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Allosteric regulation, the modulation of biological macromolecular function through binding of molecules
at distant sites distinct from the active site, is a fundamental principle in biology that governs enzyme
activity, signaling, and gene expression. In this work, we present allosteric ligand/aptamer complexes,
coupled to biocatalytic reaction modules composed of enzymes, DNAzymes, or transcription
machineries, regulating the catalytic and transient functions of these frameworks. This principle is
exemplified by the assembly of ligand/aptamer subunits supramolecular complexes that allosterically
stabilize the Mg?*-dependent DNAzyme, allowing its ribonucleobase cleavage activity, promoting the
formation of transcription templates that yield RNA products, and modulating the assembly of thrombin
aptamer subunits that inhibit thrombin-induced coagulation. Specifically, melamine (Mel)/aptamer
subunits complexes allosterically stabilize the assembly of Mgz+-dependent DNAzyme strands for
substrate cleavage, the formation of thrombin aptamer subunits that inhibit the conversion of fibrinogen
to fibrin, and the stabilization of a transcription template encoding the Malachite Green (MG) RNA
aptamer. Furthermore, coupling an enzyme that depletes the ligand/aptamer complex, which
allosterically stabilizes the biocatalytic reaction module, demonstrates the dissipative and transient
operation of the catalytic system. This concept is illustrated by the adenosine (Ade)/aptamer subunits
supramolecular complex, which stabilizes thrombin aptamer subunits to inhibit thrombin-induced

fibrinogenesis, and promotes the formation of an active transcription template for RNA synthesis. In the
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Accepted 23rd January 2026 presence of adenosine deaminase (ADA), Ade is transformed into inosine, which lacks affinity for the

aptamer subunits, thereby degrading the Ade/aptamer assemblies and depleting the allosteric
DOI: 10.1035/d55c09098a complexes. The temporal disassembly of these allosteric stabilizing complexes leads to the transient

rsc.li/chemical-science inhibition of thrombin-induced coagulation or to the transient operation of a transcription machinery.

Introduction

Allosteric regulation, the modulation of the activity of macro-
molecules through binding of molecules at distant sites, is
a fundamental principle governing biological processes. The
communication between spatially separated molecular
domains, provides the dynamic flexibility that underlies
metabolism, signaling, and gene expression."? Jacques Monod
famously referred to allostery as the “second secret of life”,
emphasizing its central role in the self-organization and
adaptability of biological systems.? Introduction of the allostery
concept into synthetic nucleic acid structures might add an
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important dimension to the functional properties of the
biopolymer and expand its application in synthetic biology. The
base sequence comprising nucleic acids encodes functional
information into the structure of the biopolymer. Sequence
guided functions of DNA include sequence-specific recognition
and binding of biomolecules or low molecular-weight ligands
(aptamers),**® sequence dictated displacement of duplex nucleic
acids or protein/nucleic acid complexes by auxiliary strands,”®
and sequence regulated catalytic properties in the presence of
auxiliary cofactors (DNAzymes or ribozymes), e.g., metal-ion or
amino acid-dependent DNAzymes'>™ and hemin/G-quad-
ruplex'* DNAzymes. Moreover, the sequences comprising DNA
duplex frameworks dictate selective reactivity patterns towards
auxiliary enzymes such as endonucleases'>'® or nickases."” In
addition, auxiliary enzymes such as DNA or RNA polymerases
and added deoxyribonucleotide triphosphates (ANTPs) or ribo-
nucleotide triphosphates (NTPs) as fuels, catalyze in the pres-
ence of nucleic acid templates dictated polymerization and
displacement of DNA or RNA products.”®*® This arsenal of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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recognition and catalytic functions embedded in oligonucleo-
tides provides a versatile “tool-box” for the rapidly developing
area of DNA nanotechnology.>® Over the years, the functional
information embedded in nucleic acids has been implemented
to develop DNA switches,*** machines®*** and two- and three-
dimensional DNA nanostructures.”*® In addition, dynamically
reconfigured nanostructures,” programmed logic gate
circuits,”® dynamic reconfigurable DNA networks,* dissipative
circuits,**** and switchable transcription machineries®*** were
demonstrated. Moreover, chemical modifications of aptamers
with light responsive®** or redox active units* led to switchable
binding properties of aptamers. Conjugation of aptamers to
DNAzyme catalytic units yielded hybrid structures, “nucle-
oaptazymes”, emulating native enzymes by providing coopera-
tive substrate binding sites in spatial proximity to the active site
in the conjugated structure.’**” Diverse applications of aptam-
ers were demonstrated, including their use as sensing®*?*® and
imaging materials,* engineering of stimuli-responsive drug-
carriers, and their targeting to specific cell receptors.** Also,
aptamers were used as therapeutic agents through selective
binding to proteins and their inhibition, e.g., association to
VEGF (inhibiting angiogenesis)**** or thrombin (inhibiting
fibrinogenesis).** Similarly, DNAzymes have found broad
applications as amplifiers of sensing events, using in vitro or in
vivo assays*® and catalyzing diverse chemical transformations,
such as oxidation of NADH*® or dopamine.”” Also, DNAzymes
were employed as synthetic catalysts for gene therapy*® and for
the generation of reactive oxygen species for chemo dynamic
cancer therapy.*

Here we wish to report on the conjugation of ligand/aptamer
supramolecular complexes to DNAzyme subunits, anti-protein
(thrombin) aptamer subunits and transcription templates,
resulting in the allosteric operation of a DNAzyme, inhibition of
fibrinogenesis and RNA transcription. Melamine (Mel) or aden-
osine (Ade) act as ligands assembling ligand/aptamer supramo-
lecular complexes that allosterically guide the respective catalytic,
fibrinogenic and transcription circuits. By coupling adenosine
deaminase (ADA) to the Ade aptamer allosterically stabilized
fibrinogenesis and transcription circuits, transient, dissipative,
operation of the frameworks is achieved. Beyond the expansion
of the functionalities of stimuli-responsive nucleic acid circuits,
the significance of the ligand/aptamer complex, allosterically-
driven, catalytic circuits is reflected by: (i) their possible appli-
cation for sensing (e.g., Mel); (ii) the temporal, dose-controlled,
therapeutic applications of the circuits (e.g, inhibition of
thrombin-induced fibrinogenesis); and (iii) the spatiotemporal
control-over transcription machineries by synthetic ligand/
aptamer complexes emulating functions of native transcription
factors. It should be noted that in a previous study®® we reported
on the allosteric adenosine/aptamer subunits activation of the
Mg*"-ion-dependent DNAzyme and its ADA-directed transient
catalytic modulation in liposome protocells. The present study
demonstrates, however, the versatility of the allosteric activation
of diverse supramolecular and transient catalytic trans-
formations such as fibrinogenesis or transcription machineries,
using different ligand/aptamer subunits complexes as allosteric
stabilizing units.

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Results and discussion

The general concept to allosterically operate catalytic circuits
consisting of DNAzymes, anti-protein (thrombin) aptamer
subunits or transcription machineries by ligand/aptamer
complexes is exemplified in Fig. 1A using melamine (Mel)/
aptamer complexes.*>**> The system consists of two strands A,
and By, that include engineered sub-domains 1; and 1, corre-
sponding to aptamer subunits conjugated to the catalytic
subunits k; and k,. The catalytic subunits include the pre-
engineered sequences to operate a DNAzyme, bind thrombin
or, transcribe RNA sequences. While the strands A,, and By,
have partial complementarity, it is insufficient to form a stable
interstrand complex. However, binding of the ligand (Mel) to
the aptamer subunits results in an interstrand supramolecular
complex cooperatively stabilized by the ligand/aptamer complex
and the complementarity associated with the two strands.
Furthermore, the spatial proximity between the tethers k; and
k, is pre-engineered to evolve the catalytic function in the
supramolecular assembly. That is, the ligand-induced forma-
tion of ligand/aptamer supramolecular complex allosterically
stabilizes and activates the catalytic function of the spatially
confined k; and k, subunits.

Fig. 1B schematically depicts the Mel/aptamer subunits
complex induced allosteric stabilization of a supramolecular
complex activating the function of a Mg**-ion-dependent
DNAzyme. The reaction circuit includes two strands D,, and
En, which include subunits b, and b, of the split Mel aptamer,
and subunits m; and m, corresponding to the arm/loop
sequences of the DNAzyme. The complementary sequence
domains a and a’ were added to strands D,, and E,,. In the
presence of Mel, the supramolecular complex cooperatively
stabilized by the Mel/aptamer subunits complex and the inter-
bridging duplex a/a’ is formed, resulting in the spatially
confined DNAzyme configuration composed of m; and m,. The
allosteric stabilization of the functional Mg>*-ion-dependent
DNAzyme is then probed by the cleavage of the fluorophore/
quencher modified substrate S by the DNAzyme, panel I (F =
FAM; Q = BHQ1). For the specific design of the structural units
activating the allosteric Mel-induced operation of the DNAzyme
see Page S9 in the SI.

Fig. 1C, depicts the rate of cleavage of the F/Q-modified
substrate by the allosterically, Mel-stabilized DNAzyme frame-
work in the presence of variable Mel concentrations. While no
cleavage of the substrate proceeds in the absence of Mel,
consistent with the lack of communication between strands D,,
and E,, curve i, the supramolecular DNAzyme structure is
activated in the presence of Mel, curves ii—xii. As the concen-
tration of Mel increases, the rate of cleavage is enhanced.
Fig. 1D, displays the rates of cleavage of the substrate strand in
the presence of variable Mel concentrations. A saturation curve
is observed consistent with the saturated formation of the Mel/
aptamer subunits complex from which the V. = 2.41 £+ 0.07
pumol min~' and Ky5 = 162 + 4.8 uM for the allosterically
stabilized supramolecular DNAzyme were evaluated. The
detection limit of the DNAzyme was calculated to be 867 £
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Fig.1 (A) Allosteric activation of catalytic DNA circuits by supramolecular assembly of ligand/aptamer subunits complexes using melamine (Mel)/
aptamer subunits. (B) Schematic Mel-induced allosteric stabilization of a Mg?*-ion-dependent DNAzyme through Mel/aptamer subunits
complex. Panel | — probing the catalytic activity of the DNAzyme by the DNAzyme-catalyzed ribonucleobase cleavage of a fluorophore (FAM)/
qguencher (BHQ1)-modified substrate strand, S. (C) Time-dependent fluorescence changes upon cleavage of the F/Q-modified substrate by the
allosterically-stabilized DNAzyme formed in the presence of variable concentrations of Mel: (i) O uM, (i) 5 pM, (iii) 20 pM, (iv) 50 puM, (v) 100 puM, (vi)
200 pM, (vii) 300 pM, (viii) 400 pM, (ix) 600 uM, (x) 800 puM, (xi) 1000 uM, (xii) 2000 uM. (D) Catalytic rates of the allosterically stabilized DNAzyme,
in the presence of variable concentrations of Mel (fluorescence intensities were translated to free fluorophore concentration using the

appropriate calibration curve, Fig. S1).

26 nM using the three-sigma method. Isothermal titration
calorimetry (ITC) experiments supported the Mel/aptamer
subunits formation of the supramolecular DNAzyme structure
revealing a Kq of 0.890 £ 0.123 pM corresponding to the
complex between Mel and the two subunits D, and E,,, Fig. S2.
Beyond demonstrating the Mel/aptamer induced allosteric
activation of the Mg”*-ion-dependent DNAzyme, the system
presents as an amplified Mel sensing platform. Mel sensing is of
importance as Mel has been used as an illegal additive in food
products causing severe health problems in infants.> Different
analytical methods including mass-spectrometry,® high
performance liquid chromatography® and CRISPR/Casl4a
sensing platforms®® were developed to detect Mel residues in
food products. The amplified Mel-dependent operation of the
DNAzyme allows the analysis of Mel with a detection limit
corresponding to 0.1 ppm, that is lower than the detection
threshold defined by the FDA for infant formula (1.0 ppm).*”
The allosteric Mel/aptamer subunits complex stimulating
the catalytic functions of a conjugated DNA framework were
further demonstrated with the Mel-mediated inhibition of
fibrinogen to fibrin coagulation. Thrombin is a key physiolog-
ical regulator of the blood clotting mechanism.*® While it plays
a key role in hemostatic clotting of vascular injuries, its
balanced dose activity is crucial to prevent blood clots and
thrombosis.*>* Diverse anti-coagulant therapeutic agents,
controlling thrombin activity are known.* Within these efforts,
anti-thrombin aptamers that bind to thrombin were isolated

6088 | Chem. Sci., 2026, 17, 6086-6098

and their inhibition of thrombin was implemented to design
anti-coagulant agents.®>*® The dose-controlled, inhibition of
thrombin catalytic functions by aptamers, acting as anti-
coagulation agents, could thus be a significant advance in
controlling blood clotting (thrombosis). Accordingly, the allo-
steric activation of the blood clotting inhibitory capacity of the
anti-thrombin aptamer framework using an auxiliary ligand,
e.g. Mel, could be an interesting path to follow. This concept is
exemplified in Fig. 2A with the design of a Mel/aptamer
subunits allosteric circuit for the controlled inhibition of
thrombin's coagulation function.

The system consists of two strands G, and H,,, composed of
the subsequences b, and b, corresponding to the Mel aptamer
subunits, extended by four base complementary tethers, a and
a’, cooperatively enhancing the stability of the Mel/aptamer
subunits complex. The Mel aptamer subunits G, and Hy, are
further extended by the tethers t; and t, that correspond to the
anti-thrombin aptamer subunits. Despite the partial comple-
mentarity of strands G,, and H,, and the binding affinity of
thrombin to the subunits t; and t,, the strands G,,, and H,,, lack
binding affinity to allow the formation of the G,/H,,/thrombin
complex, and thus, the inhibition of thrombin-induced
fibrinogenesis (coagulation of fibrinogen to fibrin) is pro-
hibited. The rate of thrombin-induced coagulation in the
absence of the strands G,/Hy, yet in the presence of Mel, is
reflected by the temporal light-scattering of the system, show
similar temporal light-scattering intensity changes to free

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Schematic melamine (Mel)-induced allosteric inhibition of thrombin-induced fibrinogenesis (conversion of fibrinogen to fibrin)

through the formation of thrombin/thrombin aptamer subunits framework. Panel | — schematic probing of the fibrinogenesis process by
dynamic light-scattering. (B) Panel | — temporal light-scattering curves upon inhibition of thrombin-induced fibrinogenesis in the presence of the
thrombin/Mel aptamer subunits framework G,,/H,, and variable concentrations of Mel: (i) O uM, (i) 10 uM, (iii) 100 uM, (iv) 1000 puM. Panel |l — t1/»
values derived from fibrinogenesis temporal light-scattering curves, in the presence of variable concentrations of Mel. (C) Panel | — temporal
catalytic rates of thrombin-induced fibrinogenesis in the presence of G,»/H, strands, allosterically stabilized by variable concentrations of Mel: (i)
0 uM, (i) 10 pM, (iii) 100 pM, (iv) 1000 puM. Panel Il — maximum fibrinogenesis rates (V,ax) Upon subjecting G/Hy, to variable concentrations of
Mel. In all experiments, Gm/Hm = 1.0 pM, thrombin = 5 nM, fibrinogen = 10 mg ml™%. Data are means +SD, N = 3.

thrombin in the absence of ligands, Fig. S4. The allosteric Mel/
aptamer subunits stabilization of the thrombin/anti-thrombin
subunits results in the Mel-induced, controlled inhibition of
the thrombin-induced coagulation of fibrinogen to fibrin. The
rate of fibrinogenesis is followed by the temporal light-
scattering features associated with the coagulation of fibrin-
ogen to fibrin, in the presence of variable Mel concentrations,
Fig. 2A, panel 1. Fig. 2B, panel I, depicts the time-dependent
light-scattering intensity changes associated with the
thrombin-induced coagulation of fibrinogen to fibrin in the
presence of strands Gy, and Hy,, in the absence of Mel, curve (i),
and in the presence of variable concentrations of Mel, curves
(ii)~(iv). While in the absence of Mel rapid fibrinogenesis is
observed, the addition of Mel induces the formation of inter-
strand Mel/G,/H,,, and the coagulation of fibrinogen to fibrin is
suppressed, thus as the concentration of Mel increases the
degree of inhibition of fibrinogenesis is higher. The temporal
light-scattering curves probing the allosteric inhibition efficacy

© 2026 The Author(s). Published by the Royal Society of Chemistry

of fibrinogenesis, in the presence of variable concentrations of
Mel were quantitatively evaluated using two parameters.***
One parameter, t;,,, is the time interval corresponding to the
light-scattering intensity reaching 50% of the saturation value
at variable concentrations of Mel. Fig. 2B, panel II, depicts the
relation of ¢, to the concentrations of Mel inducing allosteri-
cally the inhibition of thrombin. As the concentration of Mel
increases the t;, light-scattering intensity values are higher
reflecting an enhanced thrombin inhibition capability of the
circuit. A second parameter evaluating the Mel-induced inhi-
bition of thrombin is the maximum coagulation rates of
fibrinogen to fibrin (Vi,,,) that are derived from the temporal
light-scattering curves in the presence of variable Mel concen-
trations, first order time-dependent derivative curves are shown
in Fig. 2C, panel I. The V;,.« values of the circuit, characterizing
the inhibition efficacy induced by Mel, derived from the
temporal light-scattering curves shown in Fig. 2B, panel I, are
displayed in Fig. 2C, panel II. While a high V., in the absence
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of Mel is observed, reflecting low thrombin inhibition, the Vi«
values decrease as the concentration of Mel increases, demon-
strating the enhanced efficiency of Mel-induced inhibition of
coagulation of fibrinogen to fibrin. The results displayed in
Fig. 2 introduce a new paradigm for controlling thrombin-
induced coagulation by employing an auxiliary ligand (Mel)
that allosterically regulates the dose-controlled formation of the
thrombin/anti-thrombin aptamer subunits affinity complex
that inhibits the coagulation process.

In the next step, the allosteric Mel-induced activation of
a transcription machinery was examined. Regulation of RNA
transcription controls many biological processes ranging from
cell cycle progression®® and maintenance of intracellular
metabolism to cellular differentiation.®” The transcription
apparatus demonstrates dynamic adaptive features, primarily
modulated by transcription factors.®*”* Beyond the key func-
tions of the native transcription machinery in maintenance of
living organisms, misregulation of transcription programs by
dysfunctional transcription factors is the origin of various
diseases including cancer, viral infection, neurological disor-
ders, autoimmune pathologies and diabetes.””® Development
of biomimetic synthetic transcription circuits is important not
only to emulate the native apparatus by artificial model systems,
but it could provide versatile therapeutic applications. For
example, the controlled programmed in vivo synthesis of pre-
engineered RNA could be a valuable source of therapeutic
agents, e.g. aptamers, siRNAs, and ribozymes. Indeed, recent
research efforts demonstrated the modulation of transcription
machineries by topological nucleic acid barriers conjugated to
transcription templates, such as G-quadruplexes or DNA
triplexes modeling native transcription factors' functions.** In
the forthcoming section we introduce the allosteric Mel-
induced operation of a transcription circuit as a biomimetic
model system emulating the functions of transcription factors.

The Mel/aptamer subunits complex triggered activation of
the transcription machinery is schematically displayed in
Fig. 3A. The inactive reaction module consists of the template
strands N,,/Ty, containing an incomplete T7 RNA polymerase
(RNAP) promoter, the strand P,,,, Malachite Green (MG) and T7
RNAP/ribonucleotide triphosphates (NTPs) The
strands T, and Py, include tethers b; and b, corresponding to
the Mel aptamer subunits, where b, is extended by the sequence
%' that is complementary to domain x in the template N,/Ty,.
While X' contains the sequence to complete the promoter region
that activates the N,/T,, transcription machinery, the stability
of the complementary duplex x/X’ is, however, insufficient to
activate the transcription machinery. In the presence of Mel, the
cooperative formation of the Mel/aptamer subunits complex,
and the duplex x/x’ form an energetically stabilized, promoter-
activated, transcription template enabling the activation of
the transcription machinery, resulting in the T7 catalyzed
RNAP/NTPs transcription of the RNA product, R,. The template
Nn/Tr, is pre-engineered to yield the MG RNA aptamer as the
transcription product. The resulting fluorescent MG/RNA
aptamer complex (Aex = 632 nm; A, = 650 nm) provides,
then, an optical readout signal for the temporal operation of the
transcription machinery. Fig. 3B depicts the time-dependent

mixture.
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fluorescence changes caused by the production of the MG
RNA aptamer product, generated in the absence of Mel, curve i,
and in the presence of variable concentrations of Mel, curves ii-
vi. Using an appropriate calibration curve, relating the fluores-
cence intensity of MG/RNA aptamer to its concentration, Fig. S5,
the rates of MG/RNA aptamer formation as a function of Mel
concentrations were evaluated as depicted in Fig. 3C. Peak rates
(Vinax) Of the transcription template derived from Fig. 3C are
displayed in Fig. 3D, as Mel concentration increases, Vipax
increases.

The systems discussed so far demonstrated the allosteric
ligand (Mel)-induced activation of catalytic processes involving
a DNAzyme, thrombin-induced fibrinogenesis or a transcription
machinery. Many of the catalytic processes in nature are,
however, temporally modulated, leading to dissipative, tran-
sient and out-of-equilibrium operation.” The ligand/aptamer
complex allosterically regulating catalytic processes intro-
duced a mechanism controlling the “dose” of the catalytic
transformation. The coupling of a catalyst modulating tempo-
rally and transiently the allosteric mechanism could introduce
an additional dimension to the “dose” regulated control over
catalytic processes. The principle of dissipative out-of-
equilibrium systems involves the design of reaction circuits
that are activated by an auxiliary energy-fueled input (chemical
fuel, light, electrical or magnetic stimuli) that generate an
intermediate out-of-equilibrium state. The system includes,
however, an internal mechanism depleting the auxiliary energy-
fueled input resulting in the degradation of the intermediate
state, into waste products while recovering the parent circuit.
This leads to the temporal, transient, formation and depletion
of the intermediate state. Substantial recent research efforts
addressed the use of nucleic acid-based frameworks as func-
tional reaction modules to design transient DNA circuits.””®
Different triggers including nucleic acid fuel strands or light
coupled to enzymes or DNAzymes were employed to trigger the
temporal transitions of DNA frameworks into intermediate
states that are temporally depleted by the catalysts to the parent
reaction modules, thereby establishing transiently operating
DNA circuits.”””® Diverse applications of transient operating
circuits were demonstrated, including transient operating bi-
ocatalytic cascades,”” transient DNA-based load release
systems,® or transient nucleic acid guided aggregation/de-
aggregation of metal nanoparticles or semiconductor
quantum dots.** The allosteric ligand/aptamer stabilization of
catalytic frameworks, and the availability of enzymes degrading
the ligands, suggests that coupling of enzymes to the allosteri-
cally ligand/aptamer stabilized catalytic frameworks could
provide a versatile mechanism to engineer dynamic, transient
allosterically ligand-stabilized reaction modules. For example,
diverse ligand/aptamer complexes can be coupled with ligand
degrading enzymes (e.g.,, adenosine/adenosine deaminase,
acetylcholine/acetylcholinesterase, uric acid/uricase) resulting
in the separation of the complexes, as schematically shown in
Fig. S6.

The conjugation of an enzyme to an allosteric ligand-
induced catalytic transformation leading to transient
allosterically-driven catalytic process is schematically presented

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Schematic melamine (Mel)/aptamer subunits allosterically triggering of the transcription machinery transcribing the Malachite Green

(MG) RNA aptamer. The fluorescent MG/aptamer complex provides the readout signal for the transcription process. (B) Time-dependent
fluorescence changes of the MG/RNA aptamer transcribed product generated in the presence of variable concentrations of Mel: (i) 0 mM, (i)
0.125 mM,, (iii) 0.25 mM,, (iv) 0.5 mM, (v) 1.0 mM, (vi) 2.0 mM. (C) Temporal concentration changes of the MG/RNA aptamer transcribed product
generated in the presence of variable concentrations of Mel: (i) 0 mM, (i) 0.125 mM, (iii) 0.25 mM, (iv) 0.5 mM, (v) 1.0 mM, (vi) 2.0 mM (translation of
the temporal fluorescence changes shown in (B) to MG/aptamer concentrations were performed using the calibration curve provided in Fig. S5).
(D) Maximum catalytic rates (V,nax) corresponding to the formation of the transcribed MG/aptamer product, in the presence of variable Mel

concentrations. In all experiments, Ny/Trm, = 0.2 pM, P, = 0.2 uM, NTPs = 0.5 mM, T7 RNAP = 1.5 U ul™%. Data are means £SD, N = 3.

in Fig. 4A, using the adenosine (Ade)/aptamer subunits complex
and adenosine deaminase (ADA) as regulators controlling allo-
steric catalytic processes such as fibrinogenesis or transcription
(for the design principles of the allosteric Ade/aptamer subunits
inhibition of thrombin see Fig. S3 and accompanying discus-
sion Page S11 in the SI). The two strands A, and B, coupled with
ADA, act as the reaction module. The strands A, and B, include
the Ade aptamer subunits 1; and 1, conjugated to strands k; and
k, that encode the nucleic acid sequences comprising the
catalytic frameworks. Fueling the system with Ade results in the
formation of Ade/aptamer subunits supramolecular complex
allosterically stabilizing the catalytic frameworks consisting of
the thrombin/anti-thrombin aptamer subunits complex inhib-
iting fibrinogenesis, or the active transcription machinery as
intermediate products. The ADA present in the system
concomitantly transforms Ade to inosine, that lacks affinity
towards the aptamer subunits. Separation of the Ade/Ade
aptamer complex recovers the parent reaction circuit, in
which the catalytic transformations are prohibited. This leads
to the transient Ade/ADA allosteric operation of fibrinogenesis
or transcription processes. In the forthcoming section, the
transient Ade/ADA operation of transcription and fibrinogene-
sis machineries will be addressed.

Fig. 4B depicts schematically the reaction circuit used for the
allosteric transient inhibition of the thrombin-induced coagu-
lation of fibrinogen to fibrin in the presence of Ade and ADA.
The system consists of two strands G, and H, as the DNA
functional framework and ADA as the auxiliary catalyst. The

© 2026 The Author(s). Published by the Royal Society of Chemistry

strands G, and H, include the Ade aptamer subunits d; and d,
conjugated to the complementary sequences c¢ and ¢ and
extended by the anti-thrombin aptamer subunits t; and t,.
While in the absence of Ade, the base complementarity of ¢ and
¢ is insufficient to form a stable G,/H, duplex structure that
binds to thrombin and inhibits the thrombin-induced
fibrinogenesis. The addition of Ade leads to the formation of
the Ade/aptamer subunits complex, cooperatively stabilized by
the c/c’ duplex, leading to the assembly of the supramolecular
G./H, complex that stabilizes the thrombin aptamer subunits
allowing the association of the interstrand Ade/G,/H, supra-
molecular thrombin aptamer subunits framework to thrombin.
Binding of the interstrand Ade/G,/H, to thrombin allosterically
inhibits thrombin-induced fibrinogenesis. The ADA coupled to
the reaction circuit, concomitantly transforms Ade to inosine,
leading to the separation of the G,/H, units from thrombin,
thereby recovering the free thrombin, exhibiting non-inhibited
coagulation rate. That is, the system reveals transient allosteric
Ade-induced inhibition of thrombin-induced coagulation of
fibrinogen to fibrin. The degree of inhibition is controlled by
the concentration of Ade that regulates the allosteric formation
of the Ade/aptamer subunits complex. While the ADA concen-
tration dictates the rate of recovery of the parent module,
showing non-inhibited fibrinogenesis. That is, the transient
allosteric inhibition of thrombin is regulated by two parame-
ters; the concentration of Ade that triggers the fibrinogenesis
inhibition and the concentration of ADA degrading Ade thereby
regulating the temporal depletion of the inhibition

Chem. Sci., 2026, 17, 6086-6098 | 6091


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc09098a

Open Access Article. Published on 02 February 2026. Downloaded on 4/17/2026 3:55:37 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article

&

\-‘
o )

¢ /-\ ]E sc/atter?ng

WA

f
ty | ( | “‘t, \/ ;/} Thrombin )] {ff

—»Qqh

1A\ A (Z5y  (inactive)
+ADA R
) § Thrombin
J- 5. Thrombln WS t@ i ) "‘\-'1.
== jé' (active) / a s 2 e
® adies 4 —_
¢ L Fibrig I(l *§ F-brmogen Fibrin
K Inosine < 2= F'b""‘wng g?’éa-o—(.. 2
1. (Waste) Inosine
(Waste)
@
(1 : . (Iv)
: ;
9 “ 15
“e :
4 210
5 >
- g — 0.5
0 100 200 300 [ 10 100 1000V o 100 200 300 [} 10 100 1000
D [Adenosine] (pM) Time (s) [Adenosine] (uM)
<250 Q : o
3 () 3520 () 22011 (IV)
£ 200 s 4
= 3
2150 2 15 I1s
g 100 10 x10
) >05 N
0 ° J. 0.5
0 £ 0.0
40 80 120 160 VU 100 200 300 0 40 80 120 160
E Time (min) Time (min)
250 {0
\
E 200 \
150
-
™
100
50
0 40 80 120 160 0 40 80 120 160 0 40 80 120 160 0 40 80 120 160
Time (min) Time (min) Time (min) Time (min)

Fig. 4 (A) Allosteric transient activation of catalytic DNA systems by supramolecular assembly of ligand/aptamer subunits complexes using
adenosine (Ade)/Ade aptamer and adenosine deaminase (ADA). (B) Schematic application of Ade/aptamer subunits for the Ade/ADA transient
allosteric inhibition of thrombin-induced fibrinogenesis. Panel | — probing thrombin activity by following temporal light-scattering intensities
associated with coagulation of fibrinogen to fibrin. (C) Panel | — light-scattering intensities upon coagulation of fibrinogen to fibrin using the
reaction circuit shown in (B) operating in the presence of variable Ade concentrations, yet in the absence of ADA: (i) O uM, (i) 10 puM, (iii) 100 uM,
(iv) 1000 puM. Panel Il — t;,» values of the reaction circuit in the presence of variable Ade concentrations extracted from panel I. Panel Ill —
evaluation of the catalytic rates associated with the temporal light-scattering intensity changes, in the presence of variable concentrations of
Ade: (i) O uM, (i) 10 uM, (iii) 100 pM, (iv) 1000 pM. Panel IV — maximum catalytic rates (V,nay) associated with the system's operation shown in panel
Il (D) Panel | — temporal light-scattering intensities corresponding to samples withdrawn at time-intervals, from the reaction circuit displayed in
(B) demonstrating transient fibrinogenesis inhibition capability in the presence of Ade = 1.5 mM; ADA = 0.045 U ml™%, after: (i) O, in the absence of
Ade, (ii) 20, (iii) 40, (iv) 60, (v) 80, (vi) 100, (vii) 120, (viii) 140, (ix) 160, (x) 180 minutes. Panel Il — analysis of temporal t;,, values corresponding to

transient fibrinogenesis induced by the reaction module shown in (B), Ade = 1.5 mM; ADA = 0.045 U ml~. Panel Il — analysis of the temporal
catalytic rates of the temporal light-scattering intensities shown in panel |, of the transient fibrinogenesis induced by the reaction circuit displayed
in (B), Ade = 1.5 mM; ADA = 0.045 U ml™%. Panel IV — transient V., values derived from panel lll. (E) Panels | and Il — transient fibrinogenesis

driven in the presence of ADA = 0.045 U ml™! and different concentrations of Ade: (i) 1.25 mM, (i) 1.5 mM, (iii) 1.8 mM, displayed using t;/» and
Vmax Parameters. Panels lll and IV — transient fibrinogenesis driven in the presence of Ade = 1.5 mM and different concentrations of ADA: (i) 0.045
Umlt™2 (i) 0.055 U ml™, (i) 0.065 U ml™%, displayed using ty» or Vinax Parameters. In all experiments, Go/H, = 1.0 uM, thrombin = 5 nM, fibrinogen
=10 mg ml™%. Data are means +SD, N = 3.

phenomenon. The temporal and transient allosteric inhibition
of thrombin, is then, followed by the temporal light-scattering
features associated with the coagulation of fibrinogen to
fibrin, in the presence of variable Ade and ADA concentrations,
Fig. 4B, panel I. The rate of thrombin-induced coagulation in
the absence of the strands G,/H,, yet in the presence of Ade,
show similar temporal light-scattering intensity changes to free
thrombin in the absence of ligands, Fig. S4.

Fig. 4C, panel I, shows the temporal light-scattering inten-
sities associated with the fibrinogenesis in the presence of

6092 | Chem. Sci., 2026, 17, 6086-6098

different concentrations of Ade, yet in the absence of ADA: (i)
0 uM (ii) 10 uM (iii) 100 pM (iv) 1000 puM. As the concentration of
Ade increases, the allosteric inhibition of the thrombin-induced
fibrinogenesis increases as reflected by a prolonged initial lag
and lower saturation values of temporal light-scattering curves.
The analysis of the temporal light-scattering curves in panel I, in
terms of ¢;,,, temporal catalytic rates and Vy,ax values are pre-
sented in Fig. 4C panels II-IV. Fig. 4D, panel I shows the
temporal light-scattering curves associated with the thrombin-
induced fibrinogenesis at time-intervals of the system's

© 2026 The Author(s). Published by the Royal Society of Chemistry
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operation using Ade = 1.5 mM; ADA = 0.045 U ml™'. While the
control of the system, curve (i), in the absence of Ade demon-
strates non-inhibited fibrinogenesis, addition of Ade leads to
effective inhibition of fibrinogenesis, curve (ii), the system
reveals, however, a continuous temporal change in the rate of
fibrinogenesis reflected by the decrease in the inhibition effect
in the system and ultimately shows the recovery of the non-
inhibited fibrinogenesis behavior of the system, curves (ii)—(x).
Analysis of the temporal light-scattering curves shown in Fig. 4D
panel I in terms of ¢;,,, temporal catalytic rates and Vi, are
summarized in Fig. 4D, panels II-IV. The result demonstrates
the transient allosteric Ade-induced inhibition of thrombin by
Ade/ADA in the G,/H, reaction circuit. Fig. 4E depicts the effects
of different Ade and ADA concentrations on the transient allo-
steric inhibition of thrombin-induced fibrinogenesis, as re-
flected by the ¢/, and V.« values derived from the temporal
light-scattering intensities in the respective G,/H, operating
system. As the concentration of Ade increases, at fixed ADA
concentration 0.045 U ml™%, the time-interval of the transient
recovery of the allosterically inhibited thrombin-induced
fibrinogenesis is prolonged, Fig. 4E, panels I and II. In addi-
tion, as the ADA concentration increases, at a fixed Ade
concentration 1.5 mM, the time-interval of the transient
recovery of the non-inhibited thrombin-induced fibrinogenesis
is shortened, Fig. 4E, panels III and IV. These results are
consistent with the allosteric transient inhibition of the
thrombin-induced coagulation of fibrinogen to fibrin regulated
by the Ade/ADA-G,/H, reaction circuit.

An additional process demonstrating the transient allosteric
activation of a biocatalytic process included the Ade/ADA allo-
steric transient activation of a transcription machinery. Beyond
transcription factor-modulated transcription machineries and
accompanying regulated gene expression, promoter control
elements regulate the dynamic interactions of transcription
factors with the transcription machineries. These include for
example, enhancer,* silencer® or switching elements,* leading
to temporal dynamic modulation of transcription and gene
expression. For example, by coupling two mutually repressing
transcription factor pathways, biomimetic oscillatory®® or bi-
stable®® active gene expression were reported. Also, transient
transcription machineries regulated by auxiliary enzymes® or
DNAzymes®® were reported. The allosteric ligand/aptamer tran-
sient activation of a transcription process is, to the best of our
knowledge, unprecedented.

Fig. 5A depicts schematically the transient Ade/ADA allo-
steric operation of a transcription machinery. The reaction
module consists of the strands N,/T, that exist as an inactive
transcription template lacking a full T7 promoter sequence. The
strand P, contains the sequence X that hybridizes to the
sequence x in strand N, and completes the T7 promoter,
however despite the complementarity of the domains x/x’ they
are pre-engineered to form a non-stable five-base duplex. To
assist the binding of P, to the transcription template, Ade
aptamer subunits, d; and d,, were conjugated to strands P, and
N,. Added Ade cooperatively stabilize the formation of the active
transcription template by the cooperative formation of the Ade/
aptamer subunits complex and the x/x' duplex completing the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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promoter domain in the transcription template. Formation of
the intact Ade-stabilized transcription template activates, then,
the T7 RNAP/NTPs transcription machinery transcribing the
RNA product, R,. Since the affinity of the Ade aptamer towards
other adenine-containing ligands is well established,*> ATP was
excluded from the reaction circuit. The transcription template
is pre-engineered to displace, by the transcribed RNA, R,, the
auxiliary transducing F/Q DNA duplex that is comprised of
a fluorophore-modified (FAM) strand and a quencher-modified
(BHQ1) strand, where the fluorescent signal is effectively
quenched, generating the fluorescent F/R, duplex and the free
quencher-modified strand Q. Thus, the time-dependent fluo-
rescence changes in the system reflect the temporal perfor-
mance of the transcription process induced by Ade. The ADA
integrated in the circuit, temporally transforms Ade to inosine
resulting in the depletion of Ade, leading to the separation of
the strand P, from the transcription template, that transiently
recovers the parent reaction circuit. Thus, the ADA present in
the system induces the transient dissipative evolution of the
fluorescent intermediate F/R, duplex in the system. The
temporal fluorescence changes caused by the displacement
induced by the RNA product reflect, then the dynamically
modulated transcription occurring in the system. Fig. 5B,
panels I-III, depict the time-dependent fluorescence changes
generated by the reaction module in the presence of different
concentrations of Ade, yet in the absence of ADA: (i) 0 mM (ii)
0.125 mM (iii) 0.5 mM (iv) 2.0 mM. While in the absence of Ade
minimal transcription of R, occurs (reflected by the lack of
separation of the F/Q-transducing duplex), curve i, the time-
dependent fluorescence changes are intensified as the concen-
tration of Ade increases, curves ii-iv. Using an appropriate
calibration curve relating the fluorescence of the released FAM-
labeled DNA strand as a function of R, concentration, Fig. S7,
the temporal transcribed RNA product R, in the presence of
different Ade concentrations is displayed in Fig. 5B, panel II.
Temporal first order maximum catalytic rates (Viax) of the
transcription template derived from panel II are displayed in
panel III. The results confirm that Ade stabilizes allosterically
the assembly of the promoter/transcription template P,/N,/T,
transcribing the product R,. Fig. 5C depicts the temporal fluo-
rescence changes generated by the transcription machinery, in
the presence of variable Ade concentrations and a constant
concentration of ADA = 0.025 U ml™*. The temporal fluores-
cence changes, reflecting the rate of R, production reveal a non-
linear behavior tending to reach a saturation value. The
temporal fluorescence changes and the resulting saturation
levels are controlled by the concentration of Ade. As the
concentration of Ade increases, the intensities of the fluores-
cence changes are higher, consistent with the increased
concentration of the Ade/aptamer subunits stabilized active
transcription template. The non-linear temporal fluorescence
intensity changes support that an accompanying mechanism
slowing down the transcription process exists in the system,
consistent with the ADA-induced depletion of the transcription
machinery. Using a calibration curve relating the fluorescence
intensities to the R, RNA concentrations, Fig. S7, the temporal
concentrations of the transcribed R, were evaluated, Fig. 5C,
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Fig.5 (A) Panel | — schematic reaction module applying the adenosine (Ade)/adenosine deaminase (ADA) system for the transient allosteric operation
of a transcription machinery emulating temporal transcription factor regulated transcription. (B) Temporal fluorescence changes generation by the
Ade-driven operation of the reaction module, in the absence of ADA, and in the presence of variable Ade concentrations: (i) 0 mM, (i) 0.125 mM, (iii)
0.5 mM, (iv) 2.0 mM. Panel Il — temporal concentration changes of R,, generated by the reaction module shown in (A), in the absence of ADA and in
the presence of variable Ade concentrations: (i) 0 mM, (i) 0.125 mM,, iii) 0.5 mM, (iv) 2.0 mM (translation of the fluorescence changes shown in panel |
into R, concentrations, using the appropriate calibration curve, Fig. S7). Panel lll — temporal catalytic rates corresponding to the generation of R, by
the reaction module, under variable Ade concentrations. (C) Panel | — temporal fluorescence changes generated by the reaction module in the
presence of ADA = 0.025 U ml~* and variable concentrations of Ade: (i) 2.0 mM, (ii) 0.5 mM, (iii) 0.125 mM. Panel Il — temporal concentration changes
of R» generated by the reaction module in the presence of ADA = 0.025 U ml™* and variable Ade concentrations: (i) 2.0 mM, (i) 0.5 mM, (iii) 0.125 mM
(translation of the fluorescence changes shown in panel | into R, concentrations, using the appropriate calibration curve, Fig. S7). Panel lll — catalytic
rates corresponding to the production of R, in the presence of ADA = 0.025 U ml™, and variable Ade concentrations: (i) 2.0 mM, (i) 0.5 mM, (i)
0.125 mM (first order time-dependent derivatives of the curves shown in panel Il). Inset: peak rates of transient formation of R, at different Ade
concentrations. (D) Panel | — temporal fluorescence changes generated by the reaction module in the presence of Ade = 2.0 mM and variable
concentration of ADA: (i) 0.015 U ml™%, (i) 0.025 U ml™%, (iii) 0.035 U ml™™. Panel Il — temporal R, concentration changes in the presence of Ade =
2.0 mM and variable concentration of ADA: (i) 0.015 U m(™2, (i) 0.025 U ml™, (i) 0.035 U ml™* (conversion of the fluorescence changes displayed in
panel | by the appropriate calibration curve, Fig. S7). Panel Ill — catalytic rates corresponding to the production of R, in the presence of Ade = 2.0 mM,
and variable ADA concentrations: (i) 0.015 U ml™, (ii) 0.025 U ml™, (i) 0.035 U ml™ (first order time-dependent derivatives of the curves shown in
panel ll). Inset: peak rates of transient formation of R, at different Ade concentrations. In all experiments, Ny/Tr, = 0.2 uM, P, = 0.2 uM, NTPs = 3 mM,
T7 RNAP = 1.2 U pl™L. Data are means +SD, N = 3.

panel II. The temporal catalytic rates (first order derivatives) of
the transcription machinery, in the presence of different Ade
concentrations, are displayed in panel III. Dissipative, transient
catalytic rates revealing peak rates (Vi.) controlled by
concentrations of Ade are observed (inset, panel III). Fig. 5D,
panel I depicts the temporal fluorescence changes associated

6094 | Chem. Sci,, 2026, 17, 6086-6098

with R, transcription, in the presence of variable ADA concen-
trations, and a fixed concentration of Ade = 2.0 mM. As the
concentration of ADA increases, the maximal fluorescence level
is lower. Fig. 5D, panel II shows the temporal concentration
changes of the transcribed R,, and panel III displays the
temporal catalytic rates of the transcription machinery. As the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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concentration of ADA increases V., lowers and the dissipative
depletion of the transcription process is faster (inset, panel III).
These results are consistent with the faster depletion of the
allosteric Ade/aptamer subunits stabilized transcription
template, as the concentration of ADA increases.

Conclusions

The study introduced allosteric ligand/aptamer complexes as
functional structures orchestrating dynamic or transient cata-
lytic DNA-based frameworks. These included the melamine
(Mel)/aptamer subunits allosteric activation of the Mg>*-ion-
dependent DNAzyme, the allosteric inhibition of thrombin
and the allosteric operation of a transcription machinery.
Moreover, by coupling the allosteric ligand/aptamer complex
induced stabilization of the catalytic transformation to an
auxiliary enzyme depleting the ligand, the transient, dissipative,
operation of catalytic transformations was demonstrated. This
was exemplified by the allosteric adenosine (Ade)/aptamer
complex control over fibrinogenesis or transcription machin-
eries and the transformation of these processes into dissipative
and transient pathways in the presence of adenosine deaminase
(ADA). Beyond mimicking native processes by synthetic circuits,
such as transcription factor guided transcription machineries,
the systems might be used for amplified sensing and biomed-
ical applications, such as dose-controlled fibrinogenesis (blood
coagulation) or a biomarker-induced synthesis of RNA inhibit-
ing aptamers. The significance of the study rests, however, on
the potential generalization of the allosteric stabilization
concept of DNAzyme or transcription therapeutic circuits by
other ligands, and particularly designing applications of such
frameworks. Besides the use of Mel or Ade as allosteric activa-
tors of DNAzymes, protein biomarkers (e.g., VEGF**) or specific
miRNAs could promote the allosteric biomarker-driven cleavage
of mRNAs leading to autonomous gene therapy (for example,
inducing cancer cell apoptosis by specific miRNAs).*® Also,
biomarker triggered transcription machineries could be
extended to miRNA or protein-stabilized transcription
templates synthesizing pre-designed aptamers with therapeutic
inhibiting functions.®” Furthermore, the transient operation of
allosterically-driven DNA circuits could be extended to miRNA
driven allosteric frameworks, using RNase H as the catalytic
agent or by implementing other ligand/enzyme couples such as
xanthine®/xanthine oxidase or uric acid®'/uricase (applicable
for Gout-related inflammation) or acetylcholine®?/acetylcholin-
esterase (for the temporal treatment of neural diseases). More-
over, at present, all systems were operated in homogeneous
solutions. Integration of the circuits within liposomes could
yield functional circuit-loaded synthetic cells-protocells,®~*
and fusion between the liposomes and native cells could
provide versatile means to deliver the loads into the cells
thereby signaling cell functions by artificial circuits.>
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