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Nucleic acid-based dissipative, out-of-equilibrium systems are introduced as functional assemblies
emulating transient dissipative biological transformations. One system involves a Pb?*-ion-dependent
DNAzyme fuel strand-driven network leading to the transient cleavage of the fuel strand to “waste”
products. Applying the Pb?*-ion-dependent DNAzyme to two competitive fuel strand-driven systems
yields two parallel operating networks. Blocking the competitively operating networks with selective
inhibitors leads, however, to gated transient operation of dictated networks, yielding gated catalytic
operations. A second system introduces a "non-waste” generating out-of-equilibrium, dissipative

network driven by light. The system consists of a trans-azobenzene-functionalized photoactive module
Received 14th April 2021

Accepted 20th July 2021 that is reconfigured by light to an intermediary state consisting of cis-azobenzene units that are

thermally recovered to the original trans-azobenzene-modified module. The cyclic transient

DOI: 10.1035/d1sc02091a photoinduced operation of the device is demonstrated. The kinetic simulation of the systems allows the
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Introduction

Dissipative, out-of-equilibrium processes control many
different biological transformations such as proliferation,* cell
motility,”> signal transduction® and activation of enzymatic
networks.* The operation of out-of-equilibrium reactions
requires the continuous input of fuel materials and the gener-
ation of “waste” products, or the supply of energy, such as light,
heat or electrical energy.” Lately, substantial research efforts
have been directed toward developing out-of-equilibrium
chemical transformations.® For example, the carbodiimide-
fueled transient assembly of carboxylic anhydrides,” or the
biocatalytic association or hydrolysis of peptides® leading to the
spatiotemporal formation of fibers, demonstrated biomimetic
elements duplicating the native ATP-driven formation and
dissociation of actin filaments.

The base sequence comprising nucleic acids provides a rich
“tool-box” of functional materials that can be integrated into

“Institute of Chemistry, The Center for Nanoscience and Nanotechnology, The Hebrew
University of Jerusalem, Jerusalem 91904, Israel. E-mail: Itamar.willner@mail. huji.ac.
il

*Key Laboratory for Advanced Materials, Joint International Research Laboratory of
Precision Chemistry and Molecular Engineering, Feringa Nobel Prize Scientist Joint
Research Center, School of Chemistry and Molecular Engineering, Frontiers Center
for Materiobiology and Dynamic Chemistry, East China University of Science and
Technology, Shanghai 200237, P. R. China

T Electronic  supplementary
10.1039/d1sc02091a

1 These authors contributed equally to this work.

information  (ESI) available. See DOI:

1204 | Chem. Sci, 2021, 12, 11204-11212

prediction of the transient behavior of the networks under different auxiliary conditions.

out-of-equilibrium transient systems. Beyond the base-
sequence dictated formation of 2D° and 3D nucleic acid
structures, functional information can be encoded into the
biopolymer, such as sequence-guided biocatalytic trans-
formations, in the presence of enzymes (e.g., specific cleavage
by endonucleases™ or nicking enzymes,' ligation in the pres-
ence of ligase™ or polymerization using polymerase'),
sequence-specific recognition and binding of ligands (aptam-
ers),"” sequence-dictated catalytic functions® (e.g., DNAzymes or
ribozymes) and sequence-guided structural reconfiguration and
reversible switching of DNA nanostructures.'” For example, the
fuel strand displacement of duplex nucleic acids and the
separation of the displaced duplex with an anti-fuel strand,***
the K'-ion stimulated reconfiguration of guanosine-rich strands
into G-quadruplexes and their separation with crown ether,*
the pH-controlled formation and dissociation of T-A-T
complexes® or the light-induced stabilization of duplex DNA
with a photoisomerizable intercalator such as trans/cis-azo-
benzene units* represent sequence-dictated structural switch-
ing of nucleic acids. These sequence-guided functions of
nucleic acids were widely applied to develop DNA machines*
and devices, to design materials with switchable stiffness
properties for shape-memory and self-healing applications,* to
prepare DNA-modified nanocarriers for controlled drug
release,* to use DNA as a material for logic gate operations and
logic circuits,* and to apply nucleic acids as building blocks of
reconfigurable dynamic networks.”® Not surprisingly, the
information encoded in DNA was applied to develop out-of-
equilibrium transcriptional circuits acting as transcriptional

© 2021 The Author(s). Published by the Royal Society of Chemistry
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oscillators® or transcriptional switches, and bistable regulatory
networks.”® Also, enzyme-based DNA machines relying on
polymerization/endonucleases/nickases were used to generate
out-of-equilibrium circuits revealing oscillatory behaviors* or
applied to drive the dissipative reconfiguration of constitutional
dynamic networks.*® In addition, fuel-responsive DNA-based
aptamers revealing enzyme-guided transient release and
uptake of loads® and light-controlled ATP-fueled out-of-
equilibrium DNA ligation cycles®* were demonstrated. In all of
these out-of-equilibrium systems enzymes were coupled to the
DNA scaffolds. Furthermore, DNA circuits demonstrating the
cyclic perturbation and recovery of DNA by strand displacement
principles®® were reported, yet this process involved continuous
accumulation of waste products. While substantial progress in
the development of nucleic acid-based, out-of-equilibrium
circuits was demonstrated, the operation of the systems
required the participation of enzymes coupled to a DNA scaffold
and/or the generation of waste products. Here we wish to report
on enzyme-free, out-of-equilibrium circuits and gated dissipa-
tive systems. In one circuit, we apply a Pb**-ion-dependent
DNAzyme'** as the catalyst driving the dynamic transient
process. Although this system generates a “waste” product, it
represents an “all-DNA” catalyst-driven out-of-equilibrium
system, and introduces a means to design dynamic circuits of
enhanced complexities, e.g., gated transient systems, and
transient gated catalytic assemblies. It should be noted that in
contrast to previous reports that applied a native enzyme as the
catalytic unit to recover the transient, dissipative, regeneration
of the system,**** we demonstrate now the unprecedented use
of a DNAzyme as a catalytic module to recover the networks. The
use of a DNAzyme as a catalytic module to operate a dissipative
network reveals clear advantages. The sensitivity of native
enzymes towards denaturation vs. the robustness of the DNA-
zyme is certainly superior. Furthermore, the diversity of
cofactor-dependent DNAzymes paves the way to construct
transient systems of enhanced complexities. In the second
system, we design an “all-DNA” out-of-equilibrium circuit that
uses light as the energy input to drive the dissipative process
without the generation of a waste product. We demonstrate the
oscillatory and cyclic operation of the system. Furthermore, we
emphasize the significance of kinetic modelling and computa-
tional simulations of the experimental results. We demonstrate
that the computational modelling of the systems allows us to
predict the behaviors of dynamically transient systems under
variable auxiliary conditions applied on the systems.

Results and discussion

Fig. 1 depicts the Pb*"-ion-dependent DNAzyme-driven dissi-
pative network. The system in its rest state consists of the
duplex A/B, where the strand A includes a loop-containing Pb*'-
ion-dependent DNAzyme-sequence caged in a duplex structure
with strand B. The two strands Cy5-functionalized C and the
BHQ2 (quencher)-functionalized D are also included in the
system. Under these conditions, Cy5-C is not quenched due to
the spatial separation of strands C and D. The addition of the
fuel strand T to the system displaces strand B and results in the
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Fig. 1 Schematic operation of the Pb2+—ion—dependent DNAzyme-
driven dissipative network. (For a further detailed scheme that
accounted for the transient dissipative cycle, see Fig. S1}).
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formation of a Pb**-ion-dependent DNAzyme/substrate complex
A/T. The released strand B is engineered to hybridize with Cy5-C
and BHQ2-D, thus forming B/Cy5-C+BHQ2-D supramolecular
structures, where the spatial proximity between Cy5 and BHQ2
leads to the quenching of Cy5. The strand T includes, however,
the ribonucleobase sequence corresponding to the substrate of
the Pb>*-ion-dependent DNAzyme, resulting in, in the presence
of Pb*" ions, the cleavage of T into fragmented T, and T, “waste”
products and the release of A. The released A leads, however, to
the displacement of B from the hybrid complex with B/Cy5-
C+BHQ2-D, leading to the depletion and recovery of A/B, the
separation of Cy5-C and BHQ2-D, and the recovery of the initial
fluorescence of the system. That is, realizing the set of processes
involved in the network, and using appropriate concentrations
of the constituents, we expect that upon the triggering of the
“rest”-state of the network module, a transient time-dependent
decay of the fluorescence of Cy5-C will proceed, as a result of the
build-up of the B/Cy5-C+BHQ2-D supramolecular complex, fol-
lowed by the transient recovery of the fluorescence of Cy5-C as
a result of the biocatalyzed cleavage of the fuel strand and the
separation of the hybrid complex B/Cy5-C+BHQ2-D. Using an
appropriate calibration curve and translating the fluorescence
changes of Cy5-C into the concentrations of quenched Cy5-C in
the complex B/Cy5-C+BHQ2-D structure, Fig. S2, the transient
time-dependent concentration changes of B/Cy5-C+BHQ2-D
were evaluated, Fig. 2(a), solid curve (a). The hybrid quenched
duplex increases in its content for a time-interval of ca. 15
minutes, followed by a slow dissipative recovery of the original
rest state that proceeds for 125 minutes. A control experiment,
Fig. S3,f that applied a nucleic acid strand T, that lacks the
ribonucleobase cleavage site in the strand that binds to the
Pb*"-ion-dependent DNAzyme, did not lead to the transient
behavior of the system. Triggering the A/B module in the pres-
ence of Cy5-C and BHQ2-D with the strand T, and Pb*" ions led
to the displacement of A/B and the formation of the Cy5-C
quenched nanostructure B/Cy5-C+BHQ2-D, yet with no
recovery of the initial state.

The transient operation of the network shown in Fig. 2(a) is
a result of a set of competitive reactions, summarized by the
kinetic scheme formulated in Fig. S4.7 The experimental tran-
sient kinetic curve shown in Fig. 2(a), curve (a), was computa-
tionally simulated using the kinetic model shown in Fig. S47
and the set of reaction rates formulated in Fig. S5.1 The fitted
computational simulated transient operation of the dissipative
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Fig. 2 (a) Time-dependent transients corresponding to the concen-
tration changes of Cy5-C in the presence of different concentrations
of the trigger T (solid lines) and computationally simulated results
(dashed lines): (a) and (@') T =1 uM; (b) and (b’) T = 0.8 uM; (c) and (/)
T = 0.6 uM. Curve (a') corresponds to the computationally simulated
transient of experimental results. Curves (b’) and (c/) correspond to
computationally predicted transients validated by experiments. (b)
Cyclic operation of the transient network upon the re-addition of the
fuel triggering strand (T = 1 uM).

system is provided in Fig. 2(a), curve (a') (dashed, transient),
and the set of derived rate constants involved in the kinetic
model are summarized in Table S1.f The computationally
simulated results have a value if the rate constants can predict
the transient behavior of the system under other auxiliary
conditions applied on the network. Furthermore, the set of rate
constants that fit the experimental curve might be coincidental
and other sets of rate constants might equally account for the
experimental curve. To support the validity of the experimental
set of rate constants, we searched for the possibility to experi-
mentally derive one of the sub-reaction rate constants evaluated
computationally. This was achieved by the experimental evalu-
ation of the k,/k_, value being a sub-reaction of the model.
Indeed, the experimental value of k,/k_, fits well with the
computational value of ky/k_, (for the results and further
discussion, see Fig. S6t1). The power of the computational
results to predict the experimental behavior of the network
under different auxiliary conditions is presented in Fig. 2(a). In
these experiments, the concentrations of the triggering strands
were altered, and the transient Pb**-ion-dependent DNAzyme
cleavage of the substrate T followed by the formation and
transient separation of the B/Cy5-C+BHQ2-D structure through
the concentration changes of Cy5 were computationally pre-
dicted, Fig. 2(a), curves (b’) and (c’), dashed lines. These results
were, then, experimentally validated, Fig. 2(a), curves (b) and (c),
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solid curves. The experimental results fit well with the predicted
computational simulations.

The dynamic transient behavior of the system shown in
Fig. 2(a) complies with the basic principle of dissipative reac-
tions that require the introduction of a fuel substrate into the
system and its metabolic degradation into “waste” products,
that is, the displacement of the A/B duplex with the fuel strand T
that yields an energetically favored duplex A/T, and the forma-
tion of an intermediate meta-stable complex B/Cy5-C+BHQ2-D.
The subsequent DNAzyme-stimulated cleavage of T degrades
the fuel strand to “waste” products that restore the original rest
system. The dissipative network can be regenerated, and by
repeated additions of the fuel strand T, the transient network
can be cycled, Fig. 2(b). The cycling of the system is, however,
accompanied by the accumulation of the waste products T; and
T,.

In the next step, the gated operation of two DNAzyme-guided
dissipative networks was accomplished, Fig. 3. The duplex
structure A/B was mixed with the Cy5-functionalized strand, C,
and the Cy3-functionalized strand, E, in the presence of the
quencher BHQ2-modified strand D and Pb*" ions, Panel L
Under these conditions, the fluorescence of Cy5 and Cy3 is
switched “ON”. In the presence of the trigger T, the conjugate A/
B is separated to yield the Pb*'-ion-dependent DNAzyme/
substrate complex A/T, and the separated strand B hybridizes
with the fluorophore-functionalized strands C and E and the
quencher-modified strand D to competitively yield two fluo-
rescence quenched supramolecular structures B/Cy5-C+BHQ2-
D and B/Cy3-E+BHQ2-D, Panel II. The Pb** ions triggered
cleavage of the substrate T leads to T; and T, waste products
and to the release of the free strand A that displaces the strand B
associated with the two fluorescence-quenched structures,
resulting in the competitive transient recovery of the complex A/
B and to the regeneration of the fluorescence of Cy5-C and Cy3-
E. (For the experimental results and computational simulations
of the dissipative network consisting of A/B, Cy3-E and BHQ2-D,
see Fig. S7-S10, Table S21 and accompanying discussion). The
gating of the two competitive transient systems with the
inhibitor I, results in the hybridization of I; with the strand Cy5-
C, leading to the favored hybridization of the T-triggered dis-
placed strand B associated with the B/Cy3-E+BHQ2-D supra-
molecular complex, Panels III and IV (Gate 1). Under these
conditions, the fluorescence quenched structure B/Cy3-
E+BHQ2-D and the accompanying transient are up-regulated
while the dissipative process involving Cy5-C is blocked, Panel
IV. The degree of the blockage of the Cy5-C network is
controlled by the concentration of I;. As the concentration of I,
increases, the extent of blockage of the Cy5-C network is higher
and the up-regulation of the Cy3-E dissipative process is
intensified. Subjecting the mixture of networks, Panel I, to the
inhibitor I, leads to the hybridization of I, with Cy3-E, Fig. 3,
Panel V (Gate 2). This results in the favored binding of the T-
displaced strand B to the Cy5-C+BHQ2-D strand, and to the
favored up-regulation of the supramolecular structure B/Cy5-
C+BHQ2-D, and to the blockage of the Cy3-E based dynamic
network, Panel VI. As the concentration of I, increases, the
blockage of the Cy3-E network is higher and the competitive

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic operation of the sz*-ion-dependent DNAzyme-
driven gated network consisting of a mixture of two dissipative systems
that generate competitively two transient products B/Cy5-C+BHQ2-
D and B/Cy3-E+BHQ2-D, using two inhibitors I; and |,. Panel | and
Panel Il show the schematic operation of the competitive two dissi-
pative networks, triggered by T, in the absence of the inhibitors. Panel
IIl and Panel IV show the schematic gated activation of the B/Cy3-
E+BHQ2-D network, in the presence of inhibitor |;, Gate 1. Panel V and
Panel VI show the schematic gated activation of the B/Cy5-C+BHQ2-
D network, in the presence of inhibitor I,, Gate 2.

dissipative process involving Cy5-C is amplified. Thus, in the
presence of the inhibitors I; or I,, the parallel operation of the
two dynamic, transient processes is anticipated to be
modulated.

Fig. 4 shows the inhibitor-modulated gating of the mixture of
the two networks. Fig. 4(a) depicts the transient fluorescence
curves corresponding to the competitive operation of the Cy5-C,
Panel I and Cy3-E, Panel II, activated systems. The responses of
the two transient processes are lowered in their fluorescence as
compared to the transients observed for the individual sepa-
rated networks, consistent with the sharing of the strand B
between the two networks. Fig. 4(b) shows the transient fluo-
rescence curves of the Cy5-C active network in Panel III and of
the Cy3-E active network, Panel IV, upon subjecting the mixture
of networks to variable concentrations of inhibitor I,. As the
concentration of I, increases, the blockage of the Cy5-C active

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Transients corresponding to the competitive dissipative prod-
ucts associated with the two networks shown in Fig. 3, in the absence
and presence of the inhibitors I; and |,. (a) Transients corresponding to
the competitive operation of the two networks in the absence of the
inhibitors 1; and 1,. Panel I: transient corresponding to B/Cy5-
C+BHQ2-D. Panel II: transient corresponding to B/Cy3-E+BHQ2-D.
(b) Transients corresponding to the I;-stimulated gating of the two
networks, in the presence of variable concentrations of the inhibitor Iy,
Gate 1; Panel lll: transient of B/Cy5-C+BHQ2-D in the presence of
different concentrations of I: (@) /1 = 0.06 uM; (b) I, = 0.12 uM; (c)
Iy =0.18 uM; (d) Iy = 0.2 uM. Panel IV: transient of B/Cy3-E+BHQ2-D
in the presence of different concentrations of I;: (a) /; = 0.06 uM; (b)
Iy = 0.12 uM; (c) Iy = 0.18 uM; (d) /; = 0.2 uM. (c) Transients corre-
sponding to the I,-stimulated gating of the two networks, in the
presence of variable concentrations of the inhibitor |,, Gate 2;
Panel V: transient of B/Cy5-C+BHQ2-D in the presence of different
concentrations of I5: (@) I, = 0.06 uM; (b) I, = 0.12 uM; (c) I, = 0.18 uM;
(d) I, = 0.2 uM. Panel VI: transient of B/Cy3-E+BHQ2-D in the pres-
ence of different concentrations of |, (a) /> = 0.06 uM; (b) I, = 0.12 uM;
(c) I, =0.18 pM; (d) I, = 0.2 pM.

network is intensified, and in parallel, the activity of the Cy3-
operating network is enhanced. At a concentration of I, = 0.2
uM, the network consisting of Cy5-C is fully blocked, whereas
the dissipative transient of the Cy3-E network is almost iden-
tical to that of the single Cy3-E operating network. Thus, at high
concentrations of 1;, the gated operation of the B/Cy3-E+BHQ2-
D dissipative process is favored. Similarly, subjecting the
mixture of networks to the inhibitor I, leads to the modulated
gated inhibition of the B/Cy3-E+BHQ2-D network, and the
simultaneous activation of the B/Cy5-C+tBHQ2-D network, as
displayed in Fig. 4(c). As the concentration of I, increases, the B/
Cy5-C+BHQ2-D dynamic network is intensified, while the B/Cy3-
E+BHQ2-D network is decayed, and at a concentration of I,
corresponding to 0.2 uM it is fully depleted, Panel VI. The
competitive gated inhibition of the two networks was

Chem. Sci., 2021, 12, 1204-1212 | 11207
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computationally simulated. A kinetic model that follows the I,/
I, competitive gated inhibition processes was formulated and
the set of rate equations following this model are summarized
in Fig. S13-S16.f Using the parent common rate constants
derived for the individual network systems, the competitive
transients shown in Fig. 4(a), Panel I and Panel II, were
computationally simulated using the kinetic model shown in
Fig. S11 and S121 and the computational results are overlaid on
the experimental transients, Fig. S17(a), Panel I and Panel II. In
addition, the transients depicted in Fig. 4(b), Panel III, curve (a)
(I; = 0.06 pM) and Panel IV, curve (a) (I; = 0.06 uM), were
computationally simulated using the kinetic model formulated
in Fig. S13 and S14.1 The computational curves for the respec-
tive transients (a’) (dashed lines) are overlaid on the experi-
mental curves, (a), Fig. S17(b),T Panel IIl and Panel IV. The set of
computationally derived rate constants are summarized in
Table S3.1 The set of derived rate constants, Table S3,f were
used to predict the patterns of the transients at different
concentrations of I; and the transients are presented in
Fig. $17(b),t Panel III and Panel IV, curves (b'), (¢/) and (d'). The
results fit well with the experimental transients. Similarly, the
experimental transients corresponding to the I, inhibited two-
network system (I, = 0.06 uM), curve (a), Panels V and VI,
Fig. 4(c), were simulated using the kinetic model summarized
in Fig. S15 and S16.7 Fig. S17(c),t Panels V and VI, present the
respective computationally simulated transients (a’), overlaid
on the experimental transients (a). The resulting rate constants
are tabulated in Table S4.1 The derived rate constants provided
in Table S41 were used to predict the patterns of transients of
the gated systems at different concentrations of I,, transients
(), (¢') and (d’). The predicted transients are displayed in
Fig. S17(c),T Panels V and VI. Very good agreement between the
predicted results and the experimental curves shown in Fig. 4 is
demonstrated.

The gated transient system shown in Fig. 3 and 4 yields,
however, similar outputs from the two gated states. It would be
important, however, to extend the concept to a gated system
that generates two different outputs and particularly two
different catalytic functions as outputs. This is exemplified in
Fig. 5 where a module leading to two different gated catalytic
DNAzymes is introduced. The module, state A, includes the
duplex A/B, the constituents U;, U, and U;, being subunits of
two different Mg**-ion-dependent DNAzymes (that are func-
tionalized by tethers x, y, and z, that are activated by the duplex
A/B and can be selectively inhibited by the inhibitor I, or I,), the
FAM/BHQ1-modified substrate S; and the Cy5/BHQ2-modified
substrate S,. In the presence of the fuel strand T, the duplex
A/B is separated to yield strand B and the Pb*"-ion-dependent
DNAzyme/T complex. The released strand B bridges the
subunits U;/U, and U3/U, to yield two different Mg>*-ion-
dependent DNAzymes: DNAzyme(1) and DNAzyme(2), which
cleave the substrates S; and S, to yield the FAM-fragmented
substrate and Cy5-fragmented substrate, as the outputs of the
DNAzyme(1) and DNAzyme(2) activities, respectively. The
cleavage of strand T within the generated A/T complex releases
strand A that displaces the strand B from the two Mg>*-ion-
dependent DNAzymes (DNAzyme(1) and DNAzyme(2)),
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Fig. 5 Scheme corresponding to the gated transient catalytic func-
tions of the two DNAzymes upon subjecting the reaction module
shown in state "A”, consisting of the DNAzyme subunits, Uy, U, and Us,
their substrates S; and S,, and the duplex A/B, in the presence of Pb%*
and Mg?* ions, to the fuel strand T in the absence or presence of the
inhibitors Iy or I,. In the absence of the inhibitors, the transient acti-
vation of the two DNAzymes, DNAzyme(1) and DNAzyme(2), proceeds,
whereas in the presence of Iy, the transient gated catalytic activation of
DNAzyme(2) occurs and in the presence of inhibitor I,, the transient
gated catalytic operation of DNAzyme(1) proceeds.

resulting in the transient formation and depletion of the
structure A/T and the transient catalytic activities of DNA-
zyme(1) and DNAzyme(2). Fig. 6(a) shows the concomitant
transient catalytic activities of DNAzyme(1), Panel I, and DNA-
zyme(2), Panel II. Subjecting state “A” to the inhibitor I, results
in the blockage of the constituent U, leading to state “B” where
only the gated operation of DNAzyme(2) is switched “ON” and
the catalytic function of DNAzyme(1) is switched “OFF”.
Fig. 6(b) shows the gated transient catalytic functions of the
system. The catalytic function of DNAzyme(1) is switched
“OFF”, Panel III, while the gated transient, dissipative, catalytic
function of DNAzyme(2) is switch “ON”, Panel IV. Similarly, the
treatment of the reaction module, state “A”, with inhibitor I,,
leads to the blocking of subunit U, prohibiting the formation of
DNAzyme(2), and to the activation of the transient catalytic
function of DNAzyme(1), state “C”. Fig. 6(c) shows the gated
switched “ON” transient dissipative catalytic function of DNA-
zyme(1), Panel V, while the activity of DNAzyme(2) is fully
inhibited, Panel VI.

The systems discussed so far applied a fuel strand to trigger
the dissipative processes, in the presence of a DNAzyme that
transformed the fuel strand into “waste” fragments. This is,
certainly, a disadvantage as the cyclic operation of the transient
network requires the repeated additions of the fuel strand and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Transient catalytic rates corresponding to the DNAzyme

activated by state "A": Panel I-DNAzyme(1) and Panel II-DNAzyme(2);
(b) transient catalytic rates corresponding to the | inhibitor, 1 uM,
gated system in state “B": Panel IlI-DNAzyme(1) and Panel IV-DNA-
zyme(2); (c) transient catalytic rates corresponding to the I, inhibitor, 1
uM, gated system in state “C": Panel V-DNAzyme(1) and Panel VI-
DNAzyme(2). The catalytic activities were evaluated by probing the
rates of cleavage of the respective substrates by DNAzyme(1) and
DNAzyme(2) in the time interval of the transient processes, see
Fig. S18.f The fluorescence intensities were translated into molar
concentrations of the products using the calibration curves shown in
Fig. S19.7 In all experiments: A/B, 1 uM, U; and Uz 1 uM each, U,, 2 uM,
Si1and Sy, 2 uM each, and fuel strand T, 5 uM.

the continuous accumulation of waste products. To overcome
this limitation, we searched for a method to drive a dissipative
network in the absence of a fuel strand, excluding the bio-
catalyst that leads to the accumulation of “waste” products. The
operation of a dissipative network without the generation of
“waste” products may be achieved by pumping pulses of energy
into the system. Also, the periodic pumping of the energy could
lead to an oscillatory transient behavior of the dissipative

Q i
é&iﬁ@”\\b’_@ § /_N%,_QN\\NC’S’AZO
9 _ trans-Azo
0=b-0H
Fy Fo ;
BHIHEHEH] Tmf?l}ﬂ'ﬂ'
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Cy! \ /
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J K J K

Fig. 7 Schematic light-induced operation of a dissipative DNA-based
device.
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system. This is exemplified in Fig. 7 with the application of
a photo-responsive network that includes azobenzene units as
functional components that drive the transient dissipative
behavior of the system through the coupled light-induced
photoisomerization of the trans-azobenzene to the cis-azo-
benzene state, followed by the thermal isomerization of the cis-
azobenzene to the trans-azobenzene state, Fig. 7. In this system,
the dynamic system consists of the duplex between the strand G
and two trans-azobenzene functionalized strands F,, G/(F,),, and
the Y-shaped DNA module composed of the strands H and J
hybridized with the Cy5-I and the BHQ2-K strands. The tran-
sient operation of the system is, also, schematically depicted in
Fig. 7. The system operates at 55 °C to allow the effective
thermal isomerization of the cis-azobenzene units to the trans-
state. The irradiation of the rest system, A = 365 nm (at 55 °C),
results in the photoisomerization of the trans-azobenzene
intercalator units to the cis-state, leading to the separation of
the G/(F,), hybrid. The released strand G displaces the Y-shaped
module to yield the separated products H/I and G/J/K and the
cis-strand F.. In the “rest” state, the fluorophore Cy5 is
quenched by BHQ2, and the separation of the Y-shaped module
yields the H/Cy5-1 duplex, where the fluorescence of Cy5 is
switched “ON”. The light-induced separation of the Y-shaped
structure is rapid (365 nm UV light source, 5 W). The accom-
panying thermal isomerization of the cis-azobenzene units to
the trans-state at 55 °C is substantially slower, and the thermal
process results in the slow displacement of strand G by the
thermally-generated F, strand, and the recombination of H/Cy5-
I with J/BHQ2-K to form the Y-shaped module, where the fluo-
rescence of Cy5 is quenched. Thus, the transient fluorescence
changes of Cy5 provide a readout signal for the dynamic
behavior of the system. To allow the dissipative thermally
induced full recovery of the system within a reasonable time
interval, ca. eight hours, we operated the entire system at 55 °C.
In addition, to retain the stabilities of the duplexes H/Cy5-I and
G/J/BHQ2-K at 55 °C and prevent their melting, appropriate
lengths and base compositions of the respective sequences have
to be optimized. Specifically, the strand G has to be sufficiently
long to stabilize the duplex G/J/BHQ2-K and this is the reason
for the multiple hybridization of G with two F, strands.

Fig. 8(a), curve (a), solid line, shows the transient operation
of the system upon irradiation of the system for 10 minutes and
switching off the light source. The fluorescence of the separated
product H/Cy5-I increases for ca. 50 minutes and subsequently
undergoes thermal recovery to the “rest” state within ca. eight
hours. The transient time-dependent concentration changes of
H/Cy5-1/J/BHQ2-K were evaluated by translating the fluores-
cence changes of H/Cy5-I into the concentrations of quenched
Cy5-1I in the complex Y-shaped structure using an appropriate
calibration curve, Fig. S20.f Within the thermal dissipative
process, the system was repeatedly irradiated at A = 365 nm,
resulting in cyclic partial transient oscillation events, Fig. 8(b).
Also, upon the complete recovery of the rest system, the tran-
sient processes could be cycled, Fig. 8(c), without adding any
external fuel or generating a “waste” product, highlighting the
advantage of operating the dissipative process with a light
“energy” input.
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Fig. 8 (a) Transient corresponding to the light-induced separation of
the Y-shaped DNA module by the strand G generated upon the
photoisomerization of the trans-azobenzene units into the cis-state
and separation of the G/(F,), scaffold, and the transient recovery of the
Y-shaped module upon the thermal transition of F. into F; and the
regeneration of the G/(F,), scaffold. (b) Cyclic oscillatory operation of
the Y-shaped DNA module upon the light-induced pulsed transition of
the G/(Fy), scaffold into the F. state within the thermally induced
transient recovery of the parent system. (c) Cyclic light-induced
operation of the dissipative DNA-based device shown in Fig. 7.

Several control experiments confirmed the supported dissi-
pative process. The irradiation of the system consisting of a Y-
shaped H/Cy5-1/J/BHQ2-K system and the duplex G/(F,), scaf-
fold lacking the trans-azobenzene units, did not lead to the
activation of the dissipative process, Fig. S21,f indicating that
the light-induced photoisomerization of the trans-azobenzene
units is, indeed, the trigger for the transient dynamic behaviors
of the system. In addition, Fig. S22t depicts the transient
behaviors of the Y-shaped H/Cy5-1/J/BHQ2-K system and the G/
(F,) photoisomerizable trans-azobenzene duplex scaffold upon
the irradiation of the system, A = 365 nm, at 55 °C, followed by
the immediate cooling of the system to 25 °C. The light-induced
isomerization of the trans-azobenzene units to the cis-state
leads to the efficient separation of the Y-shaped assembly and to
the triggered fluorescence changes of Cy5. The cooling down of
the system to 25 °C results in, however, the very slow recovery of
the initial state, indicating that the thermal isomerization of the
cis-azobenzene units coupled to the primary

1210 | Chem. Sci., 2021, 12, 11204-11212

View Article Online

Edge Article

photoisomerization process is, indeed, essential to induce the
dissipative cycle of the system.

The photoinduced transient of the system shown in Fig. 8(a),
curve (a), was computationally modeled following the kinetic
scheme shown in Fig. S23 and S24.1 The optimized fit of the
simulation is shown in Fig. 8(a), curve (a'), dashed line. The
derived set of the computed rate constants is provided in Table
S5.1 In addition, Fig. S25,1 curve (a), depicts the experimental
transient system observed upon irradiation, A = 365 nm, of the
“rest” system for a time interval of only 5 minutes. Under these
conditions, the yield of the separated strand H/I is lower, ca.
40%. Using the set of rate constants derived for the original
computed system, the predictive transient curve for the lower
yield generated intermediate H/I was computed, Fig. S26.7 An
excellent fit between the experimental and predicted computa-
tions is demonstrated.

Conclusions

The present study has introduced “all-DNA” dissipative
networks. The use of a metal-ion-dependent DNAzyme as
a trigger to operate transient, out-of-equilibrium networks
paves the way to design out-of-equilibrium “all-DNA” networks
of enhanced complexities, such as gated networks, cascaded
networks and feedback-driven systems. Specifically,
demonstrated the inhibitor-guided gating of transient,
DNAzyme-fueled networks. Besides demonstrating the gating
principle, we engineered a dynamic system consisting of two
DNAzyme-based modules for the gated, transient operation of

we

selective catalytic DNAzymes. The use of external energy inputs
(light) is particularly interesting as it provides a means to
operate cyclic dissipative systems without the addition of fuel
substrates and the generation of waste products. The use of
other auxiliary energy inputs, e.g, electrochemical redox-
control of DNA modules, could be an interesting path to follow.
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