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program a delayed onset of toehold-mediated DNA strand Enzyme § /v \:Waste Input e
displacement reactions (SDRs). The approach is based on blocker ‘ ‘ —_— g AT
strands that efficiently inhibit the strand displacement by binding to  teenoid ~ _\/_ N— 3| |delay

the toehold domain of the target DNA. Specific enzymatic 9" Eiﬁg; <5 m

degradation of the blocker strand subsequently enables SDR. The Blocker Time (h)

kinetics of the blocker enzymatic degradation thus controls the

time at which the SDR starts. By varying the concentration of the blocker strand and the concentration of the enzyme, we show that
we can finely tune and modulate the delayed onset of SDR. Additionally, we show that the strategy is versatile and can be
orthogonally controlled by different enzymes each specifically targeting a different blocker strand. We designed and established three
different delayed SDRs using RNase H and two DNA repair enzymes (formamidopyrimidine DNA glycosylase and uracil-DNA
glycosylase) and corresponding blockers. The achieved temporal delay can be programed with high flexibility without undesired leak
and can be conveniently predicted using kinetic modeling. Finally, we show three possible applications of the delayed SDRs to
temporally control the ligand release from a DNA nanodevice, the inhibition of a target protein by a DNA aptamer, and the output
signal generated by a DNA logic circuit.

B INTRODUCTION

Predictable base-pairing, low-cost production, and chemical
versatility make synthetic DNA an optimal material to build
nanoscale objects and devices that can find applications in
fields like sensing, drug delivery, and therapeutics.'™* The

dependent behavior that in parallel can modulate the
functionality and/or assembly of DNA downstream sys-
tems.*? ™%

When controlling the time dependence of reaction systems,

an important function are tunable delays of individual

majority of these systems rely on simple programmable
reactions between synthetic DNA strands that allow us to
create well-defined static and dynamic two-dimensional or
three-dimensional structures.””’ Several strategies have been
proposed to date to make such DNA-based systems responsive
to different molecular and environmental inputs that include
proteins, small molecules, pH, and temperature.””"> Spatial
reconfigurations and precise input-induced conformational
changes have also been demonstrated to control the
functionality of the DNA-based systems."*~'” Beyond this,
significant efforts have been devoted to establish reaction
networks that can carry out signal processing and dynamic
signal generation in analogy to biological systems.'®™** Living
systems and cellular pathways are not only precisely controlled
by environmental and molecular cues but are also temporally
programed using elaborate positive and negative feedback
mechanisms that typically operate through out-of-equilibrium,
dissipative, or delayed reactions.”*>® Inspired by this, several
DNA-based reaction systems have been reported to date
whose dynamics can be controlled in a programmable way, for
example, by altering the energy landscapes of the process,”” ~*°
by implementing negative/positive feedback loops,”"** and by
employing dissipative reaction steps.”” ~® This allowed us to
set up synthetic reaction networks with a complex time-
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reactions, for example, when establishing feedback loops.
Some attempts have been made to obtain the DNA-based
reactions with tunable delays. Examples include the design of
DNA-based circuits that sequentially release different DNA
sequences from sequestered complexes to achieve a sustained
release of a DNA strand with a tunable delay."”*® Self-
amplification systems have also been exploited to introduce
delays in DNA-based reactions, though leak reactions limit the
temporal modulation in this case.”” Finally, ATP-dependent
enzymatic reaction networks were also programed to
temporally control the assembly of DNA-based polymers and
structures.’*’

Though the above examples clearly demonstrate the utility
of temporal delays within DNA-based reaction systems, a tight
and independent orchestration of a series of reaction events
within reaction networks would require simpler and more
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robust molecular timers that could operate in parallel. Here, we
tackle this problem and report an enzyme-based strategy to
temporally control DNA-based reactions. Core of our
approach is the control of the onset of toehold-mediated (or
toehold-exchange) DNA strand displacement reactions
(SDRs). This type of reaction, in which an input strand
displaces an output strand that is hybridized to a
complementary target strand, is widely employed in the field
of DNA nanotechnology and has been used to precisely
control the assembly/disassembly of DNA structures and the
operation of DNA-based devices.'*'*'™*° SDR is promoted
by the binding of the input strand to a single-stranded toehold
domain on the target duplex.”* In a typical SDR, rapid output
displacement starts directly after input addition. To establish a
tunable delay, we propose here the use of blocker strands that
hybridize to the toehold region of the target duplex and can be
enzymatically degraded over time. Thus, while initially input
strand binding and strand displacement is inhibited due to the
presence of the blocker, it is subsequently enabled after a delay
that is determined by the kinetics of the blocker degradation
reaction (Figure 1). The delayed onset of the strand
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Figure 1. (a) Scheme of the enzyme-driven delay for SDRs. A blocker
strand (orange) bound to the toehold region (light blue) of the DNA
target strand initially inhibits input binding and displacement of the
output strand. Specific degradation of the blocker by an enzyme
during the course of the reaction frees the toehold and allows SDR
after a delay. (b) The delay time at which the reaction starts can be
tuned by modulating the kinetics of blocker degradation using
different concentrations of enzyme or blocker.

displacement can be easily tuned over a large time period by
varying the concentrations of the blocker strand or the enzyme.
Moreover, we identify different enzyme-blocker couples to
design fully orthogonal systems in which multiple SDRs can be
delayed in parallel.

B RESULTS AND DISCUSSION

As a first attempt to establish a tunable delay for DNA SDR
based on enzymatic degradation of a toehold blocker, we
employed an RNA strand as the blocker and the
endoribonuclease RNase H as the corresponding blocker-
degrading enzyme. RNase H is active only within DNA/RNA
heteroduplexes; that is, blocker strands are specifically
degraded when bound to the toehold.”” The DNA target
duplex displays a 20-bp double-stranded region and a single-
stranded overhang of 20 nucleotides that serves as the binding
domain for the RNA-blocker strand and as the toehold domain
(only the first S nucleotides) for the input strand (Figure 2a).
The target duplex is labeled with a fluorophore/quencher pair
so that the strand displacement can be easily monitored in real
time by the increasing fluorescence signal from the displaced
output (Figure 2a). The reactions were carried out at a fixed
concentration of target duplex (50 nM) and input (50 nM). In
the absence of the RNA-blocker strand, the displacement
reaction proceeds rapidly upon the addition of the input strand
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Figure 2. Delayed SDR using an RNA-blocker and RNase H. (a)
Scheme of the reaction. RNA-blocked toeholds can be liberated by
enzymatic blocker degradation and re-blocked. Only after blocker
consumption, SDR is activated. (b) Time-course experiments of
delayed SDR (red trace) and control experiments (without a blocker
strand, gray trace; without RNase H, black trace; with a DNA blocker,
orange trace). (c) Time-course experiments of SDR in the presence of
the RNA blocker (150 nM) after the addition of different
concentrations of RNase H (from 30 to 0.1 U/mL). (d) Reaction
half-life as a function of the RNase H concentration. (e) Time-course
experiments of SDR in the presence of RNase H (0.3 U/mL) and
varying concentrations of the RNA blocker (from 0.05 to 1 uM). (f)
Reaction half-life as a function of the RNA-blocker concentration. In
(c—f), experimental values (dots) are shown together with fits (c,e)
and prediction (d,f) from a parameterized kinetic model (solid lines)
described in section 2b of Supporting Information. Shown experi-
ments were performed in Tris HCl 20 mM, MgCl, 10 mM,
ethylenediaminetetraacetic acid (EDTA) 1 mM, pH 8.0 at T = 30 °C,
using SO nM target duplex and 50 nM input strand. In (b), the RNA
(or DNA) blocker strand concentration was 150 nM.

with a reaction half-life (t,,,) (i.e, time required to achieve
50% strand displacement) of 3.0 + 0.7 min (Figure 2b, gray
trace). In contrast, in the presence of the blocker, we observe a
complete inhibition of the SDR that, even after 18 h, does not
show any significant leakage (Figures 2b and S1b, black trace).
This demonstrates that the blocker efficiently prevents the
input from binding and inducing SDR. When adding RNase H
to the reaction mixture, the blocking is relieved after a certain
delay (Figure 2b, red trace). As a further control experiment,
we have employed a DNA blocker that, even in the presence of
RNase H, does not allow the SD reaction to occur (Figure 2b,
orange trace). The effective delay of SDR achieved with RNase
H and the RNA-blocker strand would depend on the blocker
degradation rate. For example, delay modulation could be
achieved at a fixed concentration of the RNA-blocker and
varying the RNase H concentration. To test this idea, we
carried out displacement reactions using a fixed concentration
of the target duplex, input strand, and RNA-blocker and
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Figure 3. Delayed SDR using Fpg and UDG enzymes. (a) Scheme showing temporal control of SDR using the enzyme Fpg and a blocker strand
containing a modified G base in its center. (b) Time-course experiments in the presence of the G™-blocker (150 nM) after the addition of
different concentrations of Fpg. (c) Half-life values vs Fpg concentrations at a fixed concentration of the G™-blocker strand (150 nM). (d) Half-
life values vs G™-blocker concentrations at a fixed concentration of Fpg (8.0 U/mL). (e) Scheme showing temporal control of SDR using the
enzyme UDG and a blocker strand containing uracil bases. (f) Time-course experiments in the presence of the uracil-blocker (150 nM) after the
addition of different concentrations of UDG. (g) Half-life values vs UDG concentrations at a fixed concentration of the uracil-blocker strand (150
nM). (h) Half-life values vs uracil blocker concentrations at a fixed concentration of UDG (0.05 U/mL). In (b—d) and (f—h), experimental values
(dots) are shown together with fits (b,f) and prediction (c,d,gh) from a parameterized kinetic model (solid lines) described in section 2e,f of
Supporting Information. Experiments were performed in Tris HCl 20 mM, MgCl, 10 mM, EDTA 1 mM, pH 8.0 at T = 30 °C. [Target duplex] =

50 nM, [input strand] = 50 nM.

varying concentrations of RNase H (Figure 2c). In agreement
with our expectation, the delay increases strongly upon
decreasing enzyme concentration: observed t,,, values vary
from 0.11 + 0.01 to 14 + 2 h when changing the RNase H
concentration from 30 to 0.1 U/mL (Figure 2d). In a similar
way, the delay of the reaction can also be efficiently modulated
by varying the concentration of the RNA-blocker at a fixed
concentration of enzyme. By doing so, we were able to
modulate ¢/, values from 0.64 + 0.02 to 12.0 = 0.2 h by
varying the concentration of the blocker from 0.05 to 1.0 M,
respectively (Figure 2ef). The delayed SDR was also
confirmed by native polyacrylamide gel electrophoresis
(PAGE) experiments and fluorescence emission spectra
(Supporting Information, Figures S2 and S3).

To Dbetter understand the accomplished delayed strand
displacement, we modeled the observed kinetics using a
minimalistic reaction pathway. Essentially, blocked toeholds
can be liberated by enzymatic blocker degradation and either
re-blocked as long as blocker strands are not consumed or used
for downstream irreversible SDRs by the input strand (Figures
S4 and SS, see Supporting Information Section 2a,b for more
details on the model). Modeling the experimental data
provides a very good agreement with our kinetic model over
the entire range of the blocker and enzyme concentrations
tested (Figure 2c—f, solid lines). This supports our mechanistic
understanding of the accomplished delays and demonstrates
that the undesired leak reaction pathways play a minor role in
the observed kinetics. Furthermore, it provides the essential
rate constants of the reaction sub-steps (see Supporting
Information, Section 2d).

To allow a programmable orchestration of reaction events,
we next set out to develop alternative systems that allow for
tunable delays using different enzymes and toehold blockers. In
one system, we employed for blocker degradation the DNA
repair enzyme formamidopyrimidine DNA glycosylase (Fpg).
This enzyme cleaves DNA strands containing the modified

base 8-ox0-7,8 dihydroguanine (G*°) creating a 1 nt DNA gap
within the phosphate backbone.”® As the blocker strand, we
thus designed a 16 nt DNA strand containing a single G*** in
its center. Upon enzymatic cleavage, two short fragments (8
and 7 nucleotides) are obtained that would spontaneously
dissociate from the target duplex and either enable re-blocking
by a new blocker or the initiation of SDR by the input strand
(Figure 3a). As for the previous system, first we demonstrate
that the G™-blocker strand is able to completely inhibit SDR
(Figure S6b, black trace). Only after the addition of Fpg, SDR
is unlocked due to the degradation of the G™°-blocker strand
that liberates the toehold domain (Figure S6b, light blue
trace). Also in this case, a control experiment using a DNA
blocker strand (without modified bases) demonstrates the
specificity of the blocker degradation reaction (Figure S6b,
orange trace). Native PAGE electrophoresis experiments
(Figure S7) and emission spectra (Figure S8) support the
above results.

Also with this system, we were able to obtain delayed
sigmoidal curves in the presence of the blocker strand and Fpg
(Figure 3b) similar to the ones previously obtained with the
RNA/RNase H system. To tune the delay of reactions, we thus
carried out SDRs at different concentrations of the G*°-
blocker and Fpg enzyme. For example, when fixing the
concentration of the blocker strand to 150 nM, t,,, increases
from 0.11 + 0.02 to 2.3 + 0.7 h by decreasing the Fpg
concentration from 50.0 to 2.0 U/mL, respectively (Figures
3b,c and S6¢). Similarly, when increasing the concentration of
the blocker strand from 0.05 to 0.50 uM at a fixed
concentration of Fpg (8 U/mL), t,, increases from 0.070 +
0.005 h to 44 + 0.3 h, respectively (Figures 3d and S6d).
Using a slightly adapted reaction scheme (see Supporting
Information, Section 2e), we are also in this case able to
accurately describe the obtained reaction kinetics for the
different conditions (Figure 3b—d, solid lines) and to derive
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the essential rate constants of the reaction sub-steps (see
Supporting Information, Section 2e).

As a third possibility to set up tunable delays, we employed
uracil-DNA glycosylase (UDG), a base-excision repair enzyme
that hydrolyzes deoxyuridine mutations from ssDNA or
dsDNA strands, leading to the formation of abasic sites.’” In
this case, we used a DNA blocker strand containing 4
deoxyuridine mutations (uracil-blocker, green, Figure 3e).
Upon formation of apurinic sites in the blocker strand by
UDG, the blocker-target duplex becomes destabilized, enabling
the spontaneous dissociation of the blocker strand and the
activation of the downstream SDR. Also with this system, we
first performed control experiments to demonstrate that in the
absence of UDG, the uracil-blocker strand is able to inhibit
SDR (Figure S9b, black trace). The reaction is unlocked, with
a certain delay, only after the addition of UDG (Figure S9b,
light green trace). Native PAGE electrophoresis experiments
(Figure S10) and emission spectra (Figure S11) support the
above results.

Also with this other system, we are able to precisely control
the observed delays with t,/, increasing from 0.61 + 0.01 to
11.7 + 0.2 h when decreasing the concentration of UDG from
1.0 to 0.03 U/mL while using a fixed concentration of the
uracil-blocker (Figures 3f,g and S9c). Similarly, by increasing
the concentration of the uracil-blocker from 0.05 to 3.0 uM (at
a fixed concentration of UDG), we can modulate ¢, from 5.0
+ 1.0 to 16.2 + 0.6 h, respectively (Figures 3h and S9d). Using
a slightly adapted reaction scheme (see Supporting Informa-
tion, Section 2f), we are also in this case able to accurately
describe the obtained reaction kinetics for the different
conditions (Figure 3f—h, solid lines) and also to derive the
essential rate constants of the reaction sub-steps (see
Supporting Information, Section 2f).

By combining the high programmability and selectivity of
nucleic acid interaction with the specificity of enzymes, our
approach allows us to temporally control multiple SDRs in the
same solution. To demonstrate this, we performed time-course
fluorescent experiments using the above three established
enzyme systems in a one-pot reaction employing different
combinations of blocker-enzyme concentrations for each
system (Figure 4a). This allowed us to modulate the order
of the onsets of the different displacement reactions in a
programmable fashion. Of note, each system employs a
different target duplex (each labeled with a specific
fluorophore/quencher pair), a specific input strand, and a
unique blocker-enzyme couple (Figure S12). As an example,
we report three different experiments in which the three
systems become independently activated at different times
(Figure 4b). Further combinations were established by varying
the concentration of either the blocker strand or enzyme of
each system (Figure S13).

We next tested whether our strategy can be readily applied
to obtain tunable delays of downstream systems such as a
DNA-based nanodevice. We first employed a DNA-based
ligand-binding device®'"*" that recognizes a specific 9 nt DNA
sequence (ligand) through Watson—Crick and Hoogsteen
interactions forming a stem-loop triplex structure. The binding
of a DNA strand to the loop domain of this triplex structure
causes a conformational change that induces the opening of
the complex leading to the release of the DNA ligand from the
device (Figure Sa). The activity of this DNA-based nanodevice
is monitored by labeling the ligand strand with a fluorophore/
quencher pair at the two ends. Upon ligand release, the

a)
#1—(3‘"—"_.

Fpg RNase H UDG

B G
\ . -

#2

P 4 = e Lyt

Pawmmms S S et I e

Target duplex Input Waste Output

b) Systems  #1 #2 #3 #3 #1 #2 #3 #1 #2

t,,(min) 37,0 67,0 1130 440 90,0 178,0 36,0 800 830
Enzzmes Enzxmes Enzilmes

50 50 50

Outputs (nM)
N
0
Outputs (nM)
N
(92}
Outputs (nM)
N
0

o
o
o

10 100 10
Time (min)

10

100
Time (min)

100
Time (min)

Figure 4. Orthogonal temporal control of SDRs. (a) Scheme showing
the three orthogonal systems each controlled by a different enzyme/
blocker couple and each labeled with a different fluorophore/
quencher pair for orthogonal temporal control in the same solution.
(b) Three examples of time-course experiments performed in one
solution. Varying the enzyme concentrations shifts the order of
activation of the three systems. Experiments were performed in Tris
HCI 20 mM, MgCl, 10 mM, EDTA 1 mM, pH 8 at T = 30 °C.
[Target duplex] = 50 nM, [RNA-blocker] = 150 nM, [uracil-blocker]
= 150 nM, [G*°-blocker] = 250 nM, [input strand] = 50 nM (for
each system). The following concentrations of enzymes were
employed in the time-course experiments shown in panel b: left:
Fpg 10.0 U/mL, RNase H 0.7 U/mL, UDG 0.05 U/mL; middle: Fpg
8.0 U/mL, RNase H 0.3 U/mL, UDG 0.3 U/mL; right: Fpg 8.0 U/
mL, RNase H 0.5 U/mL, UDG 0.3 U/mL.

distance between the two dyes decreases, leading to an
observable decrease of the fluorescent signal. To achieve a
tunable delay of ligand release, we designed a SDR in which
the output strand is complementary to the loop domain of the
device and can trigger the downstream ligand release from the
nanodevice. The onset time of SDR can be programed using a
uracil-blocker and UDG enzyme. We performed time-course
fluorescent experiments in a solution containing an equimolar
concentration (50 nM) of the ligand/device complex and
target duplex and followed ligand release upon the addition of
the input strand (50 nM). In the absence of the blocker strand
and enzyme, as expected, we observe a rapid ligand release
(signal decrease) with a t;,, of 0.60 + 0.01 h (Figure Sb,
orange curve). When the same experiment is carried out in the
presence of the blocker strand (150 nM), no ligand release is
observed even after 8 h (Figure Sb, gray curve).

In the presence of the blocker and enzyme, a delayed ligand
release is observed that can be tuned with by the reactant
concentrations. At a fixed concentration of UDG, t,,, values of
the ligand release increase from 0.91 + 0.06 to 3.90 + 0.60 h
when increasing the concentration of the uracil-blocker from
0.05 to 1.0 uM (Figure Sb,c). Similarly, upon decreasing the
concentration of UDG from 5 to 0.1 U/mL at a fixed
concentration of the uracil-blocker, the t,,, values increase
from 0.74 + 0.01 to 5.6 + 0.4 h, respectively (Figure Sd,e). To
gain a deeper understanding of the observed kinetics, we
modeled them by employing an extended reaction scheme for
the UDG system by an additional ligand release step, used also
to obtain the essential rate constants of the reaction sub-steps
(see Supporting Information, Section 2g). Again, the model
reproduces the experimental data with high accuracy (solid
lines Figure Sb—e). Particularly, it describes the sigmoidal
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Figure S. Temporally controlled ligand release from a DNA device.
(a) Scheme of coupling delayed strand displacement to a DNA-based
device that binds a 9 nt ligand DNA sequence by forming a triplex
structure. The output strand of the delayed SDR binds the loop
domain of the triplex structure and induces the ligand release.
Tunable delays of SDR and thus of the downstream ligand release can
be obtained in the presence of the blocker strand and its degrading
enzyme UDG. (b) Time-course experiments using different
concentrations of the uracil-blocker at a fixed concentration of
UDG (1.0 U/mL). (c) Half-life values of ligand release obtained at
different uracil-blocker concentrations. (d) Time-course experiments
using different concentrations of UDG at a fixed concentration of the
uracil-blocker (150 nM). (e) Halflife values of ligand release
obtained at different UDG concentrations. In (b—e), experimental
values (dots) are shown together with fits (b,d) and prediction (c,e)
from a parameterized kinetic model (solid lines) described in Section
2g of Supporting Information. Experiments were performed in Tris
HCI 10 mM, MgCl, 3 mM, pH 6 at T = 25 °C. [Target duplex] = S0
nM, [uracil-blocker] = 150 nM, [ligand] = 50 nM, [input strand] = S0
nM, [ligand-binding device] = SO nM.

appearance of the curves indicating the successful establish-
ment of the delay.

As an additional application, we explored whether the
delayed strand displacement can be used to control and
regulate the activity of a protein over time. We employed
thrombin, a key enzyme involved in the blood coagulation
cascade. The proteolytic cleavage activity of thrombin and the
resulting transformation of soluble fibrinogen into insoluble
fibrin can be specifically inhibited by a thrombin-binding
aptamer (TBA), a single-stranded G-quadruplex-forming 15-
mer DNA, that binds the thrombin fibrinogen-interacting
site.’’ To achieve temporal control over the activity of
thrombin, we designed a RNase H-delayed SDR that releases
as the output strand the TBA such that it would inhibit
thrombin upon its release (Figure 6a). To follow the activity of
thrombin in real time, we performed a light scattering assay in
which the thrombin proteolytic conversion of fibrinogen to
fibrin can be followed by the increase in light scattering. Only
when adding the DNA input strand, which releases the
aptamer by strand displacement, thrombin becomes success-
fully inhibited. This process is extremely rapid and, as a
consequence, we observe complete inhibition of the thrombin
activity within 10 min (Figure 6b, black curve). Conversely,
when adding the RNA blocker (150 nM) to this reaction, no
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blocker .. Aptamer (TBA) | I
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Figure 6. Temporal control of thrombin activity. (a) Scheme showing
temporal control of thrombin activity regulated by an upstream
delayed SDR mediated by RNase H. The output strand of this
reaction is the G-quadruplex TBA that inhibits thrombin activity
(dashed box). (b) Percentage of active thrombin VS time (from the
addition of RNase H in solution) for different concentrations of
RNase H. (c) Percentage of active thrombin after 3 h vs RNase H
concentration. Experiments were performed in Tris HCl 20 mM,
MgCl, 10 mM, EDTA 1 mM, 150 mM NaCl, pH 8.0 at T = 25 °C.
[Target duplex] = S0 nM, [RNA-blocker] = 150 nM, [thrombin] =
0.5 nM, [fibrinogen] = 1 mg/mL.

aptamer release is induced and no thrombin inhibition is
obtained even after 7 h (Figure 6b, orange curve). By
supplementing the reaction with different concentrations of
RNase H, we can temporally control the thrombin activity. For
example, by doing this, we show that the % of active thrombin
after 3 h from the start of the reaction varies from 64.0 to 2.0%
by varying the concentration of RNase H from 0.5 to 5.0 U/
mL (Figure 6c).

As a third and final application, we demonstrate a DNA logic
circuit, in which the delay of two different output strands, after
addition of a single input strand, can be controlled
independently using different blocker-degradation conditions
(Figure 7a). To this end, we rationally designed two target
duplexes that share the same toehold domain (yellow domains,
Figure 7a) but have two different duplex sequences labeled
with two orthogonal fluorophores. Further, we designed an
input strand that contains a toehold-binding domain in the
middle and is flanked by two invading domains (each specific
for a different target duplex) (see Figure 7a). The toehold of
each target duplex can be blocked by a different blocker strand
(here, we employed an RNA-blocker and a uracil-blocker
strand), such that the delay of strand displacement for the two
systems can be controlled independently by two different
enzymes (RNase H and UDG). Notably, the two output
sequences can be freely chosen, such that they can interact
with different downstream reaction pathways. To demonstrate
that such logic circuit is behaving as desired, we performed
time-course experiments using a fixed concentration of the
input strand (100 nM) and of the two target duplexes (150
nM) and varying the concentration of the two enzymes
(RNase H: 10.0; 1.0; 0.3 U/mL and UDG: 1.0; 0.1; 0.05 U/
mL) (Figure 7b shows an example). We have set a threshold
value at a signal corresponding to 50% of the maximum signal
and provided the final result at three representative times (1.5,
3, and S h) (Figure 7c). The resulting 2-dimensional decision
matrix allows us to evaluate at which point in time the
particular reaction pathway is unlocked. As can be seen, our
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Figure 7. Enzyme-mediated temporal control of a DNA logic circuit.
(a) Scheme of the logic circuit. (b) Example of a time-course
experiment at the indicated concentrations of RNase H and UDG. (c)
Two-dimensional decision matrix obtained at three representative
times using different concentrations of RNase H and UDG.
Experiments were performed in Tris HCl 20 mM, MgCl, 10 mM,
EDTA 1 mM, pH 8 at T = 30 °C. [Target duplexes] = 50 nM, [RNA-
blocker] = 150 nM, [uracil-blocker] = 150 nM and at the indicated
concentrations of RNase H and UDG.

approach allows us to finely modulate the temporal onset of
the two output signals in our logic circuit over multiple hours.

B CONCLUSIONS

Here, we developed a simple and robust strategy to establish
molecular “timers” to determine the onset of toehold-mediated
DNA SDRs. The essential components of our approach are
blocker strands that protect the toehold domains. The toeholds
become accessible only after a delay during which the blocker
strands are enzymatically degraded such that programmable
delays for strand displacement are obtained. Using three
different enzymes (RNase H, Fpg, and UDG) acting on target-
specific blocker strands, we established three different systems
that can be operated in parallel in a fully orthogonal manner,
that is, with an independent temporal control. Importantly, the
output generation of our molecular “timers” can be
conveniently coupled to different types of downstream
reactions. More specifically, we demonstrated here three
possible applications: (1) temporal control of ligand release
from a DNA nanodevice, (2) protein inhibition by a DNA
aptamer at programmable prespecified times, and (3) a DNA
logic circuit in which temporal control of two independent
outputs from a single input can be achieved. Of note, the
delayed SDRs can be conveniently described by simple kinetic
modeling that also allows us to predict the delay from the
experimental conditions employed (concentration of the
enzyme and blocker strand, temperature, etc.).

Regulating the timing of molecular events in DNA-based
circuits is an important topic since it provides a basis for
complex cascaded reaction networks that are capable of signal
generation and processing. So far, the establishment of reaction
networks concentrated predominantly on establishing the
circuits based on Boolean logic as well as dynamic oscillators
or dissipative transient responses.%’M"ﬁ2’63 A significant
fraction of these systems relies furthermore on amplification
steps that are inherently leaky such that their applicability over
a range of different time scales remains rather limited.

Establishment of precise and versatile timers has therefore
remained a challenge. Very recently, an elegant strategy was
developed to establish a programed sequential output
generation in cascaded SDRs.” The usage of multiple
sequential and clocked steps allowed a rather precise time
shift of the output signal being close to a sigmoidal shape.
Through avoiding signal amplification, the employed reaction
scheme became quite complex and the output concentration
decreased with each additional step.

In contrast, our approach employs only a simple blocker
degradation reaction as an additional step in the conventional
strand displacement process. Employing multi-turnovers of
blocker strand degradation before the actual strand displace-
ment allows us to conveniently shift the output signal in time
and to generate a sigmoidal reaction kinetics. The obtained lag
times can be freely tuned by simply varying the blocker
concentration and the enzymatic degradation rate.

The simplicity of the strategy was key for the establishment
of three different systems that can be operated in parallel as
well as for the coupling to downstream reactions. Given the full
orthogonality of the systems, it should be possible to
sequentially cascade these systems to further sharpen the
onsets/abruptness of the final output generation and extend
the range of possible delays. Given that the blocker strands
bind sequence-specifically to their toeholds, orthogonal timers
could even be established using just a single enzyme. Given
such a high degree of modularity, this will allow us to design a
large variety of different orthogonal reactions that can work in
the same solution without any significant cross-reactivity.
Implementing our approach in DNA-based reaction networks
and other temporally controlled logic circuits’* can find
applications in the programmable hierarchical assembly of
different DNA structures in the same batch and in the
temporal control of drug-release and therapeutic DNA
nanodevices.

B EXPERIMENTAL SECTION

Chemicals. All reagent-grade chemicals, including DEPC-treated
water, MgCl,, trizma hydrochloride, EDTA, NaCl, and 1,4-
dithiothreitol (DTT), were purchased from Sigma-Aldrich (Italy)
and used without further purifications. Bovine serum albumin was
purchased from New England Biolabs (Beverly, MA, USA).

Enzymes. UDG, Fpg, and RNase H recombinant were purchased
from New England Biolabs (Beverly, MA, USA). Before use, RNase H
was previously activated by incubation for 1 h at 37 °C in 50 mM
Tris—HCI, 50 mM KCl, 3 mM MgCl, in the presence of 50 mM DTT
at pH 8.0. Human a-thrombin was purchased from Haematologic
Technologies (USA). Fibrinogen from human plasma was provided
by Merck (Germany).

Oligonucleotides. Oligonucleotides employed in this work were
synthesized, labeled, and HPLC-purified by Metabion International
AG (Planegg, Germany) and used without further purification. The
DNA oligonucleotides were dissolved in phosphate buffer S0 mM, pH
7.0, and stored at —20 °C until use. The RNA oligonucleotides were
dissolved in DEPC-treated water and stored at —20 °C until use. All
the sequences of the different systems are reported in the Supporting
Information document.

Fluorescence Experiments. Fluorescence kinetic measurements
were carried out on a Tecan F200pro plate reader using the top
reading mode with black, flat bottom nonbinding 96-well plates and a
100 L final volume. The concentrations employed and buffer
conditions are reported in the legend of each figure. Detailed
procedures employed in the different experiments are reported in the
Supporting Information document.
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