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Abstract

The nanoscale engineering of nucleic acids has led to exciting molecular technologies for high-end
biological imaging. The predictable base pairing, high programmability, and superior new
chemical and biological methods used to access nucleic acids with diverse lengths and in high
purity, coupled with computational tools for their design, have allowed the creation of a stunning
diversity of nucleic acid--based nanodevices. Given their biological origin, such synthetic devices
have a tremendous capacity to interface with the biological world, and this capacity lies at the
heart of several nucleic acid--based technologies that are finding applications in biological
systems. We discuss these diverse applications and emphasize the advantage, in terms of
physicochemical properties, that the nucleic acid scaffold brings to these contexts. As our ability
to engineer this versatile scaffold increases, its applications in structural, cellular, and organismal
biology are clearly poised to massively expand.

Keywords

AFM; aptamers; FISH; functional bioimaging; live imaging; super-resolution microscopy; nucleic
acid nanodevices; Spinach; structural DNA nanotechnology

INTRODUCTION

DNA and RNA are highly programmable molecular scaffolds, and this property enables the
integration of molecular signals as well as the fabrications of molecular assemblies with
nanoscale precision in three dimensions. In turn, this development has yielded a class of
nucleic acid--based nanodevices showing increasing promise as reporters of biological
phenomena. In this review, we consider key molecular technologies based on nucleic acids
for imaging biological processes, ranging from in vitro to in vivo applications. Each
application outlined herein leverages a certain physical, chemical, or biological property
inherent in the nucleic acid scaffold. We discuss this fundamental property and how it is
exploited to achieve functionality of the nucleic acid nanodevice.
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The nucleic acid scaffold has a fairly conserved dimension (approximately 2 nm wide), as
seen in double-stranded DNA (dsDNA) or double-stranded RNA (dsRNA), regardless of
sequence (1). Using the specificity of Watson--Crick base pairing and the uniformity of the
pitch of B-DNA, one can molecularly glue rod-like helices together in virtually any
desirable orientation in space to realize a variety of shapes (2, 3). One may also realize
structural motifs, termed tiles, by displaying sticky ends or complementary single-stranded
regions in specific orientations. These tiles may be glued together in different orientations on
the basis of molecular logic governing which orientations turn sticky. These tiling
approaches yield a variety of two-dimensional (2D) architectures (4, 5). Another way to
achieve micrometer-sized superstructures with nanoscale precision, as well as molecular
addressability, is DNA origami (6). In this method, a long single-stranded piece of DNA,
typically that of the M13 phage, is folded into precise shapes using a large collection of
shorter, single strands of DNA termed staple strands or staples. Each staple hybridizes to
spatially remote regions on the M13 phage DNA, bringing these regions into close spatial
proximity; the net result is the folding of the longer DNA into a specific 2D or three-
dimensional (3D) shape with nanoscale addressability. With computer-aided design
principles, M13-phage DNA can be folded into virtually any shape (7). Such computer-aided
design incorporates hierarchy in interaction strengths of different domains, the tuning of
which is possible owing to the high tunability of Watson--Crick base pairing.

The high uniformity of the 2-nm DNA helix, its easy identification, and its ability to yield
molecularly addressable nanostructures allow the correlation of computer-predicted device
geometries with nanoscale atomic force microscopy (AFM) topography images of DNA
origami structures. This combination has yielded a new development in which DNA origami
templates, due to their high periodicity and uniform structure, serve as locators of precisely
positioned protein molecules. These locators enable the imaging of protein activity or
chemical reactivity in vitro at the single-molecule level.

The specificity of Watson--Crick base pairing underlies the antisense recognition property
associated with nucleic acids. Fluorescence in situ hybridization (FISH) and molecular
beacon technologies, which exploit antisense recognition, have been absorbed readily into
mainstream biology to visualize RNA and DNA molecules in fixed cells and represent the
simplest form of this class of nucleic acid nanodevices. These nanodevices function as high
visibility probes of the RNA layer of gene regulation, in which the essential antisense
recognition of a desired RNA is transduced to a structural change in the nucleic acid device.
The conformationally altered nanodevice can be subjected to different kinds of amplification
strategies to achieve enhanced visualization of target RNAs. Given the tremendous tunability
in Watson--Crick base pairing affinities, one can manipulate the complementary
oligonucleotide sequences to precisely control their binding and unbinding rates. This
property has resulted in an exciting new technology termed DNA-PAINT (point
accumulation for imaging in nanoscale topography) that couples super-resolution imaging
with the high rates of blinking due to transient binding and dissociation of short, fluorescent
oligonucleotides to image fixed cells below the diffraction limit (8-10).

Single-stranded DNA or RNA can fold into 3D motifs with specific, synthetic functionality,
termed functional nucleic acids (11). RNA has the additional property of genetic
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encodability. Thus, a new molecular technology has emerged that uses genetically
encodable, functional, synthetic RNA motifs to image RNA as well as small molecules in
the cytosol of living cells (12, 13). Such RNA nanodevices also use the modular property of
the RNA scaffold. Thus, one can judiciously combine functional modules onto a single
transcript of RNA such that the functions of each of these modules can be either independent
or interdependent (14).

Like the RNA scaffold, DNA is also modular and has the added advantage of hydrolytic
stability. Thus, a new DNA-based, quantitative, functional imaging technology has emerged
that can report on small-molecule concentrations within compartments of living cells.
Complementary to RNA-based imaging technology, these DNA nanodevices exploit the
modularity of the DNA scaffold to encode on a single nanodevice (&) a sensing module, (6) a
reporting module, and (¢) a targeting module that localize the nanodevice in a cellular
compartment (15-17). The capacity to combine bright, synthetic organic fluorophores with
the biological interfacability of nucleic acid devices allows quantitative functional imaging
in live model organisms.

We therefore discuss bioimaging applications of nucleic acid nanodevices in three broad
categories. First, we consider a class of DNA nanodevices used to explore the structure and
function of proteins by in vitro imaging. Second, we discuss the deployment of nucleic acid
nanodevices to image proteins, DNA, and RNA in fixed cells. Third, we examine a range of
nucleic acid nanodevices fabricated for various applications in live imaging.

IN VITRO IMAGING OF BIOMOLECULES

Imaging with Atomic Force Microscopy

The uniform dimensions, the relatively nonconductive nature of dSDNA and dsRNA, and the
easy physical identification of the approximately 2-nm wide filamentous feature predispose
DNA and RNA to being probed by AFM. Using a sharp probe tip that is raster scanned over
a surface, AFM detects surface topography by measuring the distances between the probe
and surface. Currently, most AFM studies use the tapping mode under physiological
conditions (18, 19). In this mode, the tip contacts the surface with high periodicity, which
provides a contour map of the surface with accuracies of approximately 1 nm in the Z-axis.
AFM has been widely deployed to image, below the diffraction limit, biological phenomena
associated with nucleic acids, such as complex formation, enzymatic reactions, and
conformational changes of biomacromolecular assemblies (20). In this section, we discuss a
selection of DNA nanodevices that leverage the one-dimensional (1D), 2D, or 3D periodic
structure of DNA to reveal molecular insight into biological phenomena and chemical
reactivity. One of the early examples of AFM imaging of DNA investigated dsDNA in
complex with Escherichia coli RNA polymerase (RNAP) (21). This study enabled the
visualization of RNAP binding and bending of DNA, confirming the tension requirement
within dsDNA for RNAP binding.

AFM has played a central role in validating the premise that DNA could be used to
rationally build 1D, 2D, and 3D superstructures with nanoscale precision, in turn validating
the self-assembly and design principles of structural DNA nanotechnology (2, 22). DNA
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architectures have been used as molecular breadboards to position proteins at designated
locations on a periodic DNA lattice assembled either using tile-based assembly (23) or DNA
origami (24). Such protein positioning is frequently mediated by biotin--streptavidin
interactions or aptamer--protein interactions by displaying biotin or aptamer domains,
respectively, at defined locations on the DNA architecture. For example, Chhabra et al. (25)
simultaneously immobilized platelet-derived growth factor (PDGF) as well as thrombin on a
2D DNA origami surface by displaying their cognate aptamers. Such precise modulation of
distance between protein-binding motifs has been applied to study distance dependencies
associated with fundamental molecular phenomena, such as cooperativity in protein binding
(24), as well as to multienzyme catalysis (26). Cooperativity was studied by positioning
individual bivalent aptamer ligands excessively far apart, so that the former cannot
participate in cooperative binding with the latter, thus preventing thrombin binding. Distance
dependencies on catalysis were elegantly demonstrated in a study by Wilner et al. (26), in
which the enzymes glucose oxidase and horseradish peroxidase were precisely positioned to
vary the distance between the two enzymes and the product formation was measured by
spectrophotometry. The study demonstrated that the net catalytic activity of the enzyme
cascade could be rationally tuned. This concept was later translated inside a living system in
which Delebecque et al. (27) expressed a 2D RNA array in bacteria that effectively surface
immobilized fusion proteins of (Fe-Fe) hydrogenase and ferredoxin. Modulation of the
interenzyme distance resulted in a 48-fold greater efficiency of hydrogen production.

High-speed AFM (HS-AFM) permits the direct visualization of dynamic processes at
subsecond temporal resolution at the level of single molecules (28). HS-AFM has captured
dynamics of nucleic acid assemblies and their complexes with diverse proteins such as
DNA-modifying or repairing enzymes (29-31). Interrogating DNA origami architectures
using HS-AFM has also been applied to study bond-breaking reactions and diffusion
kinetics. For example, chemical reactions such as thiol--disulphide exchange or singlet
oxygen-mediated bond rupture could be imaged at single-molecule resolution on a 2D DNA
origami nanodevice (32). Essentially, the chemically reactive centers in question, such as
disulphide linkages or double bonds, are first positioned on a DNA origami breadboard by
incorporating them in biotin-labeled staple strands. Addition of streptavidin to the solution
leads to its immobilization on the DNA origami surface, which serves as a marker in AFM
imaging owing to its height difference. Addition of a reactant such as dithiothreitol (for
disulphide exchange) or eosin (as a singlet oxygen generator) results in bond rupture, as
revealed by loss of the surface feature corresponding to the immobilized streptavidin. This
method is potentially generalizable to the single-molecule study of any bond-making or
bond-breaking reaction and the associated diffusion kinetics in macromolecules in real time.

DNA origami frameworks thus function as excellent locators for displaying a dsSDNA
template for AFM imaging. DNA origami AFM locators have been used to image enzymatic
reactions on dsDNA templates at single-molecule resolution. Precise positioning of the
attachment sites of the dsDNA template on the origami framework can modulate the tension
and bending of the displayed dsDNA substrate. Many DNA-modifying enzymes require that
their dsDNA substrate possesses the capacity to bend (33). For example, methylation on
adenine by EcoRI methyltransferase (M.EcoRI) occurs upon a 55-59° bending of dsDNA.
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Endo et al. (34) used 2D DNA origami to investigate the feasibility of DNA methylation by
M.EcoRI on 64-bp and 74-bp dsDNA fixed to impart higher tension and lower
conformational flexibility of the former compared with the latter (Figure 14). Addition of
M.EcoRI to the origami surface showed complexation and methylation of the 74 bp-dsDNA
template and no reduced reactivity on the 64-bp dsDNA template. Such imaging approaches
can be used to assay the role of conformational flexibility of dSDNA toward diverse
enzymatic reactions.

DNA origami has been used to directly visualize various stages of transcription, such as
RNAP binding, sliding along a DNA template, RNA synthesis, and RNAP dissociation (30).
A strip of DNA origami acts as an AFM observation scaffold onto which a 1-kb template
dsDNA is attached at fixed positions. The addition of RNAP to the system before HS-AFM
imaging of the RNAP--dsDNA complexes enables the visualization of RNAP sliding on a
template DNA that is easily identified by its incorporation in the DNA origami frame.
Further, the newly transcribed RNA could also be imaged by AFM by incorporating
biotinylated UTP in the transcription mix before addition of streptavidin.

More recently Suzuki et al. (31) have used origami locators to image DNA recombination
using HS-AFM (Figure 16). They have employed Cre recombinase, which recognizes a 34-
bp LoxP domain incorporated in two segments of dsDNA. Cre forms a synaptic complex
with two such adjacent dsDNA LoxP domains, leading to the recombination products via a
characteristic Holliday junction intermediate. Substrate dSDNA strands are positioned in a
predesigned cavity on an origami AFM locator either in parallel or in antiparallel
orientations incorporating specific bending angles. Synaptic complex formation and
recombination events could be imaged in real time using HS-AFM. Holliday junction
intermediates crossing at right angles on the origami locator afford the recombination
products, in contrast to the intermediates crossing at 60°, which give the product in different
proportions (Figure 16). HS-AFM imaging revealing dsDNA bending requirements for
protein activity has been applied to transcription factors, such as SRY (sex determining
region Y)-box 2 (Sox2) and paired box 6 (Pax6) (35), and base excision repair enzymes,
such as 8-oxoguanine glycosylase (hOggl) and T4-pyramidine dimer glycosylase (PDG)
(36).

Another interesting application of HS-AFM is in the imaging of conformational changes
within a dsDNA template displayed on a DNA origami observation platform. A good
example is the molecular mechanism of G-quadruplex formation induced by HIV-1
nucleocapsid proteins. Nucleocapsid proteins NCp15 and NCp7 are known to stabilize G
quadruplexes owing to their chaperone activity (29). HS-AFM imaging of DNA origami
locators presenting G-quadruplex--forming domains captured molecular phenomena
associated with this process, such as protein sliding, 3D hopping between DNA strands, G-
quadruplex formation, and protein dissociation. In fact, the power of DNA origami locators
as imaging probes for AFM is best illustrated by the observation of key in-pathway
intermediates in G-quadruplex formation, such as G hairpins and G triplexes (Figure 1¢)
(37). The direct observation of these intermediates had, until then, proved elusive by any
known experimental technique.
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APPLICATION IN CELLULAR IMAGING OF FIXED SYSTEMS

Visualization of Endogenous Nucleic Acids

Antisense recognition is a property unique to the nucleic acid scaffold. Antisense
recognition of endogenous nucleic acid targets by synthetic fluorescent oligonucleotides to
pinpoint localization or abundance of these targets within the cell is widely deployed in
biology. Commonly termed fluorescence in situ hybridization (FISH), this method is used
routinely to visualize genomic DNA loci and single RNA transcripts within their cellular
environment in fixed systems. Numerous fluorescent oligonucleotide probes hybridize along
the target sequence and yield an enhanced fluorescent signal. The first report of in situ
hybridization was made by Pardue & Gall (38) in 1969, when the authors looked at
Drosophila salivary gland chromosomes using radiolabeled probes. Radiolabels were soon
replaced by fluorescent labels for visualization of 5S rRNA in polytene chromosomes of
Drosophila (39). This early research used an indirect method of visualization, compared
with present-day FISH methodology in which the oligonucleotide, carrying a hapten label, is
detected immunohistochemically by a fluorophore-tagged antibody against the hapten
(Figure 23). FISH with fluorescently labeled oligonucleotides was subsequently realized in
1980 (40). The improvement of DNA synthesis and the use of branched DNA probes,
coupled with robotics and image analysis, have made assays of transcriptome heterogeneity
at the single-cell level possible. For example, using 50-nucleotide long fluorescent
oligonucleotides, tandemly hybridized to their target mMRNA, has allowed the visualization
of individual p-actin mMRNA molecules within mammalian cells (41). Importantly, FISH
probe sizes can be dramatically reduced from approximately 50 nucleotide to 17—22
nucleotide by using a large probe set of singly labeled fluorescent oligonucleotides (typically
a set of 48 probes). By using Laplacian of Gaussian (LoG) filters and deconvolution, one can
simultaneously detect three transcripts in chinese hamster ovary (CHO) cells and in a
carcinoma cell line A549; this method can also be applied to other systems such as yeast,
Drosophila, and Caenorhabditis elegans (42). In an effort to further shorten the probe length
yet preserve specificity, nucleic acid analogs such as locked or peptide nucleic acids have
been used (43-46) owing to their higher melting temperatures following hybridization to
their target RNAs. Signal amplification is necessary when detecting short RNA sequences as
seen in microRNAs, which can accommodate only a single antisense probe (47).
Furthermore, different endogenous targets can be labeled with FISH probes bearing
spectrally different fluorophores. Such multivalent FISH techniques have also been applied
to live-cell imaging with single-transcript sensitivity (48, 49).

However, FISH still suffers from low signal-to-noise ratio owing to the limited number of
fluorophores that can be tiled to the target transcript without amplification, as well as
inadequate probe specificity for short sequences and poor uptake of longer length probe
sequences. To overcome these limitations and to enable single-step, multiplexed RNA
imaging, a triggered hybridization chain reaction (HCR) has been devised (50). The HCR
technique uses two fluorescently labeled nucleic acid devices that are complementary to
each other but coexist as metastable hairpin structures (Figure 25). A nucleic acid initiator
device is required to hybridize to the input domain of one of the hairpin sequences, leading
to its opening and hybridization to the complementary sequence in the second hairpin
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device. The initiator device thus elicits a chain reaction of hybridization events that leads to
a nicked dsDNA polymer. Thus, this reaction is amplified locally at the site of hybridization
within the cell, resulting in approximately 200-fold brighter labeling of an endogenous DNA
or RNA target than observed with conventional FISH methods. Such an approach is
extendable to multiplexed RNA-FISH detection in whole-mount embryos with impressive
clarity (50, 51).

Another method with intrinsic signal amplification potential is in situ polymerase chain
reaction (PCR), first described in 1990, which uses PCR or reverse transcriptase PCR to
amplify a gene of interest in a fixed cell. Initially, fixed cells suspended in a PCR reaction
mixture were thermally cycled in microtubes using a conventional block cycler, centrifuged
onto glass slides, and intracellular PCR products were visualized by in situ hybridization or
immunohistochemistry. However, the use of this method has been limited owing to low
amplification efficiency and low reproducibility due to the diffusion of PCR products from
the site of synthesis within the cells as well as extracellular stochastic generation of
amplicons (52, 53). To overcome this hurdle, padlock probes have been used to detect
mMRNAs. Padlock probes are devices that hybridize onto cDNA generated (cDNA is
generated) by reversely transcribed primers from the endogenous target. This hybridization
results in the formation of a nicked single-stranded circular DNA hybridized to the cDNA.
The nick is sealed by a DNA ligase, and rolling circle amplification is initiated by the phi29
phage polymerase (54). The DNA nanostructure or the rolling chain product that is formed
is detected by a fluorescent oligonucleotide complementary to the padlock sequence (Figure
2¢). Because DNA ligases are sensitive to mismatches flanking the nick, this method is
capable of distinguishing single-nucleotide polymorphisms with single-molecule sensitivity.
This technology has been used for multiplexed detection of three genes in mouse tissue (55).
A similar concept has been used to visualize endogenous RNAs by fluorescence in situ RNA
sequencing developed by the Church laboratory (56).

Super-Resolution Imaging Using Nucleic Acids

Fluorescence based imaging has improved our understanding of endogenous nucleic acid
localisation within cells. On one hand, diffraction limited microcopy has dramatically
improved signal to noise ratios which are criticial for sensitive detection. On the other hand,
super-resolution microscopy has grown tremendously, bridging the gap between
conventional optical microscopy and EM in many ways. DNA architectures have found a
niche in super-resolution microscopy as powerful probes for calibration. Here, hybridization
is the key property of nucleic acids that underlies the utlility of these molecular probes, as
one can leverage sequence specificity and tunability of association strengths to enable the
detection of multiple cellular targets.

Calibration standards for super-resolution microscopy—An important property of
DNA origami is the combination of nanoscale-to-mesoscale architectures that possess
nucleotide-level addressability. The capacity to computationally model these architectures
allows one to obtain internucleotide spacings with 6-nm resolution (57, 58). As a result,
various DNA origami architectures have been fabricated as imaging standards to calibrate
super-resolution microscopes, such as direct stochastic optical reconstruction microscopy
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(dSTORM), structured illumination microscopy (SIM), or stimulated emission depletion
(STED) (59). This concept was first outlined by Simmel & Tinnefeld in 2009 (10), when
they used super-resolution fluorescence microscopy to optically image single-layer DNA
origami structures. In their study, two fluorophores were positioned at a distance of
approximately 90 nm on a rectangular DNA origami structure by simply modifying two
staple strands at the 5”end of the upper surface. The origami structures simultaneously
displayed biotin groups protruding on the opposite face for immobilization on a streptavidin-
modified glass surface and were subsequently imaged using total internal reflection
fluorescence microscopy (TIRFM) and AFM. This structure was then imaged using three
different kinds of super-resolution methods, namely (&) single-molecule high-resolution
imaging with photobleaching, (6) dASTORM, and (¢) blink microscopy (60-62), and, from
the observed distance in each technique, the associated imaging resolution could be
determined.

Many super-resolution methods such as STED and its variants, SIM, ground state depletion
microscopy followed by individual molecule return (GSDIM), super-resolution optical
fluctuation imaging (SOFI), and others, require diverse parameters such as laser intensity,
acquisition rate, activation laser settings, image analysis, and image rendering to be
optimized in order to realize the manufacturer specifications on image resolution. DNA
origami can be used to simultaneously calibrate distances as well as brightness by displaying
specific numbers of fluorophores at well-defined distances. Schmied et.al. (63) used a
rectangular DNA origami that functioned as an imaging standard covering a full range of
distances by positioning ATTO647N fluorophores at distances of 6, 12, or 18 nm (Figure
34). The ability to position a stoichiometrically precise number of dyes in programmable
geometries and in exactly the same molecular environment on DNA origami yields uniform
photophysical characteristics with near-negligible sample variation. Such DNA origami
architectures function as a brightness standard (Figure 34). DNA origami nanopillars bearing
fluorophores positioned at specific distances from the surface enable calibration of the Z-
axis resolution in super-resolution microscopy (64). SIM has a typical intermark distance of
120 to 180 nm and requires a high number of dyes, as does STED microscopy. Localization-
based super-resolution techniques such as stochastic optical reconstruction microscopy
(STORM) and photoactivated localization microscopy (PALM), which are based on single-
blinking or switchable molecules, require fewer dyes with tunable switching kinetics. With
DNA origami--based nanorulers, defined standards for each of these fluorescence techniques
have been created (65).

DNA-guided super-resolution imaging of cellular architectures—The PAINT
(point accumulation for imaging in nanoscale topography) method, developed by Sharanov
& Hochstrasser (66),was used to image membranes to a resolution of 25 nm. This method
used a fluorescent dye, Nile Red, that fluoresced brightly upon membrane insertion and was
weakly fluorescent when unbound. Universal PAINT (UPAINT) is a powerful adaptation of
this method that uses (&) fluorescent antibodies against membrane proteins that gives
molecular information and (5) a diverted TIRFM laser angled obliquely to yield a highly
inclined laminated optical (HILO) sheet to abolish the fluorescence of unbound, labeled
antibodies. uPAINT has captured super-resolution images and real-time trajectories of
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membrane proteins in live cells (67). DNA-PAINT, developed by Jungmann et al. (9), can
now image cytosolic targets at super resolution, albeit on fixed cells. It exploits the
fundamental property that hybridization and dissociation rates of antisense oligonucleotides
are tunable by either changing the length, sequence composition, or concentration of
antisense oligonucleotide probes. Thus, an immobilized DNA origami architecture bearing a
docking strand (i.e., a single-stranded segment 9-10 nucleotides long projecting out at a
defined position) can be imaged by imager strands (Figure 3¢). Imager strands are
fluorescently labeled oligonucleotides that are 9-10 nucleotides long, have high Kp, have
high specificity due to antisense recognition, and are designed to have low melting
temperatures to enable repeated binding and unbinding events. Each binding event brings the
imager strands into the evanescent regime and can be monitored by TIRFM. The fact that
binding is based on DNA hybridization allows for the precise control over fluorescence ON
and OFF times ranging from milliseconds to seconds. The fluorescence ON time can be
adjusted by changing the concentration of imager strands in solution, and the fluorescence
OFF time can be controlled by the length of the imager-docking strand duplex. After
stochastic reconstruction of diffraction-limited TIRFM images, the binding sites on a DNA
origami are clearly resolved (Figure 3¢) (9). This technology has been used to determine the
number of available docking sites on functional DNA origami nanostructures (68). A critical
advantage of DNA-PAINT is its bleaching independence, which enables imaging over long
durations and the use of diverse fluorophores. Building on uPAINT, Jungmann et al. treated
fixed and permeabilized cells with antitubulin and anti-COX IV antibodies, each linked to a
docking strand with a specific sequence, and then used two complementary imager strands
to obtain super-resolution images of microtubules and mitochondria using HILO microscopy
(8). The use of DNA sequences allows one to have several pairs of imager-docker duplexes
with similar binding energetics yet show adequate sequence specificity to enable
multiplexed imaging. Exchange-PAINT uses sequential multiplexing in which imager
strands to different cellular targets can be applied to the same biological sample by simply
washing out and exchanging the solution with an imaging strand for a different target
(Figure 3d). Exchange-PAINT has been used to achieve four-color super-resolution images
of intracellular architectures, namely microtubules, mitochondria, the Golgi complex, and
peroxisomes (8).

APPLICATIONS IN LIVE CELL IMAGING

Visualization of Endogenous Nucleic Acids

Fixation of cells precludes the study of dynamic, live processes. The need to image the
dynamic movements of intracellular RNAs in living cells has stimulated the development of
many diverse RNA devices and new concepts in the design of synthetic functional RNAs.

Antisense-based recognition—Among the most straightforward approaches for
imaging RNAs in cells is to transfect or inject fluorescently labeled antisense probes (69, 70)
and molecular beacons (71-74). The probe hybridizes to its target RNA, enabling imaging of
the RNA by fluorescence microscopy.
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Molecular beacons enable real-time tracking of nucleic acids in live cells and can be
considered one of the earliest forms of functional nucleic acid nanodevices (75). Molecular
beacons are DNA sequences comprising a target-recognition region of approximately 15-30
bases flanked by two short complementary domains at the 5" and 3" termini. This
combination forces the entire sequence into a stem--loop structure in the absence of the
endogenous target. In this hairpin form, a quencher and a fluorophore, which are each
located at a different terminus of the molecular beacon, are brought into close proximity,
such that fluorescence is quenched effectively. In the presence of a target DNA or RNA
molecule, hybridization between the target and the loop sequence of the beacon occurs, and
the stronger intermolecular hybridization breaks the weaker stem helix. The spatial
separation of the fluorophore and quencher results in the restoration of fluorescence (76, 77).
Molecular beacons are generally microinjected into cells to study the transport and
localization of endogenous RNAs. Alternatively, one can exploit reversible permeabilization
of the plasma membrane using pore-forming toxins or cell-penetrating peptides (73, 78).
Molecular beacons have been used to track cytosolic localization of RNAs such as oskar
MRNA in Drosophila melanogaster oocytes during development (72). Dual fluorescence
(Forster) resonance energy transfer (FRET) molecular beacons have been used to study K-
ras mRNA localization in living cells; the study used probe hybridization to affect
intermolecular FRET (74). This approach can perturb cellular function, and reliable delivery
of these probes to the cytosol, rather than endosomes, is challenging (79).

Protein-based RNA recognition—Genetic encoding of reporters allows cells to express
them, thus bypassing perturbative methods of introduction within cells (described above),
which can affect diverse signaling pathways and/or cell viability. One can image RNAs by
repurposing naturally occurring RNA--protein interactions. This approach relies on proteins
that bind to specific RNA elements with high affinity and specificity. To image RNAs, the
RNA-binding proteins are heterologously expressed as green fluorescent protein (GFP)--
tagged proteins and their cognate RNA-binding elements are incorporated into
heterologously expressed RNA sequences. Thus, the RNA-binding protein is converted into
a tool to deliver GFP to an RNA. This approach has been used in the bacteriophage MS2
coat protein MS2-GFP and Pumilio--split fluorescent protein imaging systems.

MS2-GFP is the first example of a genetically encoded system for RNA imaging (80). This
system consists of the bacterial MS2 phage coat protein, which binds to the MS2 RNA
hairpin with high affinity. The MS2 coat protein is expressed as a GFP fusion protein that
binds RNAs expressed to contain an RNA tag comprising up to 48 copies of the MS2 hairpin
(81, 82). This technique was recently used to image heterologously expressed individual p-
actin mRNAs in neurons in a live mouse (83). An analogous system is a protein-RNA pair
comprising the Ay peptide and the 24-nucleotide boxB RNA motif that binds with 22-nM
affinity. The boxB motif efficiently folds modularly into a hairpin and can therefore be
judiciously incorporated into longer target RNA sequences without disrupting the target
RNA structure. The Ay peptide is a 22--amino acid segment obtained from the
transcriptional antitermination protein N of phage A that is fused to an enhanced green
fluorescent protein (EGFP) and an M9 nuclear localization signal. When expressed in cells,
AN-EGFP binds to a target RNA of interest that incorporates four boxB sequences. This
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technique has been used to image the localization of RNA molecules in the cytosol of
eukaryotic cells (84).

In contrast to the MS2-GFP system, which allows imaging of heterologously expressed
RNAs, the Pumilio--split fluorescent protein imaging system allows imaging of endogenous
RNAs. This approach uses Pumilio homology domains (PUM-HDs), which can be
engineered to interact with nearly any 8-nucleotide RNA site (85). Imaging RNAs with
PUM-HDs uses a split fluorescent protein imaging approach to achieve highly specific
detection of endogenous RNAs. Two halves of a fluorescent protein are fused to two
different PUM-HDs that bind to adjacent 8-nucleotide sites within an endogenous transcript.
When each PUM-HD binds to adjacent sites in an RNA, the two halves of the fluorescent
protein come together, which reconstitutes fluorescence (85-87). This approach benefits
from low background, because the initial fluorescent protein halves are dark, as well as from
the ability to target endogenous RNAs. However, only one GFP is tethered to the RNA of
interest. Conversely, the MS2 approach tethers dozens of GFPs, resulting in sensitivity down
to single RNA transcripts.

Aptamer-based recognition—Because of its genetically encodable nature, RNA itself
presents an exciting and more direct route to imaging cellular RNA molecules (14). The
Spinach complex is an RNA mimic of GFP (13) and an RNA aptamer that binds
fluorophores resembling hydroxybenzylidene imidazolinone (HBI), the fluorophore in GFP.
Spinach binds the otherwise nonfluorescent 3,5-difluoro-4-hydroxybenzylidene
imidazolinone (DFHBI), resulting in highly enhanced fluorescence (13, 88). Similar to the
mechanism by which GFP induces fluorescence in HBI, Spinach binds to DFHBI and
switches it to a highly fluorescent state. As a result, DFHBI exhibits nearly undetectable
fluorescence in cells except when bound to a Spinach aptamer (13). This property allows
Spinach to be used as a tag to fluorescently mark and image specific RNASs in living cells
(13).

Visualization of Small Molecules

Small molecules inside the cell, whether second messengers or metabolites, are crucial for
cell--cell communication (89). Thus, imaging spatiotemporal fluctuations of these small
molecule concentrations is essential to understanding cell signaling and is termed functional
imaging. Owing to their molecular recognition capabilities, DNA and RNA can be used as
functional imaging probes. As a molecular scaffold, DNA as well as RNA are highly
modular: Each module can execute functions that can be either dependent or independent of
each other (90, 91). For example, an mMRNA molecule may be envisaged as an endogenous,
nucleic acid device comprising modules such as the 5" cap, the 5" untranslated region
(UTR), the coding region, the 3’ UTR, and the polyA tail, each of which have a specific
function. Here the 5" cap and the polyA tail have interdependent functions to enhance
translation (92), whereas the coding region has an independent function, as seen when
encoding fusion proteins. In fact, as organisms increase in complexity, the sizes of DNA
molecules composing the genome increase enormously, whereas the sizes of proteins or lipid
molecules change very little. Thus, modularity is an extremely important property to achieve
complex functionality, to achieve multifunctionality, or to encode a hierarchy in
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functionality. Probes for functional imaging therefore need to possess more than one
functionality.

In the cytosol—Typically, genetically encoded, protein-based reporters for small
molecules or ions in the cytosol comprise two fluorescent proteins flanking a central target-
binding domain (93, 94). When the target molecule binds, it induces a conformational
change that repositions the fluorescent proteins, which leads to changes in FRET that can be
imaged by fluorescence microscopy in live cells (95). Protein-based sensors using this
strategy have been developed to detect dynamic changes in calcium, glucose, cyclic
nucleotides, and other molecules (96). A limitation of these protein-based sensors is their
requirement of a protein that binds the target molecule of interest accompanied by a
conformational change sufficient to induce a large change in FRET. For many metabolites,
proteins with these properties are not readily available. Thus, fluorescent reporters for many
important metabolites and signaling molecules have not been generated.

Allosteric Spinach-based sensors. Given RNA’s modular nature, it is a particularly
powerful tool for obtaining fluorescent scaffolds that are responsive to small molecules.
Spinach can be designed so that the constitutively fluorescent Spinach--DFHBI complex can
be converted to make its fluorescence conditional to the binding of a specific metabolite
(14). These sensors comprise two modules with interdependent functions: Spinach and a
target-binding aptamer. The target-binding aptamer is integrated into Spinach using a
structurally critical stem as an entry point (14). Because most aptamers are unstructured
without their cognate ligand, their insertion into the Spinach module causes the disruption of
a critical stem in Spinach. As a result, Spinach cannot fold, bind DFHBI, or yield a
fluorescent signal. However, when the cognate ligand does bind its aptamer module, the
aptamer folds, resulting in the folding of the critical stem in Spinach (Figure 44). This
folding leads to Spinach fluorescence that can be detected in vitro or in cells (14). One study
used this approach to fuse Spinach to specific aptamers, thereby generating a range of
fluorescent reporters for small molecules such as adenosine diphosphate (ADP), S
adenosylmethionine (SAM), and other metabolites (14). These reporters were used to image
the dynamics and turnover of SAM and ADP in live bacteria (14). This approach was
subsequently applied to detect and image cyclic di-GMP, cyclic di-AMP, cyclic adenosine
monophosphate -guanosine monophosphate (AMP-GMP), in addition to various proteins in
living cells (97-100). These allosteric Spinach-based sensors demonstrate the versatility of
RNA as a platform for creating genetically encoded sensors for imaging cellular metabolites.
A circularly permuted version of Spinach can also be used to image metabolites whose
aptamers are sensitive to modifications at their 3" or 5" termini (101).

Spinach riboswitches for metabolite detection: One can also convert metabolite-induced
conformational switches found in riboswitches into fluorescence readouts using Spinach
technology. Riboswitches are RNA regulatory elements found primarily in bacterial mMRNASs
(102). Riboswitches contain binding domains that recognize specific intracellular
metabolites and that undergo a conformational switch upon binding their cognate ligand.
These conformational switches typically activate or inhibit translation of the mRNA but can
regulate other aspects of MRNA metabolism (103). Spinach riboswitches are synthetic,
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RNA-based, genetically encoded metabolite reporters that leverage natural riboswitch
sensing mechanisms (104). Typically, when the metabolite binds a riboswitch, portions of
the riboswitch are structurally remodeled, resulting in the formation of a new helix. In a
Spinach riboswitch, Spinach is inserted into the riboswitch so that the newly formed helix
enables the folding of Spinach. Using this approach, naturally occurring riboswitches that
bind thiamine pyrophosphate, adenine, and guanine were converted into Spinach
riboswitches that fluoresce upon binding these metabolites in a concentration-dependent
manner (104).

Spinach riboswitches employ a different mechanism than that used in allosteric Spinach
reporters (14, 97, 98, 105) (Figure 456). Spinach riboswitches switch between two folded
conformations, in which the switching module is associated either with the ligand-binding
pocket of the riboswitch or with Spinach. In contrast, allosteric Spinach sensors switch from
an unfolded to a folded state. Notably, the sensors do not appear to differ in terms of the
signal-to-noise ratio and kinetics of activation/deactivation (14). Spinach riboswitches score
higher than allosteric Spinach sensors, in that they retain the high analyte specificity and
physiological binding affinity of the riboswitches from which they were derived. Conversely,
allosteric Spinach sensors rely on aptamers that are typically generated using in vitro
aptamer-selection approaches such as SELEX (106, 107). Such in vitro--generated aptamers
may not exhibit the requisite selectivity to discriminate against diverse metabolites with
structures similar to the desired target molecule. In principle, negative selection can be used
to obtain metabolite-selective aptamers during SELEX (108). However, negative selection
cannot be performed against all the diverse structurally related metabolites in the cell,
especially if some of them are unknown. Aptamer affinity is also a critical parameter needed
for proper sensor function (109). In most cases, aptamers should exhibit binding affinities
comparable with the cellular metabolite concentration for fluorescence levels to directly
correspond to the metabolite concentration (109). However, obtaining aptamers with a
predetermined binding affinity using SELEX is typically challenging (110). Naturally
occurring riboswitches have evolved to exhibit in vivo binding affinities that correlate to the
intracellular concentrations of their targets. Thus, sensors based on riboswitches rather than
SELEX-derived aptamers are more likely to display affinity and selectivity tuned for live
systems.

In subcellular organelles—Complementary to Spinach-based technologies, which find
applicability in probing the cytoplasmic or nucleoplasmic environment of live cells, is a new
DNA-based technology that probes the lumenal environment of subcellular organelles. This
technology combines (&) the brightness of organic fluorophores, (4) the biological
interfacability of the nucleic acid scaffold, and (¢) the capacity to encode synthetic function
in these devices to achieve quantitative imaging of membrane-bound organelles in living
cells.

DNA nanodevices as probesfor quantitativeimaging: The Krishnan group has exploited
the modularity inherent in the DNA scaffold to create a variety of DNA-based fluorescent
analyte-measuring devices (91, 111). In this class of nanodevices, a single DNA nanodevice
comprises three modules that function independently of each other: (&) a sensing module

Annu Rev Biochem. Author manuscript; available in PMC 2017 July 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chakraborty et al.

Page 14

that consists of a functional nucleic acid or ion-sensitive dye that is sensitive to the analyte,
() a reporting module comprising a pair of organic fluorophores to measure the
concentration of the analyte, and (¢) a targeting module that localizes the nanodevice to a
specific subcellular compartment within a live cell in which the analyte concentration is to
be measured.

The sensing and reporting modules together form a measuring module. The reporter module
incorporates a pair of fluorophores that, after binding or recognition of the analyte by the
sensing module, undergoes a change in photophysical properties. Given that the analyte
recognition domain has a single binding event for the analyte, the measuring module can
measure 1.5 to 2 orders of magnitude of concentration of the analyte centered on the
dissociation constant (Kp). The ability to achieve large conformational changes upon
association with an analyte is an important property of the nucleic acid scaffold that allows
for the realization of quantitative sensors. Functional nucleic acids are folded in space into
relatively compressed, globular shapes that enclose a cavity, within which the analyte binds.
The same functional nucleic acid motif can also exist in an extended state when base paired
with a complementary strand in the absence of the analyte. If the Kp of analyte binding of
the functional nucleic acid motif is well matched against an available complementary strand,
one can realize nanodevices that show large conformational changes, from linear to folded,
resulting in dynamic ranges that simply dwarf those observed in other biomolecular
scaffolds (112). By integrating these large conformational changes with the attractive
fluorescent properties of small-molecule organic fluorophores, such DNA reporters show
large dynamic ranges with high signal-to-noise ratios, thus enabling the measurement of
analyte concentrations with high accuracy inside living cells (16).

A few design principles by which this tuning may be achieved are discussed below. For
example, consider the case of pH sensing with the i-motif, in which the i-motif can be
considered as an aptamer for protons. An i-motif is a four-stranded DNA structure that is
formed from four stretches of cytosine-rich segments held together by hemiprotonated
cytosines, which form noncanonical C:C+ base pairs, and that exists only at acidic pH (113).
This property has been used to engineer DNA nanodevices termed I-switches that undergo a
pH-induced conformational switch in which the sensing module comprises an i-motif and
the reporting module comprises a pair of Alexa dyes that undergoes FRET under acidic
conditions (114). pH reporters based on the i-motif illustrate how one can tune reporter
characteristics of the measuring module. By increasing the number of cytosines, one can
shift the Kp to higher pH (115). However, this shift increases the cooperativity of the pH-
induced structural transition and simultaneously narrows the overall pH regime that the
device reports on. An alternative to changing the Kp without affecting the cooperativity is
the use of chemically modified cytosines, such as methylcytosine or bromocytosine, that
have higher or lower pKj (acid dissociation constant) levels and can accordingly shift the pH
sensitivity of the measuring module to higher or lower pH regimes (112). An interesting
trick to create a broad pH-sensitive regime is to employ a mixture of pH reporters, each
responding to different pH regimes. The mixture then has an overall broader pH sensitivity
(116, 117). However, with such a mixture of reporters the response characteristics change
along with the proportion of devices in the mixture. Although an apparent disadvantage for
batch-to-batch reproducibility, it presents an effective way to achieve tunable pH sensitivity
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at desired pH regimes. In a similar vein, tuning the Kp of binding leading to quantitative
reporters at different concentration of the analyte has also been achieved using a cyclic AMP
(cAMP)--sensitive nucleic acid device termed cAMPhor. cAMPhor uses a cAMP aptamer
developed by the Breaker group (118) and has been shown to fluorescently map cAMP
levels within membrane-bound compartments (101).

A whole range of ion-measuring devices can be similarly realized by using ion-sensitive
dyes that undergo a change in photophysical properties upon interaction with a specific ion.
lon-sensitive dyes can substitute the functional nucleic acid motif of the sensing module.
The function of the nucleic acid scaffold in such a context is to yield a molecularly
homogenous system that couples an ion-sensitive dye to an ion-insensitive dye in a specific
stoichiometry by simple hybridization. This technique has been demonstrated in the case of
a DNA-based chloride sensor, termed Clensor (16). The sensing module of Clensor is a
chloride-sensitive fluorophore, 10,10"-bis[3-carboxypropyl]-9,9’-biacridinium dinitrate
termed BAC, which undergoes chloride-specific collisional quenching in cells (119). The
reporter module of Clensor comprises BAC and a pH-insensitive fluorophore such as Alexa
647 that allows ratiometric quantification of chloride. The ability to quantify chloride has
been used to fluorescently assay the activity of the relevant chloride ion channels within
living cells. For example, Clensor was used to pinpoint the localization and function of the
CIC (CIC standsfor Chloride channdl) family of chloride channels inside Drosophila
hemocytes (16).

Targeting DNA nanodevices: To quantify analytes in subcellular organelles, one needs
bifunctional molecular devices. The first function can be obtained using a measuring
module, as described above. The second function can be obtained by encoding the device
with targeting information that can localize the nucleic acid device to a specific subcellular
organelle. Diverse pathogenic cargo (such as viruses or bacteria that infect the cell) or
molecular cargo that the cell needs for its survival (such as nutrients, hormones, signaling
peptides, and proteins) enter the cell via specific endocytic pathways (120). Each pathway
can be accessed by encoding the molecular programs required to engage a specific receptor
or trafficking pathway (Figure 5). Thus, the targeting module of this class of nucleic acid
nanodevices can incorporate these specific molecular signals for targeting to intracellular
locations of choice. A selection of these molecular programs for targeting are discussed
below, using ion-sensing DNA nanodevices as a focal point.

Endocytic ligand and cognate receptor: Endocytic ligands, such as proteins like epidermal
growth factor (EGF) or small molecules like folic acid, bind to their cognate receptors. In
other words, the EGF receptor or the folate receptor resident at the plasma membrane and
are subsequently trafficked inside the cell to specific endocytic organelles (121, 122). DNA
reporters are most frequently targeted by simply chemically conjugating the relevant
endocytic ligand to the nucleic acid assembly, while ensuring that ligand function is not
compromised. The DNA reporter engages the relevant receptor through the chemically
conjugated ligand and is then internalized by cells (Figure 56). Thus, the lumenal ionic
environment of various endocytic organelles, such as early, late, and recycling endosomes as
well as lysosomes, have been mapped by DNA reporters (15, 16). For example, transferrin
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binds to the transferrin receptor and is subsequently trafficked to the recycling endosomes
before shuttling back to the plasma membrane (123). Modi et al. (15) exploited this pathway
to probe pH gradients by using a fluorescent DNA-based pH reporter termed the I-switch in
Drosophila SR2+ cells. Similarly, a DNA tetrahedron bearing folic acid was targeted to KB
cells expressing folate receptors (124) in a mouse model.

Anionic Ligand Binding Receptor (ALBR) and the negatively charged DNA
backbone. DNA’s phosphate backbone makes it polyanionic. This inherent
negative charge has been exploited to target DNA devices to cells that express
the ALBRs (125) or scavenger receptors (53) in macrophages (126). The
Krishnan group used the ALBR pathway in Drosophila haemocytes to deliver
the I-switch and Clensor to organelles along the endocytic pathway (Figure 54).
The precise measurement of pH and chloride in organelles along the
endolysosomal pathway were thus enabled. This targeting mechanism proved
robust enough to target other DNA nanodevices, such as DNA polyhedra (127),
to coelomocytes in a live multicellular organism like C. efegans (17).

Aptamers against cell surface proteins. In another variation, targeting may be
achieved by molecularly programming nucleic acid assemblies with aptamers to
cell surface receptors. Aptamers are known to bind a variety of chemicals like
ions, small molecules, and even proteins (11). By integrating an aptamer to the
extracellular domain of a trafficking protein onto a nanodevice, one can traffic a
DNA nanodevice from the extracellular milieu to a subcellular compartment
(Figure 54). Recently, Saha et al. (16) integrated a well-known RNA aptamer
against the transferrin receptor with a DNA nanodevice, termed Clensor-Tf, to
localize Clensor-Tf within recycling endosomes. The aptamer module in
Clensor-Tf tightly binds the extracellular domain of the transferrin receptor
population on the plasma membrane of cells, leading to its uptake and eventual
enrichment in recycling endosomes. Similarly, Chang et al. (128) targeted a
DNA icosahedron by integrating an aptamer to the MUC1 protein to deliver
doxorubicin to epithelial cancer cells. Another example is the delivery of a DNA
pyramid to HeLa cells using an aptamer to nucleolin present on the plasma
membrane (129). Aptamer-based targeting can also be used to deliver functional
enzymes to a designated subcellular organelle. Chen et al. (130) conjugated a
lysosomal enzyme, L-iduronidase to a DNA aptamer, which binds to the
transferrin receptor and successfully delivered L-iduronidase to lysosomes in
cultured mouse fibroblasts. Similarly, Chu et al. (131) delivered gelonin, a plant
toxin that inhibits protein synthesis to cancer cells, that overexpressed prostate-
specific membrane antigen and induced selective cell death.

Chimera of synthetic DNA receptors. A generalizable synthetic, molecular
programming strategy was recently outlined by Modi et al. (114). The
advantages of this strategy are that it circumvents both the need for an aptamer
to a cell-surface protein as well as the need to chemically conjugate endocytic
ligands to DNA nanodevices. The strategy uses a synthetic, sequence-specific
DNA binding protein that is expressed as a chimera with a suitable shuttle
protein for DNA nanodevice localization within a given target organelle. A
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shuttle protein traffics between the plasma membrane and the target organelle. A
chimera of the DNA binding protein fused to the extracellular domain of the
trafficking protein results in the display of a synthetic receptor for DNA by the
trafficking protein on the cell surface. The DNA device binds its synthetic
receptor and is trafficked intracellularly to its subcellular destination (Figure 5¢).
Modi et al. (114) thus successfully targeted the I-switch to the frans-Golgi
network (TGN) by expressing a chimera of a sequence-specific DNA-binding
protein with a proprotein convertase, furin, that shuttles between the plasma
membrane and the TGN (132).

The nucleic acid scaffold has a number of attractive physicochemical properties as well as
biological advantages, many of which have been harnessed to create nanodevices for several
imaging applications outlined above. However, a few properties of the scaffold have not yet
been harnessed, and these could open up new vistas for biological imaging. For example,
electron-dense DNA and RNA can diffract electrons efficiently (133, 134). Thus,
reminiscent of AFM-based locator DNA devices, one could envisage DNA origami locator
devices designed for cryo--electron microscopy to derive structures for biomolecules that are
challenging to observe owing to their small size (H. Dietz and S. Scheres, unpublished data,
personal communication. Further, the periodicity of DNA and its well-defined structure
might aid refinement methods substantially. Another property of DNA that has not yet been
exploited for imaging is its immunogenicity (135). One can use DNA nanodevices to
simultaneously stimulate and image the activated immune system. A third property is the
embryonic field of RNA localization, in which RNA sequence information also encodes
localization within the cell (136). This property could be used to understand biological
phenomena associated with spatial positioning of RNA, perhaps at synapses (137), in
exosomes (138), or in the cytosol during development (139).

Although the first study of Exchange-PAINT provides a glimpse into the capacity to
multiplex with the nucleic acid scaffold (8), parallelization has remained underutilized in
nucleic acid--guided biological imaging. One can obtain several sequence combinations of
sufficient diversity and identical melting temperatures to perform highly parallelized
imaging operations on the same biological sample. Functional imaging probes based on
DNA/RNA nanodevices can be bar-coded to protein targets with spectrally distinct
fluorophores. Although pH has been measured in two pathways at the same time inside the
same cell (114), multiplexed functional imaging of several organelles at a time is yet to be
achieved.

Live imaging with nucleic acids is rife with possibilities. Live imaging with super resolution
microscopy also remains an outstanding challenge for nucleic acid nanodevices. A plethora
of metabolites remain to be imaged and can be detected by using Spinach riboswitches.
Currently, at least 100 riboswitches have been computationally identified by comparative
analysis of bacterial genomes but are designated as orphans because their target is not
known (140-145). Because many riboswitches can be converted into Spinach riboswitches,
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it is important to deorphanize these riboswitches to expand the repertoire of metabolites that
can be imaged.

Finally, the true potential of such novel nucleic acid--based molecular technologies lies in
successfully interfacing them with other chemical technologies. For example, consider the
use of oligodeoxyfluorosides, which are oligonucleotides composed primarily of
fluorophores rather than standard nucleobases. The phosphodiester backbone in the
oligodeoxyfluoroside confers aqueous solubility (146-149), and the combination of
fluorophores produces a palette of distinct emission wavelengths in response to a single
excitation wavelength (147). Coupled with their interfacability to automated synthesis (149)
and their ability to sense various metabolites and small molecules (150, 151), they present
great potential for live imaging. Other high-end imaging probes such as quantum dots (152,
153) or fluorescent nucleic acid--metal nanoclusters (154) are of particular interest owing to
their brightness and potential targetability, which may make them suitable for long-duration
in vivo imaging and correlative microscopy. Developments toward multicolor RNA detection
probes similar to Spinach technology, but with improved brightness and higher emission
maxima, are highly desirable for multiplexed imaging of RNA molecules in living systems
(155).

Several cellular compartments still remain to be targeted by externally introducible DNA
nanodevices, and the applications of these devices to a variety of model organisms still
remain unexplored. Combining these devices with protein-based localization technologies,
such as SNAP-tag (156), nanobodies (157), or carbohydrate--based (158) or lipid--based
(159) click chemistries, will allow new regions of the cell to be probed with unprecedented
clarity.
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Figure 1.
DNA origami as atomic force microscopy (AFM) locators. (&) Visualization of DNA

methylation by high-speed AFM (HS-AFM) via EcoRI methyltransferase on a 74-bp
double-stranded DNA (dsDNA) substrate. Panelamodified from Reference 34 with
permission. (4) Visualization of DNA recombination by Cre recombinase showing only the
starting material and end product. Panelmodified from Reference 31 with permission. (¢)
Visualization of G-quadruplex formation by two G-rich sequences positioned proximally.
Panelcmodified from Reference 37 with permission.
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Figure2.

Applications in visualizing endogenous nucleic acids in fixed systems. (&) Fluorescence in
situ hybridization (FISH) detects an endogenous RNA/DNA target (red) using antisense
oligonucleotides (b/ack) labeled with a fluorophore (green) or antibody (gray) against a
hapten (/magenta). Panelamodified from Reference 49a with permission. (4) Site-specific
amplification of FISH signaling using hybridization chain reaction (HCR) technology. (/) An
initiator DNA device (b/ue) binds to a specific sequence on the target mMRNA (red) and ()
initiates hybridization to its complementary sequence, present on the first fluorescently
labeled hairpin. (/7)) The hairpin thus opens up, leading to hybridization of the second
fluorescent hairpin. Complementary sequences are shown in orange and green. This process
results in a cascade of alternating hybridization events between two distinct fluorescent,
metastable DNA hairpins. Paneltmodified from Reference 51 with permission. (¢) Use of
padlock probes (greenandblacksemicircles) against a target mMRNA (red) location
specifically generates a rolling circle amplicon detected by fluorescent oligonucleotides
(pink) against the padlock sequence (green).Panelcmodified from Reference 55 with
permission.
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Figure 3.
DNA-guided super-resolution microscopy. (d) DNA origami distance calibration standards

for (/) diffraction-limited microscopy using a DNA N-helix bundle, (//) STED microscopy
using a 2D DNA origami nanoruler, (/7)) STORM technique using a 2D DNA origami for
different wavelengths, (/v) 2D DNA origami bearing multiple interdye distances.
Panelamodified from Reference 63 with permission. (8) DNA origami brightness calibration
standards. The lower inset shows various numbers of dyes, and the upper inset shows
fluorescence images of brightness standards. Scale bar is 2 pm. Panelémodified from
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Reference 63 with permission. (¢) DNA-PAINT imaging using (/) an origami breadboard
incorporating a fluorescent staple strand (green) and a docking site for an imager strand
(red). (i) Hybridization of the imager strand to the docking site results in bright fluorescence
in TIRFM. (/ii) A typical intensity-versus-time trace shows low and high fluorescence in the
dissociated (tg) and bound states (tp), respectively, of the imager strand. Panel emodified
from Reference 9 with permission. (d) Exchange-PAINT imaging in fixed cells. (~-/v) Four
cellular targets are labeled with an antibody carrying a unique DNA-PAINT docking
sequence. An imager strand (a,b,c or d) specific to a docking sequence is added sequentially
to visualize each cellular target, leading to multiplexing. Scale bar is 500 nm. (1) Overlay of
all four targets. Panelamodified from Reference 8 with permission. Abbreviations: PAINT,
point accumulation for imaging in nanoscale topography; STED, stimulated emission
depletion; STORM, stochastic optical reconstruction microscopy; TIRFM, total internal
reflection fluorescence microscopy.
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Figure 4.

Sensing mechanisms of Spinach riboswitches and allosteric Spinach sensors. (&) Secondary
structure and mechanism of allosteric Spinach sensors comprising a target-binding aptamer
(blue) and Spinach (green) and responsive to a target molecule (blue rectangle). (b)
Secondary structure and mechanism of Spinach riboswitches. Spinach is integrated into a
riboswitch sequence (b/ue) and becomes responsive to a metabolite (b/ue rectangle). A
transducer sequence (gray) is released from a metabolite-sensitive switching sequence
(yellow) in the aptamer domain of the riboswitch and folds Spinach and binds DFHBI (green
ball). Abbreviation: DFHBI, 3,5-difluoro-4-hydroxybenzylidene imidazolinone.
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Figure5.
Molecular programs that target DNA nanodevices to intracellular compartments. (&) anionic

ligand binding receptors ( ALBRS) or scavenger receptors bind a polyanionic DNA
nanodevice (gray cylinders) and target it to endolysosomal organelles. (6) An endocytic
ligand (dark green diamona) conjugated to a DNA nanodevice localizes it in organelles
along the relevant endocytic receptor (green) pathway. (¢) A sequence-specific DNA-binding
protein (green) functions as a synthetic receptor to localize a DNA nanodevice within a
target organelle by fusion to a shuttle protein (orange). (d) An aptamer (green hairpins) to
the extracellular domain (green) of a trafficking protein is integrated to a DNA nanodevice
for localization to a target organelle. All devices carry fluorescent tags (/magenta stars)
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