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E N G I N E E R I N G

Programmable allosteric DNA regulations for molecular 
networks and nanomachines
Cheng Zhang1*†, Xueying Ma2,3†, Xuedong Zheng4†, Yonggang Ke5,6, Kuiting Chen2, 
Dongsheng Liu7, Zuhong Lu8, Jing Yang2*, Hao Yan9,10*

Structure-based molecular regulations have been widely adopted to modulate protein networks in cells and recently 
developed to control allosteric DNA operations in vitro. However, current examples of programmable allosteric 
signal transmission through integrated DNA networks are stringently constrained by specific design requirements. 
Developing a new, more general, and programmable scheme for establishing allosteric DNA networks remains 
challenging. Here, we developed a general strategy for programmable allosteric DNA regulations that can be finely 
tuned by varying the dimensions, positions, and number of conformational signals. By programming the allosteric 
signals, we realized fan-out/fan-in DNA gates and multiple-layer DNA cascading networks, as well as expanding 
the approach to long-range allosteric signal transmission through tunable DNA origami nanomachines ~100 nm 
in size. This strategy will enable programmable and complex allosteric DNA networks and nanodevices for nano-
engineering, chemical, and biomedical applications displaying sense-compute-actuate molecular functionalities.

INTRODUCTION
Biological systems use biochemical networks to execute signal trans-
ductions and regulate biofunctions (1–3). Cellular messages are 
delivered to targets by coordinating and concatenating multiple 
networks (4–6). Biomolecular networks process various chemical or 
physical signals, including chemical bonds, intermolecular forces, 
and conformational changes, to constitute complex biochemical 
pathways (5, 7–10). In particular, structure-based molecular signal-
ing has evolved to regulate a wide range of molecular pathways in 
cells (11–14). For example, allosteric signals are typically organized 
and engineered into programmable networks to regulate protein 
receptors (15–18).

In biosystems, molecular programmability involves the assembly 
of individual building blocks into hierarchical biochemical networks 
that play important roles in information processing (19–23). The 
high programmability of DNA complementarity is particularly suit-
able for designing complex synthetic DNA systems (24–29). Many 
DNA regulation strategies have been developed for engineering 
programmable DNA networks, such as toehold mediation, aptamer 
initiation, light or pH control, electric field driven, and enzyme 
assisted (30–37). Recently, the strand displacement reaction (SDR) 
has been developed as a powerful regulation tool for programmable 
DNA operations and SDR has been exploited to engineer complex 

cascades and hierarchical DNA networks (38–40). The programmable-
design SDRs between input/output (I/O) DNA strands facilitate 
systematic molecular information transfer and signal transduction 
within DNA networks (41–43).

Because DNA secondary structures can be governed precisely by 
programming base pairing, it is desirable to design specific con-
formational signals to regulate DNA operations (44–46). Recent 
efforts to allosterically control synthetic DNA systems have been 
constructed by mimicking allosteric signal modulations, as found in 
protein receptors (47–50). However, current programmable allosteric 
DNA regulations (PADRs) are stringently constrained because of the 
difficulties in cascading conformation designs, such as integration, 
tunability, and transmissibility during the multiple allosteric signal 
transductions. Therefore, developing a new, more general, and PADR 
scheme to engineer complex conformational signal pathways remains 
a substantial challenge.

Here, we introduce a general strategy for PADR by using DNA 
strand displacement (Fig. 1A). In a basic regulation module, a unique 
allosteric signal transduction mechanism was established where 
binding of an input leads to conformational changes and the con-
comitant release of an output, analogous to the action of a nutcracker 
(Fig. 1, B and C). As no direct contact occurs between I/O signals in 
PADR, the sequences of I/O DNA strands can be designed with 
complete orthogonality and high flexibility (Fig. 1D). We experi-
mentally validated that the activity of PADR can be regulated by 
programmable conformational modulations. The designs of PADR 
networks are flexible and scalable, as confirmed by constructing 
fan-out/fan-in and multiple-layer cascading allosteric DNA networks. 
This strategy also enabled the construction of an allosteric origami 
nanomachine of 100 nm in size to perform a long-range conforma-
tional signal transmission.

RESULTS
Basic allosteric DNA regulation module
In implementing PADR, an ideal basic regulation module design 
should have essential characteristics such as sensitive conformational 
responsiveness, accurate allosteric tunability, programmable signal 
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integration, and multiple synergistic effects (Fig. 1A). Therefore, a 
unique chemical/conformational signal transduction mechanism was 
developed to implement basic allosteric regulations (Fig. 1, D and E). 
The binding of an input to the target receptor triggers a conforma-
tional change that causes the release of an output at a responding 
site (Fig. 1B).

In the design, DNA complex A/B serves as a receptor consisting 
of two DNA strands (i.e., A and B) that form a basic receptor for the 
allosteric module (Fig. 1D). DNA A has three functional domains: 
(1) an 18-nt binding domain that preferentially hybridizes with 
DNA B; (2) a 12-nt complementary domain that potentially hybrid-
izes with the 18-nt binding domain to facilitate formation of an intra-
molecular hairpin structure by DNA A; and (3) allosteric binding 
sites, consisting of two separate 10-nt domains at the 3′ and 5′ ends 
of strand A, respectively.

In the initial state, DNA B preferentially hybridizes with DNA A, 
taking advantage of the two short extra hybridization domains 

(colored blue in Fig. 1D). Although complementary domain (2) can 
hybridize with domain (1), the designed thermodynamic state still 
favors hybridization of strands A and B (fig. S1). Therefore, the 
metastable hybridization state of complex A/B is susceptible to con-
formational changes. During allosteric regulation, input DNA C is 
designed to bind with the allosteric sites [domain (3)] to induce a 
conformational change (Fig. 1, D and E). Specifically, binding of 
DNA C pulls together the two ends of DNA A, leading to a juxta-
position of domains (1) and (2). This conformational change greatly 
increases the local concentrations of domains (1) and (2), which 
facilitates internal strand displacement and release of DNA B as an 
output while leaving DNA A as the internal hybridizing hairpin.

The results of the basic PADR operations were initially confirmed 
by fluorescence arrays (Fig. 1F). Release of single-stranded B, which 
adopts a random coil configuration in the unbound state, greatly 
reduces the distance between the fluorophore and quencher, thus 
leading to an efficient quenching effect. Accordingly, a significant 

Fig. 1. Schematic illustrations of PADRs. (A) Allosteric cascades. (B) Basic allosteric regulation module. (C) Cartoon drawings of allosteric DNA regulation, which is similar to 
a nutcracker device. (D) The design details of allosteric DNA regulation. (E) Schematic diagrams of the allosteric DNA regulation module. (F) Fluorescence assay to monitor 
the module of PADR. [AB] = 0.5 M and [C] = 0.5 M. a.u., arbitrary units. (G) Analysis of basic allosteric regulation by PAGE. Lane 1, C; lane 2, A; lane 3, B; lane 4, AB; lane 5, 
A/B + C; lane 6, A/C.
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change in the fluorescent signal was observed by adding trigger C to 
complex A/B. (The simulation results of different trigger concen-
trations are presented in fig. S28). In native polyacrylamide gel elec-
trophoresis (PAGE) analysis, upon introducing trigger C, a gel band 
corresponding to released DNA B was observed, and the gel band 
representing complex A/B disappeared concomitantly; thus, con-
firming the successful operation of the basic PADR module (Fig. 1G, 
lane 5). (More optimization experimental results are provided in 
figs. S6 and S7.)

Conformational fine-tuning of allosteric DNA regulation
In protein allosteric modulations, conformational signals can be 
tuned to regulate cellular responses (12–14). Similarly, the basic 
PADR can be fine-tuned by adjusting the input-binding–induced 
conformational signals to output-defined concentrations of target 
DNA. Here, fine-tuning the allosteric signal was realized by intro-
ducing a regulator T1 (poly-T spacer) in the middle of trigger C 
(Fig. 2A). During regulation, the regulator can be adjusted from a 
relaxed state to a coiled state by varying the length of T1, thus 
precisely controlling the distances between domains (1) and (2). 
That means trigger C–induced allosteric signals can regulate the 
local concentrations of domains (1) and (2), to finely control over 
the release of DNA B.

This fine-tuning of the allosteric response was verified by PAGE 
analysis and a fluorescence array. Eighteen different triggers were 
used as DNA inputs with spacer lengths ranging between 0 and 
63 nt (Fig. 2B). The PAGE results demonstrated that the release of 
DNA B gradually decreased as the spacer length increased. More-
over, no gel band of complex A/B was observed following the intro-
duction of DNA C. The gel results indicate that tunable allosteric 
regulation is feasible. In addition, fluorescence assays were used to 
investigate this allosteric regulation (Fig. 2C). The fluorescence 
intensity was observed to decrease as the spacer length increased. 
In particular, conformation-modulating triggers with spacer lengths 
ranging from 0 to 21 nt performed most effectively, as the length 
variations increased the rate constants considerably from 3.45 × 102 
to 2.07 × 101 liter/mol·s, respectively (fig. S29). The simulation 
results of the bottom spacer regulations are presented in fig. S29.

Conformational specificity guarantees “structural no-target safety” 
in protein allosteric signal regulations, even under high reactant 
stoichiometric ratios (13). Input DNAs C2, C10, and C21 (with spacer 
lengths of 2, 10, and 21 nt, respectively) were selectively examined 
to verify that such conformational specificity also exists in allosteric 
DNA regulation, with trigger to receptor concentration ratios ranging 
from 0.25 to 2.0 (Fig. 2D). The results showed that increasing the 
trigger concentrations failed to produce a change in fluorescence 

Fig. 2. Conformational fine tuning of allosteric regulation. (A) Schematic illustration showing how conformational changes are fine-tuned by adjusting the length of 
regulator T1. (B) PAGE gel results of modulated allosteric regulation with spacer lengths varying from 0 to 63 nt. (C) Fluorescence assay monitoring conformational modu-
lations with varying lengths of T1. (D) Fluorescence assay using varying concentrations (from 0.125 to 1 M) of DNA triggers C2, C10, and C27 with T1 lengths of 2, 10, and 
27 nt, respectively. (E) Schematic illustration of synergistic dual fine-tuning of allosteric regulation by adjusting the lengths of regulators T1 and T2 simultaneously. 
(F) Histograms of the fluorescence data for synergistic dual allosteric regulation (fluorescence intensities at a reaction time of 600 min).
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when C27 was used as the input. This result indicates that confor-
mational signal modulation was too weak to cause effective allosteric 
regulation. In contrast, input C2 with a shorter spacer yielded a much 
larger distribution of signals. Thus, input DNA with a given spacer 
length was demonstrated to finely control conformational signal 
modulation, thereby guaranteeing structural no-target safety in the 
fine adjustment of allosteric signals.

We then attempted to synergistically and programmably regulate 
allostery by using multiregulators, which should be possible given 
the flexibility afforded with using DNA designs. Dual allosteric regu-
lation was implemented by using two regulators T1 and T2 simulta-
neously (Fig. 2E). We also confirmed that the top regulator T2 
modulates allosteric regulation (fig. S12). By simultaneously varying 
the lengths of both T1 and T2, 25 different synergetic allosteric 
regulations were generated (Fig. 2F). The largest increase in fluores-
cence intensity was achieved when T1 = 0 nt and T2 = 3 nt, whereas 
the lowest fluorescence intensity was observed when T1 = 21 nt and 
T2 = 15 nt. In addition, the results of the fluorescence variations are 
shown in fig. S15, where a series of sensitive synergistic regulations 
were implemented. The simulation results of the synergistic regula-
tions are shown in figs. S30 and S31.

Allosteric DNA signal networks
Given that no predefined sequence is required between I/O DNA 
strands because of the orthogonality, various PADR pathways with 

programmable allosteric signal integrations can be implemented 
such as fan-out/fan-in operations and cascading networks.

Initially, a three-output fan-out allosteric DNA gate was con-
structed where all three DNA receptors (F1/D1, F2/D2, and F3/D3) 
were designed to respond to one input E with the release of three 
different outputs, D1, D2, and D3, respectively (Fig. 3A). Three types 
of DNA outputs were observed in gel results when DNA trigger E was 
added to the fan-out receptors (Fig. 3B, lane 2) (additional poly-T 
tails with different lengths were added to DNA outputs D1, D2, and 
D3 to improve the gel band discrimination, and more experimental 
results of the fan-out operations are provided in figs. S17 and S18). 
Meanwhile, the fan-out results were also monitored by the fluores-
cence array. The addition of input E gave three types of fluorescence 
variations, corresponding to the simultaneous observation of FAM 
(carboxyfluorescein), HEX (hexachloro fluorescein), and carboxy-
X-rhodamine (Fig. 3C). In addition, a three-input fan-in allosteric 
DNA gate was also constructed on the basis of the allosteric regula-
tion strategy, where one DNA output B can be triggered by any of 
the three different DNA inputs (Fig. 3, D to F, and fig. S20).

Next, a four-layer PADR cascading network was constructed 
to investigate the programmable integration of allosteric signals. 
Hierarchical designs were used to pass conformational signals from 
the upstream unit to its neighboring downstream unit (Fig. 3G). 
Upon introducing the initial input E in layer 1, the first DNA receptor 
F1/D1 was triggered to release DNA D1, which targets the allosteric 

Fig. 3. Allosteric DNA signal networks. (A) Schematic illustration of the fan-out allosteric DNA gate. (B) Analysis of the fan-out gate by PAGE. Lane 1, without trigger; lane 2, 
with trigger E. (C) Results of the fluorescence assay for the fan-in allosteric DNA gate. (D) Schematic illustration of the fan-in allosteric DNA gate. (E) PAGE analysis of the fan-in 
DNA gate with simultaneous triggering by H1, H2, and H3. Lane 1, without input; lane 2: with inputs H1, H2, and H3, simultaneously. (F) Fluorescence assay of the fan-in 
allosteric DNA gate. (G) Schematic illustration of four-layer allosteric DNA cascading networks. (H) Analysis of the cascading DNA networks by the fluorescence assay.
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binding site of receptor K1/D2 (layer 2). The continuous cascading 
allosteric regulation events resulted in the gradual activations of 
DNA receptors K2/D3 (layer 3) and K3/B (layer 4). Last, output B 
was released from the last receptor K3/B in layer 4. In the PAGE gel 
results in fig. S23 (lane 9), after being triggered by initial input E, a 
new gel band representing output B was obtained in the four-layer 
cascade network, confirming an effective allosteric signal integration 
and transmission cascade. In addition, the generation of a significant 
change in fluorescence also confirmed the allosteric signaling cascade 
of the four-layer PADR network (Fig. 3H). Increasing the number of 
cascading layers from 1 to 4 caused a gradual reduction in the change 
in the fluorescence signal. For example, when the number of cascading 
layers was increased from 1 to 2, the normalized final fluorescence 
yields were estimated to be below 80%. The gradual reduction in fluo-
rescence yields suggests attenuation of the cascading signal trans-
ductions within the multilayer connections. (More experimental 
results related to the four-layer network are provided in figs. S22 to 
S27, and the related simulation results are shown in fig. S32).

A long-range allosteric DNA origami nanomachine
To explore the possibility that conformational signals can transmit 
remotely through rigid DNA origami structures, an origami nano-
machine of 100 nm in size was established to implement a long-range 
PADR (L-PADR). In the long-range design, the first conformational 
signal-1 was mechanically transmitted across the origami structure 

to induce the second conformational signal-2, thus achieving long-
range regulation at a responding site (Fig. 4A). Specifically, the 
nanomachine consisted of two sections: DNA origami O and DNA/
AuNP receptor H/G (Fig. 4B). The “Y” shape origami O had two 
dynamic swing arms and one handle. The allosteric binding sites 
A.1 and A.2 were designed at the end of the origami arms. Accord-
ingly, DNA L was designed to bind with sites A.1 and A.2 to control 
the “open/close” state of the two origami arms. In addition, two hybrid-
ization sites C.1 and C.2 were designed on the outside face of the 
origami arms to connect with receptor H/G. Here, receptor H/G was 
designed with two subunits: DNA H and DNA/AuNP conjugate G 
(with a 15-nm AuNP monovalently modified at the 3′ end of thio-
lated DNA G).

In the reaction, input DNA L initially binds at the allosteric sites 
A.1 and A.2 to induce conformational signal-1 by shifting the origa-
mi arms from the opened to closed state [Fig. 4B(i) and fig. S42]. 
Signal-1 can then be mechanically transmitted from the origami 
structure to receptor H/G by indirectly pulling together the two ends 
of DNA H. Such a conformational change serves as conformational 
signal-2, which subsequently leads to the release of DNA/AuNP G 
[Fig. 4B(ii)].

L-PADR was first verified by using an agarose gel method (Fig. 4C 
and fig. S46). A product gel band representing DNA origami binding 
with AuNP was observed under white light, as shown in Fig. 4C 
(lane 1), indicating the desired generation of the nanomachine. 

Fig. 4. Long-range allosteric DNA regulation using origami nanomachine. Schematic illustration (A) and cartoon drawings (B) of the designed origami structures with 
open and closed states of the arms, which are regulated by binding input DNA L. (C) Agarose gel analysis of L-PADR (1% gel, under white light). (D) TEM images of the 
origami nanomachines with different conformational structures. (E) Statistical results of the AuNP occupancies before and after long-range allosteric regulation.
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However, upon treatment with input DNA L, the target gel band cor-
responding to the nanoparticle binding nanomachine disappeared 
(lane 4). This result demonstrated that the 15-nm AuNP from the 
origami structure was released when treated with DNA L. To verify 
that the release of the AuNP was induced by allosteric regulation, 
incomplete DNA lock strands L1 and L2 (the left and right halves of 
the sequences of L) were used to trigger the nanomachine (Fig. 4C, 
lanes 2 and 3). Under these conditions, however, the intact gel bands 
corresponding to the initial nanomachine still appeared, thus indicat-
ing almost no release of AuNP from the origami. In addition, origami 
nanomachines with selective removal of allosteric sites on the origami 
arm were unable to induce AuNP release (fig. S45). Nonetheless, the 
absence of binding sites on either the lock strand or origami inhib-
ited L-PADR. These results showed that long-range regulation con-
trolled the release of AuNP from the origami.

To analyze the L-PADR effect on the origami nanomachine, trans-
mission electron microscopy (TEM) images of three types of origami 
structures were collected: (i) free-state nanomachine, (ii) open-state 
nanomachine attached with one 15-nm AuNP, and (iii) closed-state 
nanomachine triggered by DNA L (Fig. 4D). The TEM results of the 
free-state structure (i) revealed that the two swing arms were pre-
dominantly in the open state and separated from each other. The 
images of structure (ii) showed that the two arms were primarily in 
the open state, and in most cases, one 15-nm AuNP occupied one 
origami structure. The origami structure remained primarily in the 
closed state when locked with DNA L [Fig. 4D(iii)], and almost no 
AuNP was attached to the origami structures. The statistical results 
of the nanoparticle occupancies also indicated that most of the 
nanomachines released DNA/AuNP conjugate G after long-range 
allosteric regulation (Fig. 4E and figs. S52 and S53).

Conformational fine-tuning of the long-range allosteric 
origami nanomachine
Because allosteric regulation can be finely tuned by adjusting the 
trigger spacer length, a similar strategy was adopted to fine-tune the 

L-PADR origami nanomachine (Fig. 5, A and B). By considering 
the much larger size of the origami structure, the lengths of the 
poly-T spacers in the middle of the input DNA L1 were chosen as 0, 
20, 40, 60, and 99 nt (Fig. 5C). Thus, the states of the origami arms 
were precisely controlled to produce different types of conformational 
signal-1 (fig. S57). As the different inputs induced specific conforma-
tional signal-1, the receptor H/G produced various corresponding 
conformational signal-2, leading to the specific and precise regulated 
release of DNA/AuNP G. The long-range fine-tuning effects were 
confirmed by agarose gel analysis (Fig. 5D and fig. S46). The release 
of AuNP was observed to decrease gradually as the trigger loop length 
increased from 0 to 99 nt, indicating that the origami nanomachine 
can also be finely tuned using long-range allosteric signals.

In addition, the specificity of the conformational signals in long-
range allosteric regulation was analyzed by varying the concentra-
tion of the input DNA trigger (Fig. 5E). The concentrations of DNA 
inputs L0 and L99 (with spacer lengths of 0 and 99 nt, respectively) 
were varied. The release of AuNPs was dependent on the concentra-
tions of L0 as the input, with the amount of AuNP released gradually 
increasing as the concentration of L0 increased (Fig. 5E and figs. S47 
and S48). In contrast, no such concentration-dependent effect was 
observed when using trigger L99. For example, when the concentra-
tions of DNA input L0 and L99 increased to a ratio of trigger to 
origami of 10:1, the estimated decreases in AuNP release were be-
low 10 and 80%, respectively. The specificity of the allosteric signal 
was demonstrated to even exist in the DNA origami with a much 
larger size of 100 nm, thus guaranteeing structural no-target safety 
in the allosteric origami nanomachine.

DISCUSSION
In this report, we have demonstrated a general strategy of allosteric 
DNA regulation to construct synthetic molecular networks and origami 
nanomachines. Cascading allosteric DNA networks were established 
by organizing individual allosteric modules in a programmable manner 

Fig. 5. Finely tuned long-range allosteric regulation. A cartoon drawing (A) and schematic illustration (B) of the allosteric regulation on an origami nanomachine by 
adjusting the trigger spacer lengths in lock DNA Lx (C). (D) Agarose gel (1%) analysis of the long-range allosteric nanomachine under different allosteric regulation, i.e., 
different lengths of DNA Lx. (E) Comparison of allosteric signal specificities when using L0 and L99 during the long-range allosteric regulation (all gel results were detected 
under white light).
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because signal transduction and integration can be uniformly deter-
mined in each module. In addition, the PADR scheme can be finely 
tuned by varying conformational signals with different spatial di-
mensions, positions, and number of regulators. We have constructed 
a series of allosteric DNA systems: the fan-out/fan-in gates and a 
four-layer cascading network and a long-range allosteric origami 
nanomachine.

Compared with these strategies, the modular, integrative, and 
synergistic design properties of PADR make this strategy particularly 
suitable for engineering allosteric DNA pathways in a programmable 
manner. The strategy provides a modularized tool to construct pro-
grammable allosteric signal networks. Fewer predefined sequence 
constraints are required because direct contact between I/O DNA 
strands is avoided, thus facilitating the organization of individual 
allosteric modules into networks. The allosteric strategy also endows 
the DNA regulations by fine-tuning conformational signals. In this 
study, the programmable fine-tuning of the conformation was demon-
strated by changing the dimensions, positions, and number of con-
formational signals, where even dual-conformational regulation was 
shown to control reactions synergistically. In addition, allosteric 
regulation was implemented on the origami nanomachines, where 
long-range allosteric signals were transmitted through the 50-nm-long 
origami arms. Such long-range allosteric signals can even be 
tuned remotely by changing the origami conformations at the 
nanoscale level.

In cells, responding to allosteric ligand binding, riboswitch usually 
adopts dynamic conformational change or various folding structures 
to affect its catalytic ability for regulating gene expressions. Similar 
to the conformational signals used to engineer biofunctions in 
nature, any biomolecule or external physical stimulation that induces 
subtle conformational changes can also potentially serve as an 
allosteric signal to trigger the programmable allosteric DNA net-
works, subsequently inducing downstream reactions. In reality, many 
artificial allosteric DNA networks have already provided exciting 
opportunities for catalysis regulation (51) and catalytic signal pro-
cessing (52–54), which will have more applications in biomedicine 
and molecular sensing. We expect that these allosteric systems will 
enhance the potential scope of biological applications for the PADR 
strategy greatly.

Different from other reported allosteric DNA operations (e.g., 
DNA receptors, probes, and beacons) (47–49) and regulation mech-
anisms (e.g., aptamer initiation, pH control, and enzyme assistance), 
the reported strategy is a general and programmable DNA regula-
tion method based on DNA strand displacement. This method should 
enable the building of complex, large-scale, and cascade allosteric 
DNA networks in a programmable way. Therefore, we envision that 
this strategy will enable the development of a series of programmable 
allosteric signals that mediate biomolecular systems and nanodevices 
for various biomedical and nanoengineering applications.

MATERIALS AND METHODS
Reagents and materials
All oligonucleotides (table S1) were obtained from Sangon Company 
(China). The thoilated and fluorophore modified DNA molecules 
were purified with high-performance liquid chromatography. The DNA 
sequence designs were analyzed using NUPACK (http://nupack.org) 
to ensure that minimal cross-talk existed between undesirable do-
mains. During the experiments, for convenience, all DNA strands 

were stored in 20 to 100 M stocks in ultrapure H2O at −20°C. During 
the experiment, the DNA concentrations were carefully quantified 
by absorbance measurements at 260 nm using a Nanodrop or ultra-
violet (UV) spectrophotometer (PERSEE, 1901). Then, the DNA 
concentrations were calculated by using extinction coefficients that 
had been provided by Sangon Company. Fifteen-nanometer gold 
nanoparticles were obtained from Ted Pella.

Fluorescence assay
All experiments were performed at 25°C in a 1× tris-acetate-EDTA 
(TAE)/Mg2+ buffer using a real-time fluorescence polymerase chain 
reaction (Agilent Technologies). Here, the time dependence of the 
fluorescence signal was normalized to make the initial value starts at 
zero. The detection time interval was 2 to 5 min. The fluorescence 
results were obtained by averaging the values from three replicates 
of the experimental results.

PAGE experiments
The reactions of the allosteric regulation were verified using native 
PAGE. During the experiments, a 12% gel was made with 1× TAE/
Mg2+ buffer that had been supplemented with 12.5 mM MgCl2. All 
samples were run at 100 V for 1.5 to 2 hours at 4°C. After staining 
the polyacrylamide gels with Stain-All, the gels were then imaged by 
a scanner (Canon LIDE 100). To detect the FAM fluorophores and the 
HEX-modified DNA complexes, the gels were imaged under UV light 
without staining, using a Fluorchem FC2 gel scanner or camera.

Calculations of the fluorescence results
To make the fluorescence results easy to understand, the original 
fluorescence results of the reaction are calculated by a standard 
normalization date process method. After the calculations, the de-
creased fluorescence results are translated into the calculated results 
with increasing variation values, where the information of signal 
relative variation is well kept in the calculated results (fig. S4C). 
Therefore, all fluorescence result variation ranges between [0, 1] 
sections. The fluorescence results are calculated on the basis of the 
normalized method using the following equation

	​ Normalized fluorecence change ratio  = ​  ​F​ i​​ − ​F​ R​​ ─ ​F​ i​​
  ​​	

Fi represents the fluorescence intensity without DNA C triggering, as 
obtained from the reactions: 0.5 M reactant A/B DNA complex in 
TAE/Mg2+ buffer. The FR is the fluorescence intensity triggered 
with DNA C.

Simulations of the kinetics of the reactions
In this study, a general representation, explicit state-space form (55), 
was used to model the processes of the allosteric DNA regulation 
reactions mathematically. In this uniform representation schema, 
the dynamic reactions were represented by a set of input, output, and 
state variables related by first-order differential equations. Moreover, 
the state variables defined the values of the output variables. During 
the simulation, at first, all reaction formulas were mathematically 
modeled on the basis of the explicit state-space forms. Then, experi-
mental data were used to estimate the unknown parameters in the 
mathematical model by using a nonlinear gray-box model (56). Last, 
the whole reaction process was simulated by using the updated 
parameters based on the well-established mathematical model. 
According to the specific modifications in this study, the changes of 
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fluorescent value were calculated through the initial fluorescent value 
minus the current fluorescent value. Given that the product con-
centration is directly proportional to the fluorescence intensity, the 
output of the dynamic reaction system can be measured by the 
changes of fluorescent value, as mentioned above. More simulation 
details are provided in figs. S28 to S32.

Preparations of the long-range allosteric origami 
nanomachine
For Y shape DNA clamp origami assembly, the staple DNA strands 
were mixed at equal molar ratios (15 nM) with M13mp18 strand in 
TAE/Mg2+ buffer. The mixture was subjected to an annealing pro-
cedure for over 16 hours. Then, hairpin DNA H was introduced to 
the prepared DNA origami nanostructures, using the following 
thermal annealing from 40° to 25°C. After assembly, the origami 
products were purified using a 100-kDa molecular weight cutoff 
(MWCO) Microcon centrifugal filter (Amicon). To prepare the 
monovalent DNA/AuNP complex G, the ratios of DNA with AuNPs 
were selectively controlled. The thiolated DNA strand was incubated 
with 15-nm AuNPs at the concentration ratio of 1:2, in 0.5× TBE 
buffer [89 mM tris, 89 mM boric acid, and 2 mM EDTA (pH 8.0)] 
and a final NaCl concentration of 50 mM for 4 to 6 hours at room 
temperature. After conjugation, 3% agarose gel was used to separate 
monovalent AuNP/DNA conjugates (running gel buffer, 0.5× TBE, 
70 V, 1.5 hours).

Then, the purified monovalent 15-nm DNA/AuNP conjugate was 
introduced to hybridize with the initial DNA origami, in a large 
excess concentration ratio (200:1), at room temperature for 6 hours. 
Last, the products can be detected by using 1% agarose gels (0.5× TBE 
and 5.5 mM Mg2+ running buffer) for 1.5 to 2.5 hours. The target 
origami nanomachine was collected from the gel for TEM imaging 
by a glass fiber filter membrane supported by a dialysis membrane 
(MWCO, 14000).

Long-range allosteric regulation using DNA origami 
nanomachine
The long-range allosteric origami nanomachine can be regulated by 
introducing DNA input L to release the target DNA/AuNP complex. 
Specifically, the AuNP/origami nanomachine was mixed with an 
excess of lock DNA L (ratio = 1:10) at room temperature for 6 to 
8 hours. Then, the reaction results were monitored by 1% agarose 
gel at 55 V for 1.5 to 2.5 hours (0.5× TBE and 5.5 mM Mg2+ running 
buffer). The gel images were obtained by using a gel imaging system 
(Tanon 2500).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl4589
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