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RNA nanotechnology in synthetic biology
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We review recent advances in the design and expression of
synthetic RNA sequences inside cells, to regulate gene
expression and to achieve spatial localization of components.
We focus on approaches that exploit the programmability of the
secondary and tertiary structure of RNA to build scalable and
modular devices that fold spontaneously and have the capacity
to respond to environmental inputs.
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Introduction

RNA is an attractive molecule for synthetic biology for
multiple reasons: first, RNA is involved in the control of
gene expression at the level of transcription and transla-
tion, and is an essential component within the CRISPR/
Cas gene editing system; second, the relationship
between RNA sequence and secondary or tertiary struc-
ture is well characterized, making it possible to program
the interactions of individual or multiple RNA strands to
achieve a target structure or a desired sequence of binding
events; third, RNA molecules can be designed to bind to a
variety of ligands (small molecules, proteins, and RNA),
enabling their use as sensors and actuators. Finally,
because RNA is naturally present in all living organisms,
synthetic RNA molecules can be easily ported to differ-
ent hosts.

"This review discusses recent advances in the use of engi-
neered RNA in synthetic biology applications. We focus in
particular on different methods to control gene expression
with synthetic RNA, and on approaches to build RNA
scaffolds for organizing molecular components inside cells
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(Figure 1). Acommon thread of the methods reviewed here is
their focus on rational design of secondary or tertiary struc-
ture, which determines the function of the engineered RNA.

Synthetic RNA for transcription regulation
Although protein regulators have played a key role in the
early development of synthetic biological circuitry,
remarkable progress has been made in creating libraries
of synthetic RNA genetic regulators. RNA-mediated
control of gene expression often involves specific struc-
tural motifs within mRNA, such as the intrinsic termina-
tor structure that prevents transcription elongation in
bacteria. Building on the natural pT'181 transcriptional
attenuator system, Lucks ¢z /. showed that orthogonal
variants of transcriptional attenuators can be obtained by
strategic changes in the attenuator hairpin loop and stem
sequences [1]. The orthogonal attenuator and antisense
sequences could be used as tandem attenuators in tran-
scriptional cascades. Takahashi and Lucks further
expanded the set of transcription attenuators by chimeric
fusion of pT181 attenuator and natural antisense RNA
translational regulators [2]. The chimeric fusion and
mutation strategy allowed them to construct 7 orthogonal
transcriptional attenuators.

The same group later developed sRNA-based transcrip-
tional activators termed Small Transcription Activating
RNAs (STARs) [3]. Trans-acting STAR RNAs activate
the transcription by preventing the formation of termina-
tor hairpins (Figure 2a). A number of orthogonal, compo-
sable STAR variants were demonstrated and their per-
formance was improved by a combination of tuning
promoter strengths and engineering the RNA molecules
[4]. A modest improvement of fold activation was
achieved by increasing the expression level of the STAR
antisense relative to its target sense RNA (to decrease
OFF-state leakage) and by adding a 5 stability hairpin
and a 3’ sRNA scaffold (to improve RNA stability of
STAR antisense). More significant improvements in fold
regulation (repression from 85% to 98%, or activation
from 10-fold to over 900-fold) were achieved by combin-
ing transcriptional termination and ribosome binding site
(RBS) sequestration, a strategy that takes inspiration from
a natural pT181 dual transcription/translation repression
mechanism [5]. More recently, de novo computational
design of STAR library identified high-dynamic range
devices with near background level leakage and fold-
activation of thousands [6°]. These STAR elements were
demonstrated to function with existing regulatory ele-
ments as modular devices and were used to control multi-
gene metabolic pathway expression.
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Synthetic RNA molecules expressed within cells can be optimized for
a variety of tasks that include control of gene expression and
organization of small molecules and proteins. Here, we review recent
research advances that exploit RNA structure for synthetic biology
applications.

Engineering RNA to direct the CRISPR/Cas
system

Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) loci are naturally present in prokar-
yotes. CRISPR and the CRISPR-associated proteins
(Cas) function as a microbial analog to the acquired
immune system present in higher organisms [7]. The
diversity, modularity, and efficacy of CRISPR-Cas sys-
tems are driving a biotechnological revolution including
genome editing, posttranscriptional engineering, imag-
ing, and diagnostics. One of the most commonly used
systems Streptococcus pyogenes Cas9, for instance, can take
a single guide RNA species to determine the comple-
mentary DNA sequence that it targets. Earlier works
showed that a catalytically dead Cas9 lacking endonu-
clease activity, when co-expressed with a guide RNA,
can specifically interfere with transcriptional elongation,
RNA polymerase binding, or transcription factor bind-
ing. This system, CRISPR interference (CRISPRi), can
efficiently repress expression of targeted genes in Escher-
ichia coli, with no detectable off-target effects [8]. Engi-
neering Cas proteins, for instance, as split-Cas9 and split-
dCas9 variants responsive to small molecule inducers,
could provide genetic strategies for specifically

controlling Cas9 activity and constructing synthetic tran-
scriptional networks [9].

Engineering the structure of guide RNA (gRNA) species
for conditional control of Cas9 activity presents an effi-
cient alternative to engineering Cas9 protein itself. RNA
design using an RNA nanotechnology toolbox could lead
to efficient control of complex synthetic biological cir-
cuitry using CRISPR-Cas system, and this is feasible
because Cas9 activity is tolerant to significant modifica-
tions to the standard gRNA structure [10] that involve
auxiliary domains to control gRNA activity by small-
molecules [11,12], and nucleases [13]. Antisense RNAs
were shown to be effective to repress the active form of
gRNA [14,15]. The regulatory potential of gRNA could
be further expanded by programmable RNA structure
switching through RNA nanotechnology and several
recent works have demonstrated the success and utility
of switchable or conditional gRNAs. Cell-free transcrip-
tion assays to monitor the activity of a number of distinct
Cas nucleases could be combined with toehold-mediated
strand displacement strategy to demonstrate conditional
activation of Cas nuclease activity [16]. Jin e7 a/. demon-
strated engineered gRNA designs that function as logic
gates in iz vitro settings [17]. Computational design of
conditional gRNAs for activation and repression was
demonstrated for control of gene expression in K. coli
[18°]. Oesinghaus and Simmel showed that an analogous
design strategy can be used for conditional and logic-
gated activation of Cas12a system in £. co/i [19]. Siu and
Chen demonstrated engineered gRNA designs that pos-
sess toehold riboswitch structures (see next section) to
respond specifically to cognate RNAs for multiplex con-
trol as well as to endogenous small RNA in E. co/i [20°]
(Figure 2b). The gRNA engineering could be a useful
tool in mammalian system as well. The conditional RNA
design of Hanewich-Hollatz ez @/. was shown to be func-
tional in HEK293T cells [18°]. In another recent work,
gRNA designs activated by miRNA-mediated processing
were demonstrated, and these in turn could be used to
monitor differentiation state of stem cells [21°]. These
results point to the potential of CRISPR-Cas gRNA
engineering strategy as the tool of choice to allow control
of synthetic gene circuits in bacteria and mammalian
cells.

Synthetic RNA for control of translation

Synthetic  RNA  translational  activators  called
‘riboregulators’ are one of the first synthetic regulatory
RNA devices [22]. Like natural sSRNA regulators, the
molecular structure of synthetic riboregulators prevents
the binding of ribosomes to the RBS, thus inhibiting
translation initiation. A #rans-acting RNA can be
designed to unwind the hairpin structure, free up the
RBS, and allow ribosomal access and translation to
proceed. In this seminal work, simple base-pairing
design rules were used to create a family of two
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Synthetic RNA regulators. (a) STAR design as a synthetic transcriptional regulator. Figure adapted from Ref. [3]. (b) Toehold-gated gRNA design
as a synthetic controller of CRISPR activity. Figure adapted from Ref. [20°]. (c) Toehold switch design as a synthetic translational regulator.
Figure adapted from Ref. [23]. (d) Ribocomputing device integrating multiple toehold switches to evaluate complex logic expression in bacteria.

Figure adapted from Ref. [24°].

orthogonal devices. Recently, the library of riboregula-
tors have been dramatically expanded by Green e al.
through the adoption of tochold-mediated strand dis-
placement, a tool widely used in DNA nanotechnology
[23]. This new set of riboregulators, called ‘toehold
switches,” utilizes an exposed linear toehold domain
to interact with target trigger sequence and cause the
release of the RBS allowing protein translation to pro-
ceed (Figure 2¢). The main advantage of tochold
switches is the lack of sequence constraints, which
facilitated the development of a large library of toechold
switches that allow sSRNA and mRNA detection as well
as simultaneous control of up to 12 genes in E. co/i. The
modularity, orthogonality, and high-dynamic range pro-
vided by toehold switches make it possible to compose
multiple toehold switches in a single RNA transcript for
‘ribocomputing’, a strategy that was exemplified by
building complex AND/OR/NO'T' logic processing of
12 RNA inputs in E. coli [24°] (Figure 2d). This

12-input logic circuit in bacteria provided evidence that
the composition of RNA regulators could help in scaling
up the synthetic biological circuits.

The design principles of tochold switches were recently
used also to develop libraries of high-performance RNA-
based repressors. Building on the copy-number control
element from the insertion sequence IS10, wherein an
antisense RNA inhibits transposase expression, Mutalik
et al. demonstrated a family of orthogonal RNA-based
translation repressors [25]. This RNA repressor system
successfully reduced GFP expression by ~10-fold and
formed an orthogonal library of six devices with under
20% crosstalk. By using toehold switch design principles
to inactivate translation via trigger RNAs, called toehold
repressor and three-way junction (3W]) repressor, it was
possible to strongly repress translation decreasing gene
expression in excess of 100-fold with nearly arbitrary
sequences, an efficiency comparable to protein repressors
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[26]. These repressor modules could be concatenated to
enable a more complex and Versatile logic with universal
NAND and NOR gates using ribocomputing strategy. An
independent work explored analogous design for RNA
repressors, termed looped antisense oligonucleotide,
which targets sequences around the exposed RBS to
suppress translation [27]. These designs exhibited
slightly weaker repression than toehold repressors, but
they enabled straightforward targeting of endogenous
mRNA transcripts.

Organizing molecular components with RNA

Because RNA base-pairing can be predicted using a
variety of algorithms, RNA has emerged as versatile
polymer to build self-assembling structures at the nano-
scale. These nanostructures include natural and engi-
neered structural motifs, that is, sequences that locally
fold into known secondary or tertiary structures. These
motifs can be modularly composed to obtain molecular

scaffolds with desired shape, and include aptamers to
spatially organize target ligands on the scaffold.

Many sophisticated RNA nanostructures have been devel-
oped for use as biomolecular materials in non-biological
context, or for operation as drug delivery vectors. Some of
the first RNA self-assembly demonstrations were based on
‘tecto RNA’ motifs, short conserved sequences with known
tertiary structure found in nature [28] (Figure 3a). Interac-
tions between tecto RNA motifs can be programmed via
duplex formation or via loop—loop interactions with pre-
scribed three dimensional shape, making it possible to build
filaments, lattices, and polyhedra [29] (Figure 3b). Some of
these structures have proved useful as nanoparticle carriers
[30], in particular those based on the pRNA three-way
junction [31]. The recent success of DNA nanotechnology
has also spurred the development of RNA nanostructures
that fold based on duplex-forming domains in which base
pairs are designed with optimization algorithms, as opposed
to conserved tecto RNA motifs. These methods have
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Synthetic RNA nanostructures. (a) and (b): Tecto RNA modules with different geometries (a) interact via loop-loop bonds to form lattices with
programmable features (b). Figure adapted from Ref. [29]. (c) RNA tiles assembling into nanotubes that reach micrometers in length.

Figure adapted from Refs. [32,33]. (d) RNA origami squares folding from a single, long RNA strand. Figure adapted from Ref. [37°]. (e) A multi-
domain RNA for simultaneous localization of proteins and reporters, adapted from Ref. [40]. (f) Single-stranded RNA tile for localization of two
ligands; the tile folds co-transcriptionally; adapted from Ref. [41]. (g) Three dimensional RNA objects produced and folded inside cells, adapted

from Ref. [427].
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produced micron-scale lattices and nanotubes assembling
from multi-stranded tiles, that may find application as nano-
particle delivery systems [32,33] (Figure 3c). RNA origami
designs that take inspiration from the well-known DNA
origami method have been tailored for therapeutic applica-
tions [34-36]. This approach has also produced complex
topologies that include knotted structures, folding from a
single long strand of RNA, in which multiple double helical
domains are held together by parallel crossovers [37°]; these
long RNA molecules can be transcribed iz vitro orinside cells,
and later folded via thermal annealing [38°] (Figure 3d).

Because RNA is naturally produced inside cells, it is
desirable to develop RNA structures that can fold and
assemble as they are being transcribed in cytoplasmic
conditions, both to produce scaffolds inside cells as well as
to lower the cost of RNA device synthesis. For this
purpose, it is convenient to build assemblies from a
single-strand of RNA, avoiding stoichiometric imbalances
and diffusion limits that may affect assembly of multiple
strands. Multi-domain, single-stranded RNA structures
based on the pRNA three-way junction have been opti-
mized for rapid, automated nanoparticle production [39],
and for simultaneous localization of small molecules and
different fluorescent proteins in cell-free extracts and #
vivo [40] (Figure 3e). When working with long RNA
molecules, proximal domains interact and fold rapidly
as the molecule is transcribed, and interactions between
distal domains can be promoted once local interactions
have occurred. On the basis of this idea, single stranded
RNA origami has been demonstrated by substituting
Holliday crossovers with kissing-loop motifs (borrowed
from tecto RNA motifs). These structures do not need
thermal annealing, and their modular design makes it
possible to include aptamers to recruit and organize small
molecules [41] (Figure 3f). Recent efforts have been
successful at co-transcriptionally producing three dimen-
sional objects with single-stranded RNA, some of which
can be produced, folded, and harvested from biological
cells [42°] (Figure 3g).

Conclusions and outlook

The field of synthetic biology has seen a growing interest
in the use of RNA for temporal and spatial control of
molecular components. In parallel, RNA nanotechnology
is rapidly developing methods to build structural RNA
scaffolds of unprecedented complexity and size. As reg-
ulatory function and structure of RNA molecules are
tightly connected, cross-pollination between these fields
is essential to achieve the goal of building functional RNA
devices based on predictive models of sequence
interactions.

As new RNA tools for control of gene expression are
rapidly expanding, design rules need to be established to
open up the possibility for de novo design to leverage the
large libraries of natural and synthetic regulators. De novo
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design methods are desirable for transcriptional regulators
[6°] as well as for RNA devices and circuits in mammalian
cells, as the repertoire of regulatory motifs is often still
limited by the use of few well-characterized aptamers and
ribozymes [43,44]. Because it is possible to deliver nucleic
acid logic gates in mammalian cells and then use endog-
enous signals to trigger them [45-47], it is likely feasible
to design and express large, composable RNA logic gates
operating via strand displacement. Interestingly, recent
work demonstrated that a toechold switch architecture was
functional in mammalian cells to respond to miRNA as
inputs [48]. These works illustrate the potential of RNA
devices that recognize intracellular RNAs through base
pairing and strand displacement in mammalian cells
much as those devices reported for bacterial systems.

RNA regulators are also emerging as a useful tool for point
of care diagnostics, an application that is rapidly expand-
ing. For example, a recent report demonstrated that plant
pathogens can be detected by engineered STARs, induc-
ing production of enzymes for a visible change of sample
color [49]. Toehold switches have been repurposed as
sensors expressed within paper-based devices, to detect
viruses such as Ebola [50-52], as monitoring systems for
microbiome composition with detection limit in the fem-
tomolar range [53]. The paper devices are infused with
freeze-dried cell-free components that can be activated
simply by adding water [50]. Further improvements in
sensitivity and reduction of sample pre-processing
requirements may lead to the adoption of these RNA
sensing devices in the field and secure commercial
success.

The potential usefulness of RNA as a scaffolding mole-
cule inside cells has only been partially explored. The
participation of RNA to a number of very large and
complex natural structures like the ribosome and ribonu-
cleoprotein condensates suggests that synthetic RNA
may be engineered to have a structural role in artificial
assemblies of comparable complexity. Recent work sup-
ports the hypothesis that engineered RNA scaffolds can
assemble in the cytoplasm [42°], and localize target pro-
teins to control cell fate [54°]. Yet, these structures
include few RNA species and do not exceed 100 nan-
ometers in size (The assembly of larger RNA tubular
structures that could spatially organize specific enzymes
in bacteria was demonstrated only indirectly by verifying
improvements in the yield of the targeted metabolic
pathway [55]). Plausible routes to building scalable
RNA assemblies may be that of designing simple struc-
tural monomers that then interact to build larger struc-
tures, or molecules that form multi-strand networks with
random connections but controllable density [56°]. Tak-
ing inspiration from the architecture of RNA regulators,
the structural features of these assemblies may be dynam-
ically controlled using other RNA inputs to induce con-
formational changes of key components.
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Despite still unsolved constraints, the studies we have
reviewed herein clearly demonstrated the merits of uti-
lizing novel programmable RNA-based devices in diverse
areas of synthetic biology. As we gain more insight into
RNA design principles that directly translates to func-
tional applications alongside recent progress in computa-
tional tools, next-generation synthetic biology devices
that mainly capitalize on RNA and RNA-processing
modules could become a reality. We envision that future
endeavors aimed at interfacing programmable RNA sys-
tems inside and outside cells with diverse platforms
including electronic sensors and point-of-care devices
could further expand the horizon of RNA-device-driven
synthetic biology applications.
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