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Abstract: Integrating dynamic DNA nanotechnology with protein-
controlled actuation will expand our ability to process molecular
information. We have developed a strategy to actuate strand
displacement reactions using DNA-binding proteins by engineering
synthetic DNA translators that convert specific protein-binding
events into trigger inputs through a programmed conformational
change. We have constructed synthetic DNA networks responsive to
two different DNA-binding proteins, TATA-binding protein and Myc-
Max, and demonstrated multi-input activation of strand displacement
reactions. We finally achieved protein-controlled regulation of a
synthetic RNA and of an enzyme through artificial DNA-based
communication, showing the potential of our molecular system in
performing further programmable tasks.

Introduction

Information processing in living systems relies on the
communication between different biomolecules. The whole
genetic machinery, for example, is based on the dynamic
interplay between proteins, DNA and RNA: direct protein-DNA
communication is achieved by DNA-binding proteins such as
transcription factors that recognize specific DNA domains called
consensus sequences and regulate the rate of transcription of
genes into messenger RNA.[' In an effort to artificially recreate
Nature’s language, DNA nanotechnology has translated the
governing principles of nucleic acid hybridization into
programmable bioinspired systems that can be tuned in space
and time.?* Toehold-mediated strand displacement is arguably
the most simple, robust and versatile tool available to generate
dynamic, responsive and transformative higher-order networks
in which synthetic DNA oligonucleotides perform programmable
tasks with possible applications in synthetic biology, sensing and
information processing.®'% However, nucleic acid trigger inputs
are generally required for upstream activation: this ultimately
limits the extent to which DNA-based computation can mediate
artificial communication between different species.

Strand displacement reactions actuated by proteins are
challenging because they require the implementation of non-
trivial binding-induced mechanisms. One clever strategy makes
use of proteins as substrates that promote molecular
interactions in a confined volume and induce the hybridization
between complementary DNA strands through the increase of

their local concentration.['"-'8 This strategy is however limited by
the availability of specific affinity ligands that must be conjugated
to the interacting DNA strands and by the need of multiple
binding sites on the target protein. Alternatively, protein-
responsive sensing technologies and DNA-based architectures
have been engineered capitalizing on the natural DNA binding
activity of transcription factors.['”2"l This approach is particularly
appealing as it allows direct protein-DNA communication
bypassing the use of affinity ligands; nevertheless, to date, it has
never been interfaced with dynamic synthetic DNA systems and
harnessed to control DNA-based computation.

Motivated by the above considerations, we report here the
rational design of synthetic DNA translators that convert an input
protein-binding event into the output activation of an arbitrary
biomolecular system (Figure 1). We demonstrate that it is
possible to tune the output of dynamic DNA networks and to
perform multi-input operations using proteins as biochemical
inputs and we show that DNA-mediated, artificial communication
pathways can be established to allow non-natural regulation of
RNA and protein functionality.
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Figure 1. Protein-controlled DNA-based molecular processing. Schematic
overview of the artificial communication pathway mediated by a DNA translator
that converts a specific protein binding event into the downstream activation of
different biomolecular systems.

Results and Discussion

Our protein responsive DNA translator is a synthetic DNA
sequence encoding the double stranded consensus sequence
specifically recognized by a DNA-binding protein and a single
stranded input sequence able to initiate a toehold strand
displacement reaction. We have rationally designed such DNA
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Figure 2. Protein-actuated DNA strand displacement using synthetic protein-responsive DNA translators. (a) A TBP-controlled DNA translator (TBP-
Translator) is in thermodynamic equilibrium between two mutually exclusive conformations (active and inactive). The table reports the predicted thermodynamic
stability and switching equilibrium constant (Ks) of the two conformations for a set of different TBP-Translators. (b) TBP-actuated strand displacement using the
TBP-Translator. (c) Kinetic profiles of strand displacement reactions in the presence (+TBP) or absence (Bkg) of TBP (300 nM) obtained in an equimolar solution
of TBP-Translator and reporter duplex (30 nM). (d) ASignal Gain % obtained for each TBP-Translator, calculated as the difference between the signal gain % of
the TBP-controlled reaction and the one relative to the background (n = 3, mean + standard error of the mean, SEM). (e) Modulation of the strand displacement
output signal using TBP-Translator 3 in presence of different concentrations of TBP. (f) Normalized signal gains obtained with TBP (300 nM), a control hairpin
invader (Control hairpin, 30 nM) and a single-stranded invader (Control SS, 30 nM). Signal gains observed with TBP in the presence of saturating concentrations
of the consensus sequence (Inhibited TBP) and with a non-specific protein (i.e. Myc-Max, 300 nM) are also shown together with the background signal (n = 3,
mean + SEM). (g) Myc-Max-actuated strand displacement using a Myc-Max-responsive DNA translator (MYX-Translator). (h) Modulation of the strand
displacement output signal using MYX-Translator in the presence of different concentrations of Myc-Max. (i) Normalized signal gains obtained with Myc-Max (300
nM), a control hairpin invader (30 nM) and a single-stranded invader (30 nM). Signal gains observed with Myc-Max in the presence of saturating concentrations of
the consensus sequence (Inhibited Myc-Max) and with a nonspecific protein (i.e. TBP, 100 nM) are also shown together with the background signal (n = 3, mean
+ SEM).

translator to be in a thermodynamic equilibrium between two recognizing its cognate consensus sequence in the DNA
mutually exclusive conformations. The first structure, more translator is then expected to shift such thermodynamic
stable, is a double-hairpin structure in which the two portions equilibrium towards the second “active” conformation through
encoding the double stranded consensus sequence are a population-shift mechanism.['®22 We initially designed a
physically separated and form the two loop regions (red DNA translator responsive to TATA binding protein (TBP), a
domains, Figure 2a). In this conformation the toehold-binding transcription factor ubiquitously present in eukaryotic cells.?
region of the input strand sequence (orange domain, Figure The thermodynamic switching equilibrium constant (Ks) of the
2a) is incorporated into one of the two duplex portions so that DNA translator determines the TBP-induced conformational
it is unable to initiate the strand displacement reaction. The transition and therefore will affect the efficiency of the strand
second, less favorable, structure is a hairpin conformation in displacement reaction. In order to optimize the input-output
which the double stranded consensus sequence is fully behavior, we have then engineered a set of five TBP-
formed and the input strand is free to initiate a strand responsive translators (TBP-Translators) with different
displacement reaction. The presence of a specific DNA- predicted switching equilibrium constants Ks (Figure 2a, full
binding protein sequences reported in the Sl). More specifically, we rationally

varied the GC/AT content of the translator portions not
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involved in the protein recognition event to finely tune the
predicted standard free energies of the two switching
conformations (Figure SI1). As a reporter system of the
strand displacement reaction, we used a DNA duplex (30 nM)
equipped with an optical pair (Cy3-Cy5) and monitored the
progression of the strand displacement reaction over time by
following the increase in Cy3 fluorescence intensity (Figure
2b). Each of the five TBP-Translators was tested in the
absence and presence of input TBP. The translators showed
different degrees of background signal, caused by the
uncontrolled initiation of the strand displacement reaction, as
a result of their varying thermodynamic stabilities (Figure 2c).
The best trade-off between TBP-induced strand displacement
and non-specific background (ASignal Gain % = 235 + 19)
was achieved using the TBP-Translator 3 (Ks = 0.4) (Figure
2d and SI2). We note that, on the basis of the current
molecular design and the intrinsic switching equilibrium of the
translator, a background strand displacement reaction is
thermodynamically inevitable. A reduction of the background
may be obtained by designing more advanced leakless DNA
circuits, by engineering dynamic networks supplemented with
transient chemical fuels, or by creating sophisticated
communication systems enabled by spatial
compartmentalization of the reactive species in which
threshold signals can be finely controlled.?! We thus focused
on the TBP-Translator 3 for a further characterization of the
system. By using different concentrations of TBP in the 100-
300 nM range, it was possible to finely modulate the extent of
the strand displacement reaction (Figure 2e). The efficiency
of the TBP-responsive strand displacement reaction was
evaluated by benchmarking against the fluorescence outputs
obtained using equivalent concentrations of either a single
stranded input sequence (Control SS, Figure 2f) or a hairpin
structure mimicking the TBP-Translator active conformation
when bound to TBP (Control hairpin, Figure 2f), and no
significant differences were found. Additionally, the great
similarity observed between the kinetic profiles of the strand
displacement reactions obtained using either the TBP-
Translator 3 in the presence of TBP or the above control
hairpin sequence, respectively, suggests that the downstream
strand displacement process can be assumed as the rate-
determining step of the kinetics of the whole system (Figure
SI13). To have further validation of the binding-induced
mechanism underlying the strand displacement reaction, we
ran a competitive assay in which we pre-incubated TBP with
an excess of a DNA hairpin bearing the complete TBP-
binding domain. In this case, TBP-mediated strand
displacement reaction did not occur, and we only registered a
signal indistinguishable from the background signal (Figure 2f
and Sl4). This also seems to suggest that competitive binding
strategies might be devised to enable recycling of a bound
DNA translator allowing to operate the system in a reversible
manner. Additional proof of the interaction between TBP and
TBP-Translator 3 was achieved by conducting a gel
electrophoresis analysis of the mono- and multi-molecular
species involved in the strand displacement reaction (Figure
S15). The TBP-Translator is also specific: no signal was
observed with an unrelated DNA-binding protein recognizing
a different consensus sequence (Myc-Max, Figure 2f and
SI6).

10.1002/anie.202008553
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In order to demonstrate the generality of our approach,
we rationally designed a DNA translator responsive to Myc-
Max complex, another transcription factor that is clinically
relevant in oncology.?® We have engineered this Myc-Max-
responsive DNA translator, hereafter referred to as MYX-
Translator, following the design rules conducted with the
previously described TBP-controlled system (Figure 2g, SI7).
More specifically, we have rationally designed a translator
that interconverts between an active and inactive mutually
exclusive conformation with a predicted Ks of 0.4. The Myc-
Max-controlled strand displacement reaction observed with
this translator in presence of a saturating concentration of the
target protein provided a ASignal Gain % of 169 + 39, with a
signal-to-noise ratio of 2.0 + 0.4 (Figure SI6). Varying the
concentration of Myc-Max allowed for modulating the strand
displacement output, similarly to what observed with the TBP-
controlled system (Figure 2h). The Myc-Max-actuated
process yielded around 75% of the signal obtained using
comparable concentrations (30 nM) of either a control single-
stranded input sequence or a hairpin structure mimicking the
active MYX-Translator conformer (Figure 2i). This lower
relative efficiency may be ascribed to a less effective binding
of Myc-Max to the MYX-Translator compared to that of TBP
to its cognate translator (Figure 2f), or a less efficient strand
invasion = process possibly caused by steric hindrance
effects.?®l Pre-incubation of Myc-Max with an excess of a
DNA hairpin displaying the double stranded Myc-Max
consensus sequence resulted in the inhibition of the Myc-
Max-induced strand displacement reaction (Figure 2i and SI8).
To investigate cross-reactivity, we exposed the Myc-Max-
controlled network to TBP. We found that exposure to TBP
100 nM generated signals not significantly different from the
background (Figure 2i and SI19). Our protein-controlled DNA
translators specifically respond to their cognate input proteins
and allow the orthogonal activation of strand displacement
reactions in a multi-strand DNA system. To demonstrate this,
we designed a multi-input network presenting simple binary
logic composed of two reporter DNA duplexes (30 nM) with
distinct fluorescence emission windows and responsive to
two different protein-actuated DNA translators, i.e. TBP and
Myc-Max (Figure 3 and Figure S110). Our molecular network
can be orthogonally controlled in the same solution by TBP
and Myc-Max in a programmable, multi-input manner (Figure
3).
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Figure 3. Multi-input, orthogonal activation of protein-controlled DNA
translators. A TBP-responsive strand displacement reaction produces a
fluorescence maximum at A = 516 nm (AF488) while a Myc-Max-
responsive system peaks at A = 565 nm (Cy3). The two networks are
orthogonally controlled in the same solution using the relevant protein
inputs (TBP 100 nM, Myc-Max 300 nM). The relative ASignal is the
difference between the fluorescence intensity at t = 60 min and the initial
fluorescence signal of each reporter duplex (n = 3, mean + SEM).

To further investigate the capability of our platform to
support advanced DNA-based computation and to enable
artificial communication between non-naturally related
biomolecules, we set out to perform protein-induced
activation of a functional RNA structure. To do this, we
focused on a synthetic fluorogenic RNA aptamer (Mango IIl)
that yields a bright fluorescence signal upon binding to a
thiazole orange (TO-1) dye.?”?8 We prevented folding of
such RNA aptamer into its optically active conformation by
using a blocking RNA strand that hybridizes to a critical
region of the aptamer. Displacement of the blocking strand
operated by an ad hoc designed TBP-activated DNA
translator (TBP-Mango-translator) allows the correct folding of
the active RNA aptamer structure, which generates a
fluorescence signal (Figure 4a).?%

Using 100 nM of TBP-Mango-translator in the presence
of TBP (600 nM), we successfully achieved TBP-controlled
folding and activation of the Mango aptamer (Figure 4b). Of
note, the TBP-induced Mango activation process was as
efficient as when using a stable DNA hairpin structure
mimicking the active conformation of the TBP-Mango-
translator (Figure SI11).
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Figure 4. Artificial protein-RNA and protein-protein communication
through synthetic DNA translators. (a) Schematic representation of
TBP-controlled activation of a fluorogenic RNA Mango aptamer. (b)
Mango-based fluorescence signal with (+TBP) or without (No TBP) the
addition of TBP (1 uM) to a solution containing 100 nM of TBP-Mango-
Translator and 30 nM of blocking RNA/Mango aptamer complex. (c)
Schematic representation of TBP-controlled regulation of the proteolytic
activity of thrombin. (d) Intensity of light scattering due to thrombin-
generated fibrin aggregates in the presence (+TBP) or absence (No TBP)
of TBP (300 nM) in a solution containing equimolar concentration of TBP-
Thrombin-Translator and thrombin aptamer (50 nM) and thrombin (1 nM).

Next, we engineered a molecular network in which the
upstream TBP input is processed into the downstream
regulation of the proteolytic activity of thrombin (Figure 4c), a
protein involved in blood coagulation by cleaving soluble
fibrinogen into insoluble fibrin.B% Its proteolytic activity can be
inhibited by a 15-mer DNA aptamer that binds to the
fibrinogen-interacting site with nanomolar affinity.®"! Inspired
by the molecular design proposed by lkebukuro and
coworkers,®@ we have engineered a thrombin DNA aptamer
equipped with a stem-loop handle that allows for controlling
the aptamer folding and therefore its inhibitory activity (Figure
4c and SI12). We incorporated a DNA sequence
complementary to this loop portion into the structure of a
TBP-responsive translator, hereafter referred to as TBP-
Thrombin-Translator. Upon binding of TBP, this translator
undergoes structural conversion and exposes the active input
strand: this causes abrogation of the inhibitory activity of the
aptamer by inducing its unfolding through opening of the
stem-loop handle (Figure 4c and SI12). The kinetics of
thrombin proteolysis was followed by measuring the increase
in the scattering of light after fibrinogen (1 mg/mL) was added
to a solution of thrombin (1 nM).% Our aptamer structure (50
nM) induced significant inhibition of the enzymatic activity
upon binding to thrombin, delaying of ca. 14 minutes the time
necessary to obtain half of the maximum signal (Figure SI112).
After testing our biomolecular network using a model DNA
hairpin input (Figure SI12), we could effectively regulate the
activity of thrombin using TBP (300 nM), as demonstrated by
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the significant acceleration of the coagulation process

compared to that obtained in a control experiment (Figure 4d).

Conclusion

Synthetic DNA-based transducers have been previously
designed to mediate artificial communication between
proteins that are not natural partners.”! Our study expands on
this concept and proposes new design rules that will allow
many other DNA-binding proteins to be utilized as molecular
inputs guiding DNA computation and programming. We report
here the rational design of synthetic DNA translators
responsive to specific DNA-binding proteins that allow
protein-controlled actuation of nucleic acid-based molecular
networks. This strategy can be used to trigger toehold-
mediated strand displacement reactions and to establish
artificial protein-RNA and protein-protein communication
mediated by DNA-based operations. We therefore envision
that many more additional complex tasks may be performed
following this approach. Our results suggest that quantitative
detection of DNA-binding proteins may be achieved by
coupling a specific DNA translator to molecular amplification
systems or to other sensing modalities, such as
electrochemical platforms or CRISPR-Cas-based
technologies.['*3 Operating in a reversible manner, i.e.
recycling a functional DNA translator by controlling its
displacement from a bound protein, would also be appealing
for performing multiple rounds of molecular recognition-
transduction, thus expanding the functionality of the system
over time. Controlling 3D self-assembly®>%*! and processing
biomolecular information through higher-order circuits may
also be carried out through a rational design of the coupled
downstream system, including the creation of artificial
feedback loops that would allow a fine temporal tuning of the
molecular operations®” and may pave the way to a wide
range of new applications in synthetic biology, DNA
nanotechnology and life sciences.
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Using proteins to actuate DNA systems is challenging because it requires non-trivial binding-induced mechanisms. We demonstrate
a strategy to perform DNA-based molecular operations controlled by DNA-binding proteins using synthetic DNA translators that
convert specific protein-binding events into trigger inputs through a programmable structural transition, allowing for establishing
artificial biomolecular communication pathways.

Institute and/or researcher Twitter usernames: University of Rome Tor Vergata @unitorvergata; Francesco Ricci @RiccilLab;
Alessandro Bertucci @AleBertu.

This article is protected by copyright. All rights reserved.



