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Abstract: Nature employs sulfur switches, i.e. redox-active
disulfides, to kinetically control biological pathways in a highly
efficient and reversible way. Inspired by this mechanism we describe
here a DNA-based synthetic nanodevice that acts as a sulfur switch
and can be temporally controlled though redox regulation. To do this
we rationally designed disulfide DNA strands (modulators) that
hybridize to a ligand-binding DNA nanodevice and act as redox-
active allosteric regulators inducing the nanodevice to release or
load its ligand. Upon reduction, the allosteric modulator
spontaneously de-hybridizes from the nanodevice and, as a result,
its effect is transient. The system is reversible and has an
unprecedented high tolerance to waste products and displays
transient behavior for over 40 cycles without significant loss of
efficiency. Kinetic control of DNA-based ligand-binding nanodevices
through purely chemical reactions paves the way for temporal
regulation of more complex chemical pathways.

Introduction

A strong current interest in the field of supramolecular
chemistry is aimed at designing and synthetizing molecular
devices that show features characteristic of living organisms like
motility, adaptation, and evolution.!! The possibility to create
materials or devices that, for example, show temporal activation
of functional properties, can lead to adaptable systems with
unprecedented features.**! A wide variety of dissipative systems,
where the functionality of the synthetic device requires a
constant supply of a high-energy chemical fuel for maintenance
have been described to date.*® The energy-dependence of the
device functionality provides an efficient way to transiently
activate or deactivate the material and its associated
properties.*® Many of these examples rely, like naturally
occurring examples,’®*@ on the use of enzymes as fuel
consuming units to return the system to its thermodynamic
minimum.***® However, recently, other approaches, based on
purely chemical reactions that do not involve biomolecular
systems have been described.®'**"?® These examples provide
as main advantage the possibility to achieve a temporal control
of the synthetic system in a more versatile and precise way
without the drawbacks associated to enzymatic reactions like
restricted experimental conditions, poor long term enzyme
stability and enzyme inhibition by waste products.?®

Recently, we and others have demonstrated that
dissipative systems can be rationally designed using synthetic

DNA sequences.B%*! Compared to other molecules employed to
date to achieve dissipative behaviour, DNA-based systems
present a crucial advantage: thanks to the high programmability
and predictability of DNA/DNA interactions it is in fact
straightforward to control their thermodynamic energy landscape.
The result are DNA devices that can be temporally controlled in
a highly tunable and versatile way. To date, these systems have
relied mostly on the use of DNA-recognizing enzymes as fuel
consuming units. And while enzymes provide advantages for
their selectivity towards specific DNA sequences, their use
presents the limitations discussed above.

Motivated by the above arguments we demonstrate here
the possibility to achieve temporal control of the binding activity
of a DNA-based synthetic nanodevice in a reversible and highly
controlled way through purely chemical reactions without the
intervention of enzymatic systems. Our approach is inspired by
Nature that employs redox reactions, and more specifically
disulfide/thiol oxidation/reduction, to control biological pathways
in different cellular environments (Figure 1a).*53

Results and Discussion

To achieve redox-regulation over the binding activity of a
DNA nanodevice, we rationally designed a DNA-based sulfur
switch that can bind and release a ligand through
oxidation/reduction cycles. To do this we selected as a model
system a ligand-binding DNA-based nanodevice designed to
adopt a stem-loop structure flanking two 18-nt tails at the two
ends of the stem (Figure 1b). A single-stranded DNA sequence
complementary to the loop portion of the nanodevice acts as the
molecular ligand. We first envisioned a disulfide-linked dimer
DNA strand that acts as a redox-active allosteric inhibitor (i.e.
modulator). Such disulfide inhibitor is complementary to the two
tails of the nanodevice (Figure 1b, grey strands). Binding of the
disulfide inhibitor to the two tails of the nanodevice thus
stabilizes the non-binding stem-loop structure and leads to the
release of the ligand from the nanodevice. Such an allosteric
effect critically relies on the integrity of the disulfide modulator.
Upon reduction, the reduced thiolated portions (here defined as
waste products) of the inhibitor would not be able to stabilize the
non-binding loop: as a result, the allosteric effect will be transient
and the binding ability of the nanodevice restored over time
(Figure 1b). Additionally, the disulfide modulator should be
designed so that, once reduced, the two halves would



spontaneously de-hybridize from the nanodevice, allowing new
transient load/release cycles.

We have rationally designed a DNA allosteric
modulator/inhibitor that meets the outlined requirements by
employing simulation (Nupack) and binding affinity data. Our
design was also facilitated by previous observations obtained
with disulfide DNA controllers employed for the temporal control
of nanotube self-assembly.*® The allosteric inhibitor is
composed of two 10-nt portions complementary to the two tails
of the nanodevice linked by a disulfide bond (Figure 1b). The
complete disulfide inhibitor (20-nt) shows a strong affinity for the
nanodevice (Kp = 4.1 + 0.2 x 10® M, Figure S1) so that efficient
hybridization of the oxidized inhibitor to the nanodevice could be
observed. The reduced inhibitor portions (i.e. the 10-nt thiolated
halves), in contrast, show a much poorer affinity for the
nanodevice (Kp = 1.4 = 0.3 x 10° M) so that rapid de-
hybridization occurs when the inhibitor is reduced (Figure S2).

The above described allosteric disulfide inhibitor allows
multi-cycle transient control of ligand release through redox
inputs. To follow the ligand’s loading/release from the
nanodevice we have labelled the DNA ligand with a fluorophore
and quencher pair, so that the association of the ligand to the
nanodevice is accompanied by an increase in fluorescence
intensity while its release results in a decrease of the signal. The
addition of the disulfide inhibitor to a solution containing the
nanodevice/ligand complex and a reducing agent (here tris(2-
carboxyethyl)phosphine, TCEP) leads to the rapid release of the
ligand from the nanodevice as demonstrated by the
fluorescence signal decrease (Figure 1c). This is due to the fact
that the disulfide inhibitor hybridization to the two tails of the
nanodevice stabilizes the non-binding state of the nanodevice
shifting its apparent binding affinity for the ligand to higher
concentrations (i.e. from 5.4 + 0.1 x 10® M to 6.7 + 0.5 x 107,
see Figure S3). Upon reduction of the disulfide bond the inhibitor
is split into its two 10-nt thiolated halves and its effect on the
stabilization of the non-binding conformation of the nanodevice
is suppressed over time. The nanodevice thus restores its
original binding ability (Figure S4) and the ligand is gradually re-
loaded (Figure 1c). Of note, the affinity of the 10-nt reduced
halves of the inhibitor for their complementary portions is so
poor that, under the experimental conditions employed, they
spontaneously de-hybridize from the nanodevice. For this
reason multiple load/release cycles with comparable efficiency
can be achieved upon new successive additions of the disulfide
inhibitor (Figure 1c). As expected, when the same experiment is
carried out in the absence of the reducing agent the disulfide
inhibitor leads to a permanent release of the ligand (Figure S5).

To further support the proposed mechanism, we have also
performed control experiments using a longer inhibitor (i.e. total
length, 34 nt) and an inhibitor lacking the disulfide bond. In the
first case (Figure 1d, black curve) we have observed the same
transient behaviour upon reduction of the disulfide bond.
However, because the affinity of the two 17-nt thiolated halves of
this inhibitor for their complementary portions is high (Figure S6)
they remain bound to the nanodevice and the system does not
allow efficient successive transient cycles. In the second control
experiment, the inhibitor lacks the disulfide bond and leads to a
non-transient permanent release of the ligand from the DNA
nanodevice. The activity of this inhibitor is in fact not affected by
the presence of the reducing agent in solution and its effect is

stable over the entire course of the experiment (Figure 1d, grey
curve).
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Figure 1. Temporal redox-controlled ligand release from a DNA-
based nanodevice. (a) General scheme of redox-controlled ligand
binding: a redox-responsive modulator (a disulfide-bound linked
dimer, red) acts as a transient allosteric inhibitor for a ligand-binding
biological receptor (grey). (b) DNA-based nanodevice controlled by
redox inputs. The ligand-binding nanodevice is designed as a stem-
loop flanking two tails (grey portions, allosteric sites) and is able to
bind a DNA ligand (blue strand) complementary to the loop. A DNA
disulfide modulator strand hybridizing to the two tails stabilizes the
stem-loop non-binding conformation leading to the release of the
ligand. Once reduced the two thiolated halves of the modulator
spontaneously de-hybridize from the nanodevice restoring its ligand
binding ability. (c) Transient multi-cyclic release: the disulfide
inhibitor (total length 20-nt), once reduced, spontaneously de-
hybridizes from the nanodevice and allows multiple transient cycles.
(d) Transient non-cyclic release (black curve): the thiolated reduced
portions of the inhibitor (here total length 34-nt) remain bound to the
nanodevice after the first redox transient cycle and this hinders
efficient successive cycles. Non-transient (permanent) release (grey
curve): a non-redox inhibitor (lacking the disulfide bond) binds to the
tails of a stem-loop nanodevice and triggers the permanent release
of the ligand. All kinetics traces shown here have been obtained in a



100 mM Tris-HCI, 150 mM NaCl, 10 mM MgCl,, TCEP 5 x 10 M
solution, pH 8.5, at 45°C in the presence of the ligand (3 x 10 M)
and the DNA nanodevice (5 x 10® M) and upon the addition of the
inhibitor (5 x 107 M).

The transient redox-controlled process is highly tolerant
and presents minimal inhibition effect due to waste products.
Indeed, we performed multiple load-release cycles through
successive additions of the 20-nt redox inhibitor to a solution
containing the reducing agent and the nanodevice/ligand
complex (Figure 2a). The system displays transient behaviour
for up to forty complete cycles without a significant loss of
efficiency in ligand-reloading kinetic. The half-life of redox-
controlled reloading, in fact, remains constant and does not
show any sign of delay (Figure 2b).

To gain a more complete insight into the kinetic processes
involved and to better understand the signal profile of the system,
a kinetic model was developed and used to fit the multiple load-
release cycles (Figure 2a, red line). The system was described
by a reaction network in which waste interference occurs upon
binding of the waste to the unbound device, as well as the
device-ligand complex (see S| and Figure S7 for more details).
Introduction of waste interference was key to reproduce the
observed behaviour. Indeed, the loss of fluorescence intensity
observed over time is due to the high concentration of waste
products produced after many cycles (for example 1.5 x 10° M
of waste products is produced after 15 cycles). At this high
concentration even the low-affinity 10-nt thiolated halves remain
partially bound to the nanodevice, causing a loss of efficiency.
Moreover, accumulation of the complex between the device and
the thiolated waste product accounts also for the drift in
emission intensity, as confirmed by independent experiments
showing that the emission intensity of such inactive complex is
higher than that of the free-standing nanodevice (Figure S2).

To further strengthen the validity of the proposed model,
the same kinetic scheme was used to model the operation of the
system with the longer (34-nt) inhibitor that leads to a transient
non-cyclic behaviour (Figure 1d and S8). Also in this case, the
model is able to reproduce the experimental data. Here, the
interference of the waste product is much more pronounced as
the affinity between the thiolated halves of the inhibitor and the
nanodevice is higher (Kp = 1.6 + 0.1 x 10® M). The species
involving the waste product become dominant already after the
first cycle, with a complete depletion of the binary device-ligand
complex. As a consequence of this, in the second and third
cycle, the ligand release occurs from a ternary complex involving
device, ligand and waste.
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Figure 2. Waste-tolerance of the temporal redox-controlled
ligand release. (a) Kinetic traces showing the transient release of
the ligand from the nanodevice after sequential addition of the
disulfide inhibitor strand (20-nt) in the presence of a constant
concentration of reducing agent (TCEP); the solid red line represents
the fitting according to the presented kinetic model (see text and Sl).
(b) Half-life of ligand release for each transient cycle. Experiments
shown in this figure have been obtained in a 100 mM Tris-HCI, 150
mM NaCl, 10 mM MgCl,, TCEP 5 x 10 M solution, pH 8.5, at 45°C
in the presence of the ligand (5 x 10°® M) and the DNA nanodevice (5
x 10® M) and upon the addition of the disulfide inhibitor (5 x 107 M).

We can finely regulate the transient control of the binding
efficiency of a DNA-based nanodevice using redox reactions. To
demonstrate this, we have controlled the time interval with which
the DNA ligand is re-loaded by the nanodevice by varying the
concentration of both the disulfide modulator and the reducing
agent. The half-life for ligand re-loading, for example, can be
increased from 12.0 to 20.8 minutes upon increasing the
disulfide inhibitor concentration from 3 x 10° to 1 x 10° M at a
fixed concentration of the reducing agent (TCEP at 5 x 10 M)
(Figure 3a). Alternatively, it is also possible to finely regulate the
re-loading process, by using different concentrations of the
reducing agent (from 1 to 500 x 10° M) and at a fixed
concentration of the disulfide inhibitor (5 x 107 M). By doing so
we regulated the re-loading half-life from 217 to 17 minutes,
respectively (Figure 3b). Finally, because the disulfide reduction
reaction is strongly pH-dependent, we can also regulate the
transient release by varying the pH at which the experiment is
carried out (Figure S9). By doing so we can modulate the half-
life for ligand re-loading from 193 to 17 minutes by varying the
pH from 6.5 to 8.5, respectively. We also investigated the
possibility of using different reducing agents including two that
are more biologically relevant (i.e cysteine and glutathione)
obtaining similar results in terms of transient behaviour and
response time (Figure S10).
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Figure 3. Regulation of transient redox-controlled ligand release.

Kinetic traces showing the transient release of the ligand from the
nanodevice at different concentrations of the (a) disulfide modulator
inhibitor (20-nt) and (b) the reducing agent (TCEP). Half-lives of
ligand release for each transient cycle are also plotted against (a)
modulator and (b) reducing agent concentration. Experiments shown
in this figure have been obtained in a 100 mM Tris-HCI, 150 mM
NaCl, 10 mM MgCl, solution, pH 8.5, at 45°C in the presence of the
ligand (3 x 10°® M) and the DNA nanodevice (5 x 10 M). In panel a,
a fixed concentration of reducing agent was used (TCEP 5 x 10™ M)
while in panel b a fixed concentration of disulfide inhibitor was added
(5 x 107 M). Error bars represent standard deviation based on
triplicate measurements.

To demonstrate the versatility of our approach we have
also re-engineered the DNA-based nanodevice so that we can

kinetically control the binding rather than the release of the
ligand. To do this we have designed a disulfide
modulator/activator that binds to only one of the two tails of the
nanodevice and partially invades the stem thus destabilizing the
non-binding structure of the nanodevice (Figure 4a, S11). This
DNA modulator thus acts as an allosteric activator that improves
the affinity of the nanodevice for the ligand (Figure 4b, curve
green). Also in this case, upon reduction, the disulfide activator
looses its functionality and the original affinity towards the ligand
is restored (Figure 4b, curve red). The addition of such disulfide
DNA activator would thus trigger the transient loading of the
ligand to the nanodevice and, upon reduction, the ligand would
be gradually re-released over time (Figure 4c). Because in the
reduced form the two 10-nt halves of the modulator are
spontaneously released from the nanodevice, successive
additions of the activator allow to achieve efficient multiple
load/release cycles (Figure 4c).

To substantiate the observed behaviour, a kinetic model
was used to fit the experimental data (Figure 4c, red line, see Sl
and Figure S12 for details). The prominent feature of the model
is a cyclic reaction network in which the activator binds to the
nanodevice, allowing the subsequent binding of the ligand. Upon
reduction of the disulfide, the waste products are de-hybridized,
followed by a gradual release of the ligand. Importantly, the
system is operated with a low concentration of activator (i.e. 1 x
107 M), which limits waste interference. Still, the influence of the
waste products is evident from the progressive decrease in
emission intensity of each end-cycle plateau. As demonstrated
with the first system, also in this case the life-time of the disulfide
modulator can be modulated by varying its concentration. More
specifically, the half-life changed from 6.5 to 14.5 minutes upon
increasing the disulfide activator concentration from 3 x 10 to 1
x 107 M at a fixed concentration of the reducing agent (TCEP, 5
x 10™ M) (Figure S13).
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Figure 4. Temporal redox-controlled ligand loading to a DNA-based nanodevice. (a) A stem-loop nanodevice (green strand) is
allosterically controlled by a disulfide modulator (purple strand) that acts as an allosteric activator. (b) Binding curves of the nanodevice/ligand
interaction in the absence (black) and presence (green) of the disulfide modulator activator. The binding curve in the presence of the disulfide
activator and the reducing agent is also shown (red). (c) Kinetic traces showing the transient loading of the ligand (3 x 10 M) by the
nanodevice (1 x 10°® M) upon addition of the disulfide activator (1 x 107 M). The reduced portions of the activator are spontaneously released
from the nanodevice and thus the effect is reversible upon new addition of the modulator; the solid red line represents the fitting according to
the presented kinetic model (see text and Sl). Experiments shown in this figure have been obtained in 100 mM Tris-HCI, 150 mM NacCl, 10
mM MgCl; solution, pH 8.5, at 45°C. Binding curves have been obtained at a fixed concentration of ligand (3 x 10 M) and, where indicated,
in the presence of activator (1 x 107 M) and TCEP (1 x 10 M). Error bars represent standard deviation based on triplicate measurements.



Alternatively, it is also possible to finely regulate the
transient loading process, by using different concentrations of
the reducing agent (from 1 x 10 to 1 x 10° M) and at a fixed
concentration of the disulfide activator (1 x 107 M) (Figure S14).

A major feature of naturally-occurring sulfur switches*! is
that they are highly reversible and through oxidation/reduction
cycles their activity can be easily controlled. We have thus
attempted to demonstrate a similar redox-reversibility for our
DNA-based systems. To do this we have initially employed the
DNA nanodevice controlled by the longer disulfide inhibitor (34-
nt) (Figure 1d). As expected, the addition of a reducing agent
(here TCEP) to a solution containing the nanodevice/inhibitor
complex induces the loading of the ligand by the nanodevice.
The following addition of the oxidizing agent (here H,0,), leads
to a signal decrease, suggesting that the reduced inhibitor is re-
oxidized and the ligand released, although with a slightly
reduced efficiency (Figure 5a). The nanodevice binding affinity
for the ligand after the oxidation reaction is, at 3.5 + 0.5 x 10”7 M,
similar to that observed before reduction (5 + 1 x 107 M) (Figure
S15) thus supporting the hypothesis that re-oxidation of the
disulfide modulator restores its inhibitor activity. A similar
reversibility experiment was also performed using the
nanodevice controlled by the disulfide activator characterized
above (Figure 4). The addition of the reducing agent to a
solution containing the nanodevice/activator complex induces
the release of the ligand from the nanodevice as demonstrated
by the fluorescence signal decrease. The addition of the
oxidizing agent to this solution leads to a signal increase,
indicating the loading of the ligand and thus suggesting re-
oxidation of the activator (Figure 5b). To confirm this, the
nanodevice binding affinity for the ligand after the oxidation
reaction is, at 2.7 + 0.4 x 10® M, similar to that observed before
reduction (2.6 + 0.7 x 10°® M) (Figure S16).
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Figure 5. Reversible redox-controlled ligand release and
loading. (a) Reversible release and loading of the ligand (5 x 10 M)
from the nanodevice (3 x 10® M) upon reduction and successive
oxidation of the redox disulfide inhibitor (3 x 107 M). (b) Reversible

loading and release of the ligand (3 x 10 M) from the nanodevice (3
x 10® M) upon reduction and successive oxidation of the redox
disulfide activator (3 x 107 M). Experiments shown in this figure have
been obtained in 100 mM Tris-HCI, 150 mM NaCl, 10 mM MgCl,
solution, pH 8.5, at 45°C. In both experiments, reduction was
obtained by adding TCEP (final concentration: 3 x 10° M), while
oxidation was obtained by adding H,O (final concentration: 1.5 x 10
2 M).

Conclusion

In conclusion, we have demonstrated here the rational
design of a DNA nanodevice that can transiently load or release
a DNA ligand upon the addition of a disulfide activator or
inhibitor, under dissipative conditions. The system exhibits an
unprecedented tolerance to waste products permitting
reactivation of the system up to 40 times without a significant
loss of efficiency in ligand-reloading kinetic. The redox transient
kinetic of load and release of the ligand can be controlled by the
rate with which the disulfide allosteric modulator is reduced to its
thiolated halves. We have demonstrated that the approach is
also reversible and allows to load and release a ligand upon
successive reduction and oxidation of the modulator. These
results demonstrate how the versatility, programmability and
predictability of nucleic acid recognition make synthetic
DNA/RNA the ideal material for designing non-equilibrium
nanoscale systems. This is the first demonstration of a
dissipative DNA-based ligand-binding nanodevice that relies
entirely on chemical reactions rather than on DNA-recognizing
enzymes. The advantages of this approach include a high
tolerance against waste products, a more easily tunability of the
kinetic response and a better stability of the system. Our
approach paves the way to obtain chemically controlled transient
regulation over a ligand-binding nanodevice, which could lead to
more complex signalling pathways in synthetic mixtures.
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We describe here a DNA-based synthetic nanodevice that acts as a sulfur switch and can be temporally controlled though
oxidation/reduction cycles of a disulfide linked allosteric modulator. The system has an unprecedented high tolerance to waste
products and displays transient behavior for over 40 cycles without significant loss of efficiency. The approach is also reversible and
allows to transiently load and release a ligand upon successive reduction and oxidation of the modulator.

Institute and/or researcher Twitter usernames: @RicciLab



