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A helical amplification system composed of artificial
nucleic acids

Serinol Nucleic Acid (SNA) can form achiral nanostructures
by sequence design. We demonstrated chirality/helicity

of artificial nucleic acids can be amplified via the SNA
nanostructure. SNA nanostructures could work as a versatile
platform to convert chiral information of biomolecules into
chiroptical signals.
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Herein we report an amplification system of helical excess triggered by nucleic acid hybridization for the
first time. It is usually impossible to prepare achiral nanostructures composed of nucleic acids because
of their intrinsic chirality. We used serinol nucleic acid (SNA) oligomers for the preparation of achiral
nanowires because SNA oligomers with symmetrical sequences are achiral. Nanowire formation was
confirmed by atomic force microscopy and size exclusion chromatography. When a chiral nucleic acid

with a sequence complementary to SNA was added to the nanostructure, helicity was induced and
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nucleic acids through nucleobase stacks. The SNA nanostructures have potential for use as platforms to

DOI: 10.1039/d0sc05245k detect chiral biomolecules under aqueous conditions because SNA can be readily functionalized and is
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Introduction

Amplification of helicity has been paid great attention owing
not only to its relevance to the origin of homochirality but also
to its practical applications such as asymmetric catalysis and
chiral sensors." Helical amplification that relies on non-
covalent assembly is often described as a “sergeants and
soldiers effect”, in which a small number of chiral units (the
sergeants) control a large number of achiral units (the soldiers).
The effect was originally proposed based on polymers by Green
et al.”> and was later extended to supramolecular assemblies with
the pioneering work of Meijer et al.®* Many systems have been
reported for helical amplification that rely on self-assembly of
small molecules mostly in organic solvents.* In order to realize
such amplification systems, molecular assemblies of achiral
molecules have to be prepared. However, de novo design of such
molecular assemblies is usually difficult, and development of
a versatile platform for helical amplification in water has proven
challenging.

Nucleic acids are highly water-soluble and can form various
nanostructures due to base-sequence-dependence of double-
helix formation.> However, it is impossible to prepare achiral
nanostructures with natural nucleic acids because of their
intrinsic chirality. Peptide nucleic acid (PNA) oligomers are
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achiral,® and Nielsen et al. demonstrated that helicity of PNA
can be induced by the covalent attachment of a chiral amino
acid or nucleotide at its termini.” Hiner et al. reported a helical
amplification system using non-covalent interaction between
achiral and chiral oligomeric pyrene strands.® However, helical
amplification systems triggered by nucleic acid hybridization
have not been reported so far. Here we report a helical ampli-
fication system of artificial nucleic acids for the first time. Such
systems are desirable since they could be applied to detection of
chiral biomolecules in aqueous solution.

Our group developed serinol nucleic acid (SNA), which is
anucleic acid analog.’ SNA is based on the serinol (2-amino-1,3-
propanediol) moiety, and monomer units, which carry a natural
base and are linked via a phosphodiester bond. An SNA olig-
omer with a symmetrical sequence is achiral and does not show
circular dichroism (CD) signals (see Fig. S1 in the ESIT). In
contrast, the helicity of SNA oligomers with asymmetric
sequences can be inversed by reversing their sequences. It is
a quite unique character of SNA and cannot be realized by other
natural/artificial nucleic acids. SNA oligomers are highly water-
soluble and can form stable duplexes with complementary SNA.
Furthermore, SNA can recognize even natural DNA and RNA.
Here we used SNA to prepare a helical amplification system.
One of the advantages of using nucleic acid nanostructures is
the ease of programmability.

Results and discussion

We first designed SNA oligomers that could form a one-
dimensional SNA nanostructure through hybridization. The
SNA decamers S1 and S2 (Fig. 1a) are partially complementary

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Sequences of SNA, p-aTNA, and L-aTNA oligomers used in this study. (R) and (S) termini are named according to the chirality of the

terminal residues. The chemical structures of S1and S2 are shown in Fig. S2.7 (b) Schematic illustration of helical amplification. S1 and S2 form an

achiral nanowire. DT1 is efficiently incorporated into the nanostructure

because DT1 can form a more stable duplex with S2 than with S1. Helical

excess is amplified by inducing helicity in the SNA nanowire. (c) Atomic force microscopy images of S1/S2 in solution. The histogram of the
lengths of observed structures is shown on the right. (d) Size-exclusion chromatograms of S1/S2 (red), S1/S2F (green), single-stranded S1 (dark

blue) and single-stranded S2 (light blue).

and can, therefore, form a one-dimensional nanowire. This
strategy has been used for construction of a DNA nanowire.'”
We reasoned that since the one-dimensional structure is
formed from only achiral SNA strands, the structure will show
no CD signals but that a CD signal will be induced when
a strand composed of a chiral nucleic acid is incorporated into
the nanowire (Fig. 1b). We selected acyclic p-threoninol nucleic
acid (p-aTNA) and t-threoninol nucleic acid (1-aTNA) as chiral
sources since they are intrinsically chiral and can form a stable
duplex with SNA.™ Moreover, the p-aTNA/SNA duplex showed
a CD spectrum similar to that of the p-aTNA/p-aTNA duplex,**”
indicating that p-aTNA or L-aTNA can induce helicity of the SNA
nanostructure efficiently. DT1 (p-aTNA) and LT1 (1-aTNA) have
sequences identical to that of S1. S2F, which can form a fully
complementary duplex with S1, was used as a control.

We first characterized the nanowire formed by S1 and S2.
Atomic force microscopy imaging in solution indicated the
formation of wire-like structures. The length approximately
followed Gaussian distribution with an average length of
53.6 nm (Fig. 1c). Size-exclusion chromatography was also per-
formed to analyze nanowire formation. The retention time for
the peak observed when the solution of S1 and S2 was analyzed
was much shorter than that for peaks corresponding to single
strands (Fig. 1d). Moreover, the peak present in the S1/S2
solution had a much shorter retention time than did the S1/

© 2021 The Author(s). Published by the Royal Society of Chemistry

S2F duplex. These results clearly demonstrate that SNA
strands S1 and S2 form a nanowire.

Melting analyses were then performed to assess the stability
of the S1/S2 nanowire. Melting analysis of S1/S2 showed
a melting temperature (Ty,) of 46.7 °C, indicating that these
strands formed a stable complex at room temperature (Fig. S3
and Table S1t). The T, of DT1/S2 was 53.4 °C, and LT1/S2 had
the same Ty, as DT1/S2; this was expected since they are enan-
tiomers. These results indicate that p- and .-aTNA/SNA duplexes
are more stable than the SNA/SNA structure. In order to confirm
incorporation of p-aTNA into the SNA nanostructure, thermo-
dynamic parameters of fully complementary duplexes, S1/S2F
and DT1/S2F, were determined from van't Hoff plots (Fig. S4
and Table S21). The —AG;, of formation of the DT1/S2F duplex
was 4.3 kcal mol " higher than that of S1/S2F, showing that the
p-aTNA/SNA duplex is much more stable than the SNA/SNA
duplex. The binding constant of p-aTNA to SNA was 1000
times higher than that of SNA to SNA. These results indicate
that p- and -aTNA can be efficiently incorporated into the SNA
achiral nanowires. We also determined the thermodynamic
parameters of S1sh/S2sh (CTGCT/GACGA), which is the over-
lapping portion of the S1/S2 nanowire (Fig. S5 and Table S37).
The binding constant of S1sh/S2sh at 20 °C was only 1.1 x 10°
M. It was reported that stacking interaction with neighboring
strands drastically enhances the duplex formation.*> The T, of
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S1/S2 (46.7 °C) was actually much higher than that of S1sh/S2sh
(22.9 °C; Table S1t). These results clearly demonstrate that the
stacking interaction with neighboring strands drastically
enhanced the nanowire formation.

We then investigated helical amplification by SNA nanowires
through CD measurements performed at 0 °C. The fully
complementary duplex, S1/S2F, had no distinct CD signals since
it forms an achiral duplex like “meso helix” (Fig. 2a)." In sharp
contrast, a strong CD signal at about 260 nm was induced when
DT1 was added. The signal increased with the number of
equivalents of DT1 added. In the absence of DT1, there was no
CD signal from the S1/S2 nanowire as the nanowire is achiral.
However, there was significant signal intensity at around
260 nm even upon the addition of 0.01 equivalents of DT1
(Fig. 2b). The intensity increased as the number of equivalents
of DT1 increased, but it was almost saturated after 0.2 equiva-
lents. A plot of the magnitude of the CD couplet at 260 nm
(ACD) versus DT1 equivalents revealed a linear relationship
between S1/S2F (Fig. 2c). ACD instead of CD was used for the
quantification of helicity in order to reduce the influence of
baseline noise (Fig. 2a). That this plot was linear indicated that,
although a duplex was formed, there was no helical amplifica-
tion. In contrast, the CD signal of S1/S2 significantly increased
dramatically and non-linearly in the presence of equivalents of
up to 0.2 of DT1. Such non-linearity strongly indicates that the
helicity of p-aTNA transferred to the achiral SNA nanostructure.
The degree of helical amplification was evaluated from CD
intensities at 0 °C to avoid complexity due to insufficient
hybridization. Plots of ACD at 20 °C (Fig. S6t) revealed the same
behavior as observed at 0 °C. The helical excess of S1/S2 upon
the addition of DT1 was also calculated and similar behavior
with the ACD plot was observed (Fig. S771). Although S1/S2 and
S1/S2F have identical base compositions, the amplitude of
helical amplification was drastically different in the presence of
a small amount of DT1. The observed difference clearly shows
that a nanostructure is required for helical amplification. Each
CD spectrum was measured after annealing at 80 °C in order to
avoid complexity caused by slow kinetics. CD change of S1/S2
upon the addition of DT1 at 20 or 30 °C was also measured
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Fig. 3 Comparison of CD spectra of S1/S2 alone or with DT1 or LT1.
Solution conditions were 4.0 uM each strand, 100 mM NaCl, 10 mM
phosphate buffer (pH 7.0), 10 mm path length, 0 °C.

(Fig. S87). The CD spectra after incubation with sufficient time
showed almost the same intensity as those after incubation.
These results clearly demonstrate that helical amplification can
occur without annealing.

The induced helicity was inverted by adding L-aTNA, an
enantiomer of p-aTNA, to the SNA nanowire. The CD spectrum
of S1/S2 with 1.0 equivalent of DT1 had a negative peak at about
260 nm and a positive peak at about 285 nm, whereas the
spectrum with 1 equivalent of LT1 had a positive peak at 260 nm
and a negative peak at 285 nm (Fig. 3). The helicity of .-aTNA
could also be amplified by the SNA nanostructure as revealed by
the plot between ACD and the number of equivalents of LT1
(Fig. S97).

Effects of mismatches were assessed to evaluate the signifi-
cance of stacking interactions in helical amplification. When
a T-T or a C-T mismatch was incorporated at the ends of SNA
strands, the degree of helical amplification severely decreased
(Fig. 4a). Although the ACD was non-linear, it was not saturated
even with 0.8 equivalents of p-aTNA. The degree of amplification
further decreased when the nanowire contained gaps, yielding
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(a) CD spectra of the S1/S2F duplex in the presence of indicated equivalents of DT1. ACD was calculated by subtracting the minimum CD

from the maximum CD at around 260 nm. (b) CD spectra of the S1/S2 nanowire in the presence of indicated equivalents of DTL1. (c) Plots of
changein ACD of S1/S2 and S1/S2F versus number of equivalents of DT1. Solution conditions were 4.0 uM each SNA strand, 100 mM NaCl, 10 mM

phosphate buffer (pH 7.0), 10 mm path length, 0 °C.
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Fig. 4 (a) Effects of mismatches and gaps on helical amplification.
ACD was calculated from the spectra shown in Fig. S10.} (b) Effects of
strand length on helical amplification. ACD was calculated from the
spectra shown in Fig. S11.1

almost linear behavior (Fig. 4a). These results clearly demon-
strated the importance of stacking interactions in helical
amplification. In other words, stacking interaction between
nucleobases drove the induction of helicity. The dependence of
helical amplification on the strand length was investigated.
Non-linear curves were observed with SNA nanowires composed
of 8-mer and 6-mer strands, and the degrees of amplification
were similar to that of the nanowire composed of 10-mer SNAs
(Fig. 4b). These results strongly indicate that the degree of
amplification is governed not by the length of the nanowire but
by the number of nicks, suggesting that the flexibility of the
nicked duplex'* might induce the helical inversion. The ACD of
S1/S2 with 0.01 equivalents of DT1 was about 14 times higher
than the value estimated from the linear increment (Fig. 2c).
This result indicates that one p-aTNA can induce helicity of
seven S1/S2 duplexes. Although the detailed structure of the
SNA/SNA duplex has not been reported, seven S1/S2 duplexes
correspond to about 25 nm by assuming 3.4 A bp~*. In contrast,
the average length of the SNA nanowire was determined to be
53.6 nm by AFM imaging (Fig. 1c). These rough estimates also
indicate that helical inversion occurs within the SNA nanowire.

Conclusions

In conclusion, a helicity amplification system composed of
nucleic acids was successfully prepared by using the SNA

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nanostructure. The helicity of threoninol nucleic acids was
amplified through base stacks of the SNA nanowire. Since our
system utilizes duplex formation as a trigger, various helical
circuits could be prepared by preparing more complex SNA
nanostructures. In this study, artificial nucleic acid was used as
a chiral source; however, the SNA-based nanowires will be
useful for the detection of other types of biomolecules. For
example, the system could be used to detect DNA or RNA as SNA
can recognize natural nucleic acids. Since SNA can be readily
functionalized, CD at the desired wavelength or even circularly
polarized luminescence (CPL) could be induced by attaching
chromophores to SNA. Furthermore, other biomolecules, such
as proteins and sugars, could be detected if these molecules
could induce helicity in SNA nanostructures. SNA nano-
structures would be a versatile platform to convert chiral
information of biomolecules to chiroptical signals.
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