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B I O C H E M I S T R Y

Autoinhibited transient, gated, and cascaded dynamic 
transcription of RNAs
Zhenzhen Li†, Jianbang Wang†, Itamar Willner*

Following transient spatiotemporal misregulation of gene expression programs by native transcription machineries, 
we introduce a versatile biomimetic concept to design transient dynamic transcription machineries, revealing 
gated and cascaded temporal transcription of RNAs. The concept is based on the engineering of the reaction module 
consisting of malachite green (MG) and/or DFHBI {(5Z)-5-[(3,5-difluoro-4-hydroxyphenyl)methylene]-3,5-dihydro- 
2,3-dimethyl-4H-imidazol-4-one} DNA scaffolds, T7 RNA polymerase (RNAP) aptamer transcription scaffold, and 
the inhibited T7 RNAP-aptamer complex. In the presence of the counter RNAP aptamer strand and ribonucleoside 
triphosphates, the triggered activation of the three transcription scaffolds are activated, leading to the transcrip-
tion of the MG and/or DFHBI RNA aptamer and to the transcription of the RNAP aptamer acting as an autoinhibitor 
that leads to the transient temporal, dissipative, and blockage of all transcription. By appropriate design of 
the transcription scaffolds and the inhibitors/coupler, transient gated and cascaded transcription processes are 
demonstrated, and a bimodal transcription module synthesizing a transient operating ribozyme is introduced.

INTRODUCTION
Transient interactions between the transcription factors or hormones 
and the transcription machinery play key roles in the dynamic con-
trol and modulation of gene expressions and sequestered cellular 
processes (1–3). Spatial and temporal misregulation between tran-
scription factors might perturb gene expression programs, leading 
to a broad range of diseases (4). Emulating transient dynamic tran-
scription machineries by artificial means is one of the challenges of 
systems chemistry (5–6), and developing these systems could pro-
vide versatile means to intervene with misregulated gene expression 
programs. Furthermore, dynamic branching and gene-guided 
expression of secondary sequestered gene expression machineries 
play important roles in the intercommunication of complex genetic 
networks and the fan-out production of multifunctional proteins 
(7–8). The information encoded in the base sequence of DNA (RNA) 
encodes substantial functional information into the biopolymer 
that allows the artificial engineering of complex supramolecular 
networks and assemblies that perform dynamic spatiotemporal 
modulation of transcription and gene expression machineries. Past 
efforts used the control over the stabilities of duplex nucleic acids 
and their displacement principles (9) and the dynamic reconfigura-
tion of nucleic acid strands into supramolecular structures, such as 
G-quadruplexes (10, 11), i-motif (12), triplexes (13), or aptamer- 
ligand complexes (14), by auxiliary triggers that include K+-ion (15), 
pH (16), light (17), or sequence-specific ligands (18–20) to assemble 
dynamic DNA switches (21), DNA machines (22, 23), and DNA 
nanostructures (24–26). These dynamic reconfigurable features of 
the DNA biopolymer were widely applied to develop stimuli-triggered 
gated nano- or micro-drug carriers (27, 28), sensors (29, 30), ac-
tuators (31), and stimuli-responsive materials, such as hydrogels 
(32, 33). Furthermore, the base sequences comprising nucleic acids 
provided a means to design reconfigurable constitutional dynamic 

networks, revealing adaptive (34, 35), hierarchically adaptive (36), 
intercommunication (37), and feedback-driven (38) properties. 
In particular, transient out-of-equilibrium, dissipative nucleic acid 
systems were reported. Enzyme-based DNA machines relying on 
polymerization/endonucleases/nickases were used to assemble 
out-of-equilibrium circuits, revealing oscillatory behaviors (39, 40), 
gated and cascaded transient operations (41), or dissipative re-
configuration of constitutional dynamic networks (42). In addition, 
enzyme-guided transient release and uptake of loads and DNA liga-
tion (43, 44) and transient enzyme-driven aggregation of nanoparticles 
and control over their optical properties were demonstrated (45). 
All-DNA DNAzyme-driven transient systems and gated transient 
networks and control over transient catalytic processes were reported 
(46). Mimicking complex biological networks by artificial circuits 
is, however, at its infancy, and transcriptional circuits acting as 
transcriptional oscillators (47, 48) or transcriptional switches (49) 
and bistable regulatory networks (50) were reported. Emulating the 
dynamic, transient transcription machinery–modulating gene ex-
pression is, however, still a challenge (50). While recent efforts 
addressed the triggered dynamic operation of transcriptional circuits 
(51, 52), the out-of-equilibrium operation of transcription machineries 
and particularly the design of transient gated and cascaded tran-
scriptional networks, as a means to modulate gene expression 
circuits (8), are unprecedented. In the present study, we introduce a 
versatile mechanism to generate transient dissipative machineries 
by applying a transcription machinery that transcribes the T7 RNA 
polymerase (RNAP) aptamer (53, 54) to inhibit the RNAP. The 
time-dependent inhibition of RNAP leads to the transient blockage 
of the target transcription machinery. The time-dependent dynamic 
formation of the aptamer-RNAP complex yields an autoinhibitor 
agent for coupled transcription machineries, leading to guided 
transient and gated transient transcription of RNAs. In addition, by 
appropriate design of the transient transcription of a target RNA 
and its cascading to a secondary dynamic transcription machinery, 
the fan-out intercommunication of two autoinhibited transient 
modulated transcription processes is demonstrated. In addition, a 
bimodal autoinhibited transcription network evolving a transient 
operating ribozyme is introduced. Note that recent efforts were directed 
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to design intercommunicated bistable, dynamically controlled 
transcription machineries (50). In these systems, two coupled tran-
scription networks were designed to counter-inhibit the transcrip-
tion machineries to yield bistable intercommunicated transcription 
networks. In contrast to this approach to reaching control over 
dynamic transcription processes, the present study introduces a method 
to design transient, dissipative dynamic transcription networks by 
coupling two transcription machineries that lead to control over the 
transcription processes by an autoinhibition mechanism.

RESULTS
Transient transcription of RNA aptamers guided by 
autoinhibited RNAP
The application of the aptamer-RNAP autoinhibiting complex lead-
ing to the transient synthesis of RNAs is presented in Fig. 1. The 
reaction module is engineered to yield the transient transcription of 
the malachite green (MG) RNA aptamer, (1) (52). The reaction 

module includes two DNA templates T1 and T2. Template T1 is 
composed of the DNA duplex composing of the scaffold (2) to 
which the promoter (3) and the strand (4) are hybridized. The 
scaffold (2) includes two domains, a and b, where domain a is com-
plementary to the sequence a′ of (3) that is essential for the tran-
scription (fig. S2) and domain b is hybridized with the domain b′ of 
(4). Note that domain a′ of strand (3) is extended by a toehold tether 
at′. The at′ tether is inactive for operating the transient transcription 
of MG-RNA aptamer. Nonetheless, the at′ tether will play a key role 
in the gated operation of the transcription machineries, vide infra. 
The second template T2 consists of the scaffold (6) hybridized with 
the sequence (7). The scaffold (6) includes the domains c and d, where 
domain c is complementary to domain c′ of the strand (7) and 
domain d is hybridized with the domain d′ of (7). The ribonucleo-
side triphosphates (NTPs) and MG are included in the system, yet 
the blocked aptamer-RNAP complex eliminates any functional 
activity of the system. In the rest state of the module, the T7 RNAP 
is complexed with the RNAP aptamer (5) and exists at an inhibited 
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Fig. 1. Transient transcription of MG-RNA aptamer guided by autoinhibited RNAP. (A) Schematic triggered transient activation of the transcription of the MG-RNA 
aptamer through the concomitant transcription of the autoinhibiting T7 RNAP aptamer acting as control unit of the dynamic processes. (B) Time-dependent fluorescence 
changes of the MG-aptamer complex generated by the transient transcription module shown in (A) at different concentrations of the trigger L: (i) 1 M, (ii) 2 M, (iii) 3 M, 
and (iv) 4 M. a.u., arbitrary units. (C) Transient catalytic transcription rates corresponding to the MG-RNA aptamer complex formation [derivatives of the curves shown in 
(B)] in the presence of variable concentrations of the trigger L: (i) 1 M, (ii) 2 M, (iii) 3 M, and (iv) 4 M. (D) Time-dependent fluorescence changes of the MG-RNA aptamer 
complex upon using the transcription module shown in (A). At point (i), the trigger L (4 M) is re-added to the rest module to activate the second cycle. (E) Transient 
catalytic transcription rates corresponding to the stepwise operation of two transcription cycles. (F) Probing the autoinhibited transcription module shown in (A) by an 
auxiliary fluorescent machinery presented in fig. S6, allowing the quantitative electrophoretic imaging of the temporal evolution of the transcribed MG-RNA aptamer. 
Inset: Electrophoretically separated images of the fluorescent transducing unit generated by the auxiliary fluorescent machinery. The square dots show the temporal 
fluorescence intensities evaluated of the temporally generated and electrophoretically separated fluorescent transducing units that follow the dynamic transcription of 
the MG-RNA aptamer accompanying with the fitting curve. (G) Rates of evolution of the fluorescent transducer units that follow the dynamics of the transcription of the 
MG aptamer [derivative of the fitting curve shown in (F)].
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inactive configuration. The concentration of (5), used to completely 
inhibit T7 RNAP, was evaluated experimentally (see fig. S3 and 
accompanying discussion). Subjecting the reaction module to the 
“fuel” strand L that is complementary to the RNAP aptamer (5) 
results in displacing the blocking aptamer unit (5) to yield the L/(5) 
duplex and the activated RNAP. Unlocking of RNAP initiates, how-
ever, two competitive transcription paths, where template T1 leads 
to the transcription of the MG aptamer that forms the MG-aptamer 
complex and template T2 leads to the concomitant transcript of the 
RNAP aptamer. The later process leads to the generation of the 
autoinhibiting RNAP-aptamer complex. That is, the transcription 
of the RNAP aptamer by template T2 leads to the dynamic self- 
inhibiting of RNAP and in parallel to the transient dynamic, time- 
dependent blockage of the transcription of the MG-aptamer driven 
by template T1, ending with the switched-off initial state of the 
transcription process. A schematic presentation of the autoinhibited 
RNAP mechanism leading to the transient transcription of the 
MG-RNA aptamer is displayed in fig. S1. As MG in the complex state 
to its aptamer is fluorescent, while MG by itself is nonfluorescent, 
the time-dependent fluorescence changes of the MG-aptamer com-
plex reflect the dynamics of the transcription of the MG aptamer. 
Figure 1B depicts the time-dependent fluorescence changes generated 
by the MG-aptamer complex, upon subjecting the reaction module 
to different concentrations of the trigger L. As the concentrations of 
the trigger L increase, the time-dependent fluorescence changes of 
the MG aptamer are intensified, consistent with the higher unlocking 
degree of the blocked RNAP-RNA aptamer complex to the active 
RNAP that guides the dissipative transcription processes. The time- 
dependent increase in the fluorescence intensities decrease with 
time, and the fluorescence intensities tend to reach saturation values, 
consistent with the transient blockage of the transcription processes. 
The time-dependent, dynamic fluorescence changes can be trans-
lated into transcription rates of the MG-RNA aptamer (derivatives 
of the curves shown in Fig. 1B, and these are displayed in Fig. 1C). 
Typical transient, dissipative transcription rates are observed, where 
the rate of transcription reaches a maximum value after ca. 40 min, then 
it depletes because of the dynamic formation of the autoinhibiting 
transcriptor agent (RNAP-aptamer complex), and the fully blocked 
transcription process is observed after ca. 200 min. The NTPs in the 
reaction module as substrates for the transcription process also play 
an important role, and the transcription of the MG aptamer is 
enhanced when increasing the NTP concentrations (1, 2, and 4 mM; 
fig. S4). The recovered “rest” reaction module that includes the tem-
plates T1 and T2, the blocked RNAP/aptamer structure, the free 
NTPs, and MG can be reactivated by the readdition of the trigger 
L that unlocks the dynamic transcription of the respective aptamers 
(Fig. 1, D and E, and fig. S5). The autoinhibited transient formation 
of the MG-RNA aptamer according to the scheme outlined in 
Fig. 1A, in the absence of the MG ligand, was independently eluci-
dated using an auxiliary fluorescent machinery that allowed the 
temporal electrophoretic quantitative probing of the transcribed 
RNA product. The auxiliary fluorescence machinery is introduced 
in fig. S6 and accompanying discussion. Figure 1F (inset) depicts 
the temporal electrophoretically separated fluorescent bands through 
the hybridization between the fluorescent structure and the MG-RNA 
aptamer generated by the dynamic transcription machinery shown 
in Fig. 1A. The separated electrophoretic bands show that a time- 
dependent fluorescence intensity increase and the temporal increase 
in the contents of the aptamer were evaluated and presented in 

Fig. 1F. The rates of evolution of the resulting RNA (derivative of 
the fitting curve shown in Fig. 1F) are presented in Fig. 1G, revealing 
the transient formation of the respective RNA. The temporal pattern 
of the electrophoretically probed transient formation of the tran-
scribed RNA fits well with the temporal assay of the fluorescent 
MG-aptamer complex (e.g., Fig. 1, B and C).

The design of dynamic transient transcription processes using 
the autoinhibiting T7 RNAP-aptamer transcription unit was further 
applied to design a reaction module consisting of two transcription 
templates, T3 and T2, for the triggered transient transcription of the 
broccoli DFHBI {(5Z)-5-[(3,5-difluoro-4-hydroxyphenyl)methylene]- 
3,5-dihydro-2,3-dimethyl-4H-imidazol-4-one} RNA aptamer (52). 
(For the detailed description of the system and the experimental 
results, see figs. S7 to S10.)

Gated transcription of RNA aptamers guided by 
autoinhibited RNAP
The successful development of a versatile scaffold to design an 
autoinhibited transient transcription of RNAs, exemplified with the 
transient transcription of the MG and DFHBI RNA aptamers, was 
then applied to develop gated transient transcription of target 
RNAs. The modulated gated transcription of a target RNA (MG or 
DFHBI) is addressed in Fig.  2, where the gating mechanism is 
referred to an auxiliary-guided selection process in the transcription 
of one of the aptamers (MG or DFHBI RNA aptamer). The tran-
scription module, state I, includes three DNA templates; templates 
T1 and T3 are engineered to transcribe the MG-RNA aptamer (1) 
and DFHBI RNA aptamer (8), respectively; and the template T2 is 
engineered to subscribe the T7 RNAP aptamer (5). The complex 
consisting of the T7 RNAP and its aptamer is included in the 
reaction module, leading to the inactive, inhibited structure of T7 
RNAP. MG, DFHBI, and the NTP mixture are added to the reac-
tion module. Subjecting the reaction module to the fuel strand L, 
complementary to the T7 RNAP aptamer (5), displaces the aptamer 
from the aptamer-T7 RNAP complex to form the energetically 
stabilized L/(5) duplex, leading to uncapping T7 RNAP to a catalyti-
cally active structure. This activates the transient dynamic system 
displayed in state II, where three parallel transcription processes are 
activated in the presence of the three templates, T1 to T3. The tran-
scription proceeding on templates T1 and T3, yield, in parallel, the 
MG aptamer and the DFHBI aptamer, respectively. The transcrip-
tion process proceeding on the T2 yields, however, the T7 RNAP 
aptamer acting as the inhibitor of T7 RNAP. As a result, the dynamic 
co-synthesis of the T7 RNAP aptamer leads to the time-dependent 
transient inhibition of T7 RNAP and to the accompanying transient 
inhibition of the transcription processes proceeding on templates 
T1 and T3, resulting in the transient depletion of the transcription 
processes and the recovery of state I. The dynamically triggered 
operations of the transcription processes in state II yield the tran-
sient formation and blockage of the fluorescent MG-aptamer and 
DFHBI-aptamer complexes. Panel I in Fig. 3A depicts the time- 
dependent fluorescence changes upon the transient formation of the 
MG-RNA aptamer, and panel II depicts the transient rates of for-
mation of the aptamer. Similarly, Fig. 3B (panels I and II) shows the 
time-dependent fluorescence changes upon transcription of the 
DFHBI aptamer and the transient rates corresponding to the tran-
scription of the aptamer, respectively. Evidently, the two aptamers 
are generated upon triggering the reaction module in state I, and the 
rates of transcription of the two aptamers reveal a dissipative dynamic 
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pattern consistent with transient inhibition of the transcription 
processes by the cotranscribed T7 RNAP aptamer.

Subjecting the reaction module in state I to the blocker unit (12) 
transforms state I into the reaction module in state III. The blocker 
(12) is complementary to the sequences at′ + a′ of strand (3) being a 
part of template T1. The blocker (12)–guided displacement of (3) 
in the form of the duplex (12)/(3) perturbs the transcription of 

template T1, resulting in the templates T2 and T3 as the only tracks to 
operate the autoinhibited guided transcription reactions. Triggering 
state III with the fuel strand L is then anticipated to yield the inter-
mediate state IV, where the transcription of the MG aptamer is 
blocked and the gated transient transcription of the DFHBI aptamer 
proceeds. The gating efficiency is, however, expected to be controlled 
by the concentration of the blocker unit (12). As the concentration 
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Fig. 2. Gated transcription of RNA aptamers guided by autoinhibited RNAP. Gated transient transcription of the MG-RNA aptamer and DFHBI-RNA aptamer: The 
module I includes three transcription scaffolds T1 to T3, where T1 and T3 act as functional scaffolds for the transcription of the MG-RNA aptamer and DFHBI-RNA aptamer, 
respectively, and T2 acts as the functional template for the transcription of the T7 RNAP aptamer, acting as autoinhibitor for the dynamic transcription processes. The mute 
RNAP-aptamer complex is present in the rest reaction module. Subjecting the reaction module I to the trigger L leads to the formation of module II, where the parallel 
transient transcription of the MG-RNA aptamer and DFHBI-RNA aptamer proceeds. Treatment of module I with the blocker (12) inhibits the template T1, resulting in the 
module in state III. Treatment of the module III with the trigger L leads to state IV, where the selective gated transient transcription of the DFHBI-RNA aptamer proceeds. 
Treatment of module I with the blocker (13) inhibits the template T3, resulting in the module in state V. Subjecting the module V to the trigger L leads to state VI, where 
the selective gated transient transcription of the MG-RNA aptamer proceeds.
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of (12) is elevated, the selectivity of the gated transcription is enhanced. 
Figure 3C (panel I) depicts the time-dependent fluorescence changes 
of the MG-aptamer complex observed in the presence of variable 
concentrations of (12). As the concentration of (12) is elevated, the 
fluorescence generated by the MG-aptamer complex is lowered, 
and at a concentration of (12)  =  50 nM, no fluorescence of the 
MG-aptamer complex is observed (Fig. 3C, panel I, curve iii). At 
this concentration, the transcription of the MG aptamer is fully 
switched off (Fig. 3C, panel II, curve iii). In turn, the addition of 
blocker (12) has no effect on the time-dependent fluorescence 
changes of the DFHBI-aptamer complex (Fig. 3D, panel I) or on the 
dissipative transient transcription rates of DFHBI aptamer (Fig. 3D, 
panel II). Treatment of the reaction module in state I with the 
blocker unit (13) leads to the gated transcription of the MG-RNA 
aptamer, state V. The blocker (13) displaces the strand (10) associ-
ated with template T3 to yield the energetically stabilized duplex 
(10)/(13), resulting in the perturbation and blockage of the tran-
scription of DFHBI aptamer on template T3. In the presence of the 
trigger L, the transcription of the T1 and T2 templates is activated, 
leading to the gated transient transcription of the MG aptamer. 
Figure  3E shows the time-dependent fluorescence changes of the 
MG-aptamer complex resulting upon the blocker (13)–controlled 
operation of state V in the presence of variable concentrations of 
(13). The formation of the MG aptamer is not affected by blocker 
(13) and shows a dissipative kinetic rate profile (Fig. 3E, panel II). 
In turn, the blocker (13) inhibits the formation of the DFHBI aptamer 
(Fig. 3F, panels I and II). At a concentration of (13) = 100 nM, the 

formation of the DFHBI aptamer is fully blocked (Fig. 3F, curve iii in 
panels I and II), consistent with the selective gated dynamic formation of 
the MG aptamer that reveals the dynamic dissipative rate profile. That is, 
the gating degree is controlled by the concentration of the respective 
blocker unit added to the reaction module. As the concentration of the 
blocker unit is elevated, the inhibition of the respective transcription 
template is enhanced, resulting in a higher degree of gating.

Temporal cascaded autoinhibited RNAP-driven transcription 
of MG/DFHBI aptamers
In the next step and inspired by nature where operation of inter-
communicated transcriptional cascades plays important roles in gene 
expressions, we applied the “suicide” transcriptor vehicle to design 
a transient cascaded transcriptional machinery as outlined in Fig. 4. 
The rest module of the system, state M includes the duplex template 
T4 consisting of the scaffold (14) hybridized with the promoter (3) 
and the strand (15); the duplex of the scaffold (9) hybridized with 
the strand (11); the duplex nucleic acid (16)/(17), acting as inter-
communicating unit to activate the transcriptional cascade; the 
duplex (6)/(7), acting as the template for the T7 RNAP inhibiting 
aptamer; and the aptamer (5)–blocked T7 RNAP biocatalyst, as 
constituent that drives the cascaded transcriptional machinery. 
MG, DFHBI, and the NTPs are added to the module as auxiliary 
components. The constituent (14)/(3)/(15) is engineered to include 
in the subdomains a + b/at′ + a′ + b′, the functional sequences to 
drive the transcription of the MG-RNA aptamer. The scaffold (14) 
includes the domains e′ + ex′, and the strand (15) contains the 
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Fig. 3. Dynamic fluorescence changes transduced by the autoinhibited RNAP-stimulated transcription of MG/DFHBI aptamers. Nongated transient transcription 
of (A) the MG-RNA aptamer: panel I, time-dependent fluorescence changes of the MG-aptamer complex; panel II, transient catalytic rates corresponding to the formation 
of the MG-RNA aptamer. (B) The DFHBI-RNA aptamer: panel I, time-dependent fluorescence changes of the DFHBI-aptamer complex; panel II, transient catalytic rates 
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(C) Panel I, time-dependent fluorescence changes of the MG-aptamer complex in the presence of variable concentrations of inhibitor (12): (i) 2.5 nM, (ii) 5 nM, and (iii) 
50 nM; panel II, transient catalytic rates for the transient transcription of the MG aptamer in the presence of the respective concentrations of (12). (D) Panel I, time-dependent 
fluorescence changes of the DFHBI-aptamer complex in the presence of variable concentrations of inhibitor (12): (i) 2.5 nM, (ii) 5 nM, and (iii) 50 nM; panel II, transient 
catalytic rates for the transient transcription of the DFHBI aptamer in the presence of the respective concentrations of (12). (E) Panel I, time-dependent fluorescence 
changes of the MG-aptamer complex in the presence of variable concentrations of inhibitor (13): (i) 5 nM, (ii) 10 nM, and (iii) 100 nM; panel II, transient catalytic rates for 
the transient transcription of the MG aptamer in the presence of the respective concentrations of (13). (F) Panel I, time-dependent fluorescence changes of the DFHBI-aptamer 
complex in the presence of variable concentrations of inhibitor (13): (i) 5 nM, (ii) 10 nM, and (iii) 100 nM; panel II, transient catalytic rates for the transient transcription of 
the DFHBI aptamer in the presence of the respective concentrations of (13).
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domains e and ex. As a result, the transcribed MG-RNA aptamer by 
the constituent (14)/(3)/(15) includes an RNA tether composed 
the complementary ribonucleobases to e + ex. This tether acts as the 
signal promoter to couple the MG aptamer transcription with the 
DFHBI aptamer transcription machinery. The tether e + ex associ-
ated with the coupler duplex (16)/(17) to yield the free strand (17) 
that hybridizes as promoter to the constituent (9)/(11) to yield the 
intact DFHBI aptamer transcription scaffold. The module in state 
M exists in a mute inactive configuration. Subjecting, however, the 
system to trigger L [counter strand to the T7 RNAP inhibiting 
aptamer (5)] activates the transient, dissipative, cascaded transcrip-
tion processes, state N. The triggered displacement of the inhibiting 
aptamer (5) activates the T7 RNAP that stimulates the activation 
of the transcription process using the (14)/(3)/(15) template that 
results in the transcription of the MG-RNA aptamer with a tether. 
The later transcribed aptamer displaces the coupler unit (16)/(17) 
that leads to the formation of the template (9)/(17)/(11) that acts as 
template for the transcription of the DFHBI-RNA aptamer. Con-
comitantly to the transcription of the MG-RNA and DFHBI-RNA 
aptamers, the template (6)/(7) is activated toward the transcription 
of the T7 RNAP aptamer that results in the competitive inhibition 
of RNAP, leading to the transient inhibition of all transcription 

processes (the cascaded transcription of the MG and DFHBI aptamer 
and the transcription of the T7 RNAP aptamer itself). As a result, 
the entire dynamic transcription system undergoes dissipative 
depletion that regenerates the rest module in state M. The transient 
dynamic transcription of the MG-RNA aptamer and the DFHBI-RNA 
aptamer is then followed by the transient fluorescence features of the 
resulting MG-aptamer and DFHBI-aptamer complexes. Figure 4B 
(panels I and II) shows the time-dependent fluorescence changes of 
the resulting MG-aptamer and DFHBI-aptamer complexes, respec-
tively. Figure 4C (panels I and II) shows the transcription rates 
corresponding to the formation of the MG aptamer and the DFHBI 
aptamer, respectively, by the cascaded transcription machinery 
(derivatives of the curves displayed in Fig. 4B, panels I and II). The 
transcription rates reveal, as expected, a transient, dissipative pattern. 
Figure 4D depicts the results of a control experiment, where the 
coupling duplex (16)/(17) is excluded from the transcription module 
consisting of the (14)/(3)/(15), (9)/(11), (6)/(7), and the blocked T7 
RNAP-aptamer complex unit; and the module is subjected to the 
trigger L in the presence of MG, DFHBI, and NTPs as additional com-
ponents. Under these conditions, the transcription cascade is blocked, 
and only the dynamic transient transcription of the MG-RNA 
aptamer proceeds (Fig. 4, D and E, panels I and II, respectively).
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Fig. 4. Transient temporal cascaded transcription of MG/DFHBI aptamers driven by the autoinhibited RNAP. (A) Transient cascaded transcription of the MG-RNA 
aptamer and DFHBI-RNA aptamer guided by the autoinhibited T7 RNAP. The reaction module consists of the transcription scaffolds T4, T2, and T3; the mute inactivated 
RNAP/aptamer (5) complex; and the coupling duplex (16)/(17). The L-triggered activation of RNAP stimulates the transcription of the MG-RNA aptamer that includes the 
tether e′ + ex′, and the tether displaces the duplex (16)/(17) to release the promoter (17) that activates the transcription of the DFHBI-RNA aptamer using DNA template 
T3. Concomitantly, the transcription of the RNAP aptamer by template T2 yields the inhibiting aptamer that leads to the dissipative blockage of all transcription processes 
in the system. (B) Time-dependent fluorescence changes associated with panel I, the transcription of the MG-RNA aptamer, and panel II, the cascaded transcription of the 
DFHBI-RNA aptamer. (C) Transient catalytic rates corresponding to panel I, the transcription of the MG-RNA aptamer, and panel II, the cascaded transcription of the 
DFHBI-RNA aptamer. (D and E) Control experiment demonstrating the operation of the reaction module M upon exclusion of the duplex (16)/(17). (D) Panel I, time-dependent 
fluorescence changes upon transcription of the MG-RNA aptamer; panel II, fully inhibited fluorescence of the DFHBI-RNA aptamer complex. (E) Catalytic rates corresponding 
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Temporal transcription of transient ribozymes by 
the autoinhibited RNAP
Beyond the transient dynamic rate profiles of the transcription and 
gated transcription of the MG and DFHBI aptamers using the tran-
scription of the T7 RNAP aptamer, we applied the autoinhibited 
RNAP-aptamer complex to demonstrate the dissipative transcrip-
tion of a ribozyme revealing transient catalytic functions (Fig. 5). 
The reaction module (Fig. 5A) includes the transcription template 
T5 composed of the strands (18)/(3)/(19), the transcription template 
T2, (6)/(7), that transcribes the inhibiting T7 RNAP aptamer, and the 
transcription template T6 composed of the strands (20)/(10)/(21). 
The substrate (22) modified by the fluorophore/quencher pair 
ROX (carboxy-X-rhodamine)/BHQ2 (Black Hole Quencher-2), the 
aptamer-blocked T7 RNAP, and the NTP mixture are also included 
in the reaction module. Triggering of the reaction module with the 
fuel strand L displaces the blocking aptamer bound to T7 RNAP, 
resulting in its uncapping and the activation of the three transcription 
processes associated with the templates T5, T2, and T6. The tran-
scription processes proceeding on templates T5 and T6 yield the ri-
bozymes 1 and 2, respectively, while the transcription occurring on 
the template T2 generates the autoinhibiting T7 RNAP aptamer unit 
that inhibits the transcription biocatalyst. The transcribed ribozyme 1 
was designed to cleave substrate (22) and concomitantly to be cleaved 
by ribozyme 2, resulting in the temporal depletion of ribozyme 1 and 
the accompanying blockage of cleavage of substrate (22). The tran-
scription processes proceeding on the three transcription templates 
lead to a dynamically controlled transcription of the ribozymes, where 
the time-dependent emergence of the T7 RNAP aptamer leads to a 
transient blockage of the formation of the ribozymes and the catalytic 
functions. The formation and depletion of the transcribed ribozyme 

1 are followed by probing the time-dependent fluorescence changes 
originating from the ribozyme 1–guided cleavage of the substrate 
(22). Figure 5B depicts the time-dependent fluorescence changes of 
the fragmented substrate (22), reflecting the dynamic transient activity 
of the ribozyme 1 cleaving the substrate (22). Figure 5C shows the 
time-dependent catalytic rate of the transcribed ribozyme 1 (deriv-
ative of the time- dependent fluorescence curve shown in Fig. 5B). 
A characteristic dissipative dynamic kinetic profile corresponding 
to the catalytic activity of the resulting ribozyme is observed. The 
transient temporal activity of ribozyme 1 was further supported by 
electrophoretic measurement that quantitatively follows the fluo-
rescence of the temporal formation and blockage of the electropho-
retically separated ROX-labeled product. Figure 5D (inset) shows the 
electrophoretic bands of samples of the electrophoretically separated 
ROX-labeled fragment withdrawn from the reaction system at time 
intervals of transcriptional evolution of ribozyme 1. The temporal 
fluorescence intensities of the ROX-labeled strand are displayed as 
square dots in Fig. 5D accompanying with the fitting curve. The tran-
sient fluorescence intensities of the ROX-labeled strand follow the 
dynamic catalytic rates of ribozyme 1. Accordingly, Fig. 5E depicts 
the derivative of the curve displayed in Fig. 5D. The transient cata-
lytic behavior of ribozyme 1 traced by the dynamic contents of the 
ROX-labeled fragment from the electrophoretic bands is consistent 
to that derived from the cleavage rates of (22) shown in Fig. 5C.

DISCUSSION
The recent study has introduced a versatile mechanism to modulate 
the transient operation of the transcription machineries by the 
dynamic control of the transient formation of the autoinhibited T7 
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RNAP. The study demonstrated the application of the dynamically 
modulated transcription processes for the synthesis of different 
RNA aptamers, stimulated gated transcription processes and tran-
sient dissipative, cascaded transcription processes, and the synthesis 
of ribozymes that demonstrates temporal catalytic functions. Beyond 
providing artificial means to emulate natural dynamically modulated 
gene expression processes, the study might introduce important 
paths for therapeutic applications. The dynamic temporal modula-
tion of gene expression and translated proteins could provide versa-
tile means for the biomarker-triggered dose release of therapeutic 
agents (55–57). Nonetheless, important challenges are ahead of us: 
The integration of the dynamically modulated transcription 
machineries into protocell carriers (58, 59) and the coupling of the 
transient transcription mechanisms to dynamic protein translation 
paths are important paths to follow.

MATERIALS AND METHODS
Materials
T7 RNAP (50,000 U ml−1, 0.81 M), RNAP reaction buffer, and 
ribonucleotide solution mix [rATP (rAdenosine triphosphate), rCTP 
(rCytidine triphosphate), rGTP (rGuanosine triphosphate), and rUTP 
(rUridine triphosphate)] were purchased from New England Biolabs Inc. 
MG and DFHBI were purchased from Sigma-Aldrich. Oligonucleotides 
were purchased from Integrated DNA Technologies and Sigma-Aldrich. 
All the sequences of the oligonucleotides were listed as follows: (2), 
5′-ATTGAGGTAAGAAAGGTAAGGATAATACGACTCAC-
TATAGGATCCCGACTGGCGAGAGCCAGGTAACGAATGGATCC-3′; 
(3), 5′-TATTATCCTTACCTTTCTTACCTCAATCTCCTTCG-3′; 
(4), 5′-GGATCCATTCGTTACCTGGCTCTCGCCAGTCGGGATC-
CTATAGTGAGTCG-3′; (5), 5′-rGrGrCrGrArGrCrGrUrArArGrUr-
CrArArUrUrCrCrArCrUrArUrCrArUrUrGrCrUrGrCrArArGrC-3′; (6), 
5′-AGCTTAATACGACTCACTATAGGCGAGCGTAAGTCAAT-
TCCACTATCATTGCTGCAAGC-3′; (7), 5′-GCTTGCAGCAATGATAGT-
GGAATTGACTTACGCTCGCCTATAGTGAGTCGTATTAAGCT-3′; 
(9), 5′-CTAATGAACTACTACTACACACTAATACGACT-
CACTATAGGAACGAGACGGTCGGGTCCAGATATTCG-
T A T C T G TCGAGTAGAGTGTGGGCTCGTTCC-3′; (10), 
5′-TATTAGTGTGTAGTAGTAGTTCATTAGTGTCCATG-3′; 
(11), 5′-GGAACGAGCCCACACTCTACTCGACAGATACGAA-
TATCTGGACCCGACCGTCTCGTTCCTATAGTGAGTCG-3′; 
(12), 5′-CGAAGGAGATTGAGGTAAGAAAGGTAAGGATAATA-3′; 
(13 ) ,  5 ′ - C A T G G A C A C T A A T G A A C T A C T A C T A C A -
C A C T A A TA-3′; (14),  5′-ATTGAGGTAAGAAAGGTA-
AGGATAATACGACTCACTATAGGATCCCGACTGGC-
G A G A G C C A G G T A A C G A A T G G A T C C T T T T T A T T -
AGTGTGTAGTAGTAGTTCATTAGGGTTCATG-3′; ( 1 5 ) , 
5′-CATGAACC CTAATGAACTACTACTACACACTAATAA
AAAGGATCCATTCGTTACCTGGCTCTCGCCAGTC-
GGGATCCTATAGTGAGTCG-3′ ;  (16 ) ,  5 ′ -CATGAAC-
C C T A A T G A A C T A C T A C T A C A C A C T A A T A - 3 ′ ;  (17 ) , 
5′-TATTAGTGTGTAGTAGTAGTTCATTAG-3′; (18), 5′-ATTGAGG-
TAAGAAAGGTAAGGATAATACGACTCACTATAGGTAC-
GAGTCCTCCCTGATGAGGCCGAAAGGCCGAAATCCTGA-3′; (19), 
5′-TCAGGATTTCGGCCTTTCGGCCTCATCAGGGAG-
GACTCGTACCTATAGTGAGTCG-3′; (20), 5′-CTAATGAAC-
TACTACTACACACTAATACGACTCACTATAGGCCT-
CATCAGGCTGATGAGCGAAAGGACTCGTACC-3′; (21), 
5′-GGTACGAGTCCTTTCGCTCATCAGCCTGATGAGGCC

TA TAGTGAGTCG-3′, (22) 5′-ROX-TCAGGATrAGGAGGAC-BHQ2-3′; 
(23), 5′-TGTCTACAGTGCGTGCTCCTCGACTGGCGAGAGC-
CAGGTAAC-3′; (24) 5′-GGATCCATTCGTTACCTGGCTCTC-
G C C A G T C G C C G T C A A G A C C C A G C A A C - 3 ′ ;  ( 2 5 ) , 
5′-Cy3-AGGAGCACGCACTGTAGACA-3′; (26), 5′-GTTGCTG-
GGTCTTGACGG-BHQ2-3′; (27), 5′-ACAAACAGATGC-
GTGCTCCTCGTATCTGTCGAGTAGAGTGTG-3′; ( 2 8 ) , 
5′-GGAACGAGCCCACACTCTACTCGACAGATACGC-
CGTCAAGACCCAGCAAC-3′; (29), 5′-Cy5-AGGAGCACG-
CATCTGTTTGT-3′

Characterizations
All the fluorescence spectra were recorded with a Cary Eclipse 
Fluorescence Spectrophotometer (Varian Inc.) at 37°C using the 
quartz cuvette (Hellma Analytics). The excitation and emission of the 
MG-RNA aptamer complex, DFHBI-RNA aptamer complex, and the 
ROX were performed at 635/665, 470/500, and 588/608 nm, respec-
tively. The polyacrylamide gel electrophoresis (PAGE) gels were run 
on a Hoefer SE 600 electrophoresis unit (10 or 20%, 80 V, at 4°C), 
and the images of the gels were recorded on the ChemiDoc MP Im-
aging System and analyzed using the ImageJ software.

Methods
Dynamic transcription of the MG aptamer
The transient reaction module for the transcription of the MG 
aptamer was a mixture of the DNA templates T1 (2)/(3)/(4) (0.01 M) 
and T2 (6)/(7) (0.05 M); the prepared inhibited T7 RNAP-aptamer 
complex that composed of the T7 RNAP, 0.06 M mixing with the 
inhibiting aptamer (5), 2 M, for a time interval of 60 min to ensure 
full inhibition of the T7 RNAP; and MG (2 M) and the NTPs 
(4 mM each) in the RNAP reaction buffer [40 mM tris-HCl, 1 mM 
dithiothreitol (DTT), 2 mM spermidine, and 20 mM MgCl2 (pH 7.9)]. 
Variable concentrations of the fuel strand L (1 to 4 M) were ap-
plied to the reaction module, and the dynamic time-dependent 
fluorescence changes of the MG-aptamer complex were recorded 
with a Cary Eclipse Fluorescence Spectrophotometer (Varian Inc.) 
at em = 665 nm (37°C).

For the control experiment, the strand (3) was excluded from the 
reaction module. The constituents of the reaction module included 
the (2)/(4) (0.01 M) and (6)/(7) (0.05 M); the prepared inhibited 
T7 RNAP-aptamer complex that composed of the T7 RNAP, 
0.06 M mixing with the inhibiting aptamer (5), 2 M, for a time 
interval of 60 min to ensure full inhibition of the T7 RNAP; and MG 
(2 M) and the NTPs (4 mM each) in the RNAP reaction buffer 
[40 mM tris-HCl, 1 mM DTT, 2 mM spermidine, and 20 mM 
MgCl2 (pH 7.9)]. A concentration of 4 M of the fuel strand L was 
applied to the reaction module, and the time-dependent fluorescence 
changes were recorded with a Cary Eclipse Fluorescence Spectro-
photometer (Varian Inc.) at em = 665 nm (37°C).

For the measurement of the dynamic transcription of the MG 
aptamer at variable concentrations of NTPs, three reaction module 
samples were prepared including the same concentrations of T1 
(2)/(3)/(4) (0.01 M), T2 (6)/(7) (0.05 M), the prepared inhibited 
T7 RNAP-aptamer complex and MG (2 M), and different concen-
trations of the NTPs (1, 2, and 4 mM each, respectively). All the 
three samples were applied with the same concentrations of the fuel 
strand L (2 M), and the time-dependent fluorescence changes 
were recorded with a Cary Eclipse Fluorescence Spectrophotometer 
(Varian Inc.) at em = 665 nm (37°C).
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For the cyclic transient transcription of the MG aptamer, the 
reaction module was applied twice with the fuel strand L: 4 and 4 or 
2 and 4 M, respectively. The dynamic time-dependent fluorescence 
changes of the MG-aptamer complex were recorded with a Cary Eclipse 
Fluorescence Spectrophotometer (Varian Inc.) at em = 665 nm (37°C).

For the PAGE measurement, a volume of 10 l was collected 
from the reaction solution [0.01 M T1 (2)/(3)/(4), 0.05 M T2 (6)/(7), 
0.06 M inhibited T7 RNAP, 4 mM NTPs, and 4 M fuel strand L] 
at different time intervals (0, 10, 30, 60, 120, 180, and 250 min). 
Then, they were mixed with the Y-shaped quenched fluorophore 
structure (23)/(24)/(25)/(26) (0.5 M) and annealed from 70° to 
4°C. All the samples were loaded into the 10% PAGE gel to perform 
at 80 V for 12 hours (4°C). The image of the gel was recorded on the 
ChemiDoc MP Imaging System and analyzed using the ImageJ 
software.
Dynamic transcription of the DFHBI aptamer
The transient reaction module for the transcription of the DFHBI 
aptamer was a mixture of the DNA templates T3 (9)/(10)/(11) (0.02 M) 
and T2 (6)/(7) (0.1 M); the prepared inhibited T7 RNAP-aptamer 
complex that composed of the T7 RNAP, 0.12 M mixing with the 
inhibiting aptamer (5), 4 M, for a time interval of 60 min to ensure 
full inhibition of the T7 RNAP; and DFHBI (4 M) and the NTPs 
(4 mM each) in the RNAP reaction buffer [40 mM tris-HCl, 1 mM 
DTT, 2 mM spermidine, and 20 mM MgCl2 (pH 7.9)]. Variable con-
centrations of the fuel strand L (2, 4, 6, and 8 M) were applied to the 
reaction module, and the dynamic time-dependent fluorescence changes 
of the DFHBI-aptamer complex were recorded with a Cary Eclipse 
Fluorescence Spectrophotometer (Varian Inc.) at em = 500 nm (37°C).

For the cyclic transient transcription of the DFHBI aptamer, the 
reaction module was applied twice with the fuel strand L: 6 and 
6 M, respectively. The dynamic time-dependent fluorescence changes 
of the DFHBI-aptamer complex were recorded with a Cary Eclipse 
Fluorescence Spectrophotometer (Varian Inc.) at em = 500 nm (37°C).

For the PAGE measurement, a volume of 10 l was collected 
from the reaction solution [0.02 M T1 (9)/(10)/(11), 0.1 M T2 (6)/(7), 
0.12 M inhibited T7 RNAP, 4 mM NTPs, and 8 M fuel strand L] 
at different time intervals (0, 5, 10, 20, 40, 90, and 150 min). Then, 
they were mixed with the Y-shaped quenched fluorophore struc-
ture (27)/(28)/(29)/(26) (1 M) and annealed from 70° to 4°C. All 
the samples were loaded into the 10% PAGE gel to perform at 80 V 
for 12 hours (4°C). The image of the gel was recorded on a Chemi-
Doc MP Imaging System and analyzed using the ImageJ software.
Transient gated operations of the transcription processes
The composition of the reaction module I included three DNA 
templates, T1 (0.005 M), T2 (0.075 M), and T3 (0.01 M), and the 
RNAP/(5)–caged catalyst. MG (2 M), DFHBI (4 M), and NTPs 
(4 M each) were included in the system. The T7 RNAP (0.09 M) 
was mixed with the inhibiting aptamer (5) (3 M) for a time interval 
of 60 min to ensure full inhibition of T7 RNAP. The DNA templates 
T1 to T3 were then added to the inhibited RNAP/(5) complex, and 
MG, DFHBI, and the NTPs were added to the mixture in the RNAP 
reaction buffer [40 mM tris-HCl, 1 mM DTT, 2 mM spermidine, 
and 20 mM MgCl2 (pH 7.9)]. The transient dynamic transcription 
of the templates was triggered by adding the fuel strand L (8 M). 
The dynamic transcription of the MG and DFHBI aptamers were 
followed by the time-dependent fluorescence changes of the MG/
aptamer complex at em = 665 nm and of the DFHBI/aptamer 
complex at em = 500 nm, recording with a Cary Eclipse Fluorescence 
Spectrophotometer (Varian Inc.) at 37°C.

To gate the respective transcription processes, the reaction module 
I was subjected to variable concentrations of the inhibitor (12) 
(2.5, 5, and 50 nM) or (13) (5, 10, and 100 nM), for a time interval 
of 10 min, and the respective dynamic transcription processes were 
triggered by L (8 M), followed by monitoring the time-dependent 
fluorescence changes of the respective RNA-aptamer ligand com-
plexes using a Cary Eclipse Fluorescence Spectrophotometer (Varian 
Inc.) at 37°C.
Transient cascaded transcription processes
The transient cascaded reaction module M included the DNA tem-
plates T4 (14)/(3)/(15) (0.005 M), T2 (6)/(7) (0.075 M), and T3 
(9)/(11) (0.01 M); the coupling duplex (16)/(17) (0.02 M); and the 
prepared inhibited T7 RNAP/aptamer complex that composed of the 
T7 RNAP, 0.09 M mixing with the inhibiting aptamer (5), 3 M, for 
a time interval of 60 min to ensure full inhibition of T7 RNAP; and MG 
(2 M), DFHBI (4 M), and the NTPs (4 mM each) in the RNAP 
reaction buffer [40 mM tris-HCl, 1 mM DTT, 2 mM spermidine, and 
20 mM MgCl2 (pH 7.9)]. The dissipative dynamic cascaded transcrip-
tion of the MG aptamer and the DFHBI aptamer were activated by 
adding the fuel strand L (8 M), and the time- dependent fluorescence 
changes of the MG-aptamer complex and DFHBI-aptamer complex 
were recorded with a Cary Eclipse Fluorescence Spectrophotometer 
(Varian Inc.) at em = 665 and 500 nm, respectively (37°C).

For the control experiment, the coupling duplex (16)/(17) was 
excluded from the reaction module M, and the other components 
were the same as before including the DNA templates T4 (14)/(3)/
(15) (0.005 M), T2 (6)/(7) (0.075 M), and T3 (9)/(11) (0.01 M); 
the prepared inhibited T7 RNAP/aptamer complex; and MG (2 M), 
DFHBI (4 M), and the NTPs (4 mM each). The dynamic transcrip-
tion of the MG aptamer and the DFHBI aptamer were activated by 
adding the fuel strand L (8 M), and the time-dependent fluorescence 
changes of the MG-aptamer complex and DFHBI-aptamer complex 
were recorded with a Cary Eclipse Fluorescence Spectrophotometer 
(Varian Inc.) at em = 665 and 500 nm, respectively (37°C).
Temporal transcription of transient ribozymes
The transient reaction module for the transcription of the transient 
ribozymes was a mixture of the DNA templates T5 (18)/(3)/(19) 
(0.01 M), T2 (6)/(7) (0.05 M), and T6 (20)/(10)/(21) (0.01 M); 
the prepared inhibited T7 RNAP/aptamer complex that composed 
of the T7 RNAP, 0.07 M mixing with the inhibiting aptamer (5), 
2.4 M, for a time interval of 60 min to ensure full inhibition of the 
T7 RNAP; and the substrate (22) (2 M) and the NTPs (4 mM each) 
in the RNAP reaction buffer [40 mM tris-HCl, 1 mM DTT, 2 mM 
spermidine, and 20 mM MgCl2 (pH 7.9)]. The fuel strand L (8 M) 
was applied to the reaction module, and the dynamic time- dependent 
fluorescence changes of the fragmented (22) were recorded with a 
Cary Eclipse Fluorescence Spectrophotometer (Varian Inc.) at 
em = 608 nm (37°C).

For the PAGE measurement, a volume of 10 l was collected from 
the reaction solution at different time intervals (0, 5, 10, 30, 60, and 
100 min), and they were loaded into the 20% PAGE gel to perform at 
80 V for 20 hours (4°C). The image of the gel was recorded on a 
ChemiDoc MP Imaging System and analyzed using the ImageJ 
software.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq5947

View/request a protocol for this paper from Bio-protocol.

https://science.org/doi/10.1126/sciadv.abq5947
https://science.org/doi/10.1126/sciadv.abq5947
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abq5947
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