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Heterochiral modifications enhance robustness and
function of DNA in living human cells

Tracy L. Mallette,” Diane S. Lidke,™ and Matthew R. Lakin*!

Oligonucleotide therapeutics are becoming increasingly impor-
tant as more are approved by the FDA, both for treatment and
vaccination. Similarly, dynamic DNA nanotechnology is a
promising technique that can be used to sense exogenous
input molecules or endogenous biomarkers and integrate the
results of multiple sensing reactions in situ via a programmed
cascade of reactions. The combination of these two technolo-
gies could be highly impactful in biomedicine by enabling
smart oligonucleotide therapeutics that can autonomously
sense and respond to a disease state. A particular challenge,
however, is the limited lifetime of standard nucleic acid
components in living cells and organisms due to degradation

Introduction

Nucleic acid nanotechnology is an exciting platform whose
advances are likely to benefit a number of fields, including
biomedical diagnostics and therapeutics. In this context, the
combinatorial, sequence specific chemistry of nucleic acids
offers a powerful mechanism for programming the behavior of
molecules and cells, with the ultimate goal of diagnosing and/
or treating a disease state. Oligonucleotide therapeutics are
short nucleic acid polymers which have a range of mechanisms
of operation and are among the most commercially successful
applications of nucleic acid nanotechnologies. Antisense oligo-
nucleotides (ASOs) are typically 17-25 nucleotides long and are
designed to modulate gene expression through target se-
quence binding."" ASOs were the first type of oligonucleotide to
receive FDA approval and currently there are multiple drugs
approved as well as in the FDA pipeline in this classification.”
Other important classes of oligonucleotide therapeutics include
small interfering RNA (siRNA),® CRISPR-based therapeutics,””
and vaccines which can target cancer or infectious diseases.>®
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by endogenous nucleases. In this work, we address this
challenge by incorporating mirror-image, L-DNA nucleotides to
produce heterochiral “gapmers”. We use dynamic DNA nano-
technology to show that these modifications keep the
oligonucleotide intact in living human cells for longer than an
unmodified strand. To this end, we used a sequential trans-
fection protocol for delivering multiple nucleic acids into living
human cells while providing enhanced confidence that subse-
quent interactions are actually occurring within the cells. Taken
together, this work advances the state of the art of L-nucleic
acid protection of oligonucleotides and DNA circuitry for
applications in vivo.

An important property that all of these therapeutics have in
common is that they must be chemically modified in order to
survive in vivo and perform their desired functions.”

Chemical modifications are designed into nucleic acids in
order to enhance their resistance to nuclease-mediated degra-
dation. They can be incorporated into the backbone, sugar, or
bases. Phosphorothioate linkages are made by replacing an
oxygen with sulfur in the nucleotide backbone and are widely
used in oligonucleotide therapeutics.” Another common mod-
ification occurs at the 2’ position of the ribose sugar by
substituting the hydroxyl group with O-methyl (2'-OMe), O-
methoxyethyl (2'-MOE) or fluoro (2'-F) groups.”’ When these
modifications are put on the flanking regions of the strand, the
resulting oligonucleotides are referred to as “gapmer” ASOs.”
Alternative nucleic acids such as peptide nucleic acid (PNA)"”
and locked nucleic acid (LNA)"" have also been incorporated
into therapeutic oligonucleotides.

Dynamic DNA nanotechnology is a subfield of nucleic acid
nanotechnology in which programmed interactions are carried
out on recognized input molecules to produce designed
outputs, e.g., to mimic the behavior of decision-making tasks
such as the evaluation of logic operations."”? Integrating
dynamic DNA nanotechnology with oligonucleotide therapeu-
tics could allow for the development of highly specific smart
therapeutics, in which a “smart drug” can not only sense its
biochemical environment and make diagnostic decisions but
also act autonomously on those decisions to treat the disease
state. However, the challenges of component delivery to cells
and degradation of components within cells have limited the
deployment of DNA nanotechnology for such applications in
living cells and organisms."® Much of the DNA nanotechnology
work carried out in cells to date has relied on the same
chemical modification strategies as outlined above."*' Detec-
tion of endogenous microRNA (miRNA) and signal processing in
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living cells has been demonstrated®'” as well as conditional

activation of an siRNA."¥ Importantly, some of the chemical
modifications used have been shown to significantly change
the reaction kinetics."®'¥ Recently, however, ourselves and
others have pioneered a novel approach to enhancing nuclease
resistance for intracellular DNA nanotechnology: the use of
mirror-image, left-handed (r-) nucleotides (Figure 1a).

Naturally occurring nucleic acids (DNA and RNA) have a
double helix which twists to the right, and are thus referred to
as D-DNA or D-RNA, respectively. Nucleases have evolved to
recognize naturally occurring p-nucleic acids and are enantio-
specific, which means that the enantiomer rL-DNA is highly
resistant to nuclease degradation (Figure 1b,c), as demon-
strated in our previous work.®?” Due to the chiral mismatch,
L-DNA does not bind to b-DNA according to the conventional
rules of Watson-Crick DNA base-pairing.”?” This can be advanta-
geous in terms of minimizing off-target effects of a synthetic
L-DNA oligonucleotide in a biological system, however, it poses
a challenge for designing the interface between an r-DNA
probe and a D-nucleic acid target. This challenge can be
overcome by using an rL-nucleic acid aptamer, though these
must be isolated on a case-by-case basis.”” Other alternatives
include achiral PNA intermediates® and heterochiral strands
containing both b- and -DNA.B2°?* An additional advantage of
L-DNA for the development of oligonucleotide therapeutics is
its relatively low immunogenicity compared to more exotic
chemical modifications applied to b-nucleic acids.”®

Once any nucleic acid nanotechnology has been designed
to survive in the cell, the next issue that must be addressed is
how to deliver it into the cell. A benefit of some of the chemical
modifications, like phosphorothioate linkages and LNA, is that
they allow gymnotic uptake of “free” oligonucleotides.”® Other
common delivery methods require forming complexes between
the oligonucleotide and a delivery agent, ligands, nanoparticles,
or lipids, in order to increase the rate of endocytosis and are
often tailored to the delivery destination.””” A common delivery

(@) L-DNA Mirror plane D-DNA  (b)

agent is the lipid molecule cholesterol, which can be incorpo-
rated as a DNA modification and which has been shown to
improve uptake of both oligonucleotides and larger DNA
nanostructures into cells.”** An interesting intersection be-
tween oligonucleotide therapeutics and DNA nanotechnology
is the use of relatively large DNA origami nanostructures as a
way to deliver cargo, including therapeutics, to the cell.*” A
majority of the work done to date with dynamic DNA nano-
technology has used lipid-based transfection agents to deliver
the components, but there have been issues with poor
colocalization with separate deliveries so cotransfection was
used.*3"!

Our goal in this work is twofold: (1) to validate heterochiral
DNA nanotechnology reactions in living mammalian cells as a
viable technology for future development of nucleic acid
therapeutics and (2) to develop and optimize sequential lipid-
based transfection protocols for circuit delivery to demonstrate
long-term survival of components within cells. Inspired by our
previous work using model biological fluids in vitro,® we use
L-DNA as a flanking protective modification, which we refer to
as a “toecap”, on a D-DNA oligonucleotide to form a hetero-
chiral gapmer oligonucleotide (Figure 1c). We use toehold-
mediated strand displacement (TMSD) reactions as an assay to
measure the intactness of this strand (L TC X) by its ability to
react with a reporter complex (R) and increase fluorescence due
to loss of Forster resonance energy transfer (FRET) between
fluorophore and quencher modifications on that reporter (Fig-
ure 1d). We developed a transfection protocol to test this
reaction in living mammalian cells in a way that provides
enhanced assurance that the reaction is actually occurring
inside the cell and not during the transfection process, for
example. Using this approach, we show that our heterochiral
gapmer approach also provides protection for oligonucleotides
in living cells, as well as in model systems in vitro. Our work
thus advances the state of the art of intracellular DNA
nanotechnology and validates a novel modification strategy
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Figure 1. Heterochiral DNA for in vivo dynamic DNA nanotechnology. (a) L-DNA is the chiral mirror image of naturally occurring p-DNA. (b) /n vivo, homochiral
D-DNA oligomers are susceptible to degradation by cellular exo- and endonucleases. (c) Heterochiral gapmer oligomers, in which a central b-DNA domain is
flanked by protective L-DNA “toecaps”, resist degradation by exonucleases, although they may still be susceptible to degradation by endonucleases that can
directly attack the -DNA domain. (d) Heterochiral oligonucleotides can be used to implement DNA strand displacement reactions, in which an input
oligonucleotide binds to a double-stranded gate via a short exposed complementary toehold domain; the input then initiates a random walk branch
migration process which is enthalpically biased toward the completed state shown on the right, in which the input is bound to the bottom strand of the
reporter gate and the top strand from the gate is now displaced and freely diffusing in solution. The progress of this reaction can be tracked via loss of FRET
from a labeled reporter gate due to separation of the quencher (covalently linked to the top strand) from the fluorophore (covalently linked to the bottom
strand). The system shown here can accept both a homochiral b-DNA input or a heterochiral “gapmer” input whose strand termini are protected by short
L-DNA domains that we refer to as “toecaps”, to protect them from degradation by exonucleases.”
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and testing method that may also impact future development
of oligonucleotide therapeutics.

Results and Discussion
Characterization of test system in vitro

In order to test the effectiveness of a protective L-DNA toecap
in living cells, we designed a simple model system consisting of
a one-step toehold-mediated strand displacement (TMSD)
reaction (Figure 1d). The system comprises a homochiral b-DNA
reporter (R) for observing the output and accepts an input
strand that is either a b-DNA strand protected with an L-DNA
“toecap” consisting of five adenine bases (L TC X), as introduced
in our previous work,®™ or a homochiral b-DNA control (X).
Either input is able to displace the quencher strand from the
reporter complex, which is labeled with a Cy5/quencher FRET
pair. We also designed an off-target negative control input (Y)
that is the same length as X but not able to activate Y via strand
displacement. This is an important control when we are working
with living cells to ensure that all cells are exposed to the same
total amount of exogenous DNA during the experiment;
computational predictions confirmed negligible interaction of
the Y strand with the component strands of the reporter gate R.
This system should be able to demonstrate a difference in
response between protected and non-protected input strands
while being simple enough to be transfected effectively into
living mammalian cells. We first tested the system in pristine
conditions in buffer and confirmed that the protected (L TC X)
and non-protected (X) inputs perform similarly at activating the
reporter gate (R), while the off-target input (Y) causes minimal
reporter activation (Figure 2a).

We next tested this reporter system in a mock biological
fluid of 10% fetal bovine serum (FBS) and 40% Dulbecco’s
Modified Eagle Medium (DMEM) in order to expose the system
to a range of nucleases. System inputs and an off-target -DNA
control were incubated in 10% FBS with 40% DMEM at 37°C
for 18 hours. After the incubation period, the reporter complex
was spiked into the reaction and then monitored on a plate
reader for three hours. Figure 2b shows that using an input to
reporter ratio of 5x gives a strong signal from the protected
input while the non-protected, homochiral b-DNA input is only
slightly above the negative control. This is consistent with our
previous work®™ and we interpret this to mean that the L-DNA
toecap is indeed able to protect the input and reduce the
degradation during the initial incubation period. We used an
excess of input because the cytoplasm of a mammalian cell is a
crowded and spatially complex environment and it is thus likely
that not all of the intact input strands will encounter the
reporter complex during the timespan of our experiments. It is
also worth noting that there is an increase in fluorescence from
the untriggered reporter in the negative control when exposed
to 10% FBS as compared to the buffer experiment, which we
attribute to degradation of the b-DNA reporter itself (Figure 2).
This still allows for a three fold increase in the TC input
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Figure 2. Plate reader fluorescence data comparing the performance of
protected versus non-protected inputs in a one-step TMSD reaction.

(a) Endpoint of reaction in TE Mg?* buffer reaction after three hours. In these
pristine conditions, the signals from the reporter and off-target input
(Negative) both remain low while the two inputs reach similar levels of
fluorescence. Inputs were at 5x the concentration of the reporter complex.
Error bars are the standard deviation of three technical replicates. (b) Test of
the same conditions in a mock biological fluid with active enzyme
degradation. Inputs were incubated in 10% FBS with 40% DMEM at 37 °C for
18 hours. After incubation, the reporter complex was spiked into the reaction
and then monitored on a plate reader for three hours. For both tests,
reporter concentration was 300 nM (1x) and the off-target input (Y) was
added to the negative control at the same 5x concentration as the input
cases (X and L TC X).

condition, which is a large enough dynamic range to be
confident that the reaction did occur.

Sequential transfection confirms strand displacement in
living cells

Given these data, we developed a plan for testing the system in
living cells. A human cell line, Hela, was chosen for the work
due to its relevance to future biomedical applications. Previous
work on DNA nanotechnology in cells co-transfected the circuit
components,"**" but this method makes it difficult to deter-
mine whether the reaction is truly happening inside the cell or
if components are reacting before or while entering the cell.
Furthermore, previous control experiments to determine
whether complexation with lipid-based transfection reagents
can prevent TMSD reactions from occurring have produced
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contradictory and thus inconclusive results."**" In order to
conclusively demonstrate that the reaction is actually happen-
ing in the cell, as well as to test the long term stability of the
toecapped input, we chose to perform two sequential, lipid-
based transfections (Figure 3).

We first confirmed that the cells would tolerate the
sequential transfections by using two DNA complexes with
different unconditionally fluorescent labels (Figure S1); we
observed that cells can survive two lipid-based transfections
and also that the efficiency of the co-transfection for each
fluorophore was similar to the efficiency from sequential
transfection for that fluorophore. We next used an acid
stripping protocol to confirm that the observed fluorescently
labeled strands were not merely adhered to the outer cell
membrane post-transfection (Figure S2). Acid stripping was not
included in the final reaction protocol in order to reduce time
between the final transfection and the flow cytometry reading,
but the results do confirm that not only can the cells tolerate
our sequential transfection protocol but also that the protocol
did in fact deliver the DNA cargo into the interior of the cells, as
intended. We also determined that different fluorophores have
different transfection efficiencies and thus we chose to use Cy5
as our reporter fluorophore in subsequent experiments (Fig-
ure S3).

D-DNA reporter leak contributes to measured fluorescence

Our next sequential transfection experiment aimed to under-
stand the background fluorescent signal from our negative
control, thus, we tested a homochiral L.-DNA reporter and a
homochiral D-DNA reporter with the same sequence and
fluorophore-quencher pair. In the negative control experiments,
each reporter was tested with an off-target input in the first
transfection as detailed in the Electronic Supplementary
Information, so that the total amount of DNA was consistent
with our other experiments. This means that there should be no

D-DNA input
_
OR

TC gapmer input

strand displacement and any observed signal should be from
reporter leak. We expected to observe a higher fluorescent
signal from the D-DNA negative control because rL-DNA is
naturally resistant to nuclease degradation and will not degrade
during the experiment, but some amount of b-DNA degrada-
tion should occur.

When compared to untransfected cells, we observed an
increase in the fluorescent signal from the rL-DNA negative
control (L-DNA reporter with off-target b-DNA input) as shown
in Figure4. As a fully L-DNA reporter should be robust to
enzymatic degradation, we believe this nominal signal shows
the quenching efficiency of our FRET pair.*? As predicted, the
D-DNA negative control (D-DNA reporter with off-target b-DNA
input) shows a much higher signal increase than the .-DNA
negative control (Figure 4). We theorize that the D Negative
signal represents the addition of the quenching efficiency and,
crucially, the degradation of the p-DNA causing separation of
the two strands of the reporter complex. Given this needed
measure of short term degradation of the system reporter, we
used the D-DNA reporter with an off target input as our
negative control in subsequent experiments to distinguish the
signal caused by reporter activation from the signal caused by
leak. The negative control signal varies in each experiment,
likely due to biological variation and environmental factors.

L-DNA toecaps enhance stability in living cells

We then used the test protocol, outlined in Figure 3, to
determine if the improved signal we saw invitro from the
toecapped input after incubation would be present when
tested in living cells. Transfections for all single strands and
complexes were done with a commercially available lipid-based
transfection reagent as described in the Electronic Supplemen-
tary Information. The input was transfected first and after two
hours the media was removed and the cells were washed with
phosphate buffered saline (PBS) twice, to remove any input

|

D-DNA reporter ‘
: Measure

: fluorescence

21h

Figure 3. Sequential transfection protocol for strand displacement reactions in living human cells. Homo- or heterochiral input oligonucleotides were
transfected via lipid-based transfection at time zero and washed two hours later to remove any input DNA from the surrounding media or from the outer
surfaces of cell membranes. Cells were incubated until t=18 h and then transfected again with the corresponding strand displacement reporter gate. After a
further 2 h incubation the cells were washed again and fluorescence was measured by flow cytometry at t=21 h, to measure completion of the strand
displacement reaction. The negative control consisted of a similar reaction but with an off-target b-DNA input transfected at time zero (not shown in image).

ChemBioChem 2024, 25, €202300755 (4 of 9)

© 2024 Wiley-VCH GmbH

:sdny) suonIpuoy) pue swIR Y, Y1 39S *[$Z0T/C0/+0] U0 Kreaqry auruQ LI “0XIN MAN JO Kssaatun) £q $S£00£Z0T 2199/2001° 01/10p/wod Kajia: Kreaqrpaurjuo-adoina-Ansiwaya//:sdny woiy papeoumod ‘s ‘+J0z ‘c€9L6Er T

110)/WOY" KA[TA",

9su2dIT suowo)) aanear) d[qearjdde ayp £q pauraA0S are sa[ANIE YO 3sn Jo sa[nI 10j IeIqI] duruQ A1 UO (



Chemistry

Research Article Europe
doi.org/10.1002/cbic.202300755

European Chemical
Societies Publishing

ChemBioChem

(@) S (b) 10000 - *****
© | M Untransfected
M L Negative = 8000 ule
M D Negative <
[
S £ 6000~
< o *
€ 3
5 5 4000
° )
w i
S § 2000
~ =
0- T
o T ©
o}
i 2 %
o g =z =
10.| 102 103 104 105 "E' - o
Fluorescence o>

Figure 4. Comparison of homochiral L-DNA and p-DNA reporter signal in living cells. (a) Histogram of cell count versus fluorescence in the Cy5 channel. The
L-DNA reporter plus off-target b-DNA input (L Negative, green) shows an increase in fluorescent signal compared to untransfected cells (brown). The p-DNA
reporter plus off-target b-DNA input (D Negative, black) shows a further increase in fluorescent signal indicating more leak (positive signal in the absense of
input). (b) Average mean fluorescence value of three true replicates from different days along with standard deviation. The difference between each condition
is significant as calculated by two-way ANOVA and Fisher’s Least Significant Difference test.

strands remaining in the surrounding media. After the trans-
fection, the cells were incubated for an additional 16 hours in
complete DMEM before the reporter complex was transfected
following the same protocol. Flow cytometry data was taken
three hours after the beginning of the reporter transfection,
that is, 21 hours after the beginning of the experiment, which
mirrors the endpoint of the plate reader data shown in Figure 2.

As a positive control for fluorescent signal strength in these
experiments, an unconditionally fluorescent gate (reporter
complex without the quencher) was transfected in equal
amounts as the reporter in the input plus reporter experiments.
The fluorescence values obtained by this control only require
successful transfection of a single fluorescently-labeled complex
to produce a fluorescent signal. In a multi-component system,
however, the likelihood of all components being available to
complete the TMSD reaction is expected to decrease exponen-
tially with the number of separate required transfection events,
so it is not surprising that for the TMSD system comprising an
input and a reporter, the fluorescence will be significantly lower
than for a single unconditionally fluorescent complex. In
addition, previous work has shown that after cellular uptake,
oligonucleotides can be trapped in endosomes or lysosomes
and not all escape into the cytosol.”® Fluorescent labels, like
the Cy5 on the reporter complex, have also been found to have
unique colocalization patterns.>¥ These effects are thus ex-
pected to further reduce the fluorescent signal generated by
our two-component TMSD system. Therefore, instead of a true
prediction of reaction completion, this control provides an
upper bound for the maximum possible observable
fluorescence. Consequently, it is reassuring that the
fluorescence signals observed from all of our input conditions
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fall between the negative and positive control bounds (Fig-
ure 5).

We tested three different input to reporter dose ratios to
study the sensitivity of the system as well as to find the best
observation regime for the L-DNA toecap protection. Different
input ratios change the total amount of DNA transfected as well
as the overall DNA concentration which we hypothesized may
change the burden on the cell, its response to the transfection,
and the sequestration of nucleases or other cofactors. These
changes may be expected to influence the resulting rates of
degradation of the transfected components. We tested a 5:1
inputireporter ratio (the test condition used in vitro), a 2.5:1
ratio, and equal stoichiometry (1:1 ratio). The histogram of the
first run is shown as an example histogram for each input ratio
case (Figure5, left). For the 5:1 and 2.5:1 conditions, flow
cytometry data show that in both input cases (X and L TCX)
there is a statistically significant increase in mean fluorescent
signal over the negative control condition (Figure 5a,b, middle).
This confirms that the programmed TMSD reactions are
occurring inside the cell. More importantly, for 5:1 and 2.5:1,
the increase in mean fluorescence over negative is greater for
the L-DNA toecap protected input L TC X than the homochiral
D-DNA control input X (Figure 5a,b, middle). In the 1:1
condition, there is still an increase for the input cases over
negative and again, the L TC X input shows a higher signal than
the unprotected input X, however, these relationships were not
found to be statistically significant. This aligns with previous
work™ and we believe the weaker signal is caused by
decreased likelihood of multiple components co-locating in the
cells when lower concentrations of input are present (Figure 5c).
These results highlight the challenges in accurately quantitating
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Figure 5. Flow cytometry results showing strand displacement reporter activation in living cells. Left, an example histogram of Cy5 channel fluorescence and
cell count from the first run of each experimental condition including the untransfected and positive controls. Middle, plot of average mean fluorescence and
standard deviation for different inputs: off-target (Neg); unprotected, homochiral b-DNA input (X); L-DNA protected, triblock heterochiral input (L TC X). Right,

fold change of mean fluorescence of on target inputs (X and L TC X) over off-target (Neg). (a) 5:1 Input:Reporter ratio and (b) 2.5:1 Input:Reporter ratio show
a significant increase in signal from on-target to off-target as well as from protected to unprotected. (c) 1:1 Input:Reporter ratio shows low or no significance
between input conditions. All replicates are true replicates and significance statistics were calculated using two-way ANOVA and Fisher’s Least Significant

Difference test.

the stability and performance of DNA computing components
in transfected mammalian cells.

The mean fluorescence of the input conditions was
converted to the fold change over the negative control so that
multiple days of experiments could be compared while
compensating for some of the inherent variability associated
with experiments involving living, cultured mammalian cells
(Figure 5, right). For the 5:1 ratio, the L TC X input achieves a

ChemBioChem 2024, 25, €202300755 (6 of 9)

2.14+0.46 fold increase over negative which is 35% higher than
the fold change seen with the unprotected input X (1.5+0.20
fold). For the 2.5:1 ratio, the L TC X input achieves a 2.7 £0.11
fold increase over negative which is 55% higher than the fold
change seen with the unprotected input X (1.8+0.19 fold).
Both increases were found to be statistically significant (p=
0.0104 and p=0.042, respectively). It is interesting that the
2.5:1 ratio showed a larger increase in fold change for the
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L-DNA toecap protected input compared to the unprotected
input than the 5:1 ratio. We hypothesize that the 2.5:1 ratio
may be high enough to saturate the reporter and increasing
the amount of DNA beyond this ratio diminishes the reaction
because of the additional stress of transfection on the cells. Our
results show that a sequential transfection protocol can be used
to study long-term behavior of dynamic DNA nanotechnology
in living cells and that L-DNA toecaps can improve the
longevity of single-stranded DNA oligonucleotides in the intra-
cellular environment.

To study the distribution of circuit components within the
transfected cells, confocal images of live cells were also taken.
Cells were plated in an 8-well chamber, as described in the
Electronic Supplementary Information and the transfections
were performed as outlined in Figure 3 with input and reporter
complex amounts scaled to the lower cell count. Figure 6 shows
representative live cell images, with green representing Cy5
fluorescence. The top row from left to right contains a wide
field view of cells transfected with the negative control (Y), non-
toecapped (X), and toecap-protected (L TCX), respectively.
These images show the increase in fluorescence from the

(a) (b)

Negative

X (c)

reporter both in the number of cells containing fluorescence
and the intensity of fluorescence in each cell. The bottom
images are higher magnification images taken from a different
field of view in the same experiment shown on the top row, in
each case. The activated reporter puncta are largely in the
cytoplasm, but some signal is also seen inside the nucleus,
especially for cells with a high number of activated reporter
complexes. This pattern is consistent with previous studies
done on the trafficking of oligonucleotides inside the cell and
could be driven by association with a number of proteins.””

Enhanced performance of L TC X is due to toecap chirality

Finally, we set out to confirm that the observed improvement
in robustness was coming from the left-handed chirality of the
protective toecap. To test this hypothesis, we repeated the
sequential transfection protocol at a 5:1 ratio with an additional
input, D TC X, where the same protective toecap sequences
were added as before, but this time as D-DNA. As before, the
LTCX input shows a significantly higher signal than the

Figure 6. Representative confocal fluorescence microscopy images of reporter activation in HeLa cells for a 5:1 input to reporter ratio. (a) Negative control
with reporter and off-target input (Y) shows low levels of reporter activation. (b) The non-toecapped input (X) shows some activation of the reporter complex.
(c) The toecapped input (L TC X) shows the greatest level of activation. Cy5 fluorescence is shown in green and the intensity was scaled relative to the
brightest L TC X level observed. Images taken on Leica TCS SP8 Confocal microscope, transfections were performed as described in Figure 3 and cells were
plated on an 8-well chamber slide as described in the material and methods. Bottom images were taken in separate view fields.
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unprotected input X, and notably, the LTCX signal is also
significantly higher than the p-DNA protected input (D TCX,
Figure 7). The LTC X signal had a 2.540.27 fold increase over
negative which was a 64 % increase over the unprotected input
X (1.540.18) and a 38% increase over the D-DNA protected
DTCX (1.840.19). There is a small increase in signal seen
between X and D TC X, which may be because longer DNA
strands take longer to be degraded by nucleases. This increase
is not significant when comparing mean fluorescence, though
the increase in fold change (19%) was shown to be significant
(both tested through two-way ANOVA and Fisher's Least
Significant Difference).

Previous work has shown that some cyanine dyes have an
increased intensity when adjacent DNA is rich in adenine
bases.’ As the toecap is a 5 nucleotide poly-A sequence, we
tested if this effect is observable for our system. We did find
this effect to be a large contributor to signal brightness for
in vitro tests of the system in buffer regardless of chirality,
(Figure S4). However, Figure 7 supports that this effect is not
significant enough in living cells to overcome the effects of
degradation. Furthermore, our previous work has shown that
other toecap sequences can be used with similar effects,®
which could be used in future experiments in mammalian cells
where cyanine dyes are beneficial for enhanced transfection
efficiency. Overall, the results of comparing the b-DNA toecap
to the L-DNA toecap support our hypothesis that left-handed
chirality is necessary for improved signal.

Conclusions
In conclusion, we have established a protocol for sequential

transfection of dynamic DNA nanotechnology components
which provides stronger assurance that programmed interac-

tions between those components, such as strand displacement
reactions, are in fact occurring within the cells. We confirmed
the feasibility of this procedure by testing with two labeled
components to determine that preferential transfection was not
an issue. Additionally, acid stripping verified that the compo-
nents were inside the cell membrane. While we showed an
improved method for two component delivery, there is still a
need for better transfection reagents and protocols, especially
focused on reliable delivery of multi-component molecular
circuits into cells. Further work to improve control of the
stoichiometries of components would enable us to transfect
more complex multi-component nucleic acid circuits, which are
capable of more sophisticated intracellular information process-
ing.

Most importantly, we have demonstrated that flanking
L-DNA toecaps are effective at protecting a heterochiral
gapmer from exonuclease degradation in living human cells.
We made this observation using a strand displacement assay
for gapmer intactness and monitoring resulting fluorescence
through flow cytometry and confocal microscopy. The best
signal increase was shown at a 2.5:1 input to reporter ratio,
though the L-DNA protection increased observed signal at all
tested input to reporter ratios. We confirmed that the
protection is due to the left-handed chirality of the toecap, not
from the increased input length or sequence based fluorophore
effects. Previous studies have suggested that L-oligonucleotides
have low immunogenicity,”” however recent work has indi-
cated that this may not be universally true.’® Further inves-
tigation could be done into the protection conferred by
different length toecaps and sequences, along with their
immunogenicity, to inform the best way to use these motifs.
Future work could also combine the toecaps with other
chemical modifications to further protect against endonu-
cleases. Our work therefore shows that flanking L-nucleic acids

X%X%
(a) s (b) - (c)
o0
B Untransfected - 3. *%
W Negative 30000 *% o
mXx -
S DTCX =) (]
S mLTCX < 2 *
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o ¥ [ —
g [<)
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Figure 7. Comparison of b-DNA and L-DNA toecaps. (a) Representative histogram of cell count versus fluorescence in the Cy5 channel from the first run of the
experiment including the untransfected and positive controls. (b) Plot of average mean fluorescence and standard deviation for different inputs: off-target
(Neg); unprotected, homochiral b-DNA input (X); input with additional b-DNA toecaps, (D TC X), L-DNA protected, triblock heterochiral input (L TC X). The
homochiral b-DNA inputs are not significantly different while the L-DNA toecap shows significant signal increase compared to the homochiral b-DNA inputs.
(c) Fold change of mean fluorescence of on target inputs (X, D TC X, and L TC X) over off-target (Neg). The L-DNA protected input shows the highest fold
change. All replicates are true replicates and significance statistics were calculated using two-way ANOVA and Fisher’s Least Significant Difference test.
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can be a powerful tool in the design of oligonucleotide
therapeutics as well as intracellular dynamic DNA nanotechnol-
ogy systems, which could have practical applications including
the autonomous diagnosis and treatment of disease.
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