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Synthetic Genes For Dynamic Regulation Of DNA-Based Receptors

Daniela Sorrentino, Simona Ranallo, Eiji Nakamura, Elisa Franco,* and Francesco Ricci*

Abstract: We present a strategy to control dynamically
the loading and release of molecular ligands from
synthetic nucleic acid receptors using in vitro tran-
scription. We demonstrate this by engineering three
model synthetic DNA-based receptors: a triplex-forming
DNA complex, an ATP-binding aptamer, and a hairpin
strand, whose ability to bind their specific ligands can be
cotranscriptionally regulated (activated or inhibited)
through specific RNA molecules produced by rationally
designed synthetic genes. The kinetics of our DNA
sensors and their genetically generated inputs can be
captured using differential equation models, corroborat-
ing the predictability of the approach used. This
approach shows that highly programmable nucleic acid
receptors can be controlled with molecular instructions
provided by dynamic transcriptional systems, illustrating
their promise in the context of coupling DNA nano-
technology with biological signaling. )

Introduction

Cell-free systems employ cell extracts or purified compo-
nents (such as enzymes, nucleotides, amino acids and
cellular cofactors) to achieve in a highly controlled fashion
the in vitro transcription-translation reactions typical of
gene expression in living cells. Such systems have recently
emerged as simplified yet versatile methods for building
biological networks,!'™ making them an alternative route to
cell-based approaches for a variety of applications such as
biosensing,”® diagnostics” ' and therapeutics. For example,
Collins and co-workers have reported several assays for the
detection of viral RNAs and small molecules based on the
rational design of responsive synthetic genes that, upon
target recognition, induce the cell-free translation of a
reporter enzyme.'*" A ligand-responsive cell-free tran-
scription device (termed ROSALIND) has been also
developed for the detection of water contaminants™ and
more recently we have reported the use of transcriptional
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switches for the detection of specific antibodies.’! Alter-
natively, cell-free transcription/translation systems have
been also used to develop synthetic genetically engineered
circuits for different applications,”**? including the produc-
tion of proteins and the development of nucleic acid
constructs for gene therapy. In this context, Kim and
Winfree have demonstrated genetic regulatory networks in
which in vitro transcriptional circuits regulated only by T7
RNA polymerase and RNase H can be used to generate and
degrade RNA signals.” In other reports, different groups
have reported the use of synthetic genes programmed to
transcribe RNA aptamers that act as inhibitors or activators
of polymerase enzymes.**%!

In the field of supramolecular chemistry and material
science an important goal is to design new synthetic devices
that, taking inspiration from biological receptors, can bind a
specific molecular ligand and release it in response to a
range of different stimuli in a highly controllable
fashion.”®! Many of these systems, often referred as smart
materials or receptors, have been described to date based on
the use of imprinted polymers,”  macrocyclic
architectures,™ and biomimetic host—guest molecules®"! and
can find application in molecular transport and drug-
delivery.’ The high predictability of non-covalent inter-
actions, together with the low-cost of synthesis, and bio-
compatibility make synthetic nucleic acids (DNA or RNA) a
suitable engineering material to build similar smart systems
and many examples of devices and structures that are able
to load a cargo and release it in response to a specific input
have been demonstrated so far.®*>* For example, Dietz and
co-workers have recently described an antigen-decorated
DNA origami that can reconfigure upon antibody binding®!
thus inducing the release of a viral cargo. In another
example, a DNA origami nanocapsule has been designed to
open and close in response to pH changes and thus release
the enclosed molecular cargo.’” Simpler DNA-based recep-
tors have been also demonstrated that, through conforma-
tional change mechanism, can load or release a molecular
cargo in response to small molecules®**! and nucleic acid
strands.?$#1=3]

Engineering such smart DNA systems so that they are
able not only to bind a molecular cargo but also to respond
to a specific molecular input can be challenging as the
responsive domain can conflict with the functional require-
ments imposed by the ligand-binding receptor. This could
ultimately limit the generality of these systems and high-
lights the need for a strategy that uncouples (also in a spatial
fashion) the ligand-binding and responsive functions of
DNA-based receptors.

Motivated by the above arguments, here we present a
strategy for controlling the loading and release of ligands

© 2024 Wiley-VCH GmbH


http://orcid.org/0000-0003-4941-8646
https://doi.org/10.1002/anie.202319382

Angewandte

intemationaldition’y) Chemie

GUDCh Research Articles

from synthetic DNA receptors using cell-free in vitro tran-
scription. We propose here the use of synthetic genes
encoding for RNA effector strands (i.e., activators or
inhibitors) that, by binding to a synthetic DNA ligand-
binding receptor (Figure 1), cause the release or the loading
of a ligand by inducing a conformational change that is
physically distinct from the sensing domain. With this
strategy the receptor is controlled “cotranscriptionally” by
the synthetic gene, and efficiently decouples the loading/
releasing function of the receptor from the effector function
of the gene.

Results and Discussion

As a first model system we used as our synthetic DNA
receptor a triplex-forming DNA strand that is designed to
bind a 9-nt DNA ligand (light blue, Figure 2) through both
Watson—Crick-Franklin and Hoogsteen interactions.*’! To
create a genetic mechanism to control our receptor, we first
built an effector “release” gene that induces the tran-
scription of an RNA effector strand that acts as an inhibitor
for the ligand-binding DNA receptor (blue, Figure 2a). The
RNA effector strand is in fact designed to bind to the
receptors loop portion, inducing a conformational change
that triggers the release of the DNA ligand (Figure
Supporting Information 1). To monitor the load and release
of the ligand from the DNA-based receptor we labeled the
two ends of the DNA ligand strand with a fluorophore-
quencher pair. The formation of the receptor/ligand triplex
complex thus results in a significant increase in fluorescence
signal upon loading, followed by a decrease in signal when
the ligand strand is released from the receptor.

Because the receptor’s state can be regulated through an
effector that is produced cotranscriptionally (without any
RNA purification or annealing step), by simply changing the
concentration of the effector “release” gene in solution we
can finely regulate the receptor‘s capacity to recruit its
specific ligand. In our experiments we systematically added
a fixed amount of T7 RNA polymerase (T7 RNAP, 4 U/uL),

Effector unit Load/release unit

RNA DNA
effector receptor
Transcription \
DNA ;
synthetic Ligand )
gene

N—

Figure 1. Cotranscriptional control of a synthetic DNA ligand-binding
receptor. A DNA synthetic gene (effector unit) is rationally designed to
transcribe an RNA strand that acts as effector for a ligand-binding DNA
receptor (load/release unit). The binding between the RNA effector and
the DNA receptor leads to the controlled release of the ligand from the
receptor.
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Figure 2. a) General Scheme of our DNA receptor and its RNA effector.
b) Time-course experiments testing the effect of varying concentrations
of “release” gene. c) Released ligand (%) as a function of effector gene
concentration (endpoints of traces like those shown in panel b). d)
Schematic of RNase H-controlled release of the DNA ligand from the
receptor. ) Released ligand (%) as a function of RNase H concen-
tration ranging from 0.05 U/pL to 0 U/pL (time-course experiments are
shown in Figure Supporting Information 3) f) Time-course experiments
with successive additions of RNase H (0.05 U/pL) and “release” gene
(1 nM). g) Scheme of reversible ligand loading/release. h) Loaded
ligand at varying concentrations of the “load” gene in the presence of a
fixed concentration of “release” gene (1 nM) (time-course experiments
are shown in Figure Supporting Information 5) i) Time-course experi-
ments with sequential additions of “load” (10 nM) and “release”

(30 nM) genes. In the graphs, dots represent experimental values while
solid gray lines represent fits (c, e, and h) obtained with the kinetic
model (see Supporting Information Section Supporting Information
3.2, 3.3). All the experiments in this and the following Figures were
performed in 100 mM Tris-HCl, 10 mM MgCl,, 150 mM NaCl at

pH 7.0, 37°C. All transcription reactions were carried out, unless
otherwise noted, using DNA-receptor (100 nM), DNA ligand (30 nM),
T7 RNAP (4 U/pL). Solid gray lines represent fits (c, e, and h) obtained
with the kinetic model (see Supporting Information Section Supporting
Information 3.4, 3.5). For clarity, error bars have been shown for only
one curve in these and the following figures. The error bars represent
the standard deviation of measurements made on at least three
independent replicates. Similar relative standard deviations (between
5% and 7 %) have been obtained with the other experiments.
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the enzyme that catalyzes 5'—3’ synthesis of the RNA strand
from the gene, to different effector gene concentrations,
while maintaining a fixed receptor-ligand ratio. By doing so,
we measured a concentration-dependent ligand release that
reaches a plateau (98+2%) at a 30nM effector gene
concentration (Figure 2b,c, Figure Supporting Information
2). We can also control the ligand’s release from the
receptor by using in the same solution different concen-
trations of RNase H, an enzyme that specifically degrades
RNA strands in DNA-RNA heteroduplexes (Figure 2d). In
this case, we observe that ligand release is suppressed at
higher RNase H concentrations, and is restored as the
concentration of RNase H decreases (Figure 2e, Figures
Supporting Information 3, 4). We also demonstrate multiple
load/release cycles through the successive addition of the
effector gene and of RNase H to a solution containing a
fixed concentration of receptor (100nM), and ligand
(30nM) (Figure 2f). The decrease in the amplitude of
fluctuations between cycles, which is more pronounced for
RNA transcription, is likely due to the progressive degrada-
tion of T7 RNAP and the depletion of necessary substrates
(NTPs).

We then introduced a second artificial “load” gene that
produces an RNA effector designed to work as an activator
for the same DNA triplex-forming receptor. In this case the
RNA activator cotranscriptionally displaces the RNA inhib-
itor effector by binding a single-stranded 6-nt overhang
(toehold), thus restoring the affinity of the receptor for its
ligand (Figure 2g).* We can modulate the loading of the
DNA ligand to the receptor by varying the concentration of
the “load” gene (0-300nM) in the presence of a fixed
concentration of “release” gene (1 nM) (Figure 2h, Figures
Supporting Information 5, 6). Finally, the ligand’s load and
release from the receptor can be cycled multiple times by
sequentially adding the “load” and “release” genes to a
solution containing the receptor/ligand complex (Figure 2i).

Starting from the primary chemical reactions designed to
occur among ligand, receptor, genetic components, and
enzymes in the system, we built an Ordinary Differential
Equation (ODE) model that generally captures the trends
observed in experiments (reactions and ODEs are listed in
Supporting Information section Supporting Information 3).
The model was fitted to the kinetic data (Figures Supporting
Information 2, 4, 6), obtaining parameters that align with
the literature.”! The simulation results are shown in gray in
Figure 2c,e,h.

Next, we demonstrate the possibility to achieve cotran-
scriptional dynamic control of a ligand-binding DNA
aptamer. As an illustrative example we used here the well-
known ATP-binding aptamer.*! More specifically, we
employed a re-engineered version of the aptamer displaying
an 18-nt loop domain connecting the ATP-binding
portions.”” The binding of a transcribed RNA strand to
such loop domain induces the opening of the aptamer and
the release of ATP (Figures Supporting Information 7, 8).
To monitor the binding events in real-time, and thus ATP
loading/release, the aptamer receptor was modified at both
ends with a fluorophore and quencher pair (Figure 3a).
When ATP is present in solution, it binds to the receptor
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Figure 3. a) Schematic of our DNA aptamer-based receptor and its
RNA effector. b) Time-course experiments showing the influence of
varying the concentration of “release” gene. c) Plot showing the
percentage of released ATP as a function of the “release” gene
concentration (obtained from end points kinetic data like those shown
in panel b). d) Scheme of the controlled release of the ATP in the
presence of RNase H. e) Plot of the percentage of released ligand as a
function of RNase H concentration (ranging from 0.05 U/pL to 0 U/pL)
(time-course experiments are shown in Figure Supporting Information
11). f) Time-course experiments with sequential addition of RNase H
(0.05 U/pL) and “release” gene (10 nM) after the first addition of T7
RNAP. g) Scheme representing the reversible load/release of ATP via
strand displacement. h) Plot of the percentage of loaded ATP as a
function of “load” gene concentration in the presence of a fixed
concentration of “release” gene (1 nM) (time-course experiments are
shown in Figure Supporting Information 14) i) Time-course experi-
ments with sequential additions of “load” (30 nM) and “release”

(10 nM) gene after the first addition of T7 RNAP. All transcription
reactions were carried out using ATP aptamer receptor (50 nM), ATP
(1 mM), T7 RNAP (4 U/pL). In the graphs, dots represent experimental
values while solid gray lines represent fits (c, e, and h) obtained with
the kinetic model (see Supporting Information Section Supporting
Information 3.4, 3.5).
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bringing the fluorophore and quencher into close proximity,
thus resulting in a decrease of the fluorescence signal. In
contrast, when the RNA inhibitor strand is transcribed by
the corresponding “release” gene and binds to the receptor,
it promotes the release of ATP and leads to an increase of
fluorescence. We estimate the percentage (%) of ATP
released through the relative fluorescence signal change
registered upon RNA transcription.

Also in this case, the release of ATP from the aptamer
receptor can be tuned by varying concentrations of RNase
H (from 0 to 0.05 U/uL) (Figure 3d,e, Figures Supporting
Information 9-12), using a fixed concentration of the
“release” gene (30 nM). Sequential addition of the RNase H
(0.05U/uL) and “release” gene (10 nM) allows the rever-
sible loading and release of ATP from the receptor (Fig-
ure 3f). To provide an additional means to control the
loading and release of ATP from the ATP-binding receptor,
we implemented the strand displacement strategy described
earlier by engineering a ”load” gene that produces an RNA
strand acting as an activator (Figure 3g, Figure Supporting
Information 13). By supplying different concentrations of
the “load” gene (0-100nM) it is possible to regulate
cotranscriptionally the amount of receptor-bound ATP and
restore the original binding ability of the aptamer (Fig-
ure 3h, Figures Supporting Information 14, 15). An advant-
age of the strand displacement strategy is that it can be
repeated cyclically, by sequential addition of the same
amount of “load” and “release” genes to a solution
containing preformed receptor/ATP complex (Figure 3i).
We finally fitted to the aptamer receptor data our general
ODE model capturing the dynamics of receptor, ligand, and
genetic regulators, again obtaining simulated dose-responses
(shown in gray) that generally align with the data (SI section
Supporting Information 3.5). A possible limitation of the
above example regards the small change of ATP concen-
tration after its release compared to the total ATP
concentration in solution (1 mM). Despite this, the example
remains in our opinion useful to demonstrate the validity of
our approach, as the ATP-binding aptamer represents one
of the best characterized binding-induced conformational-
change aptamers.

We finally demonstrate a third class of DNA receptors
(Figure 4a). In this case the receptor is designed to fold into
a stem-loop hairpin structure that includes two tails flanking
either end of the stem (orange portion, Figure 4).*! The
ligand-binding region of the receptor is however the loop
domain (gray, Figure 4), which is designed to hybridize to a
single-stranded DNA ligand (purple, Figure 4), and when
the receptor is bound to its ligand, the formation of the stem
is hindered. The addition of an inhibitor RNA strand
targeting both receptor tails promotes the hybridization of
the stem domains, and induces the release of ligand (Figure
Supporting Information 16). Like in previous cases, to
monitor the loading and release of the DNA ligand, we
labeled the hairpin with a fluorophore/quencher pair. Bind-
ing of the DNA ligand to the hairpin results in a conforma-
tional change that pushes the fluorophore away from the
quencher, resulting in an increase in fluorescence.
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Figure 4. a) Scheme showing the operation of the DNA hairpin-based
receptor system and its RNA effector. b) Time-course experiments
testing different concentrations of the “release” gene. c) Plot of the
percentage of released ligand as a function of the “release” gene
concentration (endpoints of kinetics, example shown in b). d) Scheme
of the controlled release of DNA ligand in the presence of RNase H. )
Plot of the percentage of released ligand as a function of RNase H
concentration (ranging from 0 U/pL to 0.05 U/pL) (time-course experi-
ments are shown in Figure Supporting Information 18) f) Time-course
experiments with sequential addition of and RNase H (0.05 U/pL) and
“release” gene (10 nM). g) Scheme of the reversible load/release of
DNA target via strand displacement. h) The target loaded onto the
receptor in the presence of a fixed concentration of “release” gene

(10 nM) can be released by adding “load” gene at a concentration of
30 nM. i) Time-course experiments with sequential additions of “load”
(10 nM) and “release” genes at concentrations of 30 and 10 nM. All
transcription reactions were carried out using hairpin-forming strand
(30 nM), DNA target (100 nM), T7 RNAP (4 U/pL). In the graphs, dots
represent experimental values while solid gray lines represent fits (c, €)
obtained with the kinetic model (see Supporting Information section
Supporting Information 3.6, 3.7).

To cotranscriptionally control the receptor, we again
developed a system of RNA effectors (inhibitors and
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activators) that are transcribed by artificial genes. When the
RNA inhibitor is produced, it stabilizes the stem-loop
structure leading to the release of pre-loaded DNA ligand
and to a decrease in the fluorescence signal. Like in previous
cases, receptor inhibition occurs cotranscriptionally, thus we
can control the release of the DNA ligand from the hairpin
by varying the concentration of the “release” gene (Fig-
ure 4b,c, Figure Supporting Information 17). Also for this
system, we observed a concentration-dependent decrease in
ligand release through the combined use of RNase H and
“release” gene (Figure 4d,e, Figure Supporting Information
18, 19). Our general ODE model initially failed to reproduce
the kinetics of this receptor system; our fits significantly
improved after including reactions that model the fact that
distinct inhibitors could bind to the two branches of the
receptor, leading to intermediate receptor states (SI section
Supporting Information 3.6, 3.7).

Sequential additions of RNase H and “release” gene to a
solution containing the receptor/ligand complex and T7
RNAP, allow for reversible and efficient load and release of
the DNA ligand from the device (Figure 4f). Also in this
case, a genetically encoded RNA activator complementary
to the inhibitor can be used to regulate the receptor
cotranscriptionally (Figure 4g). We demonstrated modula-
tion of ligand reloading by using a saturating concentration
of “load” gene (30nM) and a fixed concentration of
“release” gene (10 nM), (Figure 4h). Finally, cotranscrip-
tional, sequential cycles of load and release of DNA ligand
can be achieved by sequential addition of “release” and
“load” genes (Figure 4i).

Conclusion

We reported a generalizable strategy to build dynamically
controlled DNA receptors, whose capacity to load/release a
target ligand is regulated cotranscriptionally by synthetic
genes in vitro. Our demonstration includes three different
DNA-based receptors that were rationally designed: a
triplex-forming DNA-based receptor, an ATP-binding ap-
tamer and a DNA hairpin receptor. We regulated their
ability to bind a specific ligand cotranscriptionally, through
RNA effectors produced by the synthetic genes in which
they are encoded.

An important advantage of the dynamic nature of these
receptors is that the effector sequence, which can be
considered an input, is physically and chemically decoupled
from the ligand, which can be considered an output. This is
a sought-after property in ligand-binding supramolecular
devices, as it allows for interconnecting the operation of
molecules bearing completely distinct information encoded
in their sequence. Further, the molecules released by the
receptors may be used to regulate the production of the
effectors, making it possible to build feedback loops. Our
approach takes advantage of nucleic acid devices that are
easy to design, build, and store, and of low-complexity cell-
free conditions supporting transcription. Looking forward,
our nucleic acid receptors may be conveniently adapted for
load/release of a variety of other ligands (i.e., other RNA/
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DNA sequences, small molecules, and proteins), requiring
simply a sequence redesign of the genetic elements produc-
ing the RNA effectors. More importantly, our receptors may
be coupled to transcription-based devices in more complex
samples. We envision that these receptors could respond to
RNA transcribed in clinically relevant contexts, and contrib-
ute to the development of new methods for biosensing,
point-of-care diagnostics and drug-release devices. More-
over, the high degree of controllability of the transcribed
RNA offered by our approach may show potential for in
vivo settings, such as the regulation of protein expression
and activity, allowing precise control of cellular
behavior. [

Supporting Information

The authors have cited additional references within the
Supporting Information. Experimental methods, oligonu-
cleotides sequences, kinetic model, curve fitting, and control
and supporting experiments can be found in the Supporting
Information (PDF).
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