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Supramolecular chemistry is moving into a direction where the composition of a
chemical equilibrium is no longer determined by thermodynamics, but by the efficiency
at which kinetic states can be populated by energy consuming processes. Mastering
this process in synthetic systems is essential for endowing materials, catalysts, drug
delivery systems, with life-like properties such as adaptation, motility, and evolution.
Here, we show that DNA is ideally suited for programming chemically-fueled dissipative
self-assembly processes. Advantages include a perfect control over the activation site
for the chemical fuel in terms of selectivity and affinity, highly selective fuel
consumption which occurs exclusively in the activated complex, and a high tolerance
of the systems for the presence of waste products. Finally, it is shown that chemical
fuels can be used to selectively activate different functions in a system of higher
complexity embedded with multiple response pathways.
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Dissipative synthetic DNA-based receptors for the transient load

and release of molecular cargo™

Erica Del Grosso,'* Alessia Amodio,'* Giulio Ragazzon,? Leonard Prins,>" Francesco Ricci'”

Abstract: Supramolecular chemistry is moving into a direction
where the composition of a chemical equilibrium is no longer
determined by thermodynamics, but by the efficiency at which kinetic
states can be populated by energy consuming processes. Mastering
this process in synthetic systems is essential for endowing materials,
catalysts, drug delivery systems, with life-like properties such as
adaptation, motility, and evolution. Here, we show that DNA is ideally
suited for programming chemically-fueled dissipative self-assembly
processes. Advantages include a perfect control over the activation
site for the chemical fuel in terms of selectivity and affinity, highly
selective fuel consumption which occurs exclusively in the activated
complex, and a high tolerance of the systems for the presence of
waste products. Finally, it is shown that chemical fuels can be used
to selectively activate different functions in a system of higher
complexity embedded with multiple response pathways.

Over the past decades supramolecular chemistry has
permitted enormous advancements in the fields of
nanotechnology,*? materials science,?* catalysis,>® and
nanomedicine.l’%  Supramolecular chemistry exploits non-
covalent interactions to form functional structures that typically
reside at thermodynamic equilibrium. Although this is a
favourable property for many applications, it also poses an
intrinsic limitation to reproduce properties like motility,
adaptation, evolution, oscillation, etc. which are characteristic of
living organisms. Indeed, nature exploits chemical energy to
assemble structures that are not at thermodynamic
equilibrium.+-23 This is exemplified in Figure 1, which illustrates
how the high-energy state of an equilibrium reaction can be
populated through alternative pathways relying on fuel
consumption.

There is a strong current interest in implementing this
principle in synthetic systems as it will lead to materials,415]
nanodevices*® and catalysts®”  with  unprecedented
properties.!418231  Compared to self-assembly  under
thermodynamic control, however, it does not require just an
optimization of the thermodynamic parameters, but, more
importantly, a tuning of the kinetics of the chemically distinct
forward- and background reactions.[15:24-2%]
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Figure 1. Non-covalent interactions between a receptor and a ligand are often
described as simple thermodynamically-dominated processes in which the
resulting systems reside at the thermodynamic minimum of the energy
landscape. In living systems, however, chemical energy is often employed to
achieve interactions that are not at thermodynamic equilibrium leading to a
much more advanced way to temporally control and regulate biological
processes and pathways.

Synthetic nucleic acid strands (DNA and RNA) have
emerged as ideal components for self-assembly processes. The
high programmability and straightforward thermodynamic
prediction of the involved noncovalent interactions, together with
the low cost of synthesis, has given a strong impulse to field of
nanotechnology and supramolecular chemistry which is
illustrated by the large number of structures, nanomachines, and
materials that have been reported.?531 Although fuel-driven
systems have been reported, mostly related to DNA-based
molecular motors, walkers, or transport systems, the vast
majority of examples rely on thermodynamics as the driving
force for formation. [32-381

Here, we show that DNA is particularly suited for designing
out-of-equilibrium systems. The versatility of the systems
presented here show the ease at which energy-dissipating DNA
systems can be designed. This facility originates principally from
the high predictability of the molecular recognition processes,
which involve the fuel, but also from the high level of control that
can be exerted over the kinetic processes related to fuel
consumption, which is a result of the high specificity and
selectivity of the enzymes used.

As a first model system we employed a clamp-like DNA-
based receptor®”-39 that can recognize a specific 9-base DNA
cargo through Watson-Crick and Hoogsteen interactions forming
a triplex structure (Figure 2a, bottom). As the fuel we used an
18-base RNA-strand that, by binding to the loop portion of the
DNA receptor, causes a conformational change that induces an
opening of the triplex complex leading to the release of the DNA
cargo (Figure 2a, top). Finally, as the fuel-consuming unit we
employed the endoribonuclease enzyme RNase-H, an enzyme
that has been already employed to control DNA-based
nanodevices.° RNase-H is an endonuclease able to bind the
RNA/DNA heteroduplex formed between the DNA-loop and the
RNA-fuel and hydrolyze selectively the RNA-strand. Importantly,
the enzyme acts only on RNA when it is bound to DNA, implying
that fuel consumption is intimately connected to formation of the
active complex.
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Figure 2 (a) A DNA-based receptor (grey/blue strand) for the dissipative release of a cargo (orange).(b) Binding curves of receptor/cargo in the absence (black)
and presence (red) of equimolar concentration of the fuel strand and in the presence of both fuel and RNase-H enzyme (green). (c) Kinetic traces showing the
transient release of the cargo (3 x 108 M) from the receptor (3 x 108 M) after addition of the fuel strand (107 M) and at different concentrations of RNase-H. Solid
lines represent the best fits to the kinetic model (see text and Sl). (d) Kinetic traces showing the release of the cargo (3 x 10 M) from the receptor (3 x 10 M)
after addition of different concentration of the fuel strand and at a fixed concentration of RNase-H (25 U/mL). Solid lines represent the best fits to the kinetic
model. (e) Kinetic traces showing the reversible transient release of the cargo (3 x 10°® M) from the receptor (3 x 10 M) after sequential addition of the fuel strand
(107 M) in the presence of RNase-H (25 U/mL). Experiments shown in this figure have been obtained in 10 mM Tris buffer + 3 mM MgClz + 10 mM DTT, pH 7.0,

25°C.

This aspect is very common in naturally occurring dissipative
systems, but has hardly been reproduced in synthetic systems.
RNA cleavage restores the capacity of the DNA receptor to load
the DNA cargo (Figure 2a, bottom). The transient load/release of
the DNA-cargo can be monitored by labeling the cargo with a
fluorophore/quencher pair at the two ends so that binding of
such an optically labelled DNA strand to the DNA-based
receptor is accompanied by an increase in fluorescent intensity
while the release by a decrease in signalling.

Initially, we verified the possibility to release DNA cargo
using an RNA fuel by measuring the binding affinity of the cargo
for the DNA-receptor in the absence and presence of an 18-
base RNA fuel strand under non-dissipative conditions (Figure
2b). As the RNA fuel causes a conformational change that
inhibits triplex formation by the DNA receptor we observed a
strong increase of the receptor-cargo dissociation constant by
almost 3 orders of magnitude compared to that observed in the
absence of RNA (Kg cargo = 7 £2 X 10° M, Kq cargosrna = 4 £ 1 X
10% M) (Figure 2b). This indicates that the RNA fuel is indeed a
strong allosteric effector for regulating the loading and release of
DNA from the receptor (Figure 2c, grey dots). Of note, in the
presence of both fuel and RNase-H and after a determined
period (60 min) the receptor's ability to bind the cargo was
restored and we observed an affinity constant (10 + 8 x 10° M)
that is within error from the original affinity observed in the
absence of the fuel (7 £ 2 x 10-° M) (Figure 2b).

Under dissipative conditions, installed by the presence of
RNase-H, we were able to achieve an efficient temporal control
over the load/release of the DNA cargo (Figure 2c). Addition of
RNA-fuel resulted in a rapid decrease in fluorescence intensity,
indicating cargo release, followed over time by a gradual
increase to the initial value. Control experiments using
fluorescence and native PAGE electrophoresis showed that the
enzyme is not able to hydrolyze the receptor/cargo complex

(Figure S1-3). The time interval during which the DNA cargo is
released from the receptor can be controlled both by the fuel
consumption rate, which is determined by the enzyme
concentration, and the fuel concentration. It was observed that
upon increasing the concentration of RNase-H from 5 to 50
U/mL, with a fixed concentration of the RNA-fuel (107 M) the
half-life of the cargo resident time outside the receptor is
decreased from 73 to 2 minutes (Figure 2c, S4). It is noted that
at high RNase-H concentration, energy dissipation occurs at
such a high rate that no full displacement of all DNA cargo can
be achieved. Likewise, an increase in RNA fuel concentration
from 50 to 250 x 10° M at a fixed enzyme concentration (25
U/mL) caused an increase in the half-life from 2 to 38 minutes,
Figure 2d, S4). The full reversibility of the transient process was
demonstrated by performing multiple load-release cycles with
the same system through the repetitive additions of a constant
amount of fuel (107 M, Figure 2e). This experiment shows that
(at least) 7 complete cycles can be formed without any
significant loss of intensity. It is only noted that the kinetics of
cargo re-loading slightly slow down after each cycle, which may
originate from the limited stability of the enzyme over time or the
inhibitory effect of waste products on enzymatic activity.
Nonetheless, these results illustrate an important feature of
DNA-based dissipative systems which is the high tolerance to
waste products, which is a major step forwards compared to
most of synthetic out-of-equilibrium systems described so far.

To gain a more complete insight into the kinetic processes
involved, a kinetic model was developed and used to fit the
traces collected at different concentrations of fuel and enzyme.
The model takes into account the receptor-cargo and receptor-
fuel binding equilibria (Figure 2b, S5-10, Supporting Info
section), as well as RNA hydrolysis in the heteroduplex by the
enzyme through Michaelis-Menten kinetics. Finally, since at fuel
concentrations above ca. 107 M it is observed that the signal
intensity does not completely return to the initial value, an
interference of the hydrolysis waste products in the process has
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been included (modeled as a single entity). This is coherent with
the fact that RNase-H is known to produce also some
oligonucleotides*! that may compete with the fuel for binding.
The minimal model is able to fit each experimental curve
independently and correctly predicts the observed trends
qualitatively.

An analysis of the sensitivity of the parameters reveals that
the kcar value, which describes the catalytic efficiency of RNase-
H in cleaving the fuel, largely dictates the temporal control over
the cargo release. However, both the kinetics of receptor-cargo
and receptor-fuel heteroduplex formation are relevant to
correctly describe the observed behaviour. The dissociation of
the receptor-cargo complex controls the initial decrease in
emission intensity. On the other hand the heteroduplex
formation reaction becomes important after this initial phase. In
the present system the fuel RNA hydrolysis, being irreversible, is
always the furthest away from equilibrium and therefore has an
important role in determining the speed of the entire process,
just as what happens in biochemical pathways.“? Among the
reversible reactions the receptor-RNA adduct formation is kept
away from equilibrium throughout the whole process, whereas
the receptor-cargo equilibrium is perturbed only in the initial and
final stages (see figure S11), as it adapts in a Le-Chatelier-like
manner to the amount of free receptor available in the
intermediate period.

An important stronghold of DNA-based out-of-equilibrium
systems is related to fact that the energy dissipation pathway is
highly enzyme-selective, caused by the substrate-selectivity of
the involved enzyme. To demonstrate this, we employed
Nt.BsmAl, which is a nickase able to recognize a specific
double-strand DNA sequence and to cut only one of the two
strands in a specific point. As expected, in the presence of this
enzyme we do not observe any dissipative behaviour after the
addition of the fuel to the receptor/cargo complex solution
(Figure S12). However, the selectivity changes entirely in case
we control DNA-cargo release in the above system with a DNA
fuel strand (instead of RNA). In this case, Nb.Bsml, is able to
dissipate energy because it recognizes and hydrolyzes
selectively the DNA-fuel strand when bound to the DNA-
receptor. Apart from the different enzyme used for energy
dissipation, this new system bears the same characteristics as
the original one in terms of reversibility and life-time control.
(Figure S13-15)

From the perspective of allosteric control, the RNA-fuel
causes a transient up-regulation of the concentration of DNA-
cargo in the previously described system. The versatility of DNA-
recognition permits equally well the design of a fuel-driven
system for the transient down-regulation of the concentration of
the cargo. The design is based on a stem-loop DNA-structure
containing two 18-base tails at the two ends of the stem (Figure
3a). As the DNA cargo we have employed a DNA sequence
complementary to the loop portion of this receptor and as the
fuel an RNA strand that binds to one of the two tails of the
receptor partially invading the stem portion (Figure 3a). Binding
of the RNA strand (here acting as an allosteric activator) causes
a conformational change that increases the affinity of the DNA-
receptor for the cargo by around 1 order of magnitude (Figure
S16). Also for this system we relied on RNase-H for energy
dissipation, which resulted in a return of the receptor to the
original stem-loop structure releasing the cargo. For this system,
the release/loading of the cargo could be easily monitored by
labeling the DNA-cargo with a fluorophore and the receptor with
a quencher. This way association of the cargo is accompanied

WILEY-VCH

with a decrease in fluorescence intensity. Also this system
displays an excellent performance in terms of controllability of
the life time (between 7 and 34 minutes) of a single cycle by
regulating either the enzyme (Figure 3b, S18) or fuel (Figure
S17-18) concentration. Up to 7 load-release cycles could be
easily performed with just a minor drift in the signal intensities
(Figure 3c). The transient strand capture was confirmed by
native PAGE electrophoresis experiments (Figure S19).
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Figure 3. (a) A stem-loop receptor (grey/blue strand) for the dissipative load of
a cargo (orange). (b) Kinetic traces showing the transient loading of the cargo
(3 x 10" M) to the receptor (10 M) after addition of the fuel strand (3 x 107 M)
and at different concentrations of RNase-H. (c) Kinetic traces showing the
reversible transient loading of the cargo (3 x 10 M) to the receptor (10 M)
after sequential addition of the fuel strand (3 x 107 M) in the presence of
RNase-H (25 U/mL). Experiments shown in this figure have been obtained in
10 mM Tris buffer + 3 mM MgClz + 10 mM DTT, pH 7.4, 45°C.

The systems described above illustrate the versatility of
DNA as a functional material for designing out-of-equilibrium
systems. Energy dissipation pathways can be selectively
introduced relying on the natural selectivity of the enzymes. The
systems display a high tolerance to the accumulation of waste
products and a large number of cycles can be typically
performed without significant signs of fatigue. Moreover, the high
specificity of DNA recognition makes this material optimal to
design fuel-driven dissipative systems of higher complexity. To
illustrate this potential, we returned to the first example that was
discussed. An important aspect of using DNA/RNA as fuel is that
the activation process is subject to the same selectivity rules that
govern duplex formation. Thus, the addition of a non-specific
fuel having just 2-base mismatches is not able to trigger the
release of the cargo (Figure S20). This implies that systems can
be designed containing different fuel-loading sites, which will be
transiently activated only in case the appropriate fuel is added.
We illustrated this concept by designing a minimal system
composed of the clamp-like receptor used earlier and an
alternative receptor of the same type, but containing different
cargo- and fuel-loading sites (Figure 4).

The cargo-DNA for the new receptor was labeled with a
different fluorophore-quencher couple to permit a monitoring of
its position independently from the original DNA-cargo. Both
receptors, loaded with their respective DNA-cargo, were
combined in the same solution in the presence of RNase-H as
the common energy dissipating unit. Interestingly, addition of
fuel 1, selective for receptor 1, resulted in the transient
displacement of just cargo 1 (Figure 4, blue). On the other hand,
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the addition of fuel 2 activated just receptor 2 for cargo-release
(even if a minor non-specific signal is observed with system 1
probably due to partial complementary of the sequences used)
(Figure 4, red). This preliminary result demonstrates for the first
time that it is indeed possible to transiently activate selective
functions in systems of higher complexity.
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Figure 4. (a) Two different DNA-based receptors can load and release a
specific nucleic acid cargo and can be controlled by a specific fuel strand. (b)
Kinetic traces show the signals of the two different cargos (both at 3 x 10 M)
from the receptor (both at 3 x 10 M) after addition of the fuel strand (5 x 10
M) in the presence of RNase-H (25 U/mL). Experiments shown in this figure
have been obtained in 10 mM Tris buffer + 3 mM MgClz + 10 mM DTT, pH 7.0,

37°C. Cargo 1 is labeled with FAM and BHQ1 while cargo 2 is labeled with
Quasar670 and BHQ2.
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Here we have demonstrated an efficient and versatile
strategy to design synthetic DNA-based receptors that, by
mimicking the real-time temporal control characteristic of
allosterically-controlled biomolecular receptors and machines,
can transiently and orthogonally load or release a molecular
cargo under dissipative control. The examples we have
demonstrated here offer several advantages compared to other
out-of-equilibrium synthetic systems described to date. The use
of nucleic acids also allow to choose among a wide range of
available very specialized enzymes that can selectively cleave
only one DNA or RNA strand in a duplex and recognize a
specific sequence in the same duplex. This allows to
orthogonally use different enzymes to achieve temporal control
of different DNA-based receptors in a way that can hardly be
achieved in other synthetic devices.

Experimental Section
Experimental details in supporting information.

Keywords: DNA nanotechnology - DNA devices - Dissipative Self-
assembly - Supramolecular chemistry- Temporal control
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