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Abstract

Strand displacement reactions are widely used in DNA nanotechnology as a building block for
engineering molecular computers and machines. Here, we demonstrate that strand displacement-
based probes can be triggered by RNA expressed in mammalian cells, thus taking a step towards
adapting the DNA nanotechnology toolbox to a cellular environment. We systematically compare
different probe architectures in order to identify a design that works robustly in living cells. Our
optimized strand displacement probe combines chemically modified nucleic acids that enhance
stability to degradation by cellular nucleases with structural elements that improve probe retention
in the cytoplasm. We visualize probe binding to individual mMRNA carrying 96 repeats of a target
sequence in the 3’UTR. We find that RNA counts based on live cell imaging using a strand
displacement probe are comparable to counts from independent measurement based on
fluorescence in situ hybridization experiments. We used probes with scrambled toeholds and
scrambled binding domains to demonstrate that target recognition indeed occurs through toehold-
mediated strand displacement. Our results demonstrate that strand displacement probes can work
reliably in mammalian cells and lay the groundwork for future applications of such probes for live-
cell imaging and molecular computing.

Dynamic DNA nanotechnology has been remarkably successful at creating molecular
robots!—3, computational circuits*~10 or reconfigurable nanostructures1~15 using only DNA
as an engineering material. Underlying this success is the predictability of Watson Crick
base pairing, the low cost and wide availability of synthetic DNA and a focus on cell-free
settings which allows testing and optimization of engineered devices without interference of
evolved biomolecules. Still, it is tempting to ask whether some of the design principles that
enabled scaling up the complexity of cell-free dynamic DNA systems could be adapted to
the cellular environment.
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A vast majority of dynamic DNA devices built to date rely on the same basic molecular
primitive, toehold-mediated DNA strand displacement (DSD)6. DSD is a competitive
hybridization reaction whereby an incoming single strand of DNA (“input”) displaces an
incumbent (“output”) from a complementary binding partner. This reaction is initiated by
hybridization of the incoming strand to a complementary single-stranded “toe-hold” and
proceeds through a branch migration step, eventually resulting in the release of the output.
Multiple strand displacement reactions can be cascaded, enabling the design of multi-step
networks. The ubiquity and simplicity of the DSD mechanism make it an obvious candidate
for adaptation to a cellular setting.

Recent work by Hemphill and Deiters’ showed that DSD-based logic gates could be
delivered to mammalian cells and could be triggered by cellular microRNA. The Mirkin
group’8 used DSD-based fluorescent reporters attached to nanoparticles to detect and
visualize cellular RNA. However, in these studies progress of reactions was measured only
at the cellular level rather than at the level of individual molecules. In our own work!®, we
showed that logic gates containing chemically modified nucleic acids could be delivered to
cells and could be triggered by independently delivered synthetic inputs. We further showed
that multiple logic gates could be co-localized on an mRNA scaffold, enabling us to
visualize gate activation at molecular resolution. Still, the mRNA served only as a scaffold
rather than as the input to the reaction. Here, we demonstrate that a strand displacement
reaction can be triggered directly by an RNA transcript expressed in mammalian cells. We
use a fluorescent nucleic acid strand displacement-based reporter together with live-cell
microscopy to visualize reactions at the level of individual mMRNA molecules.

For our studies we used HT1080-96X cells, a variant of human fibroblastoma cells
(HT1080) which were engineered by the Raj and Tsourkas labs2%:2! to express a GFP
mMRNA carrying 96 tandem repeats of “probe target” sequences (each 50-nucleotides (nt)
long) in the 3’-UTR. Colocalization of up to 96 probes on the same transcript can
dramatically increase the signal to background ratio. For negative control experiments, we
used HT1080- cells expressing GFP mRNA without target sites in the 3’UTR. We validated
target expression using fluorescence in situ hybridization (FISH) with probes designed to be
complementary to 24 nt within the repeat target sequence. Single transcripts expressed in
HT1080-96X cells were detectable as bright fluorescent spots (mean: 58.26 mRNA per cell)
while the HT1080-control cells showed primarily background fluorescence (mean 17.3
mRNA per cell; see Fig. S1).

Next, we turned to the design of strand displacement probes for target mRNA detection. Our
initial probe design (SDProbe_v0) was closely modeled on “reporter” probes used in cell-
free settings. The probe comprised of a longer fluorophore-labeled strand (26 nt long) and a
shorter, partially complementary quencher-labeled blocking strand. The sequence of the
longer strand was fully complementary to a 26 nt section of the repeat target site in the GFP
mMRNA 3’-UTR (Fig. S2a). The 26 nt section in the target site was chosen such that it is
primarily in single-stranded form (based on computational secondary structure predictions)
and can bind to the complementary single-stranded toehold domain of the probe. We varied
the length of the blocking strand to create probes with single-stranded toehold and double-
stranded stem domains of varying lengths ((t,ds) = 14,12: 12nt stem-14nt toehold, (t,ds) =
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10,16: 16nt stem-10nt toehold, (t,ds) = 8,18: 18nt stem-8nt toehold). Probes were
synthesized with 2’0O-methylated ribonucleotides to make them more resistant to
intracellular degradation1922.23,

Probe binding to the target begins with the (reversible) hybridization of the toehold domain,
proceeds through a three-way branch migration and eventually results in the complete
displacement of the quencher labeled strand. The displacement of the quencher-labeled
strand results in unquenching of the fluorophore and an increase in fluorescence (see Fig.
S2a).

In live-cell imaging experiments, the probes with 12 nt and 16 nt double-stranded stems
were primarily localized in the nucleus (see Fig. S2b), consistent with earlier reports on the
nuclear localization of short synthetic double stranded nucleic acid complexes?* and
imaging probesZ®. Complexes with shorter stem domains are more prone to spontaneously
dissociate and, moreover, Exportin 5-mediated nuclear export of short double-helical RNAs
requires a double-stranded stem region greater than 14 nucleotides?®. The probes with 18 nt
double-stranded stem were primarily localized in the cytoplasm rather than the nucleus, but,
unfortunately, appeared to be in the form of cytoplasmic aggregates rather than binding
specifically to the mRNA targets (Fig. S2b). Such aggregates were observed in prior studies
using molecular probes and are likely the result of lysosomal capture of probes delivered by
electroporation?4:27.

To improve in vivo strand displacement kinetics and facilitate nuclear escape, we further
modified the probe design to separate functional elements responsible for control of
localization and mRNA sensing?®. The redesigned strand displacement probe (SDProbe_v1)
was a nicked partially double stranded complex with an interaction domain and an extension
domain (Fig.1a). The interaction domain can bind to the target site at an 8-nt toehold and
release the 3’-quencher-labeled strand (18 nt) through strand displacement (Fig. 1b). The
extension domain consists of a 22 nucleotide long double stranded region with a 5°-
fluorophore labeled strand. The reaction kinetics of SDProbe_v1 was first characterized in
vitro in OPTI-MEM cell culture media (Fig. S3). Probes were successfully activated via
displacement of the fluorophore-labeled strand upon addition of a short synthetic input
strand with the same sequence as the target site. The increase in signal was linearly
proportional to the amount of input added. Upon delivery to HT1080-96X cells via
electroporation, SDProbe_v1 constructs were transported to the cytoplasm where they bound
to the 3’-UTR of GFP mRNAs, observable as distinct fluorescent spots throughout the cells
(Mean: 131.35 mRNA per cell; Fig.1c, Fig.2a). In contrast, when these probes were
electroporated to HT1080-control cells, there were significantly fewer observed spots
(Mean: 29.85 mRNA per cell; Fig.2b). These results showed that SDprobe_v1 probes can be
used to detect intracellular mRNAs via the multiplexed 3’-UTR target sites. The residual
fluorescent spots observed in the HT1080-control cells were possibly due to partial
degradation of the probes in the intracellular environment. Additional modifications to the
backbone (e.g. phosphorothioate bonds) or sugar moieties (e.g. locked nucleic acids) could
help to further reduce degradation effects. The slight increase in the number of observed
spots in Fig. 2b compared to Fig. 2c and Fig. 2d, is likely due to variation in transfection
efficiency with electroporation or similar differences between the two cell lines we used in
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our study?8:29, Still, all the control cases (Fig. 2b, ¢ and d) showed statistically significant
lower observed spot counts than was the case for the intended probe and target combination
(Fig. 2a). While the number of transcripts detected with live cells were higher compared to
transcripts detected through FISH on fixed cells (Fig. S1), the positive-to-control spot ratios
were similar.

Further control experiments were performed with probe variants having toehold sequences
or double-stranded stem domains orthogonal to the target sites. These probes were designed
to confirm that probe activation indeed proceeds through toehold-mediated strand
displacement rather than through spontaneous probe dissociation or partial degradation
followed by hybridization to that target. For both controls, we observed low levels of probe
activation (Mean: 12.25 mRNA per cell and 10.45 mRNA per cell respectively) in HT1080—
96X, suggesting that the probes had minimal non-specific interaction within the intracellular
environment (Fig.2C, D).

To further explore the potential of our probes for live-cell imaging applications, we used
them to track target mMRNA dynamics. Using time-lapse microscopy we followed the
movement of individual target mMRNASs over the course of 3 minutes (Supplementary movie
S1) observing a range of behaviors from highly confined mRNAs to mMRNAs exhibiting
significant intracellular movement, similar to what was observed previously using other live
cell imaging probes?>:30 (Fig.3).

Our main motivation for this study was to characterize strand displacement in living cells
and demonstrate that cellular RNA could serve as an input to a strand displacement probe,
thus laying the foundation for adapting more sophisticated strand displacement-based
devices from the test tube to the cell. However, with further technical improvements, this
kind of approach can be used as a more generalizable platform for single-molecule imaging
in live cells. Particularly, the very high specificity of strand displacement probes even to
single nucleotide variants makes this an intriguing technology31-32.

However, so far, we have only tested our approach in cells that were genetically modified to
express an mRNA with 96 tandem repeats of a target sequence and imaging of endogenous
mRNAs still needs to be demonstrated.

To conclude, we have shown that strand displacement probes can effectively detect mMRNAs
with engineered 3’UTR sequence repeats in the cytoplasm of mammalian cells. In the future,
multiple probes detecting different intracellular mRNAs could be connected through
downstream molecular logic. The simplicity, scalability and robustness of circuit design with
strand displacement opens up the possibilities of a wide range of applications for sensing
and computation in living cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Probe design, reaction mechanism and experimental wor kflow.
a) Domain-level schematic of SDprobe_v1: Individual functional domains are annotated

with their respective primary features in parentheses. Half-arrows indicate 3’-ends of the
corresponding strands. The fluorophore and quencher are denoted by red and black circles
respectively. b) Schematic of probe interaction with the 3’-UTR target sites (blue domains).
Probes bind to the target sites via the short toehold domain, which initiates a 3-way branch
migration step, ultimately displacing the quencher-labeled strand and thereby unquenching
the fluorophore. Co-localization of multiple fluorophores on a single mMRNA significantly
increases the signal. ¢) Experimental workflow for detection of mMRNAs using strand
displacement probes: Probes are delivered via electroporation to cultured cells. Cells are
incubated for 1 hour at 37°C allowing the probes to interact with mRNA target sites. Co-
localization of up to 96 probes per mRNA generates a bright fluorescent spot detectable with
fluorescence microscopy. After incubation, sequential image frames are collected at every
0.3 um z-distance across the cell height and the acquired frames are combined to generate
maximum intensity projections representing the entire cell volume. These images are
processed using the FISH-Quant33 MATLAB tool; a filtering step performs background
signal correction and spots are pre-detected based on a threshold signal cut-off. The pre-
detected spots are then fitted and examined for accuracy followed by spot quantification,
where the spots are either selected or rejected based on signal intensity and elimination of
false-positives. The selected spots represent the number of detected mRNAs per cell.
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Figure 2. Intracellular mRNA detection using strand displacement probeswith extension
domains (SDProbe _v1).
Each row demonstrates the reaction mechanism for interaction of probes with mRNAs (left),

histogram of detected mRNAs per cell (middle) and representative image (right). For
quantifying the distribution of detected mRNAs per cell, 20 randomly selected cells were
imaged for each of the four different conditions: probes were electroporated to a) HT1080-
96X cells expressing GFP mRNAs with 96 tandem repeats of probe target sites in the 3’-
UTR, b) HT1080-control cells expressing GFP mRNAs without probe target sites. HT1080-
96x cells were electroporated with SD control probes similar to SDProbe (SDProbe_v1) but
with c) a toehold orthogonal to the corresponding section of the probe target sequence, and
d) a double stranded stem domain orthogonal to the probe target sequence. For each case,
the mean number of spots detected per cell is shown as inset to the histograms.
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Figure 3. Visualizing intracellular mRNA movement using strand displacement probes.
Five separate target mMRNAs were tracked over a period of 150 seconds using time-lapse

imaging. Top row consists of a montage of four frames showing positions of five specific
mMRNAs (indicated by five distinctly colored arrows) at different timepoints. The trajectories
of the corresponding mMRNAs up to that time-point are shown in the bottom row.
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