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In recent years, increasing numbers of noncoding RNA molecules were identi-
fied as possible components of endogenous DNA-RNA hybrid triplexes
involved in gene regulation. Triplexes are potentially involved in complex
molecular signaling networks that, if understood, would allow the engineering
of biological computing components. Here, by making use of the enhancing
and inhibiting effects of such triplexes, we demonstrate in vitro the construc-
tion of triplex-based molecular gates: ‘exclusive OR’ (XOR), ‘exclusive
NOT-OR’ (XNOR), and a threshold gate, via transcription of a fluorogenic
RNA aptamer. Precise modulation was displayed by the biomolecular-
integrated systems over a wide interval of transcriptional outputs, ranging
from drastic inhibition to significant enhancement. The present contribution
represents a first example of molecular gates developed using DNA-RNA
triplex nanostructures.
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In the toolbox of synthetic biology, the formation of
alternative, non-duplex nucleic acid structures repre-
sents a valuable approach for the control of biochem-
ical processes [1-3]. This is due to a number of
reasons, including their involvement with biological
targets such as gene promoters and endonuclease
restriction sites [4,5], their tunability using specific
stabilizing agents [6], and their compatibility with
other natural or artificial single- and double-stranded
nucleic acid structures [7,8]. In addition, non-canonical
nucleic acid structures seem to play a role in cellular
differentiation and cancer development via the regula-
tion of gene expression [9]. These biological mecha-
nisms can often be represented as gating mechanisms
where molecular signals, among many stimuli,

Abbreviations

interact with an ‘operator’ that interprets the signals
as inputs, generating an output similarly to a gate
[10], thereby implementing molecular computation.
Among a number of nucleic acid supramolecular
architectures, hybrid triplex structures comprise a
duplex DNA and a single-strand RNA that interacts
with a homopurine sequence (A, G) of the duplex,
either in a parallel or antiparallel geometry.
Figure 1A shows schematically the two main pyrimi-
dine (C-G-C, T-A-U) and purine motifs (C-G-G,
T-A-A) of hybrid DNA-DNA-RNA triplexes. These
structures are stabilized by hydrogen bonds called
Hoogsteen interactions [11], and they were proposed
to play a role in gene regulation by competition with
DNA-binding proteins [12].

DFHBI-1T, ((2)-4-(3,5-difluoro-4-hydroxybenzylidene)-2-methyl-1-(2,2,2-trifluoroethyl)-1H-imidazol-5(4 H)-one); EMSA, electrophoretic mobility
shift assay; IncRNA, long noncoding RNA; RNAp, RNA polymerase; rNTP, ribonucleoside triphosphate; TFO, triplex-forming oligonucleotide;
TTS, triplex target site; TU, transcription unit; XNOR, exclusive NOT-OR; XOR, exclusive OR.
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Fig. 1. (A) Schematic representation of the pyrimidine (left) and purine (right) motifs of the DNA-RNA triplex structures. Orange color
identifies DNA, whereas green or blue color identifies pyrimidine- or purine-rich RNA, respectively. (B) Predicted structure of Broccoli apta-
mer and molecular structure of the fluorescent ligand DFHBI-1T. (C) Structure of the o’° bacterial promoter. Triplex target sites TTS-1 and
TTS-2 are indicated by orange portions, whereas the respective RNA TFOs are marked as black lines. —35, 14 nt, —10 and +1 indicate: The
conserved sequence centered at 35 nucleotides upstream of the transcription initiation nucleotide, the 14 nucleotide nonconserved region,
the conserved sequence centered at 10 nucleotides upstream of the transcription initiation nucleotide, and the transcription initiation nucleo-
tide, respectively. (D, E) Melting curves showing thiazole green emission at 520 nm in a solution containing 100 nm double-strand TTS incu-
bated with TFO1 (D) or TFO2 (E). Errors associated with the melting temperature were estimated from at least eight independent melting
experiments. (F, G) Analysis of the TFO1-TTS or TFO2-TTS triplex melting curves, respectively, where the ratio of the triplex/duplex peaks
shown in D and E is plotted against the respective TFO concentration. Error bars represent the standard deviation of three independent
experiments. TTS and TFOs individual curves are reported in Figures S1 and S2.
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Recently, a family of RNAs termed long noncoding
RNAs (IncRNAs) has been associated with gene regula-
tion in eukaryotes, where the involvement of RNA-
DNA triplexes has been suggested [13,14]. The discovery
that DNA/RNA nanostructures play a more fundamental
role in organisms than previously thought has blurred the
boundaries between applications in nanomaterials and in
the biological sciences [1,15,16]. The recent introduction
of fluorogenic RNA aptamers, along with the commercial
availability of affordable custom-sequence oligonucleo-
tides, provided the field with powerful tools for the study
of such nucleic acid structures [14,17-20]. Specifically,
in vitro polymerization of fluorogenic RNA aptamers
allows the detection of transcriptional activity by fluores-
cence emission changes, which are associated with the
increasing concentration of the RNA-ligand complex [21-
24]. This method allows the direct measuring of transcrip-
tion rates along with transcript visualization and micro-
scopic localization, avoiding additional staining and
therefore preventing the introduction of external biases.

The potential of RNA triplex-forming oligonucleo-
tides (TFOs) as molecular tools for the up- or down-
regulation of transcription was first highlighted in a
recent publication from our group [25]. Briefly, the
formation of the triplex complex affected the rate of
transcription depending on (a) triplex target site (TTS)
distance from position +1 (i.e., start of the transcript),
(b) the position of the TTS in the sense strand or the
template strand, and (c) triplex motif. Here, the opti-
mization of the different parameters affecting triplex
yield, the fine-tuning of polymerization rates, along
with previously uncovered molecular details of the
TFOs and transcription units (TUs) are described and
discussed. Most importantly, we demonstrated the fea-
sibility of using triplexes as biomolecular transducers
of logic gate mechanisms and therefore their possible
future application for the construction of biocomput-
ing networks in cells [10,26]. Specifically, we show rep-
resentative triplex-based designs showing logic gate
output behavior (XOR and XNOR) and the molecular
implementation of a threshold gate [27,28]. Overall,
the present contribution gives proof of the integration
of enhancing and inhibiting triplex effectors, resulting
in an extended range of transcription modulation that
far exceeds previous reports and paves the way for its
use in a transcription-translation system.

Materials and methods

Reagents

All nucleic acid sequences are listed in Table S1 and were pur-
chased from IDT (Integrated DNA Technologies, Inc.

Hybrid triplex molecular gates regulate transcription

Coralville, Iowa, USA). Stock solutions were prepared in water
and stored at —20 °C. The ribonucleotide mix (rNTPs) and the
Escherichia coli RNA polymerase (RNAp) holoenzyme were
purchased from New England BioLabs Inc. (Ipswich, MA,
USA) and stored at —20 °C. The buffers used for the experi-
mental parts were Tris-HCl (J.T. Baker, Avantor-VWR, PA,
USA), MES (Sigma-Aldrich- Merck, Darmstadt, Germany),
and TBE buffer (Millipore, Millipore-Merck, Darmstadt,
Germany). Concentrated HCI was purchased from Sigma-
Aldrich, and NaOH was purchased from J.T. Baker. KCl,
MgCl,, dithiothreitol (DTT), Triton X-100, acrylamide/bis-
acrylamide 19 : 1 solution, ammonium persulfate (APS), N,N,
N’ N'-tetramethylethylenediamine (TEMED), sodium dodecyl
sulfate (SDS), and bromophenol blue were purchased from
Sigma-Aldrich. Nucleic acid stains oxazole gold and thiazole
green were purchased from Biotium Inc., Fremont, CA,
USA. DFHBI-1T ((Z)-4-(3,5-difluoro-4-hydroxybenzylidene)-
2-methyl-1-(2,2,2-trifluoroethyl)-1H-imidazol-5(4 H)-one) was
purchased from Lucerna Inc. All solutions were prepared using
ultrapure water from a Genie Direct-Pure water device
(RephiLe Bioscience Ltd., Shanghai, China), with a resistivity
of at least 18.0 MQ-cm.

Instrumentation

Double-strand annealing procedure was performed with
a Mastercycler Nexus-GX (Eppendorf Inc., Hamburg,
Germany). Time-dependent fluorescence measurements were
performed using a Clariostar (BMG LABTECH, Ortenberg,
Baden-Wurttemberg, Germany) with 384-wells Corning Inc.
(New York, NY, USA) plates, except for time-dependent fluo-
rescence measurements regarding the threshold gate, where a
VICTOR X4 2030 Multilabel Reader (Perkin Elmer, Wal-
tham, MA, USA) with 485/535 nm excitation/emission filters
was used along with Lumox 384 multiwell plates (Sarstedt,
Nimbrecht, Germany). Melting temperature experiments
were conducted using a Stratagene Mx3000P (Agilent Tech-
nologies, Santa Clara, CA, USA) and samples were placed in
tubes with optically clear caps (Thermo-Fisher Scientific Inc.,
Waltham, MA, USA). Electrophoresis runs were conducted in
a Mini-PROTEAN Tetra System electrophoresis chamber
(BIO-RAD, Hercules, California, USA), connected to a
PowerEase Touch 350 W power supply (Invitrogen-Thermo
Fisher, Waltham, MA USA). Electrophoresis gel fluorescence
images were acquired with an iBright1500 imaging system
(Invitrogen-Thermo  Fisher Scientificl68 Third Avenue
Waltham, MA, USA).

Data analysis software used to produce all the statistical
and graphical analyses was oRIGINPRO 20188 (OriginLab
Corp., Northampton, MA, USA).

Sample preparation

All double-strand DNA was prepared in the Mastercycler
by annealing 10 pm of the complementary strands in
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50 mM NacCl, with a temperature ramp from 95 to 25 °C.
The stock solutions were stored at —20 °C.

Samples for the RNA-polymerization experiments, the
temperature-dependent  denaturation experiments, and
the electrophoretic mobility shift assay (EMSA) were pre-
pared in a modified version of the RNA-polymerization
buffer recommended by New England BioLabs. The buffer
composition for this work was: 40 mm Tris—HCI, 150 mm
NaCl, 30 mm MgCl,, 1 mm DTT, and 0.01% Triton
X-100, at pH 6.9. For the pH optimization, Tris—HCl
buffer war replaced with MES 40 mm and the different pH
values were obtained with small volumes of concentrated
NaOH or HCl. EMSA experiments were carried out in
12% acrylamide/bis-acrylamide 19:1 gels, prepared in 1X
TBE buffer at pH 6.9, containing 10 mM MgCl,, 1.25 mg/
mL APS, and 0.05% TEMED. The electrophoresis run was
conducted in ice at 75 V for 2 hours. The gel was then
stained for 10 minutes under gentle agitation in a freshly
made staining solution containing oxazole gold 1X. After
that, the gel band emission was acquired using UV
excitation.

Triplex denaturation analysis

Temperature-dependent denaturation was performed using
100 nm TTS in the presence of different TFO1 or TFO2
concentrations, in the modified RNAp reaction buffer.
After 30-min incubation at 4 °C, 10 pL of the mixture was
transferred in a tube containing 8 pL of water and 2 pL
thiazole green solution. The analysis was performed in a
Stratagene Mx3000P that measured fluorescence emission
in a temperature ramp. Denaturation curves of individual
RNA strands and the dsDNA only are reported in
Figures S1 and S2.

RNA-polymerization rate analysis

The polymerization rates were assessed using 16 U-mL ™! of
RNAp, 160 pm DFHBI-1T, in the absence of TFOs (opti-
mization experiments), in the presence of one or two TFOs
(XOR and XNOR gates), in the presence of two
TFOs (threshold gate), or the TFO was produced in situ
(molecularly wired system). First, the polymerization rates
of different samples containing 200 nm double-strand DNA
transcription unit TU1 in the pH range 5.5-7.5 was evalu-
ated. Similarly, double-strand DNA template concentra-
tions in the range 30-600 nm were used to establish their
effect on transcription. Lastly, the INTP concentration was
evaluated. In that case, INTP concentrations ranging from
0.5 to 4.0 mm were used in the RNA-polymerization reac-
tion in the presence of 40 nm of the double-strand tem-
plate. After this optimization step, all following
experiments were conducted at pH 6.9, 200 nm template,
and 4 mm ribonucleotide mix.

G. Rilievo et al.

When RNA duplex formation was needed, the two
strands were incubated in equimolar concentrations and
allowed to anneal for 30 min. For the threshold gate, dif-
ferent ratios of TFOI (input, I) and TFO2 (threshold, Th)
concentrations were tested in the presence of the double-
strand template. Samples were prepared with a TFOI:
TFO2 ratio ranging from 0.01:1 to 100:1 (individual oligo-
nucleotide concentrations ranged from 1nM to 10 um), with
a constant concentration of TU8 equal to 100 nm. The
samples were incubated for 30 min at 4 °C in the modified
RNAp reaction buffer at pH 6.9. After incubation, the
polymerization reaction was started by adding 16 U-mL™!
of RNAp and 4 mm rNTPs. Fluorescence emission due to
fluorophore binding on the newly formed RNA aptamer
was collected with Victor X4 plate reader. Measurements
were conducted at 29 °C for 5 h, and the fluorescence data
were fitted linearly in a time period of 120 minutes, once
reached stability (typically 1 hour after the start of poly-
merization). Fluorescence rates, estimated as emission
intensity changes over time, were computed and plotted
with OriginPro software.

Results

Escherichia coli o'%-based engineered TUs comprising
a promoter upstream of a transcription template for
Broccoli fluorogenic aptamer were sequence-modified
to contain targets (TTSs) for the triple-helical complex
formation with an RNA oligo (all DNA and RNA
sequences are reported in Table S1). Figure 1A depicts
schematically the nucleobases of the most stable
hybrid triplexes representing the all-purine or all-
pyrimidine motifs [29,30]. These short RNA sequences,
named triplex-forming oligonucleotides (TFOs), were
tested for their effect on the transcription rate of engi-
neered TUs. The transcription rates were estimated
using the fluorescence emission changes associated
with Broccoli aptamer-DFHBI-1T complex formation,
and its accompanying quantum yield increase, during
in vitro RNA polymerization. Figure 1B shows Broc-
coli ligand DFHBI-1IT, and the aptamer predicted sec-
ondary structure (nupack.org, Caltech), where the end
stem was extended to increase the aptamer stability.
Three different TTS designs could be placed within the
unconserved regions of the ¢’ promoter (Fig. 1C, see
Table S1 for details regarding the sequence design).
Specifically, these TUs, based upon E. coli general pro-
moter architecture, comprised consensus sequences
—35 and —10 and artificial TTSs introduced between
these two sequences (TTS-1) or between —10 and the
transcription starting nucleotide +1 (TTS-2). A third
design included both TTSs in the same promoter and
was termed TTS-3.
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Triplex formation was assessed using melting curve
analysis (Fig. 1D,E). In these experiments, we aimed
at improving the current methods for triplex analysis
affected by a general issue regarding melting tempera-
ture determination based on classical hyperchromicity
experiments or fluorophore-modified oligonucleotides.
We used nucleic acid fluorescent stain thiazole green
(emission at 520 nm) as a reporter for triplex and
duplex denaturation. The curves clearly show two
peaks that were attributed to the denaturation event of
the TFO1- or TFO2-TTS triplexes and the duplex
DNA, at corresponding melting temperatures 46 + 2 °C
or 49 £ 2 °C and 55 £+ 2 °C, respectively (Fig. 1D,E,
respectively). The results indicated that triplex separa-
tion occurred at lower temperatures in respect to the
duplex, in accordance with the lower stability of the
three-strand complex. It is worth noting that the current
method of melting temperature determination using a
common nucleic acid fluorescent stain allowed the suc-
cessful discrimination between the denaturation peaks
of duplexes and triplexes for both the TFO-TTS pairs
[25]. Furthermore, melting curve analysis shown that a
sigmoid fit of the normalized triplex melting tempera-
tures in an interval of TFO concentrations, Fig. 1F,G,
resulted in dissociation constants related to pyrimidine
and purine motifs, equal to 572 and 135 nwm, in agree-
ment with previously reported values.

On these bases, an atlas of enhancing and inhibitory
TTS-TFO combinations was designed, integrating their
effects into more complex TUs (Fig. 2A). The left part
of the panel shows the geometry of the TTSs within
the TU, while the right part of the panel shows the tri-
plex formation effect on the polymerization rate of
Broccoli (red bars indicate the percentage of inhibi-
tion, while green bars indicate percentages of enhance-
ment). The strongest inhibitory effect (= —90%) was
shown by two purine motif TTSs, while the strongest
enhancement was shown by two pyrimidine motif
TTSs (= +200%) located in the same promoter. The
authors believe that such TTS-TFO interactions can
ideally be expanded beyond the building of an ON/
OFF digital system and be used to obtain, for
instance, continuous-value computing based on molec-
ular mechanisms [31].

In the next step, we focused on optimizing the poly-
merization conditions, and thus, a set of experiments
were conducted to test the system. First, a pH-
dependent activity assessment, using transcription unit
TUI, in a pH range between 5.5 and 7.5, showed that,
in our experimental conditions, the pH optimum of
the E. coli RNAp for Broccoli production is found at
basic pH wvalues [32], albeit still showing activity
at slightly acidic conditions (Fig. 2B). Since, on the

Hybrid triplex molecular gates regulate transcription

one hand, acidic pH inhibits RNAp enzymatic cataly-
sis but, on the other, a basic pH destabilizes the
pyrimidine motif triplex, near-neutral pH was selected
to be used for triplex formation, as a compromise
between the pH optimum of the enzyme and a triplex-
formation promoting pH.

Figure 2C shows the relative rates of transcription
at 40 nm duplex DNA template in the presence of dif-
ferent concentrations of the ribonucleotide mix (from
0.5 to 4 mm) showing a linear dependence. For the
RNA-polymerization protocol, we selected the highest
concentration tested (i.e., 4 mm) to ensure a continu-
ous presence of the ribonucleotides even for long-time
experiments. This is particularly relevant since the
polymerization rate should not be limited by ribonu-
cleotide unavailability.

Lastly, the appropriate concentration of double-
strand template was assessed. An interval of template
concentrations, from 30 to 600 nm, was tested, showing
the activity maximum at 200 nM (Fig. 2D). This opti-
mum might be attributed to the sigma factor dilution
effect, that is, at high template concentrations, the ¢’°
factor molecules are associated with the excess template,
reducing the total number of active holoenzyme com-
plexes (RNAp + sigma factor) and thus resulting in a
lower transcription rate. We felt these optimization steps
necessary to adapt the commercial holoenzyme to the
triplex assay. This will allow others to replicate the
experiments more effortlessly and to adjust the different
parameters depending on the specific tests.

Since the structure of the TFO strongly affects the
formation of the hybrid triplex, we investigated how
the presence of 1, 2, or 3 tandem repeats of TFO
domains comprised in one RNA strand affected tran-
scription. The TFOs were produced in situ and were
designed to target a promoter (TU2) in the same solu-
tion via a process called ‘molecular wiring’. Figure 3,
panels A—C, shows schemes of the molecular wiring of
transcription units TU3, TU4, and TUS, where TU2
contains two TTSs (orange bars), generating inhibitory
triplexes with TFOs (blue bars). In the first case, panel
A, TU3 produces RNA containing one TFO domain,
IXTFO, while in the two following cases, TU4 and
TUS encode two and three TFO domains, 2XTFO or
3XTFO, respectively, separated by four nucleotides
within the same filament (spacers represented by thin
black lines), panels B and C. We hypothesized that
once a triplex is formed within a tandem repeat, a
local concentration of the TFO is generated thus stabi-
lizing the complex. Assuming a negligible volume
increase for the three TFOs, the local concentration of
the triplex-forming RNA sequence doubles for 2XTFO
and triples for 3XTFO, in respect to 1XTFO, due to
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Fig. 2. (A) Schemes of the engineered artificial promoters (orange line) showing the different pyrimidine (green line) or purine (blue line)
triplex geometries and the associated effects on the transcription rate represented as percentages of inhibition (red) or enhancement
(green). Designs are grouped as containing one TTS upstream of —10 (TTS-1), containing one TTS upstream of +1 (TTS-2), or containing
combinations of two TTSs (TTS-3). Left part: The geometry of the TTSs within the transcription unit; right part: Triplex formation effect on
the polymerization rate of Broccoli (red bars indicate the percentage of inhibition, while green bars indicate percentages of enhancement).
The strongest inhibitory effect (= —90%) was found for two purine motif TTSs, while the strongest enhancement was found for two pyrimi-
dine motif TTSs (=~ +200%) located in the same promoter. (B) RNA-polymerization relative rates at different pH values. (C) RNA-
polymerization relative rates at different ribonucleoside triphosphate (rNTP) concentrations. (D) RNA-polymerization relative rates in the pres-
ence of different Broccoli template concentrations. Error bars represent the standard deviation of three independent experiments.

the tandem repeats. In other words, for 1XTFO the
local concentration equals its bulk concentration, while
for 2XTFO and 3XTFO the local concentration must
be higher than the bulk and dependent on the number
of repeats. Panels on the right of each molecular wir-
ing scheme show the respective Broccoli synthesis rates
plotted against the increasing ratios of the wired TUs.
The sigmoid fit clearly shows a shifting of the curve to
the left toward lower ratios (2.1 > 0.7 > 0.3) of the

TFO-encoding TU in respect to TU2 and thus sup-
porting the stronger effect of the triplexes associated
with higher local concentrations (additional experimen-
tal details are reported in the methods section).

To further demonstrate the applicability of the
enhancing/inhibiting hybrid triplexes, logic gates XOR
and XNOR were produced. Such gates can be easily
interpreted as operators that give a positive signal
(output = 1, high transcription rate) when the two
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Fig. 3. Schemes on the left describe graphically the molecular wiring of transcription units TU2, TU3, TU4, and TU5, where TU2 contains
the target sites (TTS, orange portions) for the in vitro polymerized TFOs (blue bars) containing only one duplex interacting portion, 1XTFO,
panel A (60% inhibition at TU3/TU2 ratio = 2.1), containing two TFO tandem repeats, 2XTFO, panel B (50% inhibition at TU4/TU2
ratio = 0.7), or containing three TFO tandem repeats, 3XTFO, panel C (50% inhibition at TU4/TU2 ratio = 0.3). Plots on the right side show
representative polymerization rates at different ratios or TFO-producing/reporter TUs. Errors bars depict standard deviations of the polymeri-
zation rate linear fittings. 50% inhibition ratios were obtained from three independent experiments.
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inputs have different values (either one TFO is present
but not both, XOR gate) or when the two inputs
(TFOs) have the same value (both TFOs present or
both TFOs absent, XNOR gate). Their molecular
implementation is  the following:  Sequence-
complementary TFO1 and TFO2 were used as inputs
(I; and I, respectively), the transcription unit (TU6 or
TU7 for XOR or XNOR, respectively) represented the
logic operator, while the transcription rate was used as
output, and Broccoli fluorescence was used as readout.
For the XOR gate, two enhancement triplexes were
used, resulting in an enhancement effect when only
one input was present (sSRNA TFO available to form
a triplex) and unperturbed transcription when none or
both were present (duplex RNA unavailable to form a
triplex). Figure 4A shows the kinetics of Broccoli poly-
merization at four conditions: In the absence of both
TFOs, in the presence of only one of the two TFOs,
and in the presence of both TFOs, reflecting input
combinations 0-0, 0-1, 1-0, and 1-1. The linear rate
values and the truth tables are reported on the right of
the respective kinetic plots, where an arbitrary thresh-
old was set at 80% of the highest transcription rate
and thus setting the 0 or 1 output values for the lower
or higher rates, respectively. Schemes of the molecular
duplex (orange bar) and TFOs (green and blue bars)
generating triplexes are shown on the right of each
truth table input combination. Similarly, Fig. 4B
shows the molecular implementation of logic gate
XNOR where complementary-sequence inhibitory
TFOs were used. The presence of both TFOs or the
absence of both resulted in transcription rates higher
(output = 1) than an arbitrary threshold set at 60% of
the highest rate, while the presence of either one of the
inhibitory TFOs resulted in lower rates than
the threshold (output = 0). The respective bar plot and
truth table are reported on the right of the kinetics
graph. As for the previous gate, DNA-RNA complex
schematics are shown on the right of the truth table,
following the same color scheme.

Following the approach used for the molecular logic
gates, a triplex-mediated threshold gate was built. A
threshold gate operates a signal transduction analo-
gous to a neuron where inputs are first used to gener-
ate a sum and this value is then used to produce a
positive output (sum higher than the threshold) or a
zero output (sum lower than the threshold). In this
case, two complementary-sequence TFOs were used to
build triplexes with opposite effects (inhibiting or
enhancing) that modulated the polymerization rate
output from transcription unit TUS. The enhancing
TFO represented the input and the inhibiting TFO
represented the threshold. This allowed an inhibition/

G. Rilievo et al.

enhancement polarized effect depending on the TFO
with the higher concentration. The threshold gating
effect resulted in the TU positively modulated when
the input concentration was higher than the threshold
and negatively modulated in the opposite case. Fig-
ure 4, panel C, shows a collection of rates recorded at
different input/threshold ratios showing a zero output
for ratios lower than 1 and a positive output at higher
input/threshold ratios. On the right side of the panel,
schemes of the DNA-RNA interactions at increasing
input/threshold ratios are shown (bottom to top).
Figure 4, panel D, shows an additional EMSA charac-
terization of the threshold gate where the triplex-
associated band, indicated by a green arrow, becomes
more intense when input/threshold concentration
ratios are farther from one, while the band disappears
when the two RNAs are present at equimolar concen-
trations. This means that in the presence of an excess
of either RNA strand, the triplex is stabilized (leftmost
and rightmost lanes) whereas the equimolar concentra-
tions of the two destabilizes the triplex shifting the
equilibrium toward the more stable duplex RNA.
Therefore, the here reported examples give proof of
the feasibility of developing molecular gates using a
triplex-operated transcription system.

Discussion

Protein-based transcription factors have been exten-
sively used in synthetic biology to modulate transcrip-
tion processes and generate synthetic gene regulatory
networks [10,26]. Conversely, although currently being
an active object of research due to their potential
involvement in the biological activity of IncRNAs
[13,33], the transcription regulation effects of RNA-
DNA triplexes are far from being fully understood. In
fact, nowadays the research on IncRNAs produced an
impressive number of computational tools and data-
bases [34,35] that are constantly updated with the
inflow of new experimental data. The E. coli ¢’° pro-
moter represents an ideal architecture for studying the
effect of these hybrid triplexes on DNA-interacting
proteins such as RNAp [7]. By engineering its noncon-
served domains, formation of sequence-dependent tri-
plexes with an external RNA strand was promoted.
Moreover, we showed that such alterations did not
prevent transcription that was in fact optimized for
ribonucleotide concentration, duplex template concen-
tration, and pH (Fig. 2). Triplex formation, and its
associated effects on transcription, on the contrary,
was strengthened when TFO tandem repeats were
placed in the same RNA in a molecularly wired system,
due to the increased TFO local concentration (Fig. 3).
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Fig. 4. Triplex-based molecular logic gates and a threshold gate. (A, B) Fluorescence signals of Broccoli in vitro synthesis from transcription
units TUB or TU7 incubated with TFOs |; and |, combinations representing inputs. The linear fluorescence-estimated polymerization rates
are depicted in the bar plots on the right and the outputs followed a XOR gate or a XNOR gate depending on the promoter design. Each bar
plot is accompanied by the corresponding logic gate truth table where schemes of the input/gate states are schematically depicted for each
input combination. TFOs are represented as green and blue bars (pyrimidine and purine TFO, respectively), and the duplex DNA promoter
acting as gating unit is shown as an orange bar. (C) Experimental results showing the implementation of a threshold gate using two TFOs
as input () and threshold (Th), respectively, and the transcription unit TU8. The estimated linear polymerization rates were used as outputs
and are plotted against the input/threshold concentration ratio. On the right, schemes of the DNA-RNA interactions are shown for the case
limit at low I/Th ratios (bottom, output = 0), at ratio = 1 (middle, threshold), and at high ratios (top, output = 1). (D) Electrophoretic analysis
of the input, threshold, and duplex DNA interactions demonstrating the formation of the transcription enhancing/inhibiting triplex structures
associated with the band indicated by the green arrow (lanes 1 to 9: Input concentrations were 1nM to 10uM while threshold concentra-
tions were 10uM to 1nM). The band disappears at input/threshold ratios close to 1 (lane 5). Error bars represent the standard deviation of
three independent experiments.
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Taking inspiration from pioneering works on DNA
computing [36], a XOR gate, a XNOR gate, and a
threshold gate were built, Fig. 4. Indeed, the outputs
behaved according to the respective truth tables when
enhancing (XOR) or inhibitory inputs were used
(XNOR), while the threshold gate made use of both
enhancing and inhibitory inputs. At low input concen-
trations, the output was zero (low, inhibited transcrip-
tion of Broccoli) while when the input concentration
was higher than the threshold (i.e., input/threshold,
ratio > 1) the output was equal to 1 (i.e., high,
enhanced Broccoli transcription), Fig. 4C. Notewor-
thy, these effects are dictated by sequence complemen-
tarity of the two TFOs, as demonstrated by the
EMSA characterization, Fig. 4D, and can in principle
be implemented in a molecularly wired system, as dem-
onstrated here and elsewhere [25], thereby allowing for
more complex networks (e.g., molecular oscillators,
pulse generators, or bistable circuits).

The gates proposed in this contribution will set the
ground for implementing multigated transcriptional
activities using different fluorescent RNA aptamers
(e.g., Corn, Spinach, or Mango) for the development
of more complex computations [27,28]. In vivo moni-
toring of such systems is also foreseen; in this way,
switchable triplex structures might be designed to turn
ON or OFF different TUs depending on the TTS posi-
tion and the TFO used. Finally, while the mechanism
of the inhibitory effect had been previously investi-
gated and attributed to a competition phenomenon
[7,12], enhancement was only recently discovered and
its mechanism has not been elucidated yet. Therefore,
the authors believe that the potential involvement of
triplex-mediated transcription regulation with biologi-
cal processes of multicellular organisms such as cell
differentiation, metabolism, and circadian rhythm
[37,38] justifies promoting its further investigation. In
addition, we suggest that the interplay between triplex
stabilizing molecules (e.g., polyamines, nucleic acid
intercalators, and positively charged peptides) and
ssRNA might provide a universal way of gene regula-
tion, which might also have mechanistic relevance at
the root of several elusive diseases caused by abnormal
transcription [39,40], as well as applications in artificial
biological components [41].
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Fig. S1. Melting curve of 100 nM of TTS.

Fig. S2. Melting curves of 1 uM TFOI1 (black) and
10 uM TFO2 (red).

Table S1. Nucleic acid sequences. DNA is black-col-
ored, while RNA is blue-colored.
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