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ABSTRACT: Cells process and integrate diverse molecular signals
through complex biochemical reaction networks combining
sensing, computation, and response. Synthetic analogs in the
form of chemical reaction networks (CRNs) still fall short in
parallel and selective processing and often suffer from limited
modularity, incompatibilities, or leakage. Here, we present a
versatile and leakage-free T7 RNA polymerase (T7 RNAP) toolbox
that bridges from selective oligonucleotide detection to gated
transcription and finally protein expression in a programmable
manner. Central to our system is the design of modular T7-Locks,
that release active T7 promoters only upon specific oligonucleotide
binding to trigger transcription. This enables quantitative and
orthogonal miRNA detection with ON/OFF ratios exceeding 100.
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We further demonstrate that incorporation of site-specific transcription terminators via C12 spacers inside T7 templates enables

controlled signal amplification through positive feedback. Finally, we

establish miRNA-triggered protein expression in a cell-free TX-

TL system using specifically engineered sticky-end genes that are gated through T7-Locks on a transcriptional level. This modular
platform connects input sensing, amplification, and output synthesis, providing a generalizable strategy for DNA or RNA-driven

information processing in synthetic biology.

B INTRODUCTION

Cells contain highly complex (bio)chemical reaction networks
(CRNs) that enable sophisticated information processing with
high tunability." Among other functions, CRNs facilitate the
ability of cells to sense molecular signals and convert them into
functional outcomes such as gene expression. Positive feedback
can enhance activity, and biological CRNs can deal with noise
and fluctuation through redundancies to prevent leakage
reactions from reaching unwanted systemic effects.”’ In
essence, high CRN complexity renders the cell a highly
efficient multiplexing molecular computing system. In contrast,
in vitro applications of CRNSs, such as for biosensing, molecular
computing, or for the design of life-like systems rather benefit
from streamlined strategies of ideally low complexity and with
low energetic or component footprint.*™’

DNA and RNA offer unique programmability, making them
a robust foundation for many engineered synthetic CRNSs, such
as those built on strand displacement reactions (SDRs), the
polymerase—exonuclease—nickase (PEN) toolbox, or ATP-
driven circuits.””'* Orthogonal nucleic acid interactions and
predictable SDRs are exploited in these systems for molecular
sensing, logic computation, and controlled gene expres-
sion."”™"? Additionally, their inherent compatibility with
enzymes provides extra layers of control, enabling, for examople,
nonlinear signal amplification and oscillatory circuits.”’~**
However, synthetic CRNs with desirable functions often come
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with system-specific limitations—particularly in transducing
low information inputs to high information outputs. A notable
example of this would be the sensing of short microRNAs
(miRNAs) and their transduction into arbitrary RNA outputs
or even proteins, which would constitute a highly valuable
biosensor.

Here, we present a modular T7 RNA polymerase (T7
RNAP)-based toolbox as a CRN element for programmable
transcription regulation, emphasizing input/output modularity
and leakage-free design (i.e., low parasitism). T7 RNAP is a
robust enzyme that catalyzes the synthesis of RNAs starting
from a defined region on a DNA template—the T7 promoter
sequence.23 In combination with controlled SDRs, switches,
and RNA-degrading enzymes, it forms the basis of versatile
CRNs, for instance so-called genelets, that can emulate
complex behaviors.””****~** Major drawbacks include limited
flexibility of nucleic acid—based inputs to trigger transcription,
as activation requires completion of the constrained T7
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Figure 1. Main features of the T7 RNAP toolbox. (a) T7-Locks only expose their sequestered T7 promoter sequence upon activation by their
corresponding miRNA key. (b) The unlocked T7 promoter is then available to bind to a wide range of templates containing a T7 promoter binding
site, thereby initiating T7 transcription. (c) Depending on the template design, a wide range of RNA sequences can be transcribed. These outputs
can subsequently be used for fluorescence readout, autocatalytic signal amplification, or protein translation.
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Figure 2. Activation, specificity, and suppression of parasitism of T7 RNAP-mediated transcription. (a) Schematics of a transcription template with
a T7 promoter (orange), T7 promoter binding site (orange), and unconstrained region (green). (b) Schematic representation of transcription that
is initiated upon hybridization of a DNA-based T7 promoter with the T7 promoter binding site on the template. No transcription occurs with an
RNA-based T7 promoter or a random DNA strand. (c) The transcribed Spinach aptamer binds to DFHBI, emitting a fluorescent signal. (d) Real-
time fluorescence measurements of DNA-based T7 promoter, RNA-based T7 promoter, and random DNA-triggered transcription of a template
coding for the Spinach aptamer. Conditions: HiScribe T7 Quick High Yield RNA Synthesis Kit, 1.25 M linear Spinach template, 40 mM HEPES,
125 mM KCl, 5 mM MgCl,, 62.5 mM NaCl, and S uM DFHBI at 37 °C. Input: 1.25 yuM DNA-based T7 promoter, RNA-based T7 promoter, or
random DNA (miDNA 141). All curves are averages of n = 5 measurements. Shaded areas (partly invisible as too small) represent the standard
deviation. (e) Parasitic transcription observed in the absence of a T7 promoter, across a range of linear template concentrations. Conditions:
HiScribe T7 Quick High Yield RNA Synthesis Kit, 0.31, 0.62, 1.25, 2.5, or S yM linear Spinach template, 40 mM HEPES, 125 mM KCl, S mM
MgCl,, 62.5 mM NaCl, and 5 yuM DFHBI at 37 °C. Input: none. Single measurements shown (f). Folded template design in absence of a T7
promoter fully suppresses parasitic transcription across the same template concentration range. Conditions: HiScribe T7 Quick High Yield RNA
Synthesis Kit, 0.31, 0.62, 1.25, 2.5, or 5 uM folded Spinach template, 40 mM HEPES, 125 mM KCl, S mM MgCl,, 62.5 mM NaCl, and 5 uM
DFHBI at 37 °C. Input: none. Single measurements shown. (g) Comparison of transcription activity for the folded versus the linear template after
addition of the T7 promoter DNA. Conditions: HiScribe T7 Quick High Yield RNA Synthesis Kit, 1.25 yM linear or folded Spinach template, 40
mM HEPES, 125 mM KCl, § mM MgCl,, 62.5 mM NaCl, and S uM DFHBI at 37 °C. Input: 1.25 uM T7 promoter (n = 2; shaded areas (partly
invisible as too small) represent the standard deviation).
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Figure 3. T7-Lock enables miRNA-triggered transcription. (a) System design where the T7 promoter is thermodynamically sequestered in the T7-
Lock, preventing it from hybridizing to the transcription template. Upon addition of a miRNA key strand, the T7-Lock opens by an SDR, exposing
the T7 promoter. The T7 promoter consecutively binds to the template, initiating transcription. The transcribed Spinach RNA binds to DFHBI,
inducing a fluorescent signal. (b) Modular T7-Lock design. The displacement domain has no sequence restriction, allowing customization with
freely designable oligonucleotide keys. (c) Real-time fluorescence measurement of miRNA-141-triggered transcription at varying concentrations of
miRNA-141. Conditions: HiScribe T7 Quick High Yield RNA Synthesis Kit, 1.25 M folded Spinach template, 25 nM mil41-T7 Lock, 40 mM
HEPES, 125 mM KCIl, S mM MgCl,, 62.5 mM NaCl, and 5 pM DFHBI at 37 °C. Input: 0, 2.5, S, 10, 25, 50, or 100 nM miRNA 141. Single
measurements shown. (d) Dependence of transcription yield (Spinach, RFU) and reaction-completion time on miRNA-141 concentration with
data obtained from the curves in panel (c). (e) Selective detection of miRNA input, using a mi21 T7-Lock, mi29a T7-Lock, mil41 T7-Lock, or a
milSS T7-Lock. To each T7-Lock, miRNA-21, 29a, 141, and 155 were added separately, after which transcription of the Spinach aptamer was
recorded. Fluorescent signals above blank level are only observed for the correct miRNA input. Conditions: HiScribe T7 Quick High Yield RNA
Synthesis Kit, 1.25 uM folded Spinach template, 25 nM miX-T7 Lock, 40 mM HEPES, 125 mM KCl, 5 mM MgCl,, 62.5 mM NaCl, and 5 uM
DFHBI at 37 °C. Input: 250 nM miRNA X, or 0 nM miRNA X (blank) (1 = S; shaded areas (partly invisible as too small) represent the standard
deviation). (f) Overview of the output RFU maxima from each T7-Lock, along with correct and false miRNA keys (from panel (e)). The bar chart
shows the average of S measurements along with the corresponding standard deviation.

promoter sequence. This restriction limits the potential for
biosensing and universal signal processing within T7 RNAP-
based CRNs. Additionally, extending the output beyond RNA
to the protein level would be desirable to achieve higher-level
output functions in complex systems. To address these
challenges, we first design a T7-Lock system that enables
oligonucleotides of diverse classes and sequences to serve as
universal signal inputs to trigger transcription. By incorporating
a fluorescent readout, we apply this system to develop a
method for both quantitative and qualitative detection of
miRNAs. Next, we introduce a novel tool for the site-specific
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termination of T7 transcription, which we leverage to generate
a positive feedback loop for signal amplification. Finally, we
demonstrate the versatility of the toolbox by integrating it into
a cell-free transcription-translation (TX-TL) environment,
achieving miRNA-induced protein synthesis as an example of
a powerful high-information output.

B RESULTS AND DISCUSSION

General Design. Figure 1 summarizes our approach. The
T7 RNAP toolbox builds on the well-established principle of
T7 RNAP-mediated transcription from a T7 DNA template, in

https://doi.org/10.1021/jacs.5c16214
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the presence of its T7 promoter.”” At the core of our design is
the so-called T7-Lock. The T7-Lock structure is engineered to
sequester the T7 promoter—the essential element required for
initiating transcription, which can only be revealed by binding
to a specific (mi)RNA or DNA key (Figure 1a). In addition,
we suppress parasitic transcription leakage by folding of the T7
promoter binding site into a hairpin. Once the T7-Lock is
opened, the T7 promoter can hybridize to T7 DNA templates
by opening the hairpin and initiate transcription (Figure 1b).
This endows the system with universal sensing capability to
diverse miRNA inputs, and flexible coding of arbitrary RNA
outputs as encoded in the T7 template (Figure 1c). We will
further show how the T7 template design can be modified to
enable autocatalysis or even be coupled to protein synthesis in
a cell-free TX-TL system. The latter significantly expands the
synthetic biology toolbox to trigger protein synthesis in
response to small miRNA inputs—a process not found in
natural biological systems, where miRNAs typically suppress
translation through processes such as controlled mRNA
degradation.”’

Reducing Leakage in T7 RNAP-Mediated Transcrip-
tion by Folded T7 Templates. Figure 2a illustrates the
essential DNA sequences for T7 RNAP-mediated transcription
in more detail. The T7 promoter, a 17-nucleotide (nt) motif,
contains a unique sequence that the T7 RNAP recognizes once
it has hybridized to a DNA template containing its
complementary s¢3quence.32’33 Transcription is initiated in
the region downstream of this site (Figure 2b). The
transcribed region has no significant sequence constraints
and allows for the free design of any RNA output. One
convenient way to monitor transcription activity is the use of
light-up aptamers, for which we selected the Spinach
aptamer.”* The Spinach aptamer binds to 3,5-difluoro-4-
hydroxybenzylidene imidazolinone (DFHBI), resulting in a
GFP-like fluorescence signal, enabling real-time fluorescence
measurements of the transcription rate and efficiency (Figure
2¢). Figure 2d shows high ON/OFF ratios for transcription
once the correct T7 promoter DNA sequence is added. In this
classical system, using a linear template and direct promoter
addition, a nonzero signal is present for a T7 promoter RNA or
even a random, nonbinding DNA dummy input as well.

In fact, one of the non-negligible issues of T7 RNAP-
mediated transcription is the leakage or parasitism that occurs
even in the absence of the promoter. Figure 2e shows that this
background transcription correlates linearly with template
concentration. Such unintended activity can compromise
amplification strategies, such as for autocatalytic CRNs, that
require strict dormancy. Obviously, partial recognition of the
T7 promoter binding site by the T7 RNAP occurs even in the
absence of the T7 promoter. To suppress this parasitic activity,
we introduce a partially complementary sequence at the 3’ end
of the T7 promoter binding site to fold it into a looped
secondary structure (Figure 2f, more details in Figure S1). A
comparison of a classical nonfolded and the folded T7
template demonstrates that this modification effectively
suppresses background transcription (Figure 2ef). The
presence of the loop does not compromise the high ON/
OFF ratio when the correct T7 promoter is added (Figure 2g).
AlphaFold 3 simulations suggest that the folded template
interacts with the T7 RNAP just as a linear template with a
hybridized T7 promoter would (Figure $2).» However,
geometrical changes occur at the site of the intercalating
loop of the T7 RNAP, where initiation of transcription

occurs.”® This likely causes inhibition of the enzyme and
effective suppression of parasitism. For our folded T7
templates, the RNA transcription output scales with the
promoter concentration at constant template concentration
(Figure S3). Delayed promoter addition after extended
dormancy of up to 6 h does not impair the final RNA yield
(Figure S4). Together, these findings validate a robust, leakage-
free, triggerable transcription platform suitable for modular
circuit design.

Selective miRNA-Triggered T7 RNAP-Mediated Tran-
scription Using T7-Locks. We next expand the T7 RNAP
toolbox with the capacity for universal upstream sensing of
diverse oligonucleotide inputs, where we focus on a selection
of miRNAs. miRNAs are short noncoding RNAs of ~19—24 nt
in length and signatures of cell types and polarization, as well
as indicators for diseases, rendering them highly relevant inputs
for biosensing with CRNs.>*"* In humans alone, thousands of
different miRNAs have been reported.*”*> Therefore, numer-
ous miRNA detection methods have been reported, ranging
from Northern blot to DNA SDRs with fluorescence read-out,
RT-qPCR, and microarray technology.””**~** Previous T7
RNAP-based detection schemes however often required
complex multistep pathways, suffering from significant para-
sitism, which limits the integration with more complex CRNs
and raises the detection threshold.*’ ™" Higher sensitivity
required integration with additional enzymes, e.g, Klenow
DNA polymerase, T4 ligase, or reverse transcriptase.”' —>*

Since the T7 promoter sequence is constrained, miRNAs
cannot be direct triggers for transcription. Therefore, we
introduce the concept of T7-Locks, which sequester the T7
promoter sequence and prevent it from hybridizing with the
promoter binding site on the template, and thus from inducing
transcription (Figure 3a,b). More specifically, we designed the
T7-Lock in a way that the T7 promoter sequence is confined in
a loop and flanked by adjacent sequences that can be flexibly
chosen, allowing full customization for diverse inputs.
Additionally, a toehold region is present to unlock the T7-
Lock using a key strand complementary to the blue part,
thereby releasing the free T7 promoter sequence that is now
able to bind to the template and induce transcription. The
entire T7-Lock is in a hairpin configuration to ensure high
effective molarity and tight binding.

Taking miRNA-141 as a first example, real-time fluorescence
measurements confirm that miRNA-141 effectively triggers
transcription, with reaction time and product yield scaling
proportionally to the input miRNA-141 concentration (Figure
3c,d). The correlation between input and output enables
quantitative miRNA detection. In the absence of the key
strand, no transcription takes place, confirming once again high
ON/OFF ratios.

To validate the universality of our design, we constructed
four distinct T7-Locks, each responsive to a different miRNA
sequence (miRNA-21, miRNA-29a, miRNA-141, and miRNA-
155; sequences listed in Table S1). The X/Y sequences are
designed to cover the entire miRNA sequences with 3 nts on
the Y stretch serving as toehold. Figure 3e shows that
transcription is specifically activated only by the corresponding
miRNA keys (color-coded for clarity). Occasional leakage is
observed, as for the miRNA-155 T7-Lock. However, even in
this case, the transcriptional readout is never greater for a false
miRNA compared to the blank (nothing added). This means
that this leakage stems from poor sequence compatibility
between T7-Lock and the template, rather than from a side

https://doi.org/10.1021/jacs.5c16214
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a Design of Transcription Terminator via C12 Spacer
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Figure 4. C12 spacers are efficient transcription terminators and enable autocatalytic signal amplification. (a) Schematic representation of site-
specific transcription termination caused by an internal C12 spacer modification in the template. (b) AGE: Fluorescence images of RNA products,
templates and probe strands to characterize transcribed products with or without a C12-modified template. (A): DY-647 labeled Y-Marker, (B):
Atto-565 labeled X-marker, (C): X-Marker, Y-Marker, and C12-modified template, (D): X-Marker, Y-Marker, and unmodified template, (E): X-
Marker, Y-Marker, and RNA transcribed from C12-modified template, (F): X-Marker, Y-Marker, and RNA transcribed from unmodified template.
50 bp DNA ladders as reference. (c) Schematic representation of a miRNA amplification circuit. Next to the standard folded Spinach template, an
amplifier template is added in a substoichiometric amount. The amplifier template has a C12 spacer to only transcribe a sequence that is equal to
the input. The transcribed sequence in turn opens more T7-Locks, causing an increased transcription of Spinach. (d) Real-time fluorescence
measurements of a miRNA 141-triggered transcription sample containing only a Spinach template, or a Spinach template plus the C12-modified
amplifier template (100:1 ratio, respectively). After addition of 100 nM miRNA-141, the sample with the C12-modified amplifier transcribes 2.1x
more product at a faster rate. Conditions: HiScribe T7 Quick High Yield RNA Synthesis Kit (NEB), 1.25 uM folded Spinach template, 0 nM
(-Amplifier) or 12.5 nM (+Amplifier) C12 modified amplifier template, 12.5 nM mil41-T7 Lock, 40 mM HEPES, 125 mM KCl, S mM MgCl,,
62.5 mM NaCl, and 5 uM DFHBI at 37 °C. Input: 100 nM miRNA 141 (n = S; shaded areas (partly invisible as too small) represent the standard
deviation). (e) Bar chart summarizing maximum intensity data of (d): (A) Spinach template + autocatalytic amplifier template; (B) Spinach
template; (C) Further control: Spinach template + “amplifier template” without C12 modification. The addition of an unmodified amplifier strand
has no significant effect on the transcription yield. Averages and error bars as standard deviations are derived from panel (d). n.s. = not significant as
determined by a two-tailed Student’s t-test P = 0.06 (n.s.: P > 0.05).

reaction between T7-Locks and nonspecific miRNAs. In fact, detection, we chose to include this example to show that some

NUPACK simulations show that a small quantity of each T7-
Lock is predicted to interact with the Spinach template while
no miRNA is present.”” Though almost negligible for the
mi2l-, mi29a-, and mil41-T7 Lock, some higher degree of
unsolicited duplex formation between the milSS T7-Lock and
the template explains the occurrence of some transcription in
the blank sample and the lower ON/OFF ratio (see Figure SS
for NUPACK calculations). Even though this residual
transcriptional activity is perfectly fine for selective miRNA

44472

further sequence optimization for some inputs would be
needed to reach full dormancy if desired for other applications.

Overall, the results demonstrate high specificity and minimal
cross-interference among the designs. Figure 3f quantifies the
transcription output for each T7-Lock at the time point of
maximum signal following the addition of its matching miRNA
key. Negative controls (false miRNA) for all designs never
exceed the blank (where no miRNA has been added),
confirming orthogonality across sets. Interestingly, the tran-
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scription efficiency varies with the T7-Lock—miRNA pairs. We
attribute this to differences in the ability of miRNA inputs to
form different secondary structures, that may influence the rate
and efficiency in T7-Lock opening.*® The miRNA-21, miRNA-
29a, and miRNA-141 T7-Locks have remarkable ON/OFF
ratios of 61, 114, and 79, respectively. miRNA-155 has a
slightly lower ON/OFF ratio of S.

We further tested each lock with DNA analogs (miDNA)
matching the miRNA sequences. In all cases, transcription is
triggered even more efficiently by miDNA strands, with ON/
OFF ratios of 113, 432, 410, and 21 for miDNA-21, —29a,
—141, and —155, respectively (Figure S6). In summary, the
T7-Lock enables sequence-specific transcription initiation by a
broad range of oligonucleotide triggers, including both miRNA
and miDNA, while maintaining high specificity and orthogon-
ality. These features make the system a robust platform for
nucleic acid sensing and DNA-based computation.

Signal Amplification via Positive Feedback Integra-
tion. Although T7 RNAP generates multiple RNA copies from
a single template, and should in principle be limited by the
available NTPs with respect to the total product generation, a
persistent correlation between [input RNA] and [output
RNA] can be observed (Figure 3c,d). Even though this
[input]-controlled behavior is advantageous for quantitative
analytical applications, we asked the question whether it is
possible to enhance the signal strength by the incorporation of
a positive feedback loop.

A positive feedback loop requires the design of a system
where the output signal from transcription is identical to the
input. A key challenge in implementing this concept lies in the
fact that the transcription template must be fully comple-
mentary to both the input and output strands. This leads to a
scenario in which the input miRNA preferentially hybridizes
with a ssDNA template rather than opening the T7-Lock,
resulting in transcriptional dormancy—a side reaction
illustrated in Figure S7. In principle, this type of dormancy
may be prevented by using a dsDNA template. However, when
aiming at making short 19—24 nt long transcripts for light-up
aptamers and considering the operation temperature of 37 °C,
the corresponding strands of the dsDNA template would be in
a dynamic hybridization equilibrium. Thus, even in excess of
T7-Locks, the miRNA inputs would find an opened dsDNA
template allowing the stronger RNA-DNA hybridization to
dominate, leading a%ain to a scavenging of the miRNA input at
the wrong position.”” At minimum sequence length, a hairpin
structure that folds back onto the T7 template may help to
prevent this unwanted RNA blocking of the transcription
region of the template. This would however lead to
transcription around the hairpin, ultimately furnishing a stable
hairpin RNA that cannot open additional T7-Locks to reach
autocatalytic amplification.

To tackle these issues, we developed a facile strategy to
terminate transcription in the middle of a template, enabling
precise control over transcript length without compromising
design flexibility. To our knowledge, previous studies only
reported the site-controlled termination of transcription by
incorporating specific sequences and/or secondary structures
in the templates.”®” In those cases, the freedom of the
template sequence has to be compromised to conform to these
termination motifs. In contrast, we simply introduce a C12
spacer (—(CH,);,—) to abruptly terminate transcription
(Figure 4a). The CI12 spacer is a commercially available
DNA modification that can be inserted between nucleotides.

As proof of concept, we designed two simple linear ssDNA
transcription templates. Our C12-modified template contains
an X and a Y sequence separated by a C12 spacer, while the
control lacks the spacer, positioning X directly adjacent to Y.
Following transcription, the products were allowed to
hybridize with dye-labeled Atto $65-X (yellow channel) and
DY-647-Y ssDNA (red channel) complementary to the X* or
Y* sequence of the transcribed RNA. Native agarose gel
electrophoresis (AGE) analysis with ROTI staining reveals that
the unmodified control template produces a significantly
longer transcript than the C12-modified variant (see migration
distances in lanes F vs lane E in AGE; Figure 4b). Both RNA
transcripts hybridize with Atto-565-X, confirming the presence
of X* in the transcripts. Notably, only the unmodified control
produces transcripts that also hybridize with DY-647-Y,
whereas the C12-modified template does not. This confirms
that the CI12 spacer serves as an effective site-specific
transcription terminator. In contrast, integration of a shorter
C3 spacer in the template results in less effective termination,
as a substantial amount of RNA containing the full X*-Y*
sequence is detected after transcription (Figure S8). We
hypothesize that the ~20 nt-long transcription footprint of the
T7 RNA polymerase can partially tolerate a short C3 defect,
whereas the longer C12 spacer introduces a gap too large to be
bridged, thereby preventing transcriptional readthrough.**

The CI12 transcription terminator can be leveraged for an
amplification circuit because now it is possible to fold an
extended sequence as a hairpin back onto the template. This
efficiently blocks unwanted binding of the input miRNA (the
key) to the template, yielding an amplification module that
provides an output identical to the input. The additionally
generated outputs serve as keys to unlock more T7-Locks.
Figure 4c shows schematically the combination of the
autocatalytic amplifier module (bottom) with the reporter
module (Spinach, top) for enhanced signal generation. We
chose to operate at low amplifier and T7 Lock concentrations
to highlight the impact on amplification, as well as have an
excess of template to ensure efficient binding of the opened T7
Lock to the templates. Figure 4d visualizes the effect of this
amplification for sensing miRNA-141. For the detection of 100
nM miRNA, the presence of the amplification module at a
1:100 ratio relative to the detection module leads to a much
stronger fluorescence increase, along with an almost halved
response time to reach maximum fluorescence intensity of 6.9
h in contrast to the original 13.2 h. Figure 4e quantifies the
fluorescence intensity maxima of Spinach transcribed in the
presence or absence of a C12-modified amplifier (A vs B) to a
2.1-fold signal increase when using the autocatalytic trans-
ducer. A further control—a nonmodified hairpin amplifier
template devoid of the C12 modification (C)—does not lead
to this amplification because all the produced RNA folds into a
hairpin and is unable to function as input (gray bar in Figure
4e). Taken together, this highlights the critical role of the C12
spacer in enabling deliberate site-specific termination and
effective autocatalytic signal amplification.

miRNA-Triggered Protein Expression Gated on a
Transcriptional Level. Having demonstrated that our
toolbox accommodates diverse oligonucleotide inputs, we
next show its capacity to generate a protein output. While
small miRNAs in cells primarily function in post-transcrip-
tional silencing, synthetic networks would equally benefit from
promoted gene expression.31 To this end, prior studies
exploiting small RNAs to trigger protein expression have
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Design of Genes with ssDNA Overhang by Implementing PCR Terminators via Cx-Modification
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Figure S. miRNA-triggered protein expression using T7-Locks. (a) Schematic of the PCR strategy to generate DNA templates with a 3’ overhang.
Top: Full incorporation of a sticky-end primer produces a blunt-end product. Bottom: A C3 spacer between primer and sticky-end blocks
extension, yielding a §’ overhang that mediates ligation of a ssDNA strand containing a T7 promoter binding site. (b) AGE: Fluorescence images of
PCR products: (A): blank containing fluorescently labeled promoter; (B): product after PCR with unmodified primer; (C): PCR product with C3-
modified primer; (D): PCR product with C12-modified primer. Each PCR product was mixed with a DY-647 P1 labeled T7 promoter, and
complementary ssDNA with a T7 promoter binding site. Interactions with the fluorescent promoter are observed only for the PCR products
containing the C3- and C12-modified primer. SO bp DNA ladders as internal references. (c) Direct T7 promoter-triggered transcription and
translation of mCherry using templates from (b). C3-modified templates yield the strongest fluorescence signal; C12 yields less; unmodified
templates show no signal. Conditions: 200 nM purified PCR product (mCherry template) with 1.25 uM T7 promoter, in a PURExpress Kit (NEB)
at 37 °C (n = 3; shaded areas (partly invisible as too small) represent the standard deviation). (d) Schematic showing how a single miRNA input
and T7-Lock can initiate either direct RNA transcription of fluorescent Spinach, or mRNA transcription followed by protein translation of mCherry.
(e) Fluorescence images of miRNA 141-triggered transcription of the Spinach aptamer and translation of the mCherry protein over 6 h. Conditions
Spinach transcription: HiScribe T7 Quick High Yield RNA Synthesis Kit, 1.25 yM folded Spinach template, 12.5 nM mil41-T7 Lock, 40 mM
HEPES, 125 mM KCl, 5§ mM MgCl,, 62.5 mM NaCl, and 5 yuM DFHBI at 37 °C. Input: 250 nM miRNA 141. mCherry translation: 200 nM
purified PCR product, 12.5 nM mil41 T7-Lock, and 250 nM miRNA 141 in a PURExpress Kit (NEB) at 37 °C. (f) Maximum mCherry and
Spinach RFU of curves from plate-reader fluorescence measurements in the presence or absence of miR141. The mCherry translation has an ON/
OFF ratio of 11, and Spinach transcription of 86. Conditions: identical to panel (e). Averages and error bars are derived from n = 4 measurements.

predominantly relied on engineering riboswitches in prokary-
otic systems, or modifying internal ribosome entry sites (IRES)
in eukaryotic mRNA to enable miRNA-promoted trans-

5

lation.”””%” These approaches operate on a translational level

and require tailored mRNA designs depending on the

44474

downstream mRNA/protein sequence and optimization for a
specific trigger miRNA. Additionally, by operating on a mRNA
level, one miRNA strand only activates one mRNA strand, thus
requiring to consider stoichiometric trigger ratios. In contrast,
we can leverage our T7-Lock/key technology for gating mRNA

https://doi.org/10.1021/jacs.5c16214
J. Am. Chem. Soc. 2025, 147, 44468—44478


https://pubs.acs.org/doi/10.1021/jacs.5c16214?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c16214?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c16214?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c16214?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c16214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

transcription from DNA, hence installing the miRNA
processing on a transcriptional level upstream of mRNA
translation. This enables the synthesis of multiple active
mRNA copies from one single miRNA trigger. Control on the
DNA level also overcomes the need to engineer the mRNA
(e.g, at the IRES) to make it compatible with a specific
miRNA trigger.(’o_63

For miRNA-triggered transcription of mRNA from a long
gene, a key requirement is a DNA template that includes an
incomplete T7 promoter binding site lacking its complemen-
tary T7 promoter. This necessitates a free ssDNA overhang at
the 3’ end of the gene, for which we developed a facile,
dedicated PCR protocol (Figure Sa). We selected the mCherry
gene as its translation can be easily monitored by fluorescence.
To generate the necessary 3’ end overhang, we extracted and
amplified the gene from a plasmid by PCR. Building on our
transcription terminator in Figure 4, we hypothesized that,
with the short template—enzyme interaction region of Tagq
polymerase, a short C3 or C12 spacer would work equally well
for site-specific termination of a DNA polymerase chain (PCR)
reaction, prompting us to use C3 or C12-modified primers.®*
Subsequent copy/amplification cycles yield a dsDNA gene
with a 5’ ssDNA overhang. Using a T4 DNA ligase, this
overhang can be ligated with a partially complementary ssDNA
containing a T7 promoter binding site. This results in a
construct with a 3’ overhang, where the DNA strand that is
read out by the T7 RNAP (bottom strand) does not contain
any Cx spacer. Thus, T7 RNAP-mediated transcription should
not be hampered once the promoter comes in, but at the same
time become conditional on the promoter being present.

Following this rationale, we generated three variants of the
PCR product: (1) C3-modified 3’ overhang gene, (2) C12-
modified 3’ overhang gene, and (3) a classically amplified gene
as control using nonmodified primers and leading to blunt
ends. AGE analysis first shows that similar-length genes are
generated in all three PCR reactions (Figure Sb, DNA stain,
cyan channel). This suggests that the C3 and C12 spacers do
not interfere with the basic PCR amplification process. More
importantly, the hybridization of the overhang with a dye-
labeled T7 promoter/binding site construct (magenta channel)
clearly confirms the successful integration of the 5’ ssDNA
overhangs in the C3 and Cl2-modified constructs via the
appearance of colocalized bands in the magenta channel. The
unmodified control does not bind the dye-labeled T7 promoter
due to its blunt end nature. This confirms the successful
generation of sticky-end PCR products with 3’ overhangs using
C3 and C12 spacers in the primers.

We next tested how these three PCR products—after
ligation with a T7 promoter binding site—perform in protein
synthesis after the addition of free T7 promoter using a
reconstituted cell-free TX-TL kit. Figure Sc shows that the C3-
modified gene (1) produces the brightest fluorescence,
indicating efficiently triggered transcription and translation.
No expression can be found for the unmodified gene (3) that
lacks the T7 promoter binding site sequence and thus cannot
be triggered for transcription. The C12-modified gene (2) is
active for translation but yields a significantly weaker signal
compared to the C3-analog (1). We associate this with
inefficient ligation of the T7 promoter binding site across the
C12 junction to the 5’ overhang of the PCR product rather
than with inefficient transcription of the final construct.

Finally, according to the schematics in Figure Sd, we
assembled the C3-modified mCherry gene with its ligated

promoter recognition site, together with a T7-Lock that can be
opened selectively by the miRNA-141 key, and investigated the
gated TX-TL signal transduction. In parallel, to directly
compare the reaction kinetics with the light-up aptamer, we
also assembled a miRNA-141-gated transcription system. To
visualize the macroscopic differences in kinetics between the
two pathways, we loaded the samples into a cherry-shaped
mold, with the Spinach aptamer transcription mixture in the
leaf and the mCherry TX-TL in the fruit (Figure Se). Upon
addition of 250 nM miRNA-141, fluorescence imaging shows a
sequential light-up of both compartments (Movie S1). The
Spinach aptamer is transcribed in less than 1.5 h, and the
reaction reaches completion in 3 h. In contrast, the translation
of mCherry has a delayed onset and requires a minimum of 6 h
to complete. The delay signifies the time required for the
mRNA to be translated and folded into a functional protein. A
parallel plate reader experiment quantifies the maximum
obtained fluorescence in presence and absence of miRNA-
141 (Figure 5f). The ON/OFF ratios of mCherry and Spinach
of 11 and 86, respectively, signify high dormancy and efficient
specific activation. Critically, these results validate the
functionality of the T7-Lock tool even in a complex cell-free
TX-TL environment that comprises a range of proteins,
ribosomes, as well as NTPs and tRNAs to enable protein
synthesis. This highlights the modularity of the toolbox in
pushing miRNA-triggered transduction cascades up to the level
of protein expression.

B CONCLUSION

We have developed a modular and low-leakage T7 RNA
polymerase (T7 RNAP) toolbox that enables programmable
signal transduction from oligonucleotide sensing to protein
expression. At the core of this system is the T7-Lock—a
thermodynamically sequestered promoter architecture—which
has been designed to activate transcription exclusively upon
recognition of sequence-specific miRNA or DNA inputs. This
modular architecture allows broad input compatibility without
compromising specificity or orthogonality.

We demonstrated high-fidelity miRNA detection using
Spinach aptamer readouts, achieving ON/OFF ratios exceed-
ing 100 and enabling parallel detection of multiple miRNA
species with minimal crosstalk. To amplify weak input signals,
we further implemented autocatalytic feedback loops using
site-specific transcription termination via a CIl2 spacer,
enabling robust amplification while suppressing background
leakage. This C12 spacer addition to a transcription template is
a termination feature of generic value for other applications
surrounding polymerases. Here it allowed the synthesis of an
RNA equal to the input at a minimum energy expense of NTPs
because the transcribed template can be kept as short as
needed.

To bridge transcription and translation, we further
established a PCR protocol to generate sticky-end gene
templates with ssDNA overhangs—now leveraging the Cx
spacers to terminate the PCR reaction—allowing for miRNA-
triggered mRNA transcription and downstream protein
expression in cell-free TX-TL systems. Since such ssDNA
overhang-bearing genes are broadly relevant for gene
immobilization, such as in hydrogels, on surfaces, or within
synthetic cells, this facile method might find broader
applications, especially since current strategies for generating
long genes with ssDNA anchors, such as those available from
asymmetric PCR, lambda or T7 exonuclease digestion, and
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biotin—streptavidin pulldown, remain rather low-yield and
costly.”””7* The successful demonstration of miRNA-gated
protein expression underscores the robustness of our systems
within complex media.

Looking forward, the versatile T7 RNAP modalities
generated in this study offer a powerful addition to the
existing T7 RNAP circuitry, enabling facile construction of
dynamic CRNs with embedded logic, amplification, and
multilevel responses.””****™*° Its minimal sequence con-
straints, minimum energy footprint, and biochemical compat-
ibility make it well-suited for integration into cellular systems,
where programmable RNA sensing and actuation could
potentially be coupled to native gene expression. For
mammalian cells, this would require bringing the T7 RNAP
along in a nanocarrier or supplying a cell with a plasmid coding
for T7 RNAP production in situ. The principle operation of T7
RNAP inside mammalian cells has however been demonstrated
before.”* For successful integration, stabilization of the DNA
components, e.g., through backbone modifications, should be
considered to prevent nuclease-mediated degradation. In
addition, optimizing inter- and intramolecular hybridization
may be necessary to accommodate the conditions (e.g,
crowding, ionic strength) within the cellular environment.
Taken together, this platform lays the groundwork for future
applications in in vivo biosensing, therapeutic circuits, and
synthetic biology in general.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.5c16214.

Materials and instrumentation, experimental details, data
analysis methods, and supplementary figures (PDF)
Movie S1: miRNA activated transcription and trans-
lation (MP4)

B AUTHOR INFORMATION

Corresponding Author
Andreas Walther — Life-Like Materials and Systems,
University of Mainz, S5128 Mainz, Germany; © orcid.org/
0000-0003-2170-3306; Email: andreas.walther@uni-
mainz.de

Author
Maria Vonk-de Roy — Life-Like Materials and Systems,
University of Mainz, 55128 Mainz, Germany; © orcid.org/
0009-0005-3596-973X

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.5¢c16214

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Dr. Christoph Drees, Melanie Miller, Dr. Brigitta
Dazs, Dr. Daniel Hoenders, and Sebastian Bauer for
discussions. This project has received funding from the
European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation program
(AW.—M3ALIL Grant agreement number 101001638). A.W.
also acknowledges funding via a Gutenberg Research
Professorship underpinning his Life-Like Materials Program.

B REFERENCES

(1) Tyson, J. J.; Chen, K;; Novak, B. Network Dynamics and Cell
Physiology. Nat. Rev. Mol. Cell Biol. 2001, 2 (12), 908—916.

(2) Mangan, S; Alon, U. Structure and Function of the Feed-
Forward Loop Network Motif. Proc. Natl. Acad. Sci. U.S.A. 2003, 100
(21), 11980—11985.

(3) Kong, L.-Z.; Kim, S.-M.; Wang, C.; Lee, S. Y.; Oh, S.-C,; Lee, S.;
Jo, S; Kim, T.-D. Understanding Nucleic Acid Sensing and Its
Therapeutic Applications. Exp. Mol. Med. 2023, 55 (11), 2320—2331.

(4) Baltussen, M. G.; De Jong, T. J.; Duez, Q.; Robinson, W. E,;
Huck, W. T. S. Chemical Reservoir Computation in a Self-Organizing
Reaction Network. Nature 2024, 631 (8021), 549—5SS.

(5) Cuevas-Zuviria, B.; Fer, E.; Adam, Z. R.; Kagar, B. The Modular
Biochemical Reaction Network Structure of Cellular Translation. npj
Syst. Biol. Appl. 2023, 9 (1), 52.

(6) Nurse, P. Life, Logic and Information. Nature 2008, 454 (7203),
424—426.

(7) Merindol, R; Walther, A. Materials Learning from Life:
Concepts for Active, Adaptive and Autonomous Molecular Systems.
Chem. Soc. Rev. 2017, 46 (18), 5588—5619.

(8) Qian, L.; Winfree, E.; Bruck, J. Neural Network Computation
with DNA Strand Displacement Cascades. Nature 2011, 475 (7356),
368—372.

(9) Padirac, A.; Fujii, T.; Rondelez, Y. Bottom-up Construction of in
Vitro Switchable Memories. Proc. Natl. Acad. Sci. U.S.A. 2012, 109
(47), E3212—E3220.

(10) Van Roekel, H. W. H.; Rosier, B. J. H. M.; Meijer, L. H. H,;
Hilbers, P. A. J.; Markvoort, A. J.; Huck, W. T. S.; De Greef, T. F. A.
Programmable Chemical Reaction Networks: Emulating Regulatory
Functions in Living Cells Using a Bottom-up Approach. Chem. Soc.
Rev. 2018, 44 (21), 7465—7483.

(11) Zadorin, A. S.; Rondelez, Y.; Gines, G.; Dilhas, V.; Urtel, G.;
Zambrano, A.; Galas, J.-C.; Estevez-Torres, A. Synthesis and
Materialization of a Reaction—Diffusion French Flag Pattern. Nat.
Chem. 2017, 9 (10), 990—996.

(12) Gines, G; Zadorin, A. S.; Galas, J.-C.; Fujii, T.; Estevez-Torres,
A.; Rondelez, Y. Microscopic Agents Programmed by DNA Circuits.
Nat. Nanotechnol. 2017, 12 (4), 351—359.

(13) Heinen, L.; Walther, A. Programmable Dynamic Steady States
in ATP-Driven Nonequilibrium DNA Systems. Sci. Adv. 2019, 5 (7),
No. eaaw0590.

(14) Deng, J; Walther, A. Autonomous DNA Nanostructures
Instructed by Hierarchically Concatenated Chemical Reaction
Networks. Nat. Commun. 2021, 12 (1), 5132.

(15) Joesaar, A.; Yang, S.; Bogels, B.; Van Der Linden, A.; Pieters, P.;
Kumar, B. V. V. S. P,; Dalchau, N.; Phillips, A.; Mann, S.; De Greef, T.
F. A. DNA-Based Communication in Populations of Synthetic
Protocells. Nat. Nanotechnol. 2019, 14 (4), 369—378.

(16) Matsuura, S.; Ono, H.; Kawasaki, S.; Kuang, Y.; Fujita, Y.; Saito,
H. Synthetic RNA-Based Logic Computation in Mammalian Cells.
Nat. Commun. 2018, 9 (1), 4847.

(17) Kim, J; Yin, P.; Green, A. A. Ribocomputing: Cellular Logic
Computation Using RNA Devices. Biochemistry 2018, 57 (6), 883—
88S.

(18) Akhlaghpour, H. An RNA-Based Theory of Natural Universal
Computation. J. Theor. Biol. 2022, 537, 110984.

(19) Wy, R.-Y,; Wu, C.-Q,; Xie, F; Xing, X.; Xu, L. Building RNA-
Mediated Artificial Signaling Pathways between Endogenous Genes.
Acc. Chem. Res. 2024, 57 (13), 1777—1789.

(20) Kim, J.; Winfree, E. Synthetic in Vitro Transcriptional
Oscillators. Mol. Syst. Biol. 2011, 7 (1), 465.

(21) Elowitz, M. B.; Leibler, S. A Synthetic Oscillatory Network of
Transcriptional Regulators. Nature 2000, 403 (6767), 335—338.

(22) Schaffter, S. W.; Schulman, R. Building in Vitro Transcriptional
Regulatory Networks by Successively Integrating Multiple Functional
Circuit Modules. Nat. Chem. 2019, 11 (9), 829—838.

(23) Martin, C. T.; Muller, D. K; Coleman, J. E. Processivity in
Early Stages of Transcription by T7 RNA Polymerase. Biochemistry
1988, 27 (11), 3966—3974.

https://doi.org/10.1021/jacs.5c16214
J. Am. Chem. Soc. 2025, 147, 44468—44478


https://pubs.acs.org/doi/10.1021/jacs.5c16214?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c16214/suppl_file/ja5c16214_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c16214/suppl_file/ja5c16214_si_002.mp4
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Walther"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2170-3306
https://orcid.org/0000-0003-2170-3306
mailto:andreas.walther@uni-mainz.de
mailto:andreas.walther@uni-mainz.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Vonk-de+Roy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0005-3596-973X
https://orcid.org/0009-0005-3596-973X
https://pubs.acs.org/doi/10.1021/jacs.5c16214?ref=pdf
https://doi.org/10.1038/35103078
https://doi.org/10.1038/35103078
https://doi.org/10.1073/pnas.2133841100
https://doi.org/10.1073/pnas.2133841100
https://doi.org/10.1038/s12276-023-01118-6
https://doi.org/10.1038/s12276-023-01118-6
https://doi.org/10.1038/s41586-024-07567-x
https://doi.org/10.1038/s41586-024-07567-x
https://doi.org/10.1038/s41540-023-00315-3
https://doi.org/10.1038/s41540-023-00315-3
https://doi.org/10.1038/454424a
https://doi.org/10.1039/C6CS00738D
https://doi.org/10.1039/C6CS00738D
https://doi.org/10.1038/nature10262
https://doi.org/10.1038/nature10262
https://doi.org/10.1073/pnas.1212069109
https://doi.org/10.1073/pnas.1212069109
https://doi.org/10.1039/C5CS00361J
https://doi.org/10.1039/C5CS00361J
https://doi.org/10.1038/nchem.2770
https://doi.org/10.1038/nchem.2770
https://doi.org/10.1038/nnano.2016.299
https://doi.org/10.1126/sciadv.aaw0590
https://doi.org/10.1126/sciadv.aaw0590
https://doi.org/10.1038/s41467-021-25450-5
https://doi.org/10.1038/s41467-021-25450-5
https://doi.org/10.1038/s41467-021-25450-5
https://doi.org/10.1038/s41565-019-0399-9
https://doi.org/10.1038/s41565-019-0399-9
https://doi.org/10.1038/s41467-018-07181-2
https://doi.org/10.1021/acs.biochem.7b01072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.7b01072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jtbi.2021.110984
https://doi.org/10.1016/j.jtbi.2021.110984
https://doi.org/10.1021/acs.accounts.4c00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.4c00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/msb.2010.119
https://doi.org/10.1038/msb.2010.119
https://doi.org/10.1038/35002125
https://doi.org/10.1038/35002125
https://doi.org/10.1038/s41557-019-0292-z
https://doi.org/10.1038/s41557-019-0292-z
https://doi.org/10.1038/s41557-019-0292-z
https://doi.org/10.1021/bi00411a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00411a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c16214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(24) Franco, E.; Friedrichs, E,; Kim, J.; Jungmann, R.; Murray, R,
Winfree, E.; Simmel, F. C. Timing Molecular Motion and Production
with a Synthetic Transcriptional Clock. Proc. Natl. Acad. Sci. US.A.
2011, 108 (40), E784—E793.

(25) Yancey, C.; Schulman, R. Distinguishing Genelet Circuit Input
Pulses via a Pulse Detector. Nat. Comput. 2024, 23 (4), 591—601.

(26) Kim, J.; Khetarpal, L; Sen, S.; Murray, R. M. Synthetic Circuit
for Exact Adaptation and Fold-Change Detection. Nucleic Acids Res.
2014, 42 (9), 6078—6089.

(27) Franco, E; Giordano, G.; Forsberg, P.-O.; Murray, R. M.
Negative Autoregulation Matches Production and Demand in
Synthetic Transcriptional Networks. ACS Synth. Biol. 2014, 3 (8),
589—599.

(28) Sun, M; Deng, J.; Walther, A. Communication and Cross-
Regulation between Chemically Fueled Sender and Receiver Reaction
Networks. Angew. Chem., Int. Ed. 2023, 62 (2), No. e202214499.

(29) Urosevic, A.; Federico, 1; Ercolani, G.; Idili, A, Ricci, F.
Structure-Switching DNA Templates for the Rational and Predictable
Control of Cell-Free Transcription. ChemRxiv 2024, chemrxiv-2024-
fnS1v-v2.

(30) Dong, J.; Willner, I. Dynamic Transcription Machineries Guide
the Synthesis of Temporally Operating DNAzymes, Gated and
Cascaded DNAzyme Catalysis. ACS Nano 2023, 17 (1), 687—696.

(31) Guo, H; Ingolia, N. T.; Weissman, J. S.; Bartel, D. P.
Mammalian microRNAs Predominantly Act to Decrease Target
mRNA Levels. Nature 2010, 466 (7308), 835—840.

(32) Yin, Y. W,; Steitz, T. A. Structural Basis for the Transition from
Initiation to Elongation Transcription in T7 RNA Polymerase. Science
2002, 298, 1387—139S.

(33) Tahirov, T. H.; Temiakov, D.; Anikin, M.; Patlan, V.
McAllister, W. T.; Vassylyev, D. G.; Yokoyama, S. Structure of a T7
RNA Polymerase Elongation Complex at 2.9 A Resolution. Nature
2002, 420, 43-50.

(34) Paige, J. S; Wu, K. Y,; Jaffrey, S. R. RNA Mimics of Green
Fluorescent Protein. Science 2011, 333, 642—646.

(35) Abramson, J.; Adler, J.; Dunger, J.; Evans, R.; Green, T.; Pritzel,
A.; Ronneberger, O.; Willmore, L.; Ballard, A. J.; Bambrick, J;
Bodenstein, S. W.; Evans, D. A,; Hung, C.-C.; O’Neill, M.; Reiman,
D.; Tunyasuvunakool, K.; Wu, Z,; 2emgulyté, A.; Arvaniti, E.; Beattie,
C.; Bertolli, O.; Bridgland, A.; Cherepanov, A.; Congreve, M.; Cowen-
Rivers, A. I; Cowie, A.; Figurnov, M.; Fuchs, F. B.; Gladman, H.; Jain,
R; Khan, Y. A;; Low, C. M. R;; Perlin, K;; Potapenko, A.; Savy, P.;
Singh, S.; Stecula, A.; Thillaisundaram, A.; Tong, C.; Yakneen, S,;
Zhong, E. D.; Zielinski, M.; Zidek, A,; Bapst, V.; Kohli, P.; Jaderberg,
M.; Hassabis, D.; Jumper, J. M. Accurate Structure Prediction of
Biomolecular Interactions with AlphaFold 3. Nature 2024, 630
(8016), 493—500.

(36) Cissell, K. A.; Deo, S. K. Trends in microRNA Detection. Anal.
Bioanal. Chem. 2009, 394 (4), 1109—1116.

(37) Ouyang, T.; Liu, Z.; Han, Z.; Ge, Q. MicroRNA Detection
Specificity: Recent Advances and Future Perspective. Anal. Chem.
2019, 91 (5), 3179—3186.

(38) Bhaskaran, M.; Mohan, M. MicroRNAs: History, Biogenesis,
and Their Evolving Role in Animal Development and Disease. Vet.
Pathol. 2014, S1 (4), 759—774.

(39) Dexheimer, P. J.; Cochella, L. MicroRNAs: From Mechanism
to Organism. Front. Cell Dev. Biol. 2020, 8, 409.

(40) Dong, H,; Lei, J; Ding, L; Wen, Y; Ju, H; Zhang, X.
MicroRNA: Function, Detection, and Bioanalysis. Chem. Rev. 2013,
113 (8), 6207—6233.

(41) Carthew, R. W. Gene Regulation by microRNAs. Curr. Opin.
Genet. Dev. 2006, 16 (2), 203—208.

(42) Chakrabortty, A; Patton, D. J.; Smith, B. F.; Agarwal, P.
miRNAs: Potential as Biomarkers and Therapeutic Targets for
Cancer. Genes 2023, 14 (7), 1375.

(43) Ye, J.; Xu, M,; Tian, X.; Cai, S.; Zeng, S. Research Advances in
the Detection of miRNA. J. Pharm. Anal. 2019, 9 (4), 217—-226.

(44) Virallyay, E.; Burgyan, J.; Havelda, Z. MicroRNA Detection by
Northern Blotting Using Locked Nucleic Acid Probes. Nat. Protoc.
2008, 3 (2), 190—196.

(45) Cissell, K. A.; Shrestha, S.; Deo, S. K. MicroRNA Detection:
Challenges for the Analytical Chemist. Anal. Chem. 2007, 79 (13),
4754—4761.

(46) Chinnappan, R.; Mohammed, R.; Yaginuddin, A.; Abu-Salah,
K.; Zourob, M. Highly Sensitive Multiplex Detection of microRNA by
Competitive DNA Strand Displacement Fluorescence Assay. Talanta
2019, 200, 487—493.

(47) Gong, Z.; Yuan, P.; Gan, Y.; Long, X.; Deng, Z.; Tang, Y.; Yang,
Y.; Zhong, S. A One-Pot Isothermal Fluorogenic Mango II Arrays-
Based Assay for Label-Free Detection of miRNA. Talanta 2025, 281,
126920.

(48) Gupta, K; Krieg, E. Y-switch: A Spring-Loaded Synthetic Gene
Switch for Robust DNA/RNA Signal Amplification and Detection.
Nucleic Acids Res. 2024, 52 (17), No. e80.

(49) Long, X.; Luo, T.; Yuan, P.; Gan, Y.; Liu, H.; Deng, Z.; Ding, J.;
Gong, Z.; Yang, Y.; Zhong, S. Hairpin Switches-Based Isothermal
Transcription Amplification for Simple, Sensitivity Detection of
MicroRNA. Anal. Chem. 2023, 95 (37), 13872—13879.

(50) Yoon, T.; Shin, J.; Choi, H.-J.; Park, K. S. Split T7 Promoter-
Based Isothermal Transcription Amplification for One-Step Fluo-
rescence Detection of SARS-CoV-2 and Emerging Variants. Biosens.
Bioelectron. 2022, 208, 114221.

(51) Lee, S.; Kim, H.; Park, Y,; Park, H. G. A Novel Method for
miRNA Detection Based on Target-Triggered Transcription of a
Light-up RNA Aptamer. Chem. Commun. 2022, 58 (26), 4243—4246.

(52) Zhao, N.; Liu, W,; Tian, X; Zhang, B,; Zhang, C. Target-
Activated Cascade Transcription Amplification Lights up RNA
Aptamers for Label-Free Detection of Metalloproteinase-2 Activity.
Chem. Commun. 2023, 59 (8), 1058—1061.

(53) Khoothiam, K.; Boonbanjong, P.; Iempridee, T.; Luksirikul, P.;
Japrung, D. Isothermal Detection of IncRNA Using T7 RNA
Polymerase Mediated Amplification Coupled with Fluorescence-
Based Sensor. Anal. Biochem. 2021, 629, 114212.

(54) Woo, C. H; Jang, S.; Shin, G,; Jung, G. Y.; Lee, ]J. W. Sensitive
Fluorescence Detection of SARS-CoV-2 RNA in Clinical Samples via
One-Pot Isothermal Ligation and Transcription. Nat. Biomed. Eng.
2020, 4 (12), 1168—1179.

(55) Zadeh, J. N.; Steenberg, C. D.; Bois, J. S.; Wolfe, B. R.; Pierce,
M. B,; Khan, A. R;; Dirks, R. M.; Pierce, N. A. NUPACK: Analysis
and Design of Nucleic Acid Systems. J. Comput. Chem. 2011, 32 (1),
170—-173.

(56) Ouldridge, T. E.; éulc, P.; Romano, F.; Doye, J. P. K;; Louis, A.
A. DNA Hybridization Kinetics: Zippering, Internal Displacement
and Sequence Dependence. Nucleic Acids Res. 2013, 41 (19), 8886—
889S.

(57) Lesnik, E. A; Freier, S. M. Relative Thermodynamic Stability of
DNA, RNA, and DNA:RNA Hybrid Duplexes: Relationship with Base
Composition and Structure. Biochemistry 1995, 34 (34), 10807—
10815S.

(58) You, L.; Omollo, E. O; Yu, C.; Mooney, R. A; Shi, J.; Shen, L.;
Wuy, X; Wen, A; He, D.; Zeng, Y.; Feng, Y.; Landick, R;; Zhang, Y.
Structural Basis for Intrinsic Transcription Termination. Nature 2023,
613 (7945), 783—789.

(59) Ray-Soni, A.; Bellecourt, M. J.; Landick, R. Mechanisms of
Bacterial Transcription Termination: All Good Things Must End.
Annu. Rev. Biochem. 2016, 85 (1), 319—347.

(60) Ogawa, A. Engineering of Ribosomal Shunt-Modulating
Eukaryotic ON Riboswitches by Using a Cell-Free Translation
System. Methods in Enzymology; Elsevier, 2015; Vol. 550; pp 109—
128.

(61) Ogawa, A. Rational Design of Artificial Riboswitches Based on
Ligand-Dependent Modulation of Internal Ribosome Entry in Wheat
Germ Extract and Their Applications as Label-Free Biosensors. RNA
2011, 17 (3), 478—488.

https://doi.org/10.1021/jacs.5c16214
J. Am. Chem. Soc. 2025, 147, 44468—44478


https://doi.org/10.1073/pnas.1100060108
https://doi.org/10.1073/pnas.1100060108
https://doi.org/10.1007/s11047-024-09992-3
https://doi.org/10.1007/s11047-024-09992-3
https://doi.org/10.1093/nar/gku233
https://doi.org/10.1093/nar/gku233
https://doi.org/10.1021/sb400157z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/sb400157z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202214499
https://doi.org/10.1002/anie.202214499
https://doi.org/10.1002/anie.202214499
https://doi.org/10.26434/chemrxiv-2024-fn51v-v2
https://doi.org/10.26434/chemrxiv-2024-fn51v-v2
https://doi.org/10.1021/acsnano.2c10108?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c10108?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c10108?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature09267
https://doi.org/10.1038/nature09267
https://doi.org/10.1126/science.1077464
https://doi.org/10.1126/science.1077464
https://doi.org/10.1038/nature01129
https://doi.org/10.1038/nature01129
https://doi.org/10.1126/science.1207339
https://doi.org/10.1126/science.1207339
https://doi.org/10.1038/s41586-024-07487-w
https://doi.org/10.1038/s41586-024-07487-w
https://doi.org/10.1007/s00216-009-2744-6
https://doi.org/10.1021/acs.analchem.8b05909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.8b05909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1177/0300985813502820
https://doi.org/10.1177/0300985813502820
https://doi.org/10.3389/fcell.2020.00409
https://doi.org/10.3389/fcell.2020.00409
https://doi.org/10.1021/cr300362f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.gde.2006.02.012
https://doi.org/10.3390/genes14071375
https://doi.org/10.3390/genes14071375
https://doi.org/10.1016/j.jpha.2019.05.004
https://doi.org/10.1016/j.jpha.2019.05.004
https://doi.org/10.1038/nprot.2007.528
https://doi.org/10.1038/nprot.2007.528
https://doi.org/10.1021/ac0719305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac0719305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.talanta.2019.03.061
https://doi.org/10.1016/j.talanta.2019.03.061
https://doi.org/10.1016/j.talanta.2024.126920
https://doi.org/10.1016/j.talanta.2024.126920
https://doi.org/10.1093/nar/gkae680
https://doi.org/10.1093/nar/gkae680
https://doi.org/10.1021/acs.analchem.3c02051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c02051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c02051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bios.2022.114221
https://doi.org/10.1016/j.bios.2022.114221
https://doi.org/10.1016/j.bios.2022.114221
https://doi.org/10.1039/D1CC07095A
https://doi.org/10.1039/D1CC07095A
https://doi.org/10.1039/D1CC07095A
https://doi.org/10.1039/D2CC06784F
https://doi.org/10.1039/D2CC06784F
https://doi.org/10.1039/D2CC06784F
https://doi.org/10.1016/j.ab.2021.114212
https://doi.org/10.1016/j.ab.2021.114212
https://doi.org/10.1016/j.ab.2021.114212
https://doi.org/10.1038/s41551-020-00617-5
https://doi.org/10.1038/s41551-020-00617-5
https://doi.org/10.1038/s41551-020-00617-5
https://doi.org/10.1002/jcc.21596
https://doi.org/10.1002/jcc.21596
https://doi.org/10.1093/nar/gkt687
https://doi.org/10.1093/nar/gkt687
https://doi.org/10.1021/bi00034a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00034a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00034a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-022-05604-1
https://doi.org/10.1146/annurev-biochem-060815-014844
https://doi.org/10.1146/annurev-biochem-060815-014844
https://doi.org/10.1261/rna.2433111
https://doi.org/10.1261/rna.2433111
https://doi.org/10.1261/rna.2433111
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c16214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(62) Ogawa, A; Itoh, Y. In Vitro Selection of RNA Aptamers
Binding to Nanosized DNA for Constructing Artificial Riboswitches.
ACS Synth. Biol. 2020, 9 (10), 2648—265S.

(63) Simmel, F. C. Nucleic Acid Strand Displacement — from DNA
Nanotechnology to Translational Regulation. RNA Biol. 2023, 20 (1),
154—163.

(64) Mauger, D. M,; Siegfried, N. A.; Weeks, K. M. The Genetic
Code as Expressed through Relationships between mRNA Structure
and Protein Function. FEBS Lett. 2013, 587 (8), 1180—1188.

(65) De Jesus, V.; Qureshi, N. S.; Warhaut, S.; Bains, J. K.; Dietz, M.
S; Heilemann, M,; Schwalbe, H.; Fiirtig, B. Switching at the
Ribosome: Riboswitches Need rProteins as Modulators to Regulate
Translation. Nat. Commun. 2021, 12 (1), 4723.

(66) Green, A. A; Silver, P. A,; Collins, J. J; Yin, P. Toehold
Switches: De-Novo-Designed Regulators of Gene Expression. Cell
2014, 159 (4), 925—939.

(67) Ekdahl, A. M; Rojano-Nisimura, A. M.; Contreras, L. M.
Engineering Toehold-Mediated Switches for Native RNA Detection
and Regulation in Bacteria. J. Mol. Biol. 2022, 434 (18), 167689.

(68) Eom, S. H.; Wang, J.; Steitz, T. A. Structure of Taq Polymerase
with DNA at the Polymerase Active Site. Nature 1996, 382, 278—281.

(69) Tolnai, Z.; Harkai, A.-.; Szeitner, Z.; Scholz, E.~. N.; Percze, K.;
Gyurkovics, A.; Mésziros, T. A Simple Modification Increases
Specificity and Efficiency of Asymmetric PCR. Anal. Chim. Acta
2019, 1047, 225—230.

(70) Veneziano, R; Shepherd, T. R; Ratanalert, S.; Bellou, L.; Tao,
C.; Bathe, M. In Vitro Synthesis of Gene-Length Single-Stranded
DNA. Sci. Rep. 2018, 8 (1), 6548.

(71) Noteborn, W. E. M.; Abendstein, L.; Sharp, T. H. One-Pot
Synthesis of Defined-Length ssDNA for Multiscaffold DNA Origami.
Bioconjugate Chem. 2021, 32 (1), 94—98.

(72) Oh, C.-Y.; Henderson, E. R. A Comparison of Methods for the
Production of Kilobase-Length Single-Stranded DNA. DNA 2022, 2
(1), 56—67.

(73) Citartan, M,; Tang, T.-H,; Tan, S.-C,; Gopinath, S. C. B.
Conditions Optimized for the Preparation of Single-Stranded DNA
(ssDNA) Employing Lambda Exonuclease Digestion in Generating
DNA Aptamer. World J. Microbiol. Biotechnol. 2011, 27 (S), 1167—
1173.

(74) Zhao, E. M.; Mao, A. S.; De Puig, H,; Zhang, K.; Tippens, N.
D,; Tan, X;; Ran, F. A; Han, L; Nguyen, P. Q; Chory, E. J.; Hua, T.
Y.; Ramesh, P.; Thompson, D. B,; Oh, C. Y.; Zigon, E. S.; English, M.
A,; Collins, J. J. RNA-Responsive Elements for Eukaryotic Transla-
tional Control. Nat. Biotechnol. 2022, 40 (4), 539—545.

44478

CAS BIOFINDER DISCOVERY PLATFORM™

ELIMINATE DATA
SILOS. FIND
WHAT YOU
NEED, WHEN
YOU NEED IT.

A single platform for relevant,
high-quality biological and
toxicology research

Streamline your R&ED

S

https://doi.org/10.1021/jacs.5c16214
J. Am. Chem. Soc. 2025, 147, 44468—44478


https://doi.org/10.1021/acssynbio.0c00384?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssynbio.0c00384?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/15476286.2023.2204565
https://doi.org/10.1080/15476286.2023.2204565
https://doi.org/10.1016/j.febslet.2013.03.002
https://doi.org/10.1016/j.febslet.2013.03.002
https://doi.org/10.1016/j.febslet.2013.03.002
https://doi.org/10.1038/s41467-021-25024-5
https://doi.org/10.1038/s41467-021-25024-5
https://doi.org/10.1038/s41467-021-25024-5
https://doi.org/10.1016/j.cell.2014.10.002
https://doi.org/10.1016/j.cell.2014.10.002
https://doi.org/10.1016/j.jmb.2022.167689
https://doi.org/10.1016/j.jmb.2022.167689
https://doi.org/10.1038/382278a0
https://doi.org/10.1038/382278a0
https://doi.org/10.1016/j.aca.2018.10.017
https://doi.org/10.1016/j.aca.2018.10.017
https://doi.org/10.1038/s41598-018-24677-5
https://doi.org/10.1038/s41598-018-24677-5
https://doi.org/10.1021/acs.bioconjchem.0c00644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.0c00644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/dna2010005
https://doi.org/10.3390/dna2010005
https://doi.org/10.1007/s11274-010-0563-8
https://doi.org/10.1007/s11274-010-0563-8
https://doi.org/10.1007/s11274-010-0563-8
https://doi.org/10.1038/s41587-021-01068-2
https://doi.org/10.1038/s41587-021-01068-2
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c16214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

