@CI EPublish
Article

Modular Transcriptional Regulation Using Switchable Transcription
Terminators and Aptamers: Design and Optimization in Synthetic
Biology

Jiayan Jiao !, Minghong Shi !, Shuting Zheng !, Xianai Shi ** and Shaobin Guo ¥

' College of Biological Science and Engineering, Fuzhou University, Fuzhou 350108, China;
JIYISWTXQ591144528@163.com (J.J.); shiminghong2022@163.com (M.S.); Zhengst09@163.com (S.Z.)
2 Fujian Key Laboratory of Medical Instrument and Pharmaceutical Technology, Fuzhou University, Fuzhou 350108, China

* Corresponding authors. E-mail: shixa@fzu.edu.cn (X.S.), sguo@fzu.edu.cn (S.G.)
Received: 7 April 2025; Accepted: 27 May 2025; Available online: 4 June 2025

ABSTRACT: Transcriptional regulation is a key step in gene expression control. While transcription factor-based regulation has
been widely used and offers robust control over gene expression, it can sometimes face challenges such as achieving high specificity,
rapid dynamic responses, and fine-tuned regulatory precision, which have motivated the exploration of alternative regulatory
strategies. With the development of synthetic biology, novel genetic elements such as Switchable Transcription Terminators (SWT)
and aptamers provide more flexible and programmable strategies for transcriptional regulation. However, the independent
regulatory capabilities of these two types of elements and their combined regulatory mechanisms still require further investigation.
In this study, based on an in vitro transcription system, we systematically explored the transcriptional regulation potential of SWT
and aptamers. We innovatively combined these two elements to construct a modular gene expression regulation system. First, we
screened and optimized a series of SWTs, obtaining high-performance SWTs with low leakage expression and high ON/OFF ratios.
These were further validated for reproducibility of their regulatory performance in E. coli. Next, we constructed multi-level
cascading circuits using SWTs, successfully extending the system to six levels and building four types of biological logic gates
based on SWT in vitro: AND gate, NOT gate, NAND gate, and NOR gate. Furthermore, based on a previously identified thrombin
aptamer capable of transcriptional regulation, we confirmed that ligand binding significantly promoted gene transcription. Finally,
we integrate switchable transcription terminators (SWTs) and aptamers to create a modular, ligand-responsive system. We
combined aptamers with SWTs to construct heterologous input logic gates, successfully improving the precision and dynamic range
of regulation. Compared to the individual regulation of SWT and aptamer, the Aptamer-SWT synergistic regulation enhanced
transcription activation by up to 3.3-fold and 7.84-fold, respectively. Additionally, we co-utilized these two genetic elements to
construct heterologous input AND and OR gates in vitro. This study expands the strategies for gene expression regulation and
provides new elements and theoretical support for efficient, programmable transcriptional regulation in synthetic biology. This
system holds potential for biosensing, gene circuit design, and nucleic acid therapy applications.
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1. Introduction

Gene expression regulation is one of the core research directions in synthetic biology. Transcriptional regulation,
as the first checkpoint of gene expression, directly affects cells’ physiological state and functional capabilities, such as
cell development and differentiation, stress responses, tissue homeostasis, and immunity [1]. Traditional transcriptional
regulation methods primarily rely on transcription factors and cis/trans-acting elements; however, these methods suffer
from low specificity [2,3], high regulatory complexity [4], and limited programmability, making it difficult to meet the
needs of complex gene circuit designs. In recent years, with the development of novel RNA regulatory elements and
strategies, such as the CRISPR/Cas systems [5], riboregulators [6], aptamers [7], and switchable transcription
terminators (SWTs) [8,9], synthetic biology has made significant progress in flexible, efficient, and programmable
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transcriptional regulation. For example, Chappell et al. constructed synthetic small transcription-activating RNAs
(STARs) and successfully created RNA-based transcriptional regulatory logic gates, expanding the capacity of SRNA
to regulate gene expression [10]. Manja et al. used theophylline aptamer-based sensing units to construct a new type of
riboregulator, which was verified in E. coli to regulate not only translation but also transcription [11].

Riboregulators are RNA elements capable of regulating gene expression. Compared to traditional regulatory
methods, these novel genetic elements offer advantages such as strong programmability, rapid response, and good
biocompatibility [12,13]. Riboregulators respond to a variety of signals, including DNA, RNA, large molecules like
proteins, small molecules, and even environmental factors [14—17]. The diversity of trigger signals enhances the
adaptability, flexibility, and dynamics of these regulatory elements while also improving the robustness of biological
systems. This has led to the widespread application of DNA or RNA regulatory elements in metabolic pathway
engineering [18], synthetic gene circuit construction [19], biosensor development [20,21], and the development of
synthetic regulators for induced gene expression [22,23]. Among them, the tochold switch is a classic type of
riboregulator. As an RNA element capable of regulating transcription, it can respond to arbitrary complementary RNAs
by initiating RNA-RNA strand displacement through toehold-mediated linear interactions. In addition, through rational
design, the toehold switch can conceal or expose the ribosome binding site (RBS), thereby also enabling control over
translation initiation [16]. Although significant progress has been made in studying the role of riboregulators in gene
expression control, research and application for precise transcriptional regulation remain limited. To achieve precise
control of the transcription process, inspired by the design of STARs, Hong et al. developed a gene switch known as
the Switchable Transcription Terminator (SWT), which controls both transcription and translation processes in E. coli.
They also constructed an AND gate at the translation level [8]. Subsequently, we systematically explored the design
strategies for switchable transcription terminators and, by optimizing the structure, created high-performance SWTs,
which displayed a 283-fold activation change when triggered by an input homologous RNA trigger. Additionally, we
developed and optimized an automatic design algorithm that can output random SWT sequences, enhancing the
programmability and flexibility of SWT design. We also successfully constructed a three-layer cascading circuit and a
dual-input three-layer OR gate in vitro, laying the foundation for more complex logic operations using gene circuits [9].
The optimized SWT structure is divided into four regions: Toehold Regionregion, Stem Regionregion, Loop
Regionregion, and U tract, with the Stem Regionregion, Loop Regionregion, and U tract forming the Terminator
Regionregion (Figure 1A).

The entire Terminator region can be replaced with other natural or synthetic terminator sequences. In this study,
we selected the synthetic terminator T500, which has a termination efficiency of 98%, as the SWT structural component
[24,25]. We also attached an optimized Broccoli fluorescent aptamer 3WJdB [26] after the switchable transcription
terminator as a reporter gene to characterize the transcription results. 3WJdB (Three-Way Junction Broccoli) is an RNA
structure engineered from the Broccoli RNA fluorescent aptamer. The dimeric Broccoli (dB) aptamer is assembled into
a single unit via a three-way junction (3WJ) structure derived from the packaging RNA of bacteriophage ®29 [27-29].
Compared to the unmodified Broccoli aptamer, this redesigned and optimized version exhibits improved structural
stability and enhanced fluorescence signal upon binding with a fluorescent dye. The optimized aptamer specifically
binds to the dye DFHBI-1T (purchased from Sigma-Aldrich, St. Louis, MO, USA, catalog number SML2697) and
generates a strong fluorescence signal (excitation/emission = 472 nm/507 nm) [30]. It has been widely applied in
characterizing gene circuit outputs [31,32], monitoring transcriptional activity [33,34], and in cell-free systems [35].
The mechanism of SWT functions by binding to a SWT trigger that is complementary to both the Toehold region and
the Stem region, thereby enabling the transition from the transcription OFF state to the ON state (Figure 1B).
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Figure 1. (A) SWT structure: The entire SWT consists of the Toehold region, Stem region, Loop region, and U tract, followed by
a reporter gene 3WJdB to characterize the transcription results. The Toehold region provides a binding platform for RNA
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polymerase (RNAP) and helps stabilize the overall structure to some extent. The Stem region is a reverse complementary sequence
that links the Toehold region, Loop region, and U tract, providing mechanical support to the hairpin structure, ensuring its stable
formation, and preventing RNAP from continuing elongation. The Loop region, located at the top of the hairpin structure, is the
key area recognized by RNAP, triggering RNAP pausing and promoting transcription termination. The U tract, located at the tail
of the hairpin structure, consists of a continuous uracil (U) nucleotide sequence and is crucial for RNAP’s release of the template.
It works in synergy with the hairpin structure to induce RNA chain dissociation. (B) Mechanism of SWT: In the absence of a SWT
trigger, the hairpin structure of the SWT itself obstructs T7 RNA polymerase (T7 RNAP) from extending downstream, preventing
transcription from proceeding normally (OFF). When a trigger is present, it binds complementarily to part of the SWT structure,
disrupting the hairpin structure, allowing T7 RNAP to continue elongating downstream, and enabling normal transcription to occur
(ON). (C) Construction and mechanism of aptamer switch: By embedding the aptamer between the promoter and the reporter gene
3WIdB, an aptamer switch is constructed. In the absence of ligand input, the secondary structure of the aptamer itself hinders T7
RNA polymerase elongation (OFF). Upon ligand binding, the aptamer undergoes conformational changes, which may loosen the
surrounding structure, thereby facilitating the downstream gene transcription (ON). (D) Construction of a transcriptional regulation
switch by Integrating aptamer and SWT: By combining SWT with the aptamer, the integration of these two distinct mechanisms
may further enhance transcriptional efficiency. In the absence of any input, the aptamer and SWT form a complex secondary
structure that hinders the elongation of T7 RNA polymerase (OFF). Upon ligand input, the conformational changes induced by
aptamer-ligand binding may disrupt the SWT structure, making it more relaxed and thereby facilitating transcription (ON). When
the SWT trigger is introduced, the disruption of the SWT structure significantly enhances transcription (ON). Furthermore, when
both the ligand and the SWT trigger are simultaneously introduced, the two elements work synergistically to promote transcription
further, resulting in a stronger fluorescence signal output (ON).

In order to respond to more complex environmental signals and integrate sensing with regulation, it is necessary
to explore more flexible biological elements. Aptamers, due to their high specificity and affinity for target ligand
molecules, and the conformational changes induced upon ligand binding, can disrupt gene expression, making them
potential regulatory biological elements for gene expression. Aptamers are single-stranded DNA or RNA sequences
that are selected through SELEX (Systematic Evolution of Ligands by Exponential Enrichment) technology and can
bind small molecules [36,37], biomacromolecules [38,39], cells [40—42], and other targets [43,44]. With the
advancement of synthetic biology, SELEX technology has continuously been innovated. We developed a new aptamer
selection technique called CIVT-SELEX, which combines Capture-SELEX and in vitro transcription (IVT) systems to
screen aptamers suitable for transcriptional regulation. We successfully identified a single-stranded DNA aptamer with
specificity for thrombin and validated its potential for transcriptional regulation of downstream genes. This
demonstrated the feasibility and robustness of the aptamer as a genetic element in linear DNA and plasmids, expanding
the transcriptional regulation toolkit [45]. While previous research on aptamers focused on areas such as biosensing,
detection, nanostructures, and drug delivery, significant progress has also been made in applying aptamers to gene
regulation. For instance, Heonjoon et al. developed a method called ARTIST based on strand displacement reactions
and uses DNA templates for aptamer-regulated transcription (dARTS) to construct protein biosensors that can detect
multiple targets quickly. This method also integrates easily with downstream circuits to output different types of signals
[46]. Although aptamers have been applied to gene expression regulation, current aptamer-based regulatory strategies
still face issues such as significant leakage expression, insufficient regulatory precision, and limited dynamic range.

Therefore, we aimed to explore the transcriptional regulatory potential of two genetic elements, SWT and aptamer,
based on an in vitro transcription system and innovatively combined these two genetic elements to regulate transcription.
On the one hand, we also designed the aptamer in the form of a genetic switch to further explore its potential in
transcriptional regulation. The conformational changes induced by aptamer-ligand binding may loosen the surrounding
structure, thereby facilitating transcription (Figure 1C). On the other hand, the integration of SWTs with aptamer-based
regulation leverages the strengths of both systems to achieve precise, ligand-responsive transcriptional control. SWTs
provide a robust mechanism for transcription termination, but their regulation is often limited to sequence-intrinsic
properties. On the other hand, aptamers offer high specificity for ligand binding, allowing external signals to modulate
gene expression. By embedding aptamers within or adjacent to the SWT structure, ligand binding can induce
conformational changes that alter the efficiency of transcription termination. This combination enables dynamic,
tunable control over gene expression in response to specific molecular cues, making it particularly valuable for synthetic
biology applications where modular and programmable regulation is essential (Figure 1D). To our knowledge, no prior
studies have merged SWTs with aptamers for synergistic transcriptional control.

In this work, we screened and optimized a series of SWTs to improve their ON/OFF ratio and orthogonality and
constructed six-layer cascaded circuits as well as multiple biological logic gates. Additionally, we validated that
thrombin aptamers, upon ligand binding, can promote transcription to some extent. Furthermore, by combining
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Aptamers with SWTs, we successfully enhanced the precision and dynamic range of transcriptional regulation,
expanding new strategies for gene expression regulation. Our study provides new tools and theoretical support for gene
circuit optimization, biosensor development, and precise nucleic acid regulation in the field of synthetic biology.

2. Materials and Methods

They should be described with sufficient detail to allow others to replicate and build on published results. New
methods and protocols should be described in detail, while well-established methods can be briefly described and
appropriately cited. Give the name and version of any software used and clarify whether the computer code is available.
Include any pre-registration codes.

2.1. Materials
2.1.1. Plasmid

pSG81 (Ampicillin resistance, used for constructing recombinant plasmids related to in vitro transcription studies,
from Our lab, addgene ID is #102454, https://www.addgene.org/search/catalog/plasmids/?q=PSG81 (accessed on 1
September 2023), the plasmid map is shown in Figure S1). pQT30-T7 RNAPol (Chloramphenicol resistance, used for
expressing T7 RNA polymerase, from Tianjin Institute of Life Sciences, Tianjin, China). pUC57 (Ampicillin resistance,
used to verify the transcriptional regulation performance of SWT in E. coli, from Jiangsu Saisofei Biotechnology Co.,
Ltd., Nantong, China). pSG22 (Kanamycin resistance, used to verify the transcriptional regulation performance of SWT
in E. coli, from Our lab, addgene ID is #102451, https://www.addgene.org/search/catalog/plasmids/?q=pSG22 (accessed
on 1 September 2023), the plasmid map is shown in Figure S2).

2.1.2. Strains

E. coli TOP10 Chemically Competent Cell (ZC104), genotype is F- mcrAA(mrr-hsdRMS-mcrBC) ¢80 lacZAM15
AlacX74 recAl araA139A(ara-leu)7697 galU galK rps L(strr)endA 1 nupG, used for efficient DNA cloning and plasmid
amplification (Beijing Zomanbio, Beijing, China). E. coli DH5a Chemically Competent Cell (ZC101), genotype is F-

080 lacZAMI5A (lacZYA-argF) U169 endAl recAl hsdR17(rK—,mK+) sup E44 A- thi-1 gyrA96 relAl phoA,

facilitates stable DNA cloning and high-purity plasmid DNA extraction (Beijing Zomanbio). E. coli BL21(DE3)
Chemically Competent Cell (ZC121), genotype is F- ompT hsdS(rB-mB-) gal dem (DE3), used for high-level
expression of non-toxic proteins (Beijing Zomanbio).

2.2. Methods
2.2.1. Preparation of Linear DNA for /n Vitro Transcription

In this study, all the DNA templates used for in vitro transcription assays were prepared as linearized DNA
fragments. First, recombinant plasmids were constructed using two seamless cloning methods: Golden Gate Assembly
(GGA) or Gibson Assembly. A 5 pL aliquot of the ligation product was chemically transformed into 50 uL of E. coli
Top10 or DHS5a competent cells. The transformed cells were plated on LB agar containing the appropriate antibiotic
and incubated at 37 °C in an inverted position for 12—16 h. Then pick the single colonies for colony PCR (cPCR) and
sequencing verification. Correct constructs were subjected to plasmid miniprep using the plasmid extraction kit
(Nanjing Novozan, Nanjing, China). The linear DNA fragments for in vitro transcription were then amplified via PCR,
followed by Dpn I digestion to eliminate the template plasmid. Agarose gel electrophoresis was performed to verify the
integrity of the PCR products, which were subsequently purified using the DNA Purification Kit (Nanjing Novozan).
Finally, the concentration of the linear DNA was adjusted to 30 ng/pL.

2.2.2. Secondary Structure Prediction of SWT and Aptamer

The secondary structure of the candidate SWTs and aptamers was predicted using NUPACK [47] (Parameters:
rna06; Ensemble: All stacking; Salts: Na" 1.0 M, Mg2+ 0.0 M; Concentrations: 10 nM; Temperature: 37 °C; Max
complex size: 2) and the Mfold (Sequence: linear; Temperature: 37 °C; Ionic conditions: 1 M NaCl, no divalent ions)
online tool.
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2.2.3. The Prediction and Characterization of Aptamer-Ligand Interactions

The three-dimensional conformation of aptamer-ligand interactions was predicted through simulation on the
AlphaFold 3 [48] (Copies: 1) online platform. The aptamers with higher scores were further subjected to molecular
docking and visualization using PyMOL.

2.2.4. Aptamer Circular Dichroism (CD) Characterization

The single-stranded DNA (ssDNA) aptamers (TBA15, TBA29, TBA61) were directly synthesized. The
preparation method for single-stranded RNA (ssRNA) aptamer (TBA25) is as follows: a single-stranded DNA with a
T7 promoter and the target gene was synthesized, then annealed to form double-stranded DNA (the annealing program
was: 95 °C for 10 min for high-temperature denaturation, followed by —0.5 °C/8 s for each cycle, continuing for 140
cycles, until the temperature dropped to 25 °C and held for 5 min, then stored at 4 °C). This double-stranded DNA was
transcribed in a cell-free transcription system for 8 h. After transcription, DNase I was used to digest any untranscribed
DNA templates for 2 h. The resulting RNA was then purified using an RNA purification kit (Sangon Biotech, Shanghai,
China) and stored at —20 °C. Before testing, 1 x Binding Buffer was prepared, containing 500 nM of the ligand
Thrombin (Sigma-Aldrich, St. Louis, MO, USA), 5 uM of the nucleic acid aptamers (ssDNA, ssSRNA), and mixtures of
aptamers and ligands at the same concentrations (the total volume for each sample was 200 puL). The ssDNA and ssRNA
groups were incubated at 95 °C for 10 min and immediately placed on ice to reduce the formation of their secondary
structures before adding the ligand. After 1 h of incubation with the target ligand, the samples were subjected to CD
spectroscopy analysis. To accurately characterize the changes induced by aptamer-ligand binding, the ligand-only curve
was used as a baseline for zeroing. The parameters for the actual test were: nitrogen flow rate 4-5 L/min, scanning
wavelength from 200 nm to 320 nm, scanning speed 50 nm/min, bandwidth 1 nm, and data averaging from 3
accumulated scans.

2.2.5. In Vitro Transcription Fluorescence Signal Measurement and Analysis

For the in vitro transcription system, the following components were mixed to a final volume of 10 uL: DNA
template (concentration based on experimental needs), 10 x Buffer (400 mM Tris, 60 mM MgClz, 20 mM spermidine,
10 mM DTT, and adjust the pH to 7.9 with HCI) 1 uL, fNTPs (0.5 mM) 0.8 uL, T7 RNA polymerase (50 U) 0.9 uL,
RNase inhibitor (10 U) 0.25 pL, DFHBI-1T (40 uM) 0.84 uL, DEPC-treated water to adjust the volume to 10 pL. The
transcription reaction was prepared in triplicate. After preparation, the mixture was thoroughly vortexed, centrifuged,
and transferred to a 384-well plate. The plate was then placed in a microplate reader for detection under the following
conditions: temperature is 37 °C, incubation time is 2 h, the excitation wavelength is 472 nm, the emission wavelength
is 507 nm, and the detection mode is reading from the bottom. For the analysis of the in vitro transcription results, the
following calculation method is used:

Normalized Fluorescence = Fluorescence — Background (1)

Fold Change = (Normalized Fluorescence,y) / (Normalized Fluorescenceygr) )

2.2.6. In Vivo Fluorescence Signal Measurement and Analysis in E. coli

5 SWTs recombinant plasmids (ZS1, JS2, ZS16, ZS19, and ZS22), which exhibited good performance in in vitro
tests, were constructed and introduced into E. coli BL21(DE3) competent cells. After verification by colony PCR (cPCR)
and sequencing, 2 mL of LB liquid medium (with antibiotics added at 1/1000 of the medium volume) was inoculated
and grown until the optical density (OD) reached 0.2—0.4. Then, 2 uL of IPTG (1 M) was added to achieve a final
concentration of 1 mM. The cells were cultured at 25 °C with shaking at 200 rpm for 812 h to induce the expression
of T7 RNA polymerase (T7 RNAP) in E. coli BL21 (DE3). After induction, 1 mL of bacterial culture was centrifuged
at 5000 rpm for 1 min, and the supernatant was discarded. The bacterial pellet was resuspended in 1 mL of PBS buffer,
and 100 pL of this suspension was mixed with 0.8 uL of DFHBI-1T (25 mM) to a final concentration of 200 uM. The
mixture was incubated at 37 °C, 220 rpm, in the dark for 1 h. Fluorescence signals were measured using a fluorescence
reader. The in vivo fluorescence measurement results were analyzed using the following formula:

Normalized Fluorescence = Fluorescence/OD — Background/OD 3)
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3. Results
3.1. Characterization of SWT Performance

SWT (switchable transcription terminator) is a type of transcriptional regulatory element based on the dynamic
structural changes of RNA. Its core principle relies on the variability of RNA secondary structures, enabling controlled
transcription termination or resumption in response to specific input signals (e.g., trigger RNA). Previous studies have
optimized the structure and algorithm of SWT. To further investigate the transcriptional regulation efficiency of SWT
and achieve precise control over the transcription process, we need to validate the SWT sequences generated by the
algorithm. An ideal SWT should exhibit low leakage, high ON/OFF ratio, and good orthogonality. In this study, to
screen for high-performance SWTs, we linked a series of algorithm-generated SWT sequences to the reporter gene
3WIJdB and analyzed their performance using an in vitro transcription system (Figure 2A). In the absence of trigger
RNA (OFF state), a small amount of the reporter gene (3WJdB) may still be transcribed. The fluorescent signal
generated by the transcribed 3WJdB binding to DFHBI-1T is referred to as the leakage value. A low leakage value
indicates that the SWT structure is stable and can effectively block the elongation of T7 RNAP, thereby strongly
repressing downstream gene expression. The ON/OFF ratio refers to the fluorescence activation signal in the presence
of trigger RNA (ON state) divided by the leakage fluorescence signal in the absence of trigger RNA (OFF state). A
high ON/OFF ratio indicates that SWT can significantly enhance downstream gene expression in the ON state,
demonstrating strong activation capability.

In this study, the fluorescence signals of 21 algorithm-generated SWT variants (The secondary structure predictions
are shown in Figure S3) were measured under two different states, with both SWT sensor and trigger concentrations set
at 10 nM. The fluorescence in the OFF state reflects the transcription termination efficiency of these 21 SWTs. Among
them, JS5, JS6, JS8, JS9, and ZS17 exhibited high leakage fluorescence, indicating that their ability to inhibit T7 RNAP
was weak and ineffective in blocking downstream gene transcription. In contrast, JS2, ZS1, ZS6, ZS19, and ZS22
exhibited minimal leakage expression, suggesting that the nucleotide distribution in these five SWT sequences
maintained stable stem-loop structures, leading to effective transcriptional repression (Figure S4A). The fluorescence
in the ON state reflects the transcriptional activation upon the addition of the complementary trigger RNA. Compared
to the OFF state, JS2, ZS1, ZS16, ZS19, and ZS22 displayed a significant fluorescence signal output after adding the
homologous trigger RNA, indicating that the base-pairing between sensor RNA and trigger RNA effectively disrupted
the stem-loop structure, allowing T7 RNAP to proceed with transcription and activate downstream gene expression
(Figure S4B). Additionally, we calculated the ON/OFF ratio for these 21 SWT variants (Figure 2B). JS2, ZS1, ZS16,
7519, and ZS22 exhibited high ON/OFF values, with fluorescence activation levels of 10.41-fold, 17.71-fold, 18.52-
fold, 22.21-fold, and 6.47-fold, respectively, upon the addition of the homologous trigger RNA, demonstrating effective
transcriptional regulation. Although ZS17 exhibited the highest activation fluorescence intensity, its high leakage
expression resulted in a relatively low ON/OFF ratio. To further validate the in vivo transcriptional regulatory
capabilities of these five high-performance SWT variants, recombinant plasmids were constructed (Figure 2C) and
tested in E. coli BL21(DE3) (Figure 2D). A plasmid containing only the 3WJdB reporter gene was used as a positive
control. When an SWT was inserted, the fluorescence signal in vivo significantly decreased, indicating that the SWT
could repress transcription in E. coli (OFF state). Upon the presence of trigger RNA, transcription activation levels of
ZS1,JS2, ZS16, ZS19, and ZS22 were 2.82-fold, 2.41-fold, 2.00-fold, 9.13-fold, and 5.89-fold, respectively. Since the
intracellular environment is more complex than the in vitro transcription system, multiple influencing factors (e.g.,
growth variability, cellular exclusion mechanisms, RNA degradation) may cause discrepancies between in vitro and in
vivo results. However, our findings confirm that these five SWT variants also exhibit significant transcriptional
activation effects in E. coli.
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Figure 2. (A) Construction of linear DNA for in vitro transcription: The linear DNA sequence consists of a T7 promoter, SWT,
reporter gene 3WJdB, and a T7 terminator. (B) ON/OFF ratio measurement. (Here, ZS refers to the SWT sensor previously studied
by Zhao et al. JS refers to the SWT sensor previously studied by Jiao et al. The same applies hereafter). (C) Recombinant plasmid
construction [49]: The OFF-state plasmid contains a T7 promoter, sensor RNA, 3WJdB, and a T7 terminator. The ON-state plasmid
includes a constitutive promoter (J23151) driving the transcription of trigger RNA and an inducible T7 promoter regulating the
transcription of sensor RNA. (D) The testing results in E. coli BL21(DE3). (E) Orthogonality analysis: The horizontal axis
represents the triggers of the five candidate SWTs, and the vertical axis represents their corresponding sensors. The element in the
i-th row and i-th column where 1 < i <5 indicates the fold change resulting from the binding of homologous SWT sensors and
triggers, reflecting the specificity between each homologous sensor-trigger pair. These values are normalized and set to 1. The
element in the i-th row and j-th column where 1 <1< 5,1 <j <5, and i #j represent the fold change from non-homologous sensor-
trigger binding, reflecting the degree of crosstalk between non-homologous SWT sensor-trigger pairs. These values are normalized
as Fold Changej/Fold Change . Thus, the diagonal represents the “homologous response”, which should show a strong signal
(darker color), while the off-diagonal elements represent “non-homologous responses”, which are expected to be weak (lighter
color). Experiment setup: Plasmid-sensor final concentration 1.5 nM; Linear DNA-trigger final concentration 20 nM. (Here, ZT
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refers to the SWT trigger previously studied by Zhao et al. JT refers to the SWT trigger previously studied by Jiao et al. The same
applies hereafter.) (F) Fold change under varying sensor and trigger RNA concentrations. For data in (D), #-tests were performed
on each construct; ** p <0.01 and *** p < 0.001 indicate the fluorescence change is statistically significantly different. Error bars
represent the standard deviation (s.d.) of three biological replicates. Error bars indicate the average value of three independent
biological replicates + s.d.

Next, we predicted and evaluated the orthogonality of the five high-performance SWT sequences. Using the
NUPACK online software (Version 3.1.0), we simulated the orthogonality of these five SWT pairs by analyzing the
equilibrium concentrations of complexes and base pairing in the test tube ensemble (with both trigger RNA and sensor
RNA set to 10 nM). The simulation results indicated that the homologous trigger and sensor RNA pairs were mutually
orthogonal (Figure S5). We then conducted in vitro transcription experiments to verify their orthogonality (Figure 2E,
with the fold change of homologous groups set to 1). The experimental results were largely consistent with the software
predictions, with the exception of ZS16 and ZS22, which exhibited slightly weaker orthogonality, suggesting that some
crosstalk might exist between their non-homologous trigger and sensor RNAs. Nevertheless, the overall orthogonality
was well maintained. To further investigate the regulatory mechanism of SWT and optimize its regulatory efficiency,
we selected ZS1 as a representative and explored the effects of different concentrations of trigger RNA and sensor RNA
on in vitro transcription. Meanwhile, to further investigate the regulatory mechanism of SWT and optimize its regulatory
efficiency, we used ZS1 as an example to examine the effects of in vitro transcription under different concentrations of
SWT trigger and sensor. Through experiments, we measured the Fold Change under conditions where the SWT sensor
and trigger concentrations were 5 nM, 10 nM, and 20 nM, respectively. (Figure 2F). On one hand, an increase in trigger
concentration at a fixed sensor concentration led to greater activation efficiency. When the ZS1 sensor concentration
was 20 nM, the fold change was 3.18-fold (5 nM trigger), 9.21-fold (10 nM trigger), and 25-fold (20 nM trigger). This
could be attributed to the higher trigger concentration enhancing its binding with the sensor, leading to a more extensive
disruption of the sensor stem-loop structure. As a result, more T7 RNAP molecules can continue transcription,
producing higher amounts of 3WJdB, which binds to DFHBI-1T and generates a stronger fluorescence signal, thereby
enhancing activation efficiency. On the other hand, at a fixed trigger concentration, the activation fold change also
increased with rising sensor concentrations. When the trigger concentration was 20 nM, the fold change reached 4.77-
fold (5 nM sensor), 17.91-fold (10 nM sensor), and 25-fold (20 nM sensor). This may be due to the fact that at low
sensor concentrations, some of the transcribed trigger molecules fully bind with the available sensor, leading to an
excess of unbound triggers. This saturation state could increase the burden on the transcription system or introduce non-
specific binding signals. As the sensor concentration increases, the efficiency of trigger utilization improves, further
enhancing activation. These findings confirm our analysis, demonstrating that transcription efficiency positively
correlates with both the sensor and trigger concentrations within a certain concentration range.

3.2. SWT Cascade Reaction Construction and Expansion

To achieve stepwise signal processing and dynamic transmission, we constructed a cascade reaction loop in vitro
using SWT, which enables the output signal of one level to serve as the input signal for the next level, facilitating signal
transmission. Multiple layers are connected to drive several modules to work together for dynamic regulation. The
construction of a multi-layer cascade regulation loop not only increases the functionality of biological circuits, enabling
multi-level dynamic regulation that can simulate advanced biological processes, but it also amplifies the signal, reduces
background noise, and stabilizes the signal output. Each layer can serve as a gatepoint, ensuring that the next level’s
response is only triggered under specific signal conditions, thereby functioning as a layered decision-making mechanism.

Previously, we constructed a 3-level cascade loop in vitro based on SWT. In this study, after confirming the
orthogonality of the five SWT sequences (ZS1, JS2, ZS16, ZS19, and ZS22), we extended the cascade reaction loop to
6 levels. This was achieved by replacing the fluorescent reporter gene 3WJdB, the output module after the SWT, with
the trigger RNA of the next level, thereby enabling multi-level regulation. The detailed construction strategy is shown
in Figure 3A. The entire regulatory network is divided into three modules: the signal input module (X), the signal
conversion module (Y), and the signal output module (Z). The trigger RNA ZT1 transcribed by the input module is
responded to by the second-level signal conversion module, where it binds with ZS1-ZT16, disrupting the hairpin
structure of ZS1, allowing downstream gene ZT16 to be successfully transcribed. This process continues with responses
from subsequent levels until the final signal conversion module outputs ZT19. Finally, ZT19 is responded to by the
signal output module ZS19-3WJdB, binding and disrupting the hairpin structure of ZS19, allowing the reporter gene
3WIJdB to be successfully transcribed, producing and releasing fluorescence after binding to the fluorescent molecule.



Synthetic Biology and Engineering 2025, 3, 10009 10 of 29

A
251-ZT16 Z2516-JT2 JS2-2T22 2522-2T19 2519-3WJdB
- ™S [ ™S I ™~ @
Input Module (X) TRz > / ZT1

2
- [z JTREe —>  nps 7716

I
Signal Conversion | ——-o——0- Sl - s h JT2
Module (Y) ] !

""" > ﬁl\p 7ZT22

¥
Output Module (Z) [T{ zs10 |[SWiGEN - > 3WJdB
B
10.15
60004 .
=] 10nM Z
© 15nM Z
~ 4000
3
= 3.09
& " 2.70
@ 2000+ - _
o
= _ T - = T
u_ - = T
0 X (nM)

L D | L L L L
DO Q% V90,0 0690

Figure 3. (A) Construction of the multi-level cascade reaction circuit: The entire cascade reaction circuit is divided into three
modules: input module (X), conversion module (Y), and output module (Z). (B) Six-level cascade in vitro transcription test: The
concentration of templates in the signal conversion module Y is fixed at 5 nM (to simplify the variable space and stabilize the
transcription system, ensuring effective transcription of other modules and allowing us to focus on the effect of cascade layer
number on signal amplification). The transcription conditions are tested with input module X concentrations of 0, 5, 10, and 15 nM,
and output module Z concentrations of 5, 10, and 20 nM. Error bars indicate the average value of three independent biological
replicates + s.d.

Due to the limitations of the raw materials in the in vitro transcription system, the DNA templates that can be
transcribed are also limited. To reduce the load on the transcription system, we fixed the concentration of the signal
conversion module at 5 nM for all four layers and characterized the signal input and output modules at different
concentrations. We co-transcribed the six linear DNA templates of the entire cascade regulation model in the same
transcription system (one-pot method). The results show that when the concentration of the signal input module X is 15
nM, the concentration of the conversion module Y is 5 nM, and the concentration of the signal output module Z is 5
nM, the cascade reaction exhibits a maximum fluorescence activation of 10.15 times (Figure 3B). Interestingly, we
observed that when the concentration of the input module X was 15 nM, and the concentration of each signal conversion
module Y was 5 nM, the final fluorescence output decreased as the concentration of the signal output module Z
increased, showing a negative correlation. We hypothesize that this phenomenon may be due to two main factors. First,
at high concentrations, the DNA template of the output module may competitively bind to T7 RNA polymerase,
impeding the overall signal transduction process and leading to reduced fluorescence output. Second, the output module
contains a structurally complex reporter gene, which is more prone to misfolding under high concentration conditions,
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thereby reducing the efficiency of fluorescent dye binding and leading to lower fluorescence signals. Additionally, as
the total template concentration increases in the system, the transcription machinery becomes overburdened, and
resources are depleted, which may further contribute to fluorescence signal degradation or transcriptional inhibition.
Furthermore, we analyzed the real-time fluorescence under the optimal reaction conditions, and the entire cascade
reaction was very rapid, reaching its peak in 30 min. Afterward, the fluorescence signal gradually faded due to the
consumption of raw materials in the transcription system and crosstalk between templates (Figure S6A). To reduce
crosstalk between templates and ensure complete transcription of the reporter gene, we also attempted to co-transcribe
the signal input and conversion modules in the same system while transcribing the signal output module in a separate
transcription system (Two-pots). Both systems were incubated at 37 °C for 30—45 min to accumulate a certain amount
of RNA before being mixed into the same system to bind with the fluorescent molecule DFHBI-1T. The results showed
that the real-time fluorescence no longer exhibited a decreasing trend, indicating that the transcription system limitation
was improved to some extent. Still, the reaction process was very slow, with the maximum activation only reaching
1.26 times (Figure S6B,C). The effect was much weaker than the one-pot method, possibly because placing the entire
cascade reaction in the same transcription system allows the signal transmission to be more synchronized, efficient, and
precise, leading to a faster system response.

3.3. Construction and Characterization of the SWT Biological Logic Gate

Biological logic gates introduce the concept of electronic logic gates and are functional elements and systems that
perform logical operations in biological systems. These gates generate specific outputs based on input signals under
certain conditions (e.g., concentration, enzyme activity, temperature, or other environmental factors). Previous research
combined SWT with Toehold Switches to construct an AND gate that jointly regulates transcription and translation.
Additionally, a two-input, three-layer OR gate was constructed by combining cascade reactions with the OR gate. In
this study, we used a fluorescent aptamer as a reporter gene and constructed four new basic biological logic gate control
circuits in vitro to achieve more flexible and precise control over the transcription process while expanding the logic
operation capabilities of SWT.

3.3.1. AND Gate

The AND gate is characterized by producing an output signal (output is 1) only when both input signals are present
simultaneously (i.e., both inputs are 1). The construction of the AND gate involves combining two different SWTs to
form two stem-loop structures that block transcription. Only when both homologous Trigger RNAs are present can
these stem-loop structures be fully disrupted, allowing transcription to proceed normally (Figure 4A). To experimentally
validate the functionality of this model, we assembled the AND gate by linking ZS22 and ZS19 SWTs together. We
tested its performance through in vitro transcription (with all template concentrations set at 10 nM). The results showed
that no significant fluorescence signal activation was observed when no input was present, only a single input of ZT22,
and only a single input of ZT19. However, when both ZT22 and ZT19 were present as inputs, there was a 6.67-fold
increase in fluorescence activation compared to the absence of any input (Figure 4B). This confirms the functionality
of the AND gate model.
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Figure 4. Construction and characterization of the AND gate. (A) Construction and mechanism: Two different SWTs are linked in
series to form two independent stem-loop structures. Only when both homologous trigger RNAs of these two different SWTs are
present simultaneously can these stem-loop structures be fully disrupted, leading to a large fluorescence output. (B) Performance
characterization: The AND gate was constructed using ZS22 and ZS19 as examples, and in vitro transcription was tested with all
template concentrations set at 10 nM. When both homologous trigger RNAs from the two different SWTs were present, a 6.67-fold
fluorescence activation was observed. Error bars indicate the average value of three independent biological replicates + s.d.

3.3.2. NOT Gate

The NOT gate functions oppositely to the SWT, characterized by having signal output (output is 1) when no input
signal is present (input is 0) and having no signal output (output is 0) when signal input is present (input is 1). The
construction of the NOT gate model involves introducing a sequence (referred to as the “Anti-Toehold-Stem”, ATS) in
front of the SWT that is complementary to the SWT’s toehold and upper stem regions, thereby disrupting the SWT
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structure. This causes the SWT to switch from a default open state (no fluorescence output) to a default closed state
(fluorescence output), enabling signal output even without input. Subsequently, an input trigger RNA sequence (referred
to as the “Anti-Anti-Toehold-Stem”, AATS) is introduced, which preferentially binds to the ATS sequence, allowing
the previously disrupted SWT structure to recover and block transcription (Figure 5A). We constructed a NOT gate
using ZS19 as an example and experimentally validated the functionality of the NOT gate model (where the
concentration of input Trigger RNA template DNA was 20 nM, and the concentration of Sensor RNA template DNA
was 10 nM). The results showed that when there was no input, a large fluorescence signal was output, while the
fluorescence signal was significantly reduced when the input was present, indicating a switch from the default closed
state to the open state, suppressing transcription and significantly reducing the fluorescence signal output to near zero
(Figure 5B).
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Figure 5. Construction and characterization of the NOT gate. (A) Construction and mechanism: By introducing an ATS sequence
before the SWT, the original hairpin structure of the SWT is shielded. In the absence of a Trigger introduction, the state switches
from default open to default closed, resulting in fluorescence signal output. However, when the Trigger (AATS sequence) is
introduced, AATS competes with ATS for binding, allowing the SWT structure to recover and properly terminate transcription,
leading to no fluorescence signal output. (B) Performance characterization: The NOT gate was constructed using ZS19 as an
example, with the Sensor template concentration set to 20 nM. In the absence of Trigger (AATS), a large fluorescence signal was
output. When the Trigger template concentration of 10 nM was introduced, the fluorescence signal significantly decreased. For data
in (B), t-tests were performed on each construct; *** p < 0.001 indicates the fluorescence change is statistically significantly
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different. Error bars represent the standard deviation (s.d.) of three biological replicates. Error bars indicate the average value of
three independent biological replicates + s.d.

3.3.3. NAND Gate

The NAND gate functions oppositely to the AND gate, being a combination of the AND gate and the NOT gate.
Its characteristic is that, in the absence of input signals or with only one input signal, a fluorescence signal is output
(output is 1); however, when both input signals are present simultaneously, no signal is output (output is 0). After
validating the functionalities of the AND gate, NOT gate, and cascade reaction models, we combined their construction
strategies and ideas to develop the NAND gate. The NAND gate regulatory circuit is essentially a three-layer cascade
reaction. The first layer is the input module (input trigger RNA), the second layer is a signal conversion module
controlled by an AND gate (sensor A-sensor B-AATS), and the third layer is a signal output module controlled by a
NOT gate (ATS-sensor C-3WJdB). By replacing the reporter gene 3WJdB in the AND gate model with the AATS
sequence, the system ensures that only when both trigger RNAs from the two SWTs (sensor A and sensor B) are present
will the AATS sequence be transcribed. This sequence will then act as the input for the NOT gate, binding with the
ATS sequence in the output module. When the first layer has no input or only one input, the second-layer conversion
module will not transcribe the AATS sequence, preventing it from binding with the ATS sequence in the output module,
thus allowing normal transcription. However, when both inputs (trigger A and trigger B) are present in the first layer,
both hairpin structures (sensor A and sensor B) in the second layer will be destroyed, allowing the downstream gene
AATS sequence to be transcribed. This sequence will serve as the input for the third-layer output module, binding with
the ATS sequence, which restores the original conformation of the SWT (sensor C) secondary structure and blocks the
transcription of the reporter gene 3WJdB, leading to a false output (Figure 6A).

We used the ZS1, JS2, and ZS19 to validate the NAND gate model. The first layer consisted of the input modules
ZT1 and JT2, the second layer was the signal conversion module ZS1-JS2-AATS19, and the third layer was the signal
output module ATS19-ZS19-3WJdB. The input module template DNA concentration was 20 nM, while the template
DNA concentrations of the signal conversion and output modules were both 10 nM. These three modules were co-
transcribed for testing. The results showed that when there was no input, or when only ZT1 or JT2 was input, or when
both ZT1 and JT2 were input, there was a significant fluorescence signal output (Figure S7). This did not align with the
NAND gate logic, possibly due to template interference, complex secondary structures, or overloading in the
transcription system. To address this, we improved the experimental method by transcribing the signal output module
in a separate transcription system to ensure the reporter gene 3WJdB had enough energy and material to transcribe and
fold properly without interference. The input and conversion modules were co-transcribed in another system. Both
systems were incubated at 37 °C for 30—45 min to accumulate enough RNA, which was then mixed in the same system
and tested for fluorescence with the fluorescent molecule DFHBI-1T. The results showed that when both ZT1 and JT2
were input, the fluorescence signal significantly decreased compared to conditions where no input, only ZT1, or only
JT2 were used, which is more in line with NAND gate logic. However, when both input signals were simultaneously
present, a substantial fluorescence signal was still observed, indicating that the system failed to realize the ideal “NAND”
logic fully. We speculate that this may be due to insufficient concentrations of the Triggers or suboptimal binding
kinetics with the Sensor, resulting in incomplete formation of the terminator structure and subsequent readthrough
transcription. The simultaneous presence of two Triggers may also introduce new RNA-RNA folding pathways or
intermediate conformations, thereby altering the original SWT termination mechanism and leading to unintended or
partial activation. Additionally, in the in vitro transcription system, transcriptional resources such as RNA polymerase
and NTPs may be competitively consumed, contributing to non-ideal fluorescence output (Figure 6B).
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Figure 6. Construction and characterization of the NAND gate. (A) Construction and mechanism: This model is essentially a
cascade reaction loop involving three switchable transcription terminators (SWTs). The input module consists of input triggers
(ZT1 and JT2). The second-layer signal conversion module is formed by two SWT sequences in series to construct an AND gate
(ZS1-JS2-AATS19). The signal output module is formed by a third SWT, which constructs a NOT gate (ATS19-ZS19-3WJdB).
The transcription module is only activated when both input triggers, ZT1 and JT2, are present, leading to the output of the AATS
sequence, which then interacts with the NOT gate in the output module, resulting in a decrease in output fluorescence. (B)
Performance characterization: The template concentration for input modules ZT1 and JT2 is 20 nM, while the template
concentration for the signal conversion module ZS1-JS2-AATS19 and the output module ATS19-3WIJdB is 10 nM. The input and
signal conversion modules are co-transcribed, while the output module is transcribed separately. After 30—45 min of reaction, the
modules are mixed into the same system and incubated with DFHBI-1T. When both ZT1 and JT2 are input together, the output
fluorescence significantly decreases. For data in (B), t-tests were performed on each construct; *** p < 0.001 indicates the
fluorescence change is statistically significantly different. Error bars represent the standard deviation (s.d.) of three biological
replicates. Error bars indicate the average value of three independent biological replicates + s.d.

3.3.4. NOR Gate

The NOR Gate is characterized by the absence of an output signal (output is 0) whenever any input signal is present.
The design of the NOR gate is similarly inspired by the construction principles of the AND and NOT gates. By
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combining two NOT gates, the model ensures that no signal output is generated as long as either NOT gate is active
(Figure 7A).

We constructed the NOR gate using ZS19 and JS2, with the AATS sequences of ZS19 and JS2 serving as the two
inputs. The DNA template concentrations were as follows: the signal output module ATS A (ZS19)-ZS19-AATS B
(JS2)-JS2-3WIdB was set at 10 nM, while the input modules AATS A (ZS19) and AATS B (JS2) were set at 20 nM.
Analysis of the results showed that a high fluorescence signal was observed in the absence of any input signals. However,
when either AATS A (ZS19) or AATS B (JS2) was present, fluorescence significantly decreased, and when both were
input simultaneously, the fluorescence signal was nearly zero (Figure 7B). These results indicate that the NOR gate
model functions as expected.
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Figure 7. Construction and characterization of the NOR Gate. (A) Construction and mechanism: Using ZS19 and JS2 as examples,
individual NOT gates were constructed. By combining these two NOT gates, the NOR gate was established. In the absence of any
input (AATS sequences), the structure of the switchable transcription terminators (SWTs) remains masked, allowing transcription
to proceed and resulting in fluorescence output. However, when either AATS sequence is introduced, the corresponding SWT
restores its original structure, terminating transcription. When both AATS sequences are input simultaneously, transcription
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termination is further enhanced. (B) Performance characterization: The signal output module ATS A (ZS19)-ZS19-ATS B (JS2)-
JS2-3WJdB was set at a DNA template concentration of 10 nM, while the input modules AATS A (ZS19) and AATS B (JS2) were
set at 20 nM. In the absence of any input, the SWT structures remain masked, enabling normal transcription and resulting in high
fluorescence output. When either AATS sequence is introduced, the corresponding SWT regains its original structure, inhibiting
transcription and significantly reducing fluorescence output. When both AATS sequences are present, transcription termination is
further enhanced, leading to an even lower fluorescence signal. For data in (B), ¢-tests were performed on each construct; ** p <
0.01 and *** p < 0.001 indicate the fluorescence change is statistically significantly different. Error bars represent the standard
deviation (s.d.) of three biological replicates. Error bars indicate the average value of three independent biological replicates + s.d.

3.4. Aptamer-Based Transcriptional Regulation

Due to the high specificity between nucleic acid aptamers and their ligands and the conformational changes induced
upon ligand binding that can disrupt downstream gene expression, nucleic acid aptamers can be developed as novel
transcriptional regulatory elements. The thrombin aptamer is well-suited for constructing synthetic regulatory models
due to its well-established research foundation, clearly defined structural characteristics [50], high specificity, and
strong binding affinity. Moreover, thrombin is not endogenously expressed in cell-free systems or most non-mammalian
biological systems, resulting in minimal background interference [51,52]. Therefore, in this study, we selected the
thrombin aptamer as a functional regulatory element and inserted it into a transcriptional regulatory circuit to evaluate
its potential for transcriptional control. Here, we selected four different thrombin aptamers and predicted their secondary
structures (Figure S8A) and three-dimensional interactions with the thrombin protein (Figure S8B) using Mfold and
AlphaFold3. Based on the reliability of the predictions, molecular docking visualization was performed for TBA2S,
TBA15, and TBA29. The results showed that TBA25, TBA15, and TBA29 interacted with the thrombin protein at 10,
3, and 2 nucleotide sites, respectively (Figure S8C), suggesting that TBA25 may have the highest binding affinity for
its ligand. To experimentally characterize the binding affinities of these four candidate aptamers, we conducted circular
dichroism (CD) spectroscopy analysis (Figure S9). The CD spectrum of TBA25 exhibited a global downward shift upon
ligand binding, indicating that its conformation became significantly more relaxed. This structural change is expected
to facilitate transcription activation. While TBA15, TBA29, and TBA61 are DNA aptamers, TBA25 is an RNA aptamer.

To experimentally verify the regulatory effects of these aptamers on transcription, we performed in vitro
transcription assays. First, to eliminate potential interference from the ligand itself, we confirmed that varying
concentrations of thrombin had no significant impact on transcription (Figure S10). Next, we inserted the four aptamers
at different positions upstream and downstream of the T7 promoter in linear DNA constructs, using 3WJdB linear DNA
as the positive control. The transcriptional regulatory effects were analyzed by comparing transcription levels in the
presence and absence of thrombin (800 nM). Real-time fluorescence measurements over 2 h (Figure 8A—G) showed
that TBA25 exhibited the strongest transcriptional activation effect, with the highest fluorescence peak after 2 h.
Furthermore, fold change analysis (Figure 8H) indicated that inserting the DNA aptamer at different positions upstream
or downstream of the promoter had no significant effect on transcriptional regulation. This suggests that aptamer
insertion at these sites has little impact on promoter function and does not interfere with the recruitment of T7 RNA
polymerase while still exerting a certain degree of transcriptional activation. The RNA aptamer TBA25 exhibited the
strongest transcriptional activation effect, enhancing transcription levels by up to 1.61-fold upon ligand binding.
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Figure 8. Characterization of aptamer-based transcriptional regulation. (A—G) Real-time fluorescence intensity curves over 2 h,
showing the transcriptional activation effects of four different aptamers inserted at various positions upstream and downstream of



Synthetic Biology and Engineering 2025, 3, 10009 19 of 29

the T7 promoter. After adding 800 nM thrombin, fluorescence signals increased in all cases, indicating that aptamer-ligand binding
positively influenced transcription. Among them, TBA25 exhibited the highest fluorescence peak after ligand binding, suggesting
the strongest activation effect. (H) Fold Change analysis further confirms that TBA25 demonstrates the most significant regulatory
effect on transcription among the tested aptamers. All sensor template concentrations were maintained at 10 nM. For data in (A—
G), Two-way ANOVA was performed on each construct; * p <0.05, ** p <0.01, *** p <0.001 indicate the fluorescence between
the group without thrombin and the group of 800 nM thrombin are statistically significantly different, p > 0.05 indicates the
difference is not statistically significant (ns). For data in (H), 7-tests were performed on each construct, p > 0.05 indicates the fold
change is not statistically significant (ns). Error bars indicate the average value of three independent biological replicates + s.d.

3.5. Aptamer-SWT Transcriptional Co-Regulation

To expand the flexibility and programmability of transcriptional regulation using SWT and aptamer, and to
construct an integrated regulatory and sensing genetic element, we attempted to combine aptamer with SWT to explore
their synergistic regulatory effects on transcription. Using ZS1 as an example, we also investigated the effect of inserting
the aptamer at different positions upstream and downstream of the promoter and the synergistic transcriptional
regulation of the two genetic elements (with the template concentration of the sensor RNA module being 10 nM, the
trigger RNA template concentration being 20 nM, and the ligand molecule Thrombin concentration being 800 nM).
Analysis of the transcription results showed that when TBA15 was combined with ZS1, inserting TBA15 at different
positions upstream or downstream of the promoter resulted in varying transcription effects. Insertion of TBA15
downstream of the promoter led to high leakage expression, and the introduction of Trigger RNA (ZT1) could not
activate transcription. However, when TBA15 was inserted upstream of the promoter, leakage expression was low, and
the introduction of Trigger RNA (ZT1) resulted in a 4.83-fold fluorescence activation. This suggests that inserting
TBAI1S5 upstream of ZS1 interfered with the proper folding of the ZS1 structure, causing an increase in leakage
expression and preventing response to the trigger RNA. When TBA29 was combined with ZS1, inserting it at different
positions upstream and downstream of the promoter produced two distinct selective response results: when TBA29 was
inserted upstream of the promoter, it responded only to the Trigger RNA but not to the Ligand; when TBA29 was
inserted downstream of the promoter, it primarily responded to the Ligand, with a lower response to the Trigger RNA.
The combination of the RNA aptamer TBA25 with ZS1 showed the best synergistic effect, exhibiting the lowest leakage
expression and the highest ON/OFF value under all input conditions. Compared to inputs of just the Trigger or Ligand,
the synergistic regulation resulted in a 3.3-fold and 7.84-fold increase in activation, respectively (Figure 9).

In conclusion, we observed a synergistic regulatory effect between these two elements by combining aptamers and
switchable transcription terminators (SWT) and comparing their transcriptional regulatory effects at different relative
positions. Each element either promoted or inhibited transcription when acting alone, but when they acted together,
they further enhanced transcription.
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Figure 9. Characterization of the synergistic transcriptional regulation effect of Aptamer-SWT combination. We inserted the
aptamer at different positions upstream and downstream of the T7 promoter and combined it with SWT (ZS1)-3WIJdB-T7T to
investigate its effect on transcriptional regulation (with the sensor template concentration at 10 nM, trigger template concentration
at 20 nM, and thrombin concentration at 800 nM). After combining aptamer with SWT, a certain synergistic regulatory effect was
observed. When the two elements acted alone, they either promoted or inhibited transcription; however, when they acted together,
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they further enhanced transcription. Among the combinations, when TBA25 was combined with ZS1, it exhibited the lowest leakage
expression. Compared to transcription activation effects when only the trigger or ligand was input, the activation fold increased by
3.3-fold and 7.84-fold, respectively, when both were input together. For data in the figure, #-tests were performed on each construct;
*p <0.05, ** p<0.01, *** p <0.001 indicate the fluorescence change is statistically significantly different, p > 0.05 indicates the
fluorescence change is not statistically significant (ns). The numbers on the bars indicate the fold change values. Error bars indicate
the average value of three independent biological replicates + s.d.

3.6. Construction of Transcriptional Regulation Models Based on Aptamer-SWT Integration

To expand the response and integration of transcriptional regulatory circuits to input signals from different sources,
achieve complex signal processing, and enhance the robustness and flexibility of regulatory circuits, this study combines
aptamers and SWTs to construct biological logic gates and cascade reaction models with heterologous inputs.

3.6.1. Orthogonality Verification

First, to verify that the aptamer and SWT function orthogonally as distinct genetic elements, ensuring their
compatibility, modularity, and independence in synthetic biological circuit design and gene regulation, we selected
TBA25 and ZS1—both of which demonstrated good performance—for orthogonality validation. The experimental
conditions were set as follows: SWT and aptamer template DNA concentrations at 10 nM, trigger RNA template
concentration at 20 nM, and ligand concentration at 800 nM.

Figure 10A compares activated fluorescence peak values, while Figure 10B shows the percentage of activated
fluorescence (with the activation fluorescence of homologous groups normalized to 1). The results indicate that the
trigger and sensor of SWT exhibit absolute orthogonality, as the ligand molecule thrombin does not interfere with the
sensor. However, a slight fluorescence activation was observed between the SWT trigger and the aptamer, possibly due
to partial base complementarity between their sequences. Overall, the components of these two genetic elements exhibit
good orthogonality.
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Figure 10. Aptamer-SWT orthogonality test. ZS1 and TBA25 were used as examples to investigate the orthogonality between the
aptamer and SWT elements (SWT and aptamer template concentrations were both set at 10 nM, trigger template concentration at
20 nM, and ligand concentration at 800 nM). By comparing (A) the activated fluorescence peak values within 2 h across different
groups and (B) the percentage calculated based on the activated fluorescence peak values (with the fluorescence value of the
homologous group set to 1), it was observed that the aptamer and SWT elements exhibit good orthogonality. Error bars indicate the
average value of three independent biological replicates + s.d.

3.6.2. Heterologous Input OR Gate

Inspired by the previous exploration of the synergistic regulatory effects of the Aptamer-SWT system, the design
concept for the heterologous input “OR” gate model involves placing the weaker regulatory aptamer upstream of the
stronger regulatory SWT as a gating point, followed by the reporter gene 3WJdB. When the ligand molecule is
introduced, the aptamer undergoes a conformational change upon specific binding with the ligand, which may disrupt
the downstream SWT structure, making it more relaxed and allowing the expression of the downstream reporter gene,
thereby producing a fluorescent signal. When Trigger RNA is introduced, it specifically binds to the Sensor RNA of
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SWT, disrupting its stem-loop structure and weakening the termination effect at the gating point, thus enabling the
downstream reporter gene expression and fluorescence output. When both the ligand and Trigger RNA are introduced
simultaneously, the activation effect is even more pronounced (Figure 11A). However, due to the different mechanisms
of action between the aptamer and SWT, their regulatory effects also exhibit certain differences. To achieve “OR” gate
logic operation, we reduced the input concentration of Trigger RNA to weaken SWT activation and balance the
regulatory effects of the two elements. Experimental results (with Trigger RNA template concentration set at 10 nM,
ligand molecule thrombin concentration at 800 nM, and response module concentration at 10 nM) showed that ligand
input alone resulted in a 2.08-fold increase in fluorescence activation, Trigger RNA input alone led to a 2.11-fold
increase, and co-input of ligand and Trigger RNA yielded a 3.02-fold increase in fluorescence activation (Figure 11B).
These results confirm the validity of the “OR” gate model.
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Figure 11. Construction and characterization of the aptamer-SWT heterologous input OR Gate. (A) Construction and mechanism:
We combined the well-performing TBA25 and ZS1 aptamers, inserting TBA25 upstream of ZS1 to construct a heterologous input
“OR” gate. When the ligand is introduced, the aptamer-ligand binding induces a conformational change, which may perturb the
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structure of SWT, making it more relaxed and promoting transcription. When the trigger is introduced, the original stem-loop
structure of SWT is disrupted, which also promotes transcription. (B) Performance characterization: The template concentration of
trigger RNA is 10 nM, the ligand molecule thrombin concentration is 800 nM, and the response module concentration is 10 nM.
Compared to the fluorescence signal output without any input, when only the ligand is introduced, there is a 2.08-fold increase in
fluorescence activation; when only the trigger is introduced, there is a 2.11-fold increase; and when both the ligand and trigger are
co-introduced, a 3.02-fold increase in fluorescence activation is observed. Error bars indicate the average value of three independent
biological replicates =+ s.d.

3.6.3. Heterologous Input AND Gate

The construction of the heterologous input AND gate is achieved by using the aptamer and SWT to regulate the
correct folding of the reporter gene, enabling the correct output for the AND gate. Inspired by the design of the OR gate,
we inserted an aptamer combined with a hairpin structure as the first gating point upstream of the reporter gene to hinder
T7 RNAP elongation. The hairpin structure also further reduces leakage expression. The SWT is placed downstream of
the reporter gene as the second gating point, interfering with the correct folding of the reporter gene. When only the
ligand is input, the SWT interferes with the proper folding of the reporter gene, so no significant fluorescence activation
occurs. When only trigger RNA is input, although the reporter gene can fold correctly, the hairpin structure after the
aptamer also obstructs transcription, resulting in no substantial fluorescence activation. Only when both signals are co-
input is a large fluorescence signal activation (Figure 12A). We first tested the regulatory potential of four aptamers for
constructing the AND gate and found that the combination of TBA25 and ZS1 yielded results more in line with AND
gate logic (Figure S11A). Additionally, when using 3WJdB as the reporter gene, SWT did not effectively interfere with
its normal folding, possibly because 3WJdB consists of three Broccoli aptamers connected by a trivalent junction point,
making it structurally complex and stable, not easily disrupted (Figure S11B). Therefore, when constructing the AND
gate regulatory model with nucleic acid aptamers and SWT, we replaced 3WJdB with the structurally simpler Broccoli
aptamer, whose proper folding is more easily interfered with. The results of the AND gate model testing (with Trigger
RNA template concentration at 1 nM, ligand molecule thrombin concentration at 800 nM, and response module
concentration at 10 nM) showed that when either the ligand or trigger RNA was input alone, there was no significant
fluorescence output. However, when both signals were co-input, there was a 2.98-fold fluorescence activation (Figure
12B). These results confirm the validity of the heterologous input AND gate model.
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Figure 12. Construction and characterization of the aptamer-SWT heterologous input AND Gate. (A) Construction and mechanism:
The construction of the heterologous input AND gate model is achieved by regulating the transcription process and the proper
folding of the reporter gene. Here, we replaced 3WJdB with Broccoli. Inspired by the design of the heterologous input OR gate, we
inserted TBA25 upstream of the reporter gene and added a hairpin structure to reduce leakage expression and hinder transcription,
forming an aptamer-SWT OR gate. Additionally, SWT was introduced downstream of the reporter gene to interfere with the normal
folding of Broccoli. When a trigger is input, despite interference with the structure upstream of the reporter gene, the downstream
SWT still prevents the proper folding of Broccoli, resulting in no fluorescence activation. When a trigger is input, it binds to SWT,
allowing Broccoli to fold normally, but the hairpin structure upstream of the reporter gene still hinders transcription. Only when
both trigger and ligand are input simultaneously is fluorescence activation observed. (B) Performance characterization: The template
concentration of trigger RNA is 1 nM, the ligand thrombin concentration is 800 nM, and the response module concentration is 10
nM. When both ligand and trigger are co-input, a 2.98-fold increase in fluorescence activation is observed. Error bars indicate the
average value of three independent biological replicates + s.d.

3.6.4. Construction of a Cascade Reaction Using Aptamer-SWT Integration

We used SWT to construct multi-layer cascade reactions and have already validated the orthogonality between
aptamer and SWT. To extend the input sources for cascade reactions and respond to more complex environmental
signals, this study combines aptamers with SWT to build a cascade reaction. We used thrombin as the input module
(X), connected the well-performing TBA25 verified previously with the input signal ZT19 to form the signal conversion
module (Y), and connected ZS19 with 3WJdB to form the output module (Z). When the ligand thrombin is introduced,
TBA25 binds to thrombin, inducing a conformational change that promotes the expression of downstream genes,
producing more ZT19 and ultimately generating more activated fluorescence signals (Figure 13A). We also explored
the transcriptional regulatory effects of each module under different concentration conditions. Due to limitations in the
transcription system, we fixed the output module concentration at 10 nM and investigated the changes in fluorescence
activation peak values at input module concentrations of 0 nM, 50 nM, 200 nM, and 800 nM, and signal conversion
module concentrations of 5 nM, 10 nM, and 20 nM. The results showed that when the ligand concentration of the input
module was 800 nM, the promotion of the output fluorescence signal was significant. The best promotion occurred
when the input ligand concentration was 800 nM, the conversion module concentration was 20 nM, and the output
module concentration was 10 nM, greatly enhancing the final fluorescence output. This further validates the
functionality of the cascade reaction and demonstrates that the aptamer can indeed be used for the transcriptional
regulation of downstream genes (Figure 13B).
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Figure 13. Construction and characterization of the aptamer-SWT cascade reaction. (A) Construction and mechanism: The entire
cascade circuit is constructed with Ligand (Thrombin) as the input module (X), TBA25-ZT19 as the signal conversion module (Y),
where TBA25 regulates the expression of ZT19; and ZS19-3WJdB as the output module (Z). (B) Performance characterization:
The output module concentration was fixed at 10 nM (to better compare the regulatory effects of the input ligand and the conversion
module, and to further validate the feasibility of the Aptamer-SWT combination), and the activation fluorescence peak values were
investigated under conditions of input module concentrations of 0 nM, 50 nM, 200 nM, and 800 nM, and signal conversion module
concentrations of 5 nM, 10 nM, and 20 nM. After inputting Ligand, significant fluorescence activation was observed, further
demonstrating that nucleic acid aptamers can be used for transcriptional regulation of downstream genes. For data in (B), ¢-tests
were performed on each construct; * p < 0.05, ** p < 0.01, and *** p < 0.001 indicate the fluorescence change is statistically
significantly different. Error bars represent the standard deviation (s.d.) of three biological replicates.

4. Conclusions and Discussion

Gene expression regulation has always been a key focus in synthetic biology. Traditional gene expression
regulation methods have gradually exposed many drawbacks and limitations, making the discovery of novel regulatory
elements necessary. With the development of synthetic biology, an increasing number of novel gene elements have
been designed and developed, which have improved the precision and flexibility of gene expression.

In previous studies, inspired by STARs, Hong et al. designed the switchable terminator (SWT) and combined it
with the Toehold Switch for transcription and translation regulation. To precisely control the transcription process, we
systematically explored the design strategies for switchable transcription terminators, developed and optimized an
automatic design algorithm to improve the orthogonality of complex multi-layer circuits, and built a three-layer cascade
circuit and an OR gate model in vitro based on SWT. In this study, on the one hand, we tested a series of SWT regulatory
performances output by the algorithm, screening five SWT candidates with good performance, and further validated
their reproducibility in regulating transcription in E. coli. Meanwhile, we constructed multi-layer cascade circuits in
vitro, extending the cascade reaction to six layers, and also built four types of gene logic gate models, including AND,
NOT, NAND, and NOR gates. On the other hand, we tested the transcriptional regulation effect of a novel regulatory
element, the nucleic acid aptamer, and combined SWT with Aptamer to explore their synergistic effect on
transcriptional regulation, constructing AND gate, OR gate, and cascaded circuit regulatory models with heterologous
inputs. With the in-depth research on gene expression regulation in synthetic biology, the demand for gene elements



Synthetic Biology and Engineering 2025, 3, 10009 26 of 29

and circuits with low leakage expression and good orthogonality is increasing. Our research expands the methods and
strategies in the field of gene expression regulation in synthetic biology and provides new elements for precise
transcriptional regulation. Furthermore, in this study, both the SWT and aptamer-based regulatory mechanisms achieve
transcriptional control through the introduction of exogenous input signals (nucleic acids or biochemical molecules). In
principle, they can be tested in more complex biological systems; however, practical application in such systems still
faces considerable challenges. First, the transcriptional machinery in complex biological systems differs significantly
from that in prokaryotic systems. For instance, eukaryotes possess multiple RNA polymerases (such as RNA
polymerases I, 11, and III, which are responsible for synthesizing different types of RNA, including rRNA, mRNA, and
tRNA, respectively, with rRNA accounting for the vast majority of cellular RNA), whereas prokaryotes typically have
a single core multi-subunit RNA polymerase that recognizes different promoters through variations in the ¢ factor.
Furthermore, transcription initiation in eukaryotic cells often requires various transcription factors or specific genomic
contexts. Therefore, if these elements are to be applied in more complex organisms, they may require further
modification or redesign to accommodate the characteristics of eukaryotic transcription. Second, the cellular
environment in complex systems is more intricate, which increases the likelihood of RNA elements undergoing
mutation, splicing, or degradation. This necessitates the development of highly stable RNA components. Additionally,
the effective delivery of DNA templates or synthetic RNAs into complex organisms, particularly multicellular
organisms, remains a challenge and may require the use of viral vectors, electroporation, or nanoparticle-based delivery
systems. Despite these challenges, the aptamer-SWT regulatory system offers strong potential for broader application
beyond in vitro or prokaryotic systems due to its modular and extensible design. This modularity allows for flexible
customization in response to different input molecules and desired outputs, thereby enabling potential adaptability
across diverse cellular environments.

DNA or RNA elements, due to their advantages such as low cellular burden, good biocompatibility, and rapid
response, have a broad application prospect. They can be used for the construction of gene circuits or biosensors, nucleic
acid therapy, drug detection, and other research fields. Li et al. developed the DREAM platform, which can design
idealized cis-regulatory gene elements from scratch for gene expression regulation [53]; Ardjan J et al. used Toehold
switches to build weighted computation circuits based on cell-free transcription and translation systems (TX-TL), and
by introducing the ¢** factor and its inhibitor (anti-c**, with an N-terminal 10 x His tag and a C-terminal Myc tag),
achieved biological “binary classification”. This system can directly combine the classification of biomarkers with the
generation of treatment methods, providing immediate personalized treatment for patients with different conditions [54].
Hong et al. developed a de novo designed single nucleotide-specific programmable ribosome regulator (SNIPR), which
only binds and activates expression with the perfectly matched target sequence. A single nucleotide mutation in the
target RNA results in significant thermodynamic loss, which can detect and locate gene mutations, making it a molecular
probe for detecting and treating carcinogenesis [55]; Canoura, Yu et al. built biosensors based on Aptamers to detect
fentanyl and tetrahydrocannabinol [56,57], providing new detection tools for public safety, healthcare, and forensic
identification. Similarly, by exploring the regulatory effects of SWT and aptamer, we innovatively combined these two
gene elements with different mechanisms of action, with the potential to integrate sensing and regulation. These could
be used in gene therapy, metabolic pathway regulation, disease or drug biomarker detection, and other fields. Moreover,
with the iterative development of Al algorithms, the Nicolaas team successfully predicted the performance of Toehold
Switches using deep neural networks (DNN) [58], promoting the rational design and optimization of RNA elements. In
the future, we can also combine experimental results with Al algorithms, further optimizing the design algorithm to
output SWT or Aptamer with better regulatory performance, thus avoiding the complex screening, testing, and re-
screening process, saving a lot of experimental costs and effort.

In summary, the strategy of combining nucleic acid aptamers with switchable transcription terminators to
synergistically regulate downstream gene transcription is feasible. Although the actual regulatory performance and
mechanisms differ, their combination enables multi-regulation within the same transcription system, improving
transcriptional regulation’s precision, flexibility, and programmability. This lays a theoretical foundation for solving
societal, economic, and human health challenges.
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