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ABSTRACT: Nature connects multiple fuel-driven chemical/enzymatic reaction networks (CRNS/ERNS) via cross-regulation to
hierarchically control biofunctions for a tailored adaption in complex sensory landscapes. In contrast, emerging artificial fuel-driven
systems mostly focus on a single CRN and their implementation to direct self-assembly or material responses. In this work, we
introduce a facile example of communication and cross-regulation among multiple DNA-based ERNSs regulated by a concatenated
RNA transcription regulator. For this purpose, we run two fuel-driven DNA-based ERNs by concurrent NAD*-fueled ligation and
restriction via endonucleases (REases) in parallel. ERN one allows for the dynamic steady-state formation of the promoter sequence
for T7 RNA polymerase, which activates RNA transcription. The produced RNA regulator can repress or promote the second ERN
via RNA-mediated strand displacement. Furthermore, adding RNase H to degrade the produced RNA can restart the reaction or tune
the lag time of two ERNSs, giving rise to a repression-recovery and promotion-stop processes. We believe that concatenation of mul-
tiple CRNs provides a basis for the design of more elaborate autonomous regulatory mechanisms in systems chemistry and synthetic

biology.

Introduction

Man-made self-assembling system can be categorized into
three main thermodynamic regimes: thermodynamic equilib-
rium, Kinetically trapped out-of-equilibrium, and fuel-driven
out-of-equilibrium.! Classically, synthetic system have focused
on thermodynamic equilibration and kinetic traps.>” However,
nature organizes many structures and functions in an energy-
driven way out-of-equilibrium, because this can be beneficial
for a quicker adaptation in response to a signal.® Microtubules,
designed for adaptive spatial search, are the most striking ex-
ample, continuously consuming guanosine triphosphate (GTP)
as the energy to maintain a dynamic steady state (DySS) be-
tween polymerization and depolymerization. The dynamics of
microtubules change drastically during cell division, because
the interaction of the simple cyclic microtubule reaction net-
work with other biological signaling systems using chemicals
species leads to a change in their behavior.

Although there has been significant progress in the design of
chemically fueled self-assemblies using a diversity of fuels,
building blocks and approaches,®*” one of the next challenges
is to increase behavioral complexity by interfacing such sys-
tems with secondary regulatory feedback mechanisms. As in
living systems, biological activity and behavior are a collection
of different individual reaction networks and signaling systems,
and similarly, synthetic out-of-equilibrium systems should be
advanced to contain interacting reaction network modules to
achieve higher regulation in the behavior. While this has been
realized for chemically similar species, such as using the PEN
toolbox to reach bistability or oscillatory behavior,'32° or RNA

transcription/degradation systems, a key challenge remains to
couple system with rather distinct chemistries.?

We set out to address this challenge of achieving interaction
between two dynamic chemical systems by coupling our re-
cently developed ATP-driven non-equilibrium DNA liga-
tion/restriction system with an RNA transcription system to
achieve cross-regulation and feedback. The ATP-driven system
is based on an enzymatic reaction network (ERN) balancing
fuel-driven ligation of sticky end-functionalized DNA building
blocks using T4 DNA ligase with restriction at the same posi-
tion using endonucleases (REases).? In short, the fuel (ATP)
sets the lifetime of the out-of-equilibrium state, and the ratio of
the enzymes engineers the dynamics of the DySS. The system
is highly versatile, and we could demonstrate pathway com-
plexity and reconfiguration using pools of species or combina-
tion of REases,?*?* photo-activation of fuels and building
blocks,? and translation into hierarchical assemblies.?®?” Addi-
tionally, we could connect it to strand displacement reactions as
a first communication principle between two networks of dis-
tinct thermodynamic nature.??°

Herein, we introduce a connection of our ligation/restriction
ERN with an RNA transcription machinery to implement new
types of regulatory effects. We demonstrate cross-regulation
from a primary DNA to a secondary DNA ERN by information
exchange using co-transcribed RNA. The use of RNA opens the
perspective to use orthogonal enzymes and chemo-specific deg-
radation as additional control tools. We describe four modes of
interference with respect to the ligation/restriction ERN: Re-
pression, promotion, repression-recovery and promotion-stop.
We believe that these additional control mechanisms can help



to promote regulatory functions, signal processing and adapta-
tion capacity to future chemically instructed materials systems
with life-like behavior.

Results and Discussion
Design

Our systems contain two ligation/restriction ERNs, (1) a tem-
plate network (TemN) and (2) a report network (RepN), that are
susceptible for cyclic operation by enzymes as further detailed
below (Scheme 1). Both TemN and RepN share the same chem-
ical fuel to program their transient lifecycles. The monomeric
DNA building block in TemN (Mr) contains the promoter and
template for RNA polymerase and is susceptible to oligomeri-
zation using a fuel-consuming ligase by covalent linkage of the
sticky end. It controls the ON-OFF switch of the RNA transcrip-
tion. The RNA transcription can only proceed in the ligated
state, because Mt only contains a partial promoter sequence that
is only transformed into the full promoter codon in the oli-
gomerized state (Or). The templating sequence for RNA tran-
scription on Or is designed to induce cross-talk with RepN via
RNA-mediated strand displacement in the reporter species, Mg.
Thus, RepN is used to show the chemical information exchange
between TemN and RepN, including four different results, re-
pression, promaotion, repression-recovery, and promotion-stop,
based on the different sequence designs and enzymes.

Let us start with repression as first example: Without RNA
production (in absence of T7 RNA polymerase (T7 RNAP)),
RepN forms a similar DySS as TemN. When RNA is tran-
scribed, RNA can however transform the reactive monomer,
Mg, into non-reactive monomer (Mgn) by strand displacement
to shut down RepN. Since both TemN and RepN run on the
same fuel (B-nicotinamide adenine dinucleotide, NAD?*), their
cross-activated behavior influences each other’s transient
lifecycles with respect to the availability of the fuel NAD*. For
instance, in an activated repression process, the RepN will have
a shortened lifetime as forced by the produced RNA, while con-
currently, a longer lifetime of TemN should be achieved due to
higher fuel availability as the competition for the fuel is lost for
by the suppressed RepN (SchemelA).

In contrast, in a promotion process, a non-reacting Mgy in the
RepN exists at the beginning, and, only if RNA is produced,
then Mg transforms into Mg to start RepN. Thus, in a promo-
tion process, the RepN will experience a lag time in the cyclic
operation compared to TemN and is also fully conditional on
the presence of T7 RNAP (Scheme 1B).

Higher behavioral complexity is possible by adding ribonu-
clease (RNase) to degrade the RNA at the same. We will eluci-
date that this allows to switch the repression process into a re-
pression-recovery process, because when the produced RNA is
completely degraded, Mgrn Will be transformed back to Mg to
restart RepN (Scheme 1C). The addition of RNase to the pro-
motion process leads to a promotion-stop process, wherein the
lag time of two ERNs will be tuned by the RNase amount
(Scheme 1D).

The cyclic DNA ligation/restriction ERNs use a ligase and
two different REases, which we chose specifically to minimize
unwanted crosstalk, and highlight the importance of the RNA-
regulators, as well as fuel competition of both cyclic DNA
ERNSs. In contrast to our earlier work on ATP-driven cyclic li-
gation/restriction networks based on T4 DNA ligase, - we
herein introduce E. coli DNA ligase, that is able to ligate DNA
fragments with 3'-OH and 5'-phosphate ends, but uses NAD*
instead of ATP (for T4 DNA ligase) as fuel. This prevents com-
petition for the ATP fuel, because T7 RNAP also uses ATP dur-
ing the transcription step. For the REases, we chose Bsal in
TemN because Bsal shows an excellent programmability of the
recognition site,?® while EcoRlI is used in RepN because it is
robust and efficient.?* The DNA-to-RNA transcription uses T7
RNAP, a DNA-dependent RNA polymerase, that is highly spe-
cific for specific promoters, using a ribonucleotide solution mix
(NTP, containing ATP, UTP, GTP, CTP) as the starting reac-
tants. RNase H is used as an RNase to specifically degrade RNA
hybridized to DNA.

Scheme 1. RNA-based Feedback Regulation between Two
Cyclic Ligation/Restriction Networks
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Figure 1. Repression. (a,b) Schematic illustration of the repression process between two DNA-based ERNs (AMP for adenosine mono-
phosphate; NMN for nicotinamide mononucleotide). (c) Time-dependent transient polymerization curves and (d) lifetime analysis of the
repression with [T7 RNAP]. Other conditions: 5.0 uyM M1, 10.0 uM MR1, 16.0 U/uL ligase, 0.67 U/uL EcoRI, 0.89 U/uL Bsal, 2.0 mM

NTP, and 18.0 uM NAD". (e) lifetime analysis of the repression with [NAD*].

Other conditions: 5.0 uM M1, 10.0 UM MRr1, 16.0 U/uL

ligase, 0.67 U/uL EcoRI, 0.89 U/uL Bsal, 2.0 U/uL T7 RNAP, and 2.0 mM NTP. The minor red fluorescent bands at high migration distance

correspond to some minor stochiometric imbalance.

Repression

The design and analysis of the repressive signaling loop
works as follows (Figure 1a): In TemN, the Cy5-labeled DNA
sequence of Mr; is designed to contain a Bsal recognition site
(red part), a disconnected T7 promoter (black part), a T7 tem-
plate (gray part), and a T7 RNAP run-off sequence (green). The
ends of Mr; contain one 4 nucleotide (nt) sticky end 5’-AATA-
3’ on one side and the complementary sticky end 5’-TATT-3’
on the other side (detailed DNA sequences in Table S1). In re-
lation to our previous work on ATP-driven ERNS,? My can be
grown into an oligomer state O and reaches a DySS depending
on the ligase/Bsal ratio and the fuel amount (here now NAD*
and not ATP due to the use of E. coli ligase). To achieve the
fuel-dependent ON-OFF transcription, the Bsal restriction site
is located within the T7 promoter —16 site, breaking the whole
promoter region into two in the non-fueled ground state. How-
ever, during operation of the NAD*-fueled cyclic ligation/re-
striction ERN, Mr; enters the oligomer state Or; with the full
T7 promoter sequence that encodes RNA transcription. In
RepN, the fluorescein-labeled monomer (Mgy) is designed with
a 4-nt self-complementary sticky end 5’-AATT-3" for ligation
and EcoRl cutting, as well as with a segment Fgrz1, which can be
removed by toehold-mediated strand displacement of the pro-
duced RNA. On its own and without considering the produced

RNA, the presence of E. coli ligase/EcoRI and fuel NAD" in-
duces a transient DySS, in which Mgy will form a dimer Dg;,
that is cut back to the monomer state after consumption of the
fuel. Operating these two ERNSs together without T7 RNAP,
that is in absence of RNA transcription and strand displacement,
these two ERNs of TemN and RepN run independently. In con-
trast, in presence of T7 RNAP, the produced RNA will displace
the fluorescein-labeled strand Fg; through strand displacement,
yielding a non-reactive DNA-RNA hybrid monomer Mgna,
which lacks the sticky end for ligation. This process eventually
stops the RepN. Due to the early repression of RepN, the fuel,
previously shared between TemN and RepN, will be exclu-
sively used by TemN, causing a stronger ligation and longer
lifetime of TemN (Figure 1b2).

Figure 1c displays the results of this repression process with
multicolor agarose gel electrophoresis (AGE) of the time-de-
pendent transient systems of TemN and RepN with different
amounts of T7 RNAP. Since Mr; and Mg, share the ligase and
NAD" in the reaction, the kinetic balance between ligated and
cut species is mainly controlled by the REases’ reactivity. Thus,
both color channels for the TemN (red) and the RepN (blue)
show the individual transient systems, with the transient appear-
ance of higher molecular weight species with a limited lifetime.
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Figure 2. Promotion. (a,b) Schematic illustration of the promotion process between two ERNSs. (c) Time-dependent transient polymerization
curves and (d) lifetime analysis of the repression with [T7 RNAP]. Other conditions: 10.0 pM M2, 10.0 uM Mrn2, 10.0 pM S, 10.0 U/uL
ligase, 0.5 U/uL EcoRI, 1.5 U/uL Bsal, 2.0 mM NTP, and 9.0 uM NAD". (e) Time-dependent transit polymerization curves and (f) lifetime
analysis of the repression with different ratios of ST to Mgrn. Other conditions: 10.0 uM M2, 10.0 uM Mrnz, 10.0 U/uL ligase, 0.5 U/uL
EcoRI, 1.5 U/uL Bsal, 2.0 U/uL T7 RNAP, 2.0 mM NTP and 9.0 uM NAD*.

In absence of T7 RNAP, meaning without RNA transcription,
the lifetimes of the DySSs for the red TempN and blue RepN
are very similar at about 5 h and 6 h (Figure 1c1). In the transi-
ent DySS (i.e. at 1 — 2 h), the monomeric band for M+ is hardly
visible, because the majority of M is present as a dynamic di-
mer as first oligomeric species (Or1). When adding 1.0 U/pL T7
RNAP, the RepN lifetime decreases sharply to only 2 h,
whereas the TemN lifetime increases to 7 h. At the same time,
a new band corresponding to Fry appears in AGE after 1.5 h,
which originates from the RNA-induced strand displacement of
Fr1 from Mg;. Concurrently, the unreactive Mgy is formed. By
further increasing [T7 RNAP] to 2.0 U/pL and 3.0 U/, the
TemN lifetimes increase to as long as 24 h, and the RepN life-
times shorten to 1.5 h and 45 min (Figures 1¢3,4 and 1d). Con-
currently, the Fr; band appears earlier and more pronounced,
because the more T7 RNAP, the faster is RNA transcription and
the faster is the formation of Mgn.

It should be noticed that the addition of T7 RNAP, besides
changing the lifetimes, also increases the ligation ratio of TemN
in the DySS because more NAD™ fuel is available for the TemN
due to repression of RepN. This is shown in Figure S1, where
the oligomerization of Mr; proceeds to clearly longer oligomers

after adding 2.0 U/p T7 RNAP. Note that for simplicity, we
only show the monomer/dimer part of the AGE here.

To underscore the general tuneability of the system, the Sup-
porting Information depicts related experiments for different
[NAD™] (Figures 1e, S2), as well as for different [NTP] (Figure
S3). More NAD* increases the lifetimes of both TemN and
RepN and less NTPs weaken the repression due to fewer and
slower RNA production.

Promotion

To achieve the promotion process, we slightly modified the
M structure to My to fit to the newly needed TemN/RepN
combination. The building block in RepN is completely rede-
signed into an unreactive monomer, Mgng, in which the reactive,
self-complementary sticky ends for ligation are shielded by
short complementary strands (brown). Additionally, a signal
transducer, Sr, is present (Figure 2a), that can convert the gen-
erated RNA into an output activating Mgn2 by strand displace-
ment of the short, brown shielding strand. The translated signal
carries a fluorescent dye, so that its transfer into the activated
monomer Mg, and subsequent dimerization in the cyclic ERN
can be visualized. If there is no transcription, only TemN runs



as a fuel-driven ERN (Figure 2bl). If the transcription is
switched on, the Mg, generated by downstream strand displace-
ment of Mgy Vvia the produced RNA enters the cyclic liga-
tion/restriction ERN in RepN. This delayed activation of RepN
concurrently is expected to reduce the lifetime of TemN com-
pared to no transcription conditions due to competition for the
NAD* fuel for the ligase.

We first investigated the effect of [T7 RNAP] on this promo-
tion process (Figures 2c¢,d). In absence of T7 RNAP, the lifetime
of TemN is over 8 h (red channel), and a major single fluores-
cent band is visible in the blue channel corresponding to intact
St (note that some minor unavoidable leakage happens). When
gradually increasing [T7 RNAP] from 1.0 to 3.0 U/pL, the
RepN becomes continuously activated. At 1.0 U/pL the band
corresponding to the activated monomer Mg, clearly forms, but
a dimerization is hardly visible (blue channel; Figure S4). Clear
dimerization occurs for higher [T7 RNAP], which leads to suf-
ficient RNA production for a complete signal conversion from
St to Mg. and ensuing dimerization. The lag times decrease
from 45 min (2.0 U/pL T7 RNAP) to 30 min (3.0 U/pL T7
RNAP), but clearly there are kinetic delays due to the need for
signal translation. Concurrently, the lifetimes of TemN de-
crease from 5 - 2 h, and the lifetimes of the RepN synchronize,
because the same stop time is set when the fuel NAD" in the
solution is used up.

Considering St and Mg to be the key components in this
promotion process, we studied the influence of their ratio (Fig-
ures 2e,f). At the same concentration of M1, and Mgnz (10.0
uM), the lifetimes of TemN decrease from 5 - 3 h when increas-
ing [St] from 10.0 to 40.0 uM (ratio of St to Mgrn2 from 1.0 to
4.0), because more reactive Mg, is produced and RepN con-
sumes more fuels. Also, the lag time shortens from 45 min to
15 min when increasing [St] to 40.0 uM. This is due to the fact
that a higher [St] will accelerate the strand displacement reac-
tion rate and thus gives a faster formation of Mg

Repression-Recovery and Promotion-Stop

As next step, we introduce RNase H, an endoribonuclease
that specifically hydrolyzes RNA phosphodiester bonds in
DNA-RNA hybrids to degrade RNA strands. The addition of
this RNA sink now evolves the system towards a combination
of two kinds of ERNs: one cyclic ligation/restriction ERN run-
ning on NAD" (to steer TemN and RepN), and one non-cyclic
ERN working as an RNA production/degradation scheme run-
ning on NTPs. We hypothesized that this would allow more
elaborate temporal control in the autonomous systems, as for
instance the RNA-induced intermediate Mgn1 (unreactive in
RepN) could be forced to be regenerated to the reactive Mg, to
push the previously stopped RepN back to an active state (Fig-
ure 3a). We call this process “Repression-Recovery”. Experi-
mentally, we added a large amount of NAD* (36.0 uM) to main-
tain TemN operational for long times during the experiments
and to allow a focus on the repressed RepN. [RNase H] was
varied from very low (0.011 U/pL) to moderate (0.039 U/pL)
and high concentrations (0.11 U/pL; Figure 3b). Indeed,
[RNase H] shows a profound influence. Three regimes can be
distinguished. At very low [RNase H] of 0.011 U/pL, the be-
havior is qualitatively similar to systems without RNase H. The
repression works effectively and the intermediately formed Dr.
is effectively suppressed by the upstream RNA production (af-
ter 1 h). The fluorescent Fry band (indicative of efficient RNA-
mediated strand displacement) appears thereafter and exists for
a long time (Figure 3bl). The RNase H cannot provide a fast-

enough digestion of the RNA in Mgn; to allow for reactivation
of the RepN to the Dg, reporter. After 24 h, different from the
repression process, the Fr1 band disappears and Mg, reappears.
This confirms that RNase H digests the RNA bound to Mg,
yet in a too slow manner to be relevant for the transient system.

In presence of moderate [RNase H] of 0.039 U/LL, a repres-
sion-recovery process appears (Figure 3b2). From 15 min to 5
h, the first round of a typical repression process occurs, with the
Dr1 band appearing at 15 min and disappearing at 2 h. The Fgy
band appears at 45 min. However, after 5 h, the Fr; band grad-
ually weakens and the Dg; band reappears, indicating substan-
tial RNA degradation and reengagement of the reformed Mg
into the RepN. At 24 h, no Fgry remains, and only Mg; is left
according to AGE, and the system returns to the initial state.
The appearance of the two states can be explained by the fact
that the RNA is generated quickly to take effect in the RepN,
but then degraded on a system-relevant time scale.

The third situation can be induced upon addition of large
quantities of RNase H of 0.11 U/pL (Figure 3b3). At this point,
the hydrolysis rate of RNA by RNase H is so fast that the RNA-
induced reconfiguration of reactive Mg; into Mgn: does not oc-
cur. There is hardly any band for Fgr: visible, which is the
strongest proof of a speedy recovery of Mg; from Mgni. Note
that RNase H is selective to RNA degradation on DNA. Conse-
quently, RepN runs similarly as TemN until the fuel has run out.
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ligase, 0.67 U/uL EcoRI, 0.89 U/uL Bsal, 2.0 U/uL T7 RNAP, 2.0
mM NTP, and 36.0 uM NAD".

At last, we introduce the RNase H into the promotion process
that works based on the signal transducer St to recode the RNA
information for more elaborate control over the signal transduc-
ing events. Figure 4a displays that the addition of the RNase H
can recover the intermediate S, to St. Indeed upon increasing
[RNAse H] from 0.011 U/, 0.028 U/ to 0.05 U/, the lag
times in RepN increase from 30 min to infinity, as more St re-
mains present in the solution. Since high RNase H concentra-
tions suppress efficient downstream activity of the produced
RNA strand into the RepN, the TemN shows a longer lifetime
from4 hto5hand 6 h, because less Mg is generated and more
NAD" fuel is available to TemN (Figure 4b).
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Conclusion

In summary, we introduced versatile strategies for the cross-
regulation of two out-of-equilibrium ERNSs yielding four differ-
ent types of behavior (repression, promotion, repression-recov-
ery, and promotion-stop) by on-demand integration of RNA
transcription and degradation machinery. The communication
occurs by conditional information exchange or RNA and RNA-
mediated strand displacement reactions. The fuel-driven for-
mation of T7 promoter sequence in TemN is a key factor to

initiate the cross-talk, as otherwise two independent ERN-based
DySSs occur. The T7 RNAP concentration governs the RNA
transcription rate and thereby the strength of communication,
which effectively controls the lifecycles of both concatenated
TemN and RepN. A secondary cross-regulation occurs, because
the NAD" fuel, originally shared equally between TemN and
RepN, becomes unequally shared. This influences the lifetimes
and the fractional degrees of ligation in TemN and RepN. Add-
ing a sink for the RNA messenger via RNase H allows to reach
additional behavioral modes. In future, it will be important to
develop full kinetic models allowing for a predictive behavior,?
but at this point too many of the kinetic parameters, in particular
on the NAD*-driven ERNSs, are still unknown and require sub-
stantial efforts to be obtained.

In a wider perspective of systems chemistry, this work adds
another layer of complexity compared to typically operated in-
dividual cyclic reaction networks!®43 which are important for
the design of autonomous systems and more intelligent materi-
als. Even though biological machinery and enzymes are robust
tools for the implementation of such a communication and
cross-regulation behavior, we believe that the guidelines pro-
vided here are also relevant to improve fully man-made regula-
tory networks in supramolecular chemistry, or even classic pol-
ymer chemistry.
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