). S8A-p and p-S8B were
phosphorylated at the (R)- and (S)-termini, respectively. A 17-
mer template (S17t) was used instead of a fully matched 16-
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mer template because S17t can be used in common for ligation
and primer extension experiments. The use of 16-mer and 17-
mer templates resulted in similar reaction rates for ligation of
8-mer fragments (Figure S2 and Table S2). We performed the
chemical ligation of SNA in the presence of CNIm and Mn®" at
4 °C and calculated reaction rate constants (k) by assuming
pseudo-first-order reactions. The k., values of SNA ligation
were 0.094 and 0.11 h™" for S8Alp-S8B/S17t and S8A-pISSB/
S17t, respectively (Figures 1c and S2). Although the reaction
rate of L-aTNA ligation strongly depended on which strand
was phosphorylated (ky,, = 1.4 h™ for T8Alp-T8B/T17t, 0.13
h™' for T8A-pIT8B/T17t), the symmetric structure of the SNA
resulted in almost the same k,, values regardless of the
direction (Figures lc and S3). Importantly, SNA ligation was

https://doi.org/10.1021/jacs.5c03128
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over 12 times slower than the ligation of T8A to p-T8B on the
T17t template. The thermal melting temperatures (T),s) of the
SNA and L-aTNA duplexes (T,s > 44 °C, Table S3) were
considerably higher than the reaction temperature (4 °C);
therefore, fragments form stable duplexes with the templates.
In the chemical ligation reactions, the nucleophilicity of the
hydroxyl group at the nick site is primarily responsible for the
ligation efficiency.'®'**" Nevertheless, the ligation efficiency of
SNA, which has a primary hydroxyl group, was lower than that
of L-aTNA, which has a less reactive secondary hydroxyl group
(T8A-pIT8B/T17t) (Figure 1lc). The low efficiency of the
chemical ligation of SNA did not allow nonenzymatic primer
extension using a random pool of SNA trimers (Figure S4).
We hypothesize that the helicity of the duplex induced by the
chiral threoninol scaffold increased the k., on the chemical
ligation.

Circular dichroism (CD) spectra of the L-aTNA duplex are
characteristic of right-handed helicity, whereas the induced CD
of the SNA duplex was weak due to its achiral and flexible
nature (Figure 1d), as previously described.'*'® To confirm
the effect of helicity on chemical ligation, we evaluated the
chemical ligation of L-aTNA/SNA heteroduplexes (Figures le,
SS, and Table S2). The CD spectra of S8Alp-S8B/T17t and
T8Alp-T8B/S17t were almost the same as that of the L-
aTNA/L-aTNA duplex, indicating that the L-aTNA/SNA
heteroduplexes have the same right-handed helicity as the L-
aTNA/L-aTNA homoduplex (Figure 1d). The ligation rates of
SNA fragments on the L-aTNA template (S8Alp-S8B/T17t,
kyps = 0.20 h™') and those of L-aTNA fragments on the SNA
template (T8Alp-T8B/S17t, ky,, = 0.83 h™') were considerably
higher than those of SNA fragments on the SNA template
(S8Alp-S8B/S17t, kg, = 0.094 h™") (Figure le, entries 1 and
6). Thus, the L-aTNA strand induced the SNA to form a right-
handed helix that facilitated rapid ligation.

We also investigated the ligation reactions that generate L-
aTNA-SNA chimeric products. For all fragment pairs, the
ligation rates on the L-aTNA template, T17t, were higher than
those on the SNA template, S17t. When the secondary OH
was a nucleophile, ky,, was lower (Figure le, entries 7 and 8),
indicating that the reduced nucleophilicity severely lowered the
reaction efficiency, as previously demonstrated."®'?*! Interest-
ingly, the ks of the phosphorylated L-aTNA fragments were
larger than those of phosphorylated SNA fragments (Figure le,
entries 1—6). We hypothesize that the phosphate on L-aTNA
on the T17t template adopted a rigid conformation at the nick
site optimal for activation by CNIm,"” whereas the achiral and
flexible SNA cannot fix the phosphate group in a suitable
conformation. Thus, helicity and the structural rigidity around
phosphate at the nick, both derived from the chirality of the
XNA scaffold, are important for highly efficient ligation.

Which is More Important: The Helicity or the Local
Conformation of the Phosphate? For further investigation
of the effect of chirality, we examined the chemical ligation of
L-aTNA-SNA chimeric strands (Figure 2). We designed
chimera fragments with one, two, or four L-aTNA units and
evaluated their ligation on the S16t template (Figure 2a, Table
S2). All chimeric fragments had higher kg, values than fully
SNA fragments, indicative of the positive effect of chirality on
ligation. Interestingly, the CD spectrum of T2S6-Alp-S6T2-B/
S16t, in which two L-aTNA units were present at the termini
of each fragment, had almost the same CD spectrum as that of
the L-aTNA duplex (T8Alp-T8B/T16t) (Figure 2b). This
result demonstrates that the right-handed helicity was

obs
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sufficiently propagated through the duplex by only two L-
aTNA residues. This was expected based on previous results.””
Terminal modification of fragments with L-aTNA increased
the reaction rate compared to SNA fragments, and a single
substitution was as effective as four per fragment due to the
saturation of helical propagation (Figure 2a, entries 12—14).
This is the first demonstration of acceleration of a chemical
ligation reaction by remote helical propagation, although
helical propagation had been shown to induce chirality-
selective incorporation of fragments.13 Surprisingly, a single
substitution of either fragment at the nick position with L-
aTNA significantly accelerated the reaction, which was
obviously superior to multiple substitutions at the termini
(Figure 2a, entries 10—11). The rate was further amplified by
combining chimeric fragments and chimeric templates
T2S12T2-t and S7T2S7-t, compared to their sole use (Figures
2a,d, S7, and Table S2). The kg, for ligation of S7T1-A to p-
T1S7-B on the S7T2S7-t template, where L-aTNA residues
were at the nick site of both fragments and in the
complementary positions in the template, was further
increased, which was remarkably higher than that for ligation
of T2S6-A to p-S6T2-B on T2S8T2-t, even though both
duplexes had almost the same right-handed helicities (Figure
2¢,d).

Thus, we conclude that the more critical role of chirality in
chemical ligation efficiency is to impart rigidity to the
phosphate conformation at the nick site and that the induction
of helicity is less important.

Further Study on Chirality at the Nick Site Using
XNA-SNA Chimeric Fragments. To gain further insights
into the effect of chirality at the nick site on the chemical
ligation, we also prepared SNA chimeric fragments containing
acyclic p-threoninol nucleic acid (D-aTNA)*® and acyclic L-
allo-threoninol nucleic acid (L-allo-aTNA)** at the nick site
(Figures 3, S8—S10, and Table S2). D-aTNA is an enantiomer
of L-aTNA, and L-allo-aTNA is a stereoisomer of L-aTNA

-SNA i i 4
XNA-SNA chimeric fragment Any chiral

@ SNA scaffold scaffold-derived
@ Chiral scaffold rigidity

Primary OH

8-mer

¥ r ¥
o] y Base ‘{l H ‘J ase (0] y Base
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Figure 3. Effects of rigidity/conformation derived from chiral
scaffolds (L-aTNA, D-aTNA, and L-allo-aTNA) on chemical
ligations.
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with different chiralities on the carbon tethering methyl group.
In both cases, 3'=OH was phosphorylated and reacted with
the primary hydroxyl group on another fragment for fair
comparison. The result of ligation of these fragments on S16t
indicated that the introduction of either a D-aTNA or an L-
allo-aTNA into the phosphorylated fragment also increased the
ligation rate compared to the SNA fragments (Figure S10;
S7DT1-A-plS8B: k,, = 0.14 h™' and S8Alp-LalloT1S7-B: kg,
=0.12 h™}, respectively). This result is fully consistent with the
L-aTNA-SNA chimera: chirality-induced rigidity by an addi-
tional methyl group accelerated the activation of the phosphate
group. In contrast, the substitution of OH termini at the nick
site resulted in different effects depending on its chirality. The
D-aTNA-SNA chimeric fragment also accelerated the reaction
(Figure S10; S8AIDT1S7-B: k., = 0.10 h™') but was less
effective than S7DT1-A-plS8B, whereas the L-allo-aTNA-SNA
chimeric fragment reduced the reaction rate (Figure S10;
S7LalloT1-AIS8B: k., = 0.073 h™!). The result of the D-
aTNA-SNA system is consistent with the L-aTNA-SNA
system because the L-aTNA-SNA/SNA duplex is an
enantiomer of the D-aTNA-SNA/SNA duplex with an inverted
sequence. The suppression of the reaction by the L-allo-aTNA-
SNA chimeric fragment implies that the correct chirality of the
scaffold tethering nucleophile-OH is important to facilitate the
effective ligation. Our previous study on the duplex stability of
allo-aTNA revealed that full-modification with allo-aTNA is
unfavorable to form duplexes,” supporting the unsuitability of
chirality on allo-aTNA to be ligated. Interestingly, when both
fragments were substituted, the chirality effect was enhanced:
the reaction rate of S7DT1-A-pIDT1S7-B further increased
(Figure S10; koys = 0.25 h™"), whereas that of S7LalloT1-Alp-
LalloT1S7-B decreased (kyp, = 0.042 h™") compared to single
modifications. The dual incorporation of allo-aTNA presum-
ably induced distortion of the local structure of the nick site of
the duplex due to incorrect rigidity, dominantly reducing the
reaction rate rather than the acceleration of phosphate
activation.

Opverall, we confirmed that the chirality of the phosphory-
lated scaffold at the nick site produced rigidity that enhanced
the activation of the phosphate group, irrespective of the
stereochemistry of the methyl group, whereas the scaffold
tethering nucleophile-OH required correct chirality to facilitate
a proper conformation for effective ligation (Figure 3).

Template Composition Study on the Chemical
Ligation and Its Application in Nonenzymatic Reverse
Transcription from Natural Nucleic Acids to L-aTNA.
Both L-aTNA and SNA form A-form duplexes with
complementary DNA and RNA,'*™'® and we expected that
DNA and RNA, which have chiral scaffolds, would facilitate
effective chemical ligation reactions of the XNAs. Chiral DNA
and RNA templates (D17t and R17t, respectively) increased
the ligation rates of S8A to p-S8B (ks = 0.15 and 0.17 h™/,
respectively) relative to ligation on the SNA template (kqp, =
0.094 h™') (Figures 4, S2, and S3). Note that the T,,s of SNA/
DNA or SNA/RNA heteroduplexes are much lower than those
of the SNA/SNA homoduplexes, as shown in previous
work.">'® Similarly, the use of DNA and RNA templates
improved the ligation of L-aTNA fragments compared to the
SNA template (Figure 4). Besides, this tendency was also
observed with longer sequences (Figure S11).

The effective ligation of L-aTNA fragments on DNA and
RNA templates prompted us to examine the “reverse
transcription” reaction of sequence-specific L-aTNA synthesis
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Figure 4. Ligation efficiency (k) for indicated fragment pairs on
indicated templates in a solution containing Mn** solution. Reaction
conditions: 0.9 M S8A, S8A-p, T8A, or T8A-p, 1.1 uM p-S8B, S8B,
p-T8B, or T8B, 1.0 uM T17t, D17t, R17t, or S17t, 100 mM NaCl, 20
mM MnCl,, 20 mM CNIm, 4 °C.

on natural nucleic acid templates. The chemical primer
extension of L-aTNA was performed essentially as previously
reported."®'” Sequential extension of an eight-mer L-aTNA
primer (T8A) on 17-mer DNA, RNA, or SNA templates was
performed in the presence of the three complementary L-
aTNA trimers, a divalent cation, and CNIm (Figure Sa).

For all templates, T8A was gradually converted to 11-mer
and 14-mer intermediates and then full-length 17-mer product
(Figures Sb, S12—S14, and Table S4). The identity of the 17-
mer full-length product was confirmed by mass spectroscopy
(Figures S16 and S17). Interestingly, in the presence of Mn**,
despite the lower binding affinity of L-aTNA for DNA and
RNA than for L-aTNA, the elongation of L-aTNA was
accomplished on DNA and RNA templates. The rates of
elongation were similar on the RNA template and the L-aTNA
template, whereas the rates were slower on the DNA and SNA
templates (Figure Sb). This is in contrast to the results with 8-
mer fragments: Ligation was equally effective on DNA and
RNA templates for 8-mer fragments. We also examined the
elongation kinetics in the presence of Cd** (Figures Sb, S12,
S14—S15, and Table S4). The ligation rates on both the RNA
and SNA templates were improved relative to those in Mn*",
whereas the rate on the DNA template remained low (Figure
Sb).

The slow reaction on the DNA template likely resulted from
the low affinity between L-aTNA trimers and the DNA
template, which was previously reported.'”'® Thus, the rate-
determining step of the L-aTNA/DNA system was the
hybridization step that is not significantly influenced by the
metal cation identity."” This hypothesis was supported by the
experiment using tetramer fragments: Ligation on the DNA
template proceeded as efficiently with 1 equiv of L-aTNA
tetramer fragments (Figure S21) as with SO equiv of trimer
fragments (Figure Sb). On the RNA template, ligation was
efficient with L-aTNA trimers and with tetramers (Figure
$22). Importantly, elongation on the RNA template was more
rapid than that on the SNA template due to the chiral effect.

Finally, we attempted reverse transcription from RNA to L-
aTNA in the presence of a pool of the 64 possible L-aTNA
trimers. The full-length ligation product was obtained in 78%
yield after 24 h in the Mn**/CNIm system (Figure Sc), with its
identity confirmed by mass spectroscopy (Figure S$23).
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Figure 5. (a) Schematic of nonenzymatic reverse transcription. (b) Percent yield of full-length product on the DNA template (D17t), RNA
template (R17t), SNA template (S17t), and L-aTNA template (T17t) in solutions containing T3B1, T3B2, and T3B3 and Mn** or Cd*" as a
function of time. Data for T17t in Mn?* is from previous work.'® Other PAGE analyses are shown in Figures S14 and S15. Reaction conditions: 0.9
UM T8A, 1.0 uM D17t, R17t, S17t, or T17t, 50 uM T3B1, T3B2, and T3B3, 100 mM NaCl, 20 mM MnCl, or S mM CdCl,, 20 mM CNIm, 4 °C.
(c) Denaturing PAGE analysis of chemical reverse transcription on an RNA template (R17t) in the presence of a random pool of 64 L-aTNA
trimers (T3Bmix) and Mn?*. Reaction conditions: 0.9 uM T8A, 1.0 uM R17t, 300 uM T3Bmix, 100 mM NaCl, 20 mM MnCl,, 20 mM CNIm, and
4 °C. PAGE conditions: 20% acrylamide, 8 M urea, 1X TBE, 2 h, 65 °C, 4 W. Negative controls (lane 1) included only T8A, NaCl, and MnCl,.
Markers were prepared by the chemical reaction under the same conditions with only the indicated trimers (Figures S14 and S18—S20).

Unfortunately, we have no methodology for direct sequencing
of L-aTNA at present, and identification is limited to the mass.
The yield was comparable to that reported previously on an L-
aTNA template (>75% yield, 24 h).'® The reverse tran-
scription reaction was accelerated by Cd**; however, the final
yield of the full-length product was slightly lower than that in
Mn?* (Figures Sb and $24). Since the L-aTNA/RNA duplex
was less stable than L-aTNA/L-aTNA, the hybridization step
of the trimers would be more critical for L-aTNA elongation
on the RNA template. Cd** possibly suppressed the hybrid-
ization of the trimers because Cd** does not stabilize the
duplex between RNA and L-aTNA as effectively as Mn>*
does."”

Reverse transcription from SNA to L-aTNA was detected in
the presence of the L-aTNA trimer pool; however, the yield
was lower than that on the RNA template: 63% at 24 h in the
Mn?*"/CNIm system (Figures S25 and S26), demonstrating the
importance of chirality for strand elongation. On the DNA
template, only the 11-mer product was detected, and yields
were low in the presence of the L-aTNA trimer pool (Figure
$27). Even with a 4-mer L-aTNA fragment pool, the yields of
reverse transcription from the DNA template were low (Figure
S28). The reverse transcription from DNA to L-aTNA would
be facilitated by stabilization of the duplex using additives such
as trimethylamine N-oxide, a cationic comb-type copolymer

(poly(i-lysine)-graft-dextran), groove binders, and so on.”

17972

B CONCLUSIONS

The chemical structure of SNA is very similar to that of L-
aTNA; the only difference is the absence of a methyl group in
the main chain of SNA. The melting temperature of an SNA
homoduplex is similar to that of an L-aTNA homoduplex of
the same sequence; however, the efficiency of the chemical
ligation varied considerably. Chemical ligation of comple-
mentary fragments on the achiral SNA scaffold was much
slower than that on the chiral L-aTNA scaffold. The chirality
of L-aTNA accelerated the chemical ligation mainly by the
fixation of the local structure of the phosphate into a
conformation suitable for ligation,” although helical prop-
agation was also important.”” The enhancement of the
chemical ligation by the chirality enabled effective L-aTNA
ligation on templates composed of natural nucleic acids.
Szostak’s group has already made significant contributions to
understanding the relationship between rigidity/conformation
and nonenzymatic template-directed synthesis using a variety
of nucleic acids with ribose backbones.”® We focused on two
similar acyclic artificial nucleic acids: SNA with an achiral
scaffold and L-aTNA with a chiral scaffold. The difference is
only the methyl group, which minimizes effects other than
chirality in the ligation study. Moreover, most well-studied
chemical ligation systems have used preactivated phosphate as
substrates, resulting in the rate-determining step being
nucleophilic attack and/or the hybridization process. In the
case of the CNIm/M?>* system used here, the rate-determining
factor is the activation of the phosphate group. The different
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pathways from previous research provided findings that offer
novel perspectives following pioneering works.

These data suggest that genomic information encoded by
chiral carriers is more efficiently replicated than that encoded
by achiral carriers, which is valuable insight for XNA-based
systems and may be applicable to natural systems. We also
demonstrated reverse transcription from RNA to L-aTNA
using all possible L-aTNA trimers as ingredients. Once
transcription from L-aTNA to natural nucleic acid is achieved,
L-aTNA-based in vitro selection and an artificial life system,
including nonenzymatic translation, will become possible.
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