Orthogonal amplification circuits composed of acyclic nucleic acids

enable RNA detection
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ABSTRACT: Construction of complex DNA circuits is difficult due to unintended hybridization and degradation by enzymes under
biological conditions. We herein report hybridization chain reaction (HCR) circuit composed of left-handed acyclic D-threoninol
nucleic acid (D-aTNA), which is orthogonal to right-handed DNA and RNA. Because of its high thermal stability, use of an aTNA
hairpin with a short 7 base-pair stem ensured clear ON-OFF control of the HCR circuit. The aTNA circuit was stable against nucleases.
A circuit based on right-handed acyclic L-threoninol nucleic acid (L-aTNA) was also designed, and high orthogonality between D-
and L-aTNA HCRs was confirmed by activation of each aTNA HCR via a corresponding input strand. A dual OR logic gate was
successfully established using serinol nucleic acid (SNA), which could initiate both D- and L-aTNA circuits. The D-aTNA HCR was
used for RNA-dependent signal amplification system via the SNA-interface. The design resulted in 80% yield of the cascade reaction
in 3000 s without significant leak. This work represents the first example of use of heterochiral HCR circuits for detection of RNA
molecules. The method has potential for direct visualization of RNA in vivo and FISH method.

INTRODUCTION

DNA circuits that rely on toehold-mediated strand displace-
ment! have been used for digital circuit computation,?® bio-
molecular sensing,®® nanomachines,’*** alignment of mole-
cules, ' and functional macromaterials.'”*® These circuits are
achieved via an orthogonality based on DNA sequence comple-
mentarity. However, some mismatched base pairs are tolerated
in long sequences and partially complementary sequences can
interact with each other to form unintended duplexes, triplexes,
quadruplexes, and other higher ordered structures, which inhibit
circuit function.

Use of orthogonal artificial nucleic acids could potentially en-
hance circuit accuracy and efficiency. Artificial nucleic acids
with modifications on the mainchain scaffold, referred to as
xeno-nucleic acids (XNAs), have been widely studied.*** Sev-
eral orthogonal XNAs that cannot hybridize to DNA and RNA,
but form homo-duplex have also been reported.*** Induction
of inversed helicity is an effective approach to facilitate the or-
thogonality. For example, right-handed D-DNA and left-handed
L-DNA do not cross-hybridize with each other even though se-
quences are complementary.®>** Sczepanski et al. designed a
heterochiral nucleic acid circuit using combination of D-DNA,
L-DNA, and achiral PNA.* Ly et al. reported y-peptide nucleic
acid (yPNA); its helicity is controlled by a chiral center at the -
position on the backbone.*”* Right-handed yPNA cross-hy-
bridizes with D-DNA and D-RNA, whereas left-handed yYPNA
does not. Such helical orthogonality holds promises for parallel
processing of a DNA circuit and an orthogonal XNA circuit.*
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Figure 1. Chemical structures, helicities, and hybridization com-
patibilities of DNA, RNA, D-aTNA, SNA, and L-aTNA. Oligonu-
cleotides belonging to the right-handed group can form homo- and
hetero-duplexes with each other, whereas b-aTNA with left-hand
helicity cannot hybridize with oligonucleotides from the right-
handed group. SNA has a symmetrical scaffold and can hybridize
with both oligonucleotides belonging to right- and left-handed he-
licity groups.

Our group has developed three kinds of acyclic XNAs; acyclic
D-threoninol nucleic acid (D-aTNA),?" serinol nucleic acid
(SNA),“® and acyclic L-threoninol nucleic acid (L-aTNA).*
Left-handed D-aTNA is orthogonal to right-handed D-DNA, D-
RNA and L-aTNA, whereas SNA, which has a symmetric linker
with no helical preference, can hybridize with oligonucleotides
irrespective of their helicities (Figure 1).*° The non-helical SNA
can serve as an interface between the left-handed and right-
handed oligonucleotides.”> Herein, we demonstrate a



hybridization chain reaction (HCR) in which an input strand
triggers sequential opening of two hairpin strands to generate a
long duplex. This strategy is applicable in variety of functional
tools.61416.17:43-49 \We also demonstrated an orthogonal HCR cir-
cuit composed of left-handed D-aTNA and right-handed L-
aTNA with same sequences, which can be activated specifically
by aTNAs with desired chirality. These orthogonal circuits
were also utilized in an OR gate by combination with SNA,
which can interact with both circuits. Finally, a D-RNA-
triggered D-aTNA HCR mediated by an SNA interface was es-
tablished. This design would be used for RNA detection in vivo
and for biopsy samples.

RESULTS AND DISCUSSION

Characterization of b-aTNA HCR. We first designed a D-
aTNA HCR with a 13-mer input (DT-Input) and DT-HP1 and
DT-HP2 hairpins with 6-mer toehold/loop and 7-base pair (bp)
stem (Figure 2a). DT-HP2 tethers Cy3 as a fluorophore and Ni-
tro methyl red as a quencher at 1’ and 3’ termini of stem region,
respectively (Figure S1). This system enables observation of the
elongation reaction by fluorescence emission of Cy3. The melt-
ing temperature (Tn) of the stem of DT-HP2 was over 80 °C
(Figure S2), indicating that the stem was sufficiently stable de-
spite the short sequences.
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Figure 2. (a) Sequence design and schematic illustration of D-
aTNA HCR circuit. (b) Time trace of signal generated from D-
aTNA HCR triggered by DT-Input with indicated equivalents of
each hairpin. Conditions: 37 °C, 10 mM phosphate buffer, 100 mM
NaCl, pH 7.0, 100 nM DT-HP1, 100 nM DT-HP2. Fluorescence
intensity was normalized by the maximum emission of the aTNA
HCR trigger by 20 nM DT-Input. (c) Agarose gel analysis (2 w/v%)
of the b-aTNA HCR product after 2 h with indicated amount of
DT-Input.

The reaction was conducted in phosphate buffer with 100 mM
NaCl. Upon the addition of DT-Input into the solution contain-
ing DT-HP1 and DT-HP2, signal amplification was observed,
whereas almost no emission was attained in the absence of the
DT-Input (Figure 2b). The amplification kinetics depended on
the concentration of DT-Input: A higher amounts of DT-Input
results in a faster reaction rate. For example, 3000 s after the

addition of the 0.2 eq. DT-Input, about 95% hairpin was opened
based on the fluorescence signal (Figure 2b). The reaction by
0.05 eq. DT-Input resulted in slower kinetics, and the fluores-
cent intensity finally reached equilibrium, probably because the
possible product length has a limitation (Figure S3). Lengths of
HCR products were characterized using agarose gel electropho-
resis (Figure 2c). Long products with high dispersity were
formed in the reaction at lower concentrations of DT-Input. In
the absence of DT-Input, no band was observed. Lengths of
aTNA HCR product were about 100-500 bp, corresponding to
8-40 hairpins, which are similar to the canonical DNA-HCR
products (Figure S4).5 Nuclease resistance of D-aTNA HCR cir-
cuit was evaluated in 10% fetal bovine serum (FBS). Since the
D-aTNA scaffold could not be recognized by nuclease, the D-
aTNA HCR circuit operated even in the 10% FBS, whereas a
circuit with a DNA hairpin exhibited only nonspecific emission
in the presence of the FBS (Figure S5). Generally, DNA-HCR
requires hairpins with at least 12-bp stem to inhibit leak reac-
tions, and sequence design is complicated.®*° In contrast, the
circuit composed of the D-aTNA hairpin with a 7-bp stem had
low background emission, rapid elongation, and high durability
against nucleases, comparable with PNA-based HCR composed
of short hairpins (5-bp), recently reported by Winssinger et al.5!
Compared to PNA, aTNAs have the advantages of high solu-
bility due to the negatively charged backbones and facile syn-
thesis via conventional phosphoramidite method using DNA
synthesizer, which enables synthesis of a wide range of se-
quences, like DNA.

Orthogonal HCR. Next, we synthesized an L-aTNA HCR cir-
cuit designed to be orthogonal to the D-aTNA HCR circuit. The
same sequences used for the D-aTNA HCR were used except
that Cy5 was used as the fluorophore (Figure 3a, Figure S1).
Here we used phosphate buffer containing 200 mM NaCl to im-
prove the response. The signal from the L-aTNA HCR circuit
was amplified quickly and reached equilibrium within the 1200
s after the addition of 0.2 eq. LT-Input (Figure 3b). There was
more leakage from the L-aTNA HCR circuit than from the D-
aTNA HCR circuit. Since the same sequences were used be-
tween D-aTNA HCR and L-aTNA HCR, large leakage was
probably due to the steric hindrance from the larger Cy5 and
flexible propane linker between Cy5 and the strand, which pos-
sibly enhance breezing effect that induces unspecific open of
HP2. Since D-aTNA is orthogonal to L-aTNA, DT-Input, which
has same sequence with LT-Input, did not activate the L-aTNA
HCR circuit (Figure 3c). Similarly, D-aTNA HCR was not ini-
tiated by LT-Input (Figure 3d, €). Thus, opposite helicities of D-
and L-aTNA allowed us to establish an orthogonal HCR system.

SNA interacts with both L- and D-aTNAs because SNA has no
helical preference due to its achiral scaffold. An SNA input
strand (S-Input) activated both D- and L-aTNA HCRs to gener-
ate elongated product (Figures 3b, d). Agarose gel analysis of
reaction products confirmed highly orthogonal reactions and
activation by SNA. LT-Input reacted with only L-aTNA hair-
pins, generating long chain product (Figure 4, lanes 3, 6),
whereas DT-Input elongated D-aTNA hairpins (Figure 4, lane
4, 7). Addition of S-Input initiated elongation reactions in both
D-and L-aTNA HCR (Figure 4, lanes 5, 8). These results clearly
show that SNA can serve as interface that can connect between
right-handed and left-handed nucleic acid circuits.
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Figure 3. (a) Sequences used for L-aTNA HCR circuit with SNA
input. (b) Time trace of emission intensity from L-aTNA HCR (c)
Schematic illustration of orthogonal activation of L-aTNA HCR. (d)
Time trace of emission intensity from p-aTNA HCR. (e) Schematic
illustration of orthogonal activation of b-aTNA HCR. Conditions:
37 °C, 10 mM phosphate buffer, 200 mM NaCl, pH 7.0, 100 nM
each hairpin, 20 nM (0.2 eq) input strand. Fluorescence intensity
was normalized by the maximum emission after saturation of the
reaction in the presence of corresponding input strand.
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Figure 4. Agarose gel analysis (3 w/v%) of HCR product after 1 h
incubation at 37 °C. Lane 1, b-aTNA hairpins without input; Lane
2, L-aTNA hairpins without input; Lanes 3-5, L-aTNA hairpins
with indicated input; Lanes 6-8, b-aTNA hairpins with indicated
input; Lanes 9-11, both b- and L-aTNA hairpins with indicated in-
put.

Dual OR Logic Gate. To further demonstrate the utility of the
orthogonality between two chiral aTNA HCRs, we designed
and tested a dual OR gate system, which had D- and L-aTNA
circuits in one solution (Figure 5a). Each input strand was added
to the solution containing DT-H1, DT-H2, LT-H1, and LT-H2.

As in experiments with only a D- or an L-aTNA HCR, in the
solution with both aTNA hairpins, the HCRs were orthogonally
activated by the addition of corresponding input strands, giving
kinetics similar to those observed for single HCRs: LT-Input
and DT-Input amplified Cy5 signal and Cy3 signal, respectively
(Figure 5b, ). This result clearly indicated that there are no in-
teractions between L-aTNA and D-aTNA even though the
strand sequences are the same. This discrimination was
achieved due to the helical preferences.

In the solution with both aTNA hairpins, the S-Input induced
both signals because the SNA activated both L- and D-aTNA
HCR (Figure 5d). Amplification kinetics in the presence of S-
Input were slower than in the presence of LT-Input and DT-
Input strands. We hypothesize that this was due to the competi-
tion between HCR circuits, which decreased the effective con-
centration of initiator for each HCR. Note that total concentra-
tion of the circuits (DT-HP plus LT-HP) was doubled in exper-
iments with both aTNA hairpins (Figure 5) with respect to ex-
periments with individual circuits (Figures 2 and 3), whereas
the concentration of S-Input was the same. Product character-
ized using agarose gel electrophoresis was consistent with the
kinetics (Figure 4, lane 9-11). These results confirm the remark-
ably high orthogonality between L-aTNA and D-aTNA in the
HCR circuits and demonstrate that SNA communicates with
both L- and D-aTNA. This system can be described as dual OR
gate circuits that output two signals responding to input XNAs
(Figure 5e).
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Figure 5. (a) Schematic illustration of orthogonal activation of
aTNA HCR circuits. (b-d) Kinetics of mixed D- and L-aTNA HCR
circuits triggered by (b) LT-Input, (c) DT-Input, and (d) S-Input.
Conditions: 37 °C, 10 mM phosphate buffer, 200 mM NaCl, pH 7.0,
100 nM each hairpin, 20 nM input. (e) Schematic of design of dual
OR logic gate and truth table.

RNA detection via SNA-mediated D-aTNA HCR. Finally,
we designed an RNA-dependent signal amplification system
with a D-aTNA HCR that is activated in the presence of target
RNA through an SNA interface. A 23-mer RNA was used as
model target. Due to the helicity mismatch, right-handed D-



RNA and left-handed D-aTNA are orthogonal unless an SNA is
used to mediate recognition of sequence information. The SNA
interface strands used in our experiment were designed to have
a region complementary to the target RNA and another region
that acts as the input to the D-aTNA HCR (Figure 6a). The SNA
interface was designed to form a stem-loop structure that in-
volves the region complementary to DT-H2 toehold when the
target RNA is not present. The target RNA binds to loop and
stem in (S)-termini of SNA interface strand, releasing the input

region, resulting in activation of the D-aTNA circuit (Figure 6a).

The T values of the S-10s stem and of the S-10s/RNA duplex
were 59.6 °C and 65.8 °C, respectively (Figure S6) so these
structures are stable under the conditions of circuit operation.

The reaction was performed by addition of DT-HP1 and DT-
HP2 into the pre-annealed mixture of 0.2 eq. of S-10s and 0.2
eq. of target RNA. Importantly, the S-10s strand without target
RNA did not cause a leak reaction, whereas the target RNA in-
duced the amplification of fluorescent signal (Figure 6b, blue
lines). This reaction required use of high salt concentration (i.e.,
1 M NaCl) for acceptably fast response, and only 30% emission
was observed after 3000 s.

We reasoned that the low yield of this circuit resulted from
propagation of helicity. We previously reported that the helicity
of SNA can be induced by hybridization with helical nucleic
acids composed of chiral scaffold.® In the RNA/SNA-interface
complex, the propagation of right-handed helicity from
RNAJ/SNA duplex into overhang input region reduced the rate
of binding to the left-handed D-aTNA HCR. Such a helical
propagation has also been reported in PNA/D-DNA/L-DNA
system by Kundu et al.; in this case, right-handed helical prop-
agation from the D-DNA/PNA duplex into single stranded re-
gion of the PNA significantly inhibited the binding to left-
handed L-DNA.%® Thus, the helical mismatch between the initi-
ator complex and the D-aTNA hairpin likely led to the slow re-
action.

The helicity propagation in SNA is guided by the base stack-
ing.> We therefore hypothesized that use of a spacer could in-
hibit the helical propagation. To test this, one, two, or three C3
spacers were incorporated between RNA binding region and in-
put region in SNA-interface (Figure 6a, S-11s, S-12s, and S-13s,
respectively). The Tn values were not so affected by incorpora-
tion of the spacer (Figure 4S). Analyses of fluorescence emis-
sion in the presence of these interfaces indicated that the C3
spacer significantly accelerated the signal amplification of D-
aTNA HCR (Figure 6b). The more spacers incorporated in the
SNA interface, the faster signal amplification. With the S-12s
interface, the fluorescent signals were approximately 80% at
3000 s. Importantly, incorporation of the C3 spacer did not
cause significant leakage as similar kinetics were observed for
S-10s, S-I1s, and S-12s in the absence of target, although the S-
13s interface slightly amplified the leakage. Thus, with S-12s,
orthogonal detection of a target RNA via a D-aTNA HCR cir-
cuit was achieved with fast reaction rate, sufficient reaction ef-
ficiency, and low leak. The amplification rate of this system de-
pended on the concentration of the target (Figure S7), showing
detection of 500 pM target RNA with distinct enhancement of
fluorescent emission. Note that the initiation of HCR was also
confirmed only by the addition of target RNA without pre-an-
nealing process (Figure S8). To prove the possibility of in vivo
using, we evaluated SNA-mediated D-aTNA HCR circuit tar-
geting RNA in 10% FBS (Figure S9). Sufficiently high nuclease
resistance of D-aTNA and SNA enabled correct activation of

signal amplification only in the presence of target RNA, clearly
indicating the potential of this XNA-HCR system for RNA de-
tection in vivo.

HCR circuits have rarely been exploited in vivo due to nonspe-
cific interactions between the circuit and contaminating DNA
and RNA and degradation by nucleases, which result in false
positive signals. These problems are resolved by the D-aTNA
HCR/SNA interface system. As HCR elongation occurs on the
target RNA, this suggests that target can be localized using this
system.
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Figure 6. (a) Sequence design and schematic illustration of RNA
detection using D-aTNA HCR mediated by an SNA interface. (b)
Kinetics of D-aTNA HCR triggered by of the indicated SNA inter-
face and target RNA. Conditions: 37 °C, 10 mM phosphate buffer,
1.0 M NaCl, pH 7.0, 100 nM each hairpin, 20 nM indicated SNA
interface, and 20 nM target RNA.

CONCLUSIONS

We have developed an HCR circuit composed of aTNA. The
extremely high thermal stability of aTNA duplexes enabled de-
sign of an HCR circuit with short oligomers, resulting in a rapid
elongation reaction and minimal leakage. Enzymatic durability
was also confirmed. D-aTNA HCR and L-aTNA HCR worked
as an orthogonal system due to the opposite helicities of these
two XNAs. An SNA input activated both aTNA HCRs. When
both were present in solution, D-aTNA and L-aTNA HCRs
were correctly activated in response to corresponding D-aTNA
or L-aTNA input strands without interference, resulting in a
dual OR gate circuit. An SNA with appropriate spacer enabled
an orthogonal D-aTNA HCR circuit to be triggered by D-RNA.
This strategy will be applicable to other heterochiral nucleic
acid circuits. Due to high nuclease resistance, sufficient solubil-
ity, and highly orthogonal detection the SNA-mediated D-
aTNA HCR hold promises for reliable visualization and locali-
zation of target RNA in cell and biopsy.
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