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ABSTRACT (olocalization can strongly alter the kinetics and efficiency of
chemical processes. For instance, in DNA-templated synthesis unfavorable reactions
are sped up by placing reactants into close proximity onto a DNA scaffold. In
biochemistry, clustering of enzymes has been demonstrated to enhance the reaction
flux through some enzymatic cascades. Here we investigate the effect of colocaliza-
tion on the performance of DNA strand displacement (DSD) reactions, an important
class of reactions utilized in dynamic DNA nanotechnology. We study colocalization

\ h loss )
[ R e N [
= = . R

by immobilizing a two-stage DSD reaction cascade comprised of a “sender” and a “receiver” gate onto a DNA origami platform. The addition of a DNA (or RNA)

input strand displaces a signal strand from the sender gate, which can then transfer to the receiver gate. The performance of the cascade is found to vary

strongly with the distance between the gates. A cascade with an intermediate gate distance of <220 nm exhibits faster kinetics than those with larger

distances, whereas a cascade with smaller distance is corrupted by excessive intraorigami leak reactions. The 20 nm cascade is found to be considerably more

robust with respect to a competing reaction, and implementation of multiple receiver gates further increases this robustness. Our results indicate that for the

20 nm distance a fraction of signal strands is transferred locally to a receiver gate on the same platform, probably involving direct physical contact between the

gates. The performance of the cascade is consistent with a simple model that takes “local” and “global” transfer processes into account.
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NA strand displacement (DSD) reac-

tions are basic operations of dy-

namic DNA nanotechnology.! They
typically involve three DNA strands—an in-
put strand, an output strand, and a “gate”
strand. Input and output strands are both
partially complementary to the gate strand,
but may be extended by additional se-
quences with other function. Initially, out-
put and gate strands are hybridized to each
other within gate complexes. Upon addi-
tion of a DNA input to a gate complex, the
output strand is displaced from the gate
strand in a branch migration process.
Branch migration can be sped up consider-
ably by utilization of “toehold” sequences,
which are short single-stranded exten-
sions of the gate complex at which an input
strand can attach and initiate strand inva-
sion.2 The kinetics of DSD processes have
been studied extensively both in experi-
ment® and theory.* DSD reactions can be
rationally “wired up” into circuits via se-
quence-addressable toeholds. The modular
nature of the DSD components allows for-
mal abstraction and has even resulted in the
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development of a high level molecular pro-
gramming language for DSD circuits.”

DSD reactions have been previously used
to drive a large variety of DNA-based nano-
mechanical devices through their operation
cycles,® but they have also been utilized for
DNA-based computation. For instance, DSD
reactions have been used as the basis for
molecular logic gates and circuits,”® for the
realization of catalytic and autocatalytic re-
action networks,”'® and even for the de-
monstration of molecular neural network
computation."' One particularly promising
application for computational DNA-based
reaction cascades is the realization of
autonomous biosensing devices that pro-
cess biological information in situ, e.g.,
the analysis of disease-related microRNA
(miRNA) patterns.”'%'3

Colocalization of DSD circuit components
on supramolecular scaffolds is expected
to be beneficial for their performance for a
variety of reasons, which have been pre-
viously discussed in several theoretical
studies."'® Colocalization can increase
the “local concentration” of reactants and
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Figure 1. Schematic illustration of the immobilized DNA strand displacement cascade. (A) A rectangular single-layered DNA
origami platform (dimensions ~ 90 nm x 65 nm) is used to define the positions of the components of the DSD cascade. A DNA
sender gate 1 is hybridized to an extended staple position at the position indicated in red. Extended staples for receiver gates
(depicted in blue) can be placed at various distances from the sender as indicated. Inset: 3D perspective of the platform. (B)
DNA strands and domains involved in the DSD cascade shown in its initial state. Sender gate 1 is hybridized to a staple
extension with sequence domain u, receiver gate 2 is hybridized to a staple extension v at a distance Ax from the sender. The
sequence domain lengths are a: 7 nt, b: 15 nt, c: 16 nt, d: 5 nt, u, v: 16 nt. For fluorescent readout, gate 1 and gate 2 are labeled
with fluorophores F1 and F2, while signal and output strands carry fluorescence quenchers Q1 and Q2. (C) Progress of the
reaction cascade. Addition of input strand | triggers the release of an intermediate signal strand S, which in turn displaces the
“output” strand O. Release of S is accompanied by a fluorescence increase of F1, while release of O leads to an increase in

fluorescence of F2.

thus speed up bimolecular reactions. Reduction of the
loss of reaction intermediates by diffusion can increase
the robustness of reactions with respect to external
disturbances, and reduced crosstalk between spatially
separated processes enables the reuse of identical
circuit components and modules within a single sys-
tem. In fact, similar roles for colocalization have been
attributed to supramolecular assemblies in cellular
biochemistry such as multienzyme complexes,'” or
signaling components such as G protein coupled
receptors and scaffolded phosphorylation cascades.
Colocalization of reactants on DNA supports has al-
ready been utilized in the context of DNA-templated
synthesis,'®'? and also for the realization of artificial
enzyme cascades.”*™%*

As a model system we here study a simple two-stage
DSD cascade, whose components are immobilized
onto a DNA origami substrate (Figure 1A,B, Figure ST,
Supporting Information (SI)). In this system, the addi-
tion of a DNA or RNA input strand triggers the release
of an intermediate signal strand from the first gate of
the cascade. The intermediate strand can activate a
second gate on the origami platform and release an
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output strand in another strand displacement process
(Figure 1C).

We find that the overall kinetics of the process
is considerably sped up only for an intermediate
spatial separation (=~ 21.5 nm) between the DSD
stages, whereas colocalization does not have a signifi-
cant effect for larger distances. At smaller distances
(= 10.5 nm), direct physical overlap of the gates results
in strong intraorigami leak reactions, which precludes a
stable preparation of the DSD cascades. We demon-
strate that for the smallest stable gate distance the DSD
cascade is robust with respect to excessive amounts of
interfering DNA strands that are partially sequence-
complementary to the intermediate signal strand. A
redundant architecture with four receiver gates on a
single origami platform considerably improves the
speed and robustness of the system.

RESULTS

Experimental Setting. Our experimental realization of
the two-stage DSD cascade is schematically depicted
in Figure 1. The platform for the cascade is based
on a twist corrected rectangular origami structure
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(modified from the literature?®) with dimensions
90 nm x 65 nm (Figure 1A, for AFM imaging see
Figure S1B (SI)). As indicated, some of the staple
strands are extended with adaptor sequences to which
the DSD gate strands are hybridized (cf. Figures S1 and
S2 (SI)). The distance Ax between “sender” gate 1 and
“receiver” gate 2 is varied in the experiments between
3,6,9,and 12 full helical turns (i.e., nominally Ax~ 10.5,
21.5, 32 and 42.5 nm). In addition, the stoichiometry
between sender and receivers is varied for the smaller
gate distances. We also considered a “diagonal” posi-
tion at Ax ~ 15 nm (cf. Figure STA (SI)), which was
found to have similarly strong leakage as the 10.5 nm
distance, and was thus not investigated further.
In the initial state of the cascade, the sender gate is
loaded with a signal strand S, and the receiver gate is
hybridized to an output strand O. Both S and O
carry fluorescence quencher molecules (Q1 and Q2,
respectively), which quench the fluorescence of the
fluorophores F1 and F2 on the gate strands. Upon
addition of an input strand | signal strand S is released
and displaces the strand O from gate 2 via toehold-
mediated branch migration (Figure 1C). In principle,
the “dummy”-output strand O could be extended by an
additional output sequence in order to trigger down-
stream processes and thus serve as a “real” output. The
architecture of the cascade is similar to that of pre-
viously developed toehold-exchange reactions'® The
release of output may either occur on the same origami
platform via local transfer of the signal S or on a different
platform via interorigami diffusion. In order to feed the
cascade with a “realistic” input (in terms of biosensing
applications), the sequence of the input strand was
chosen to be that of microRNA-21 (miR-21), a regulatory
RNA molecule whose expression level is up-regulated
in all human solid cancers.?** This naturally occurring
sequence is not optimized for the cascade and constrains
the sequences for the rest of the design.

Assembly of the Cascade and Intraorigami Strand Exchange.
Intrinsic to the nature of the strand displacement
process, the repeated use of DNA subsequences is
unavoidable. In the initial state of the cascade in
Figure 1B, sequence domains a*, c and d* occur twice.
We found that colocalization of the gates on the
origami scaffold already results in considerable strand
displacement leakage, in which signal strand S is
transferred from gate 1 to gate 2 even in the absence
of input | (Figure S3 (Sl)). In order to reduce leakage
during assembly of the cascade, we passivated the
signal strands with auxiliary protection strands P
(containing sequence domain c* and a toehold for
deprotection, Figure S2 (Sl)). Undesired gate interac-
tions were strongly reduced by this passivation for
intergate distances above 21.5 nm, but were still
significant for the 10.5 nm distance (Figures S4 and
S5 (SI)). The displacement of Q2 by | was explicitly
excluded by the design of the sequences and was
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Figure 2. Progress of the cascade reaction with DNA and
RNA inputs for distances Ax ~ 21.5, 32, and 42.5 nm.
Fluorescence of sender gate fluorophore F1 and the recei-
ver fluorophore F2 (cf. Figure 1B,C) are shown for the
various distances as indicated by the colors (see legend).
Release of the signal strand from gate 1 (red traces) is
~100 times faster than capture of the signal strands (blue
traces), as input strands are added in 100 fold excess. The
trace recorded for the Ax ~ 21.5 nm gate distance for DNA
inputs displays a fast initial phase, which may be inter-
preted as caused by a “local”, intraorigami signal strand
transfer.

shown to have no impact on the fluorescence collected
from F2 (Figure S6 (S)).

In order to rationalize this observation, one has to
consider the geometric dimensions of the various
components of the cascade. In the initial state of
gate 1, sequence domains u/u*, a/a* and d/d* are in
a duplex conformation, while b* and c are single-
stranded. In a relaxed conformation, a single-stranded
DNA section of n nucleotides is assumed to have a
typical “length” of ~ (b))%, where b, ~ 1.6 nm is the
Kuhn length of single-stranded DNA,22° and | =
n x 0.6 nm is its contour length.?® Considering also
the dithymidine spacers between the origami platform
and the gates, in a relaxed linear conformation the
length of gate 1 is thus estimated to be ~18.6 nm
(in the protected state ~20.1 nm), while gate 2 has
length ~15.6 nm. Fully stretched to their contour
lengths, gate 1 and gate 2 have lengths ~29.3 nm
and ~19.3 nm. Thus, already in a relaxed conformation,
the two gates can physically interact at their “tips”. At
distances above ~33 nm, however, the strand orienta-
tion of the signal strand S does not allow for a direct
transfer to gate 2 vig, e.g., duplex fraying followed by
strand displacement (cf. also Discussion and Figure 6).

Distance Dependence of Cascade Kinetics. As for the
10.5 nm gate distance proximity-induced intraorigami
strand transfer prevented the preparation of a defined
initial state that was stable on the time-scale of our
experiments, we investigated the kinetics of the cas-
caded DSD reaction only for the larger distances Ax ~
21.5, 32, and 42.5 nm.

In Figure 2, the release kinetics of the intermediate
strand and the final output strand is compared both for
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DNA and RNA input molecules. For better comparison,
all fluorescence traces were normalized to vary be-
tween a starting level £ (t = 0) = 0 and an end level &
(t — o0) = 1, where the fluorescence end levels
were determined for each experiment individually
(Figure S7 (SI)). Thus, & (t) represents the fractional
progress of the displacement reactions. In fact, due to
intraorigami leakage reactions the starting fluores-
cence levels varied slightly between the experiments,
with higher starting levels for the F2 signal for the
shorter gate distances (cf. Figure S8 (SI)).

In each case the cascade was first activated by
removal of the protection strands P from gate 1, and
then triggered by the addition of input strands in large
excess ([ ~ 047 uM) over the origami platforms
present at [O] =~ 4.8 nM (Figure S5 (SI)). As expected,
the kinetics of the signal release step is independent of
the distance between sender and receiver. In fact, the
corresponding fluorescence traces monitored by fluor-
ophore F1 were almost identical throughout all of our
experiments.

The kinetic curves could not be well fit with a simple
rate law, but appeared to result from a superposition of
several processes (and potentially contained contribu-
tions from several fluorescent species in different
quenching states). As a rough measure of the reaction
speed, we thus determined the half-times t;,, of the
reactions (& (t;,2) = 0.5), which were found to vary
between 30 and 40 s for DNA inputs, and were close to
100 s for the RNA inputs. If we ignore the apparently
more complicated release kinetics and relate the half-
times to an effective second order rate constant k,,, =
(c - t12) " (with c=[/]), we obtain kop 6 x 10*M~ "5~
and ~ 2 x 10* M~" s~ for DNA and RNA, respectively.
This is in the lower range of typical hybridization
reaction rates. One of the reasons for the relatively
slow kinetics may be the presence of secondary struc-
ture in the miR-21 derived input strand, which has a
folding free energy of —2.71 kcal/mol for the DNA input
sequence, and even —5.31 kcal/mol for the RNA input.

The second step of the cascade involves the inter-
mediate signal strand S, which triggers the release of
the output strand O carrying quencher Q2, and thus
results in an increase of the fluorescence of fluoro-
phore F2.n contrast to the first step, the signaling step
appears to be sensitive to the distance between the
gates. For the DNA input, the 21.5 nm gate distance
clearly resulted in faster overall kinetics (t;,, = 1000 s)
than the larger distances (32 and 42.5 nm), for which
the kinetics were quite similar (t;,, =3410sand 4010 s).
Interestingly, for the RNA input, all three distances
resulted in similarly slow reactions with half-times
t,,2 = 3770, 4000, 5000 s for 21.5, 32, 42.5 nm, respectively.

The ratio of ~100 between half-times for the slow
signaling reactions (i.e., all but the DNA input/Ax =
21.5 nm case) and the release step corresponds very
well to the concentration ratio between input and
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signal strands ([/]/[0] = 0.47 uM/4.8 nM = 100). This
strongly suggests that in these cases the intermediate
signal strands are not transferred “locally” on the
origami platforms, but are first released to the bulk,
and then return to the output gates in a conventional
hybridization reaction.

While the “slow” F2 curves in Figure 2 roughly
follow second order kinetics, the signaling reaction
obtained for the DNA input at a 21.5 nm gate distance
appears to contain a fast initial phase followed by a
slow phase with similar kinetics as for the larger gate
distances. This indicates that in this case at least a
fraction of the signaling strands is transferred locally,
“on-platform”, from input gate 1 to output gate 2. As
will be discussed below, the most likely cause for this
effect is a direct physical interaction of the gates at this
distance, which allows local strand transfer through
some intermediary complex (cf. Figures 6, S9 (SI)).
Interestingly, such a local transfer does not appear to
be possible for the RNA input at the same gate
distance. In contrast to the DNA case, upon hybridiza-
tion of RNA input to gate 1, a slightly shorter A-form
helical section (with ~0.24—0.28 nm/bp>*3' as op-
posed to 0.34 nm/bp in B-DNA) with sequence b/b*
will be formed. Conceivably, this prevents a direct
physical interaction of gate 1 and gate 2. Alternatively,
the more strongly binding RNA input may displace
signal strand from gate 1 more effectively, and thus
preclude the formation of an intermediate complex.
We also investigated the situation in which the protec-
tion strand is not displaced from gate 1. As before, the
kinetics of the signal release step is independent of the
distance between the gates. With P still bound to Qf,
however, strand displacement of the output strand is
considerably slowed down (Figure S10 (Sl)). Additional
gel electrophoresis experiments confirmed that the
DSD cascade reactions were immobilized and took
place on the origami structures (Figure S11 (SI)).

Robustness of the DSD Cascade. In order to further test
the hypothesis of a “local transfer” of signal strands, we
performed a series of competition experiments with
origami-supported cascades for the different input-
output distances, using DNA inputs. In these experi-
ments, an increasing amount of competitor strands
was added to the solution, which contained sequence
domains a*—d* and were thus partially complemen-
tary to the signal strands (a potential release of signal
strands by the competitor strands via strand invasion
at the input gate was found to be negligible). We
expected that a globally diffusing fraction of the signal
strands would be affected by the presence of compe-
titors more strongly than a potential “local” fraction
(cf. Figure S12 (SI)). Indeed, as is shown in Figure 3
the release of output strands is almost completely
suppressed for large amounts of competitor strands
(= 1 uM) for the 32 and 42.5 nm gate distances, whereas
still a significant fraction of output is generated for the
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Figure 3. Probing strand transfer robustness with competitor strands partially complementary to the signal strands for
distances (A) 21.5, (B) 32, (C) 42.5 nm. Fluorescence signals f are normalized to their respective starting values. The signal of
the output fluorophore F2 is strongly affected by the interference with competitor strands. However, while the signal is
completely suppressed for excessive competitor concentrations in (B) and (C), it remains finite for the shorter gate distance
Ax = 21.5 nm in (A). The kinetics of the robust “local” signaling fraction (marked in red) is identical to that of the release

process shown in Figure 2.

21.5 nm distance even at excessive competitor concen-
trations (3.7 uM). This is consistent with the assumption
that the local transfer of signal strands for these distances
occurs faster than hybridization with a competitor strand.
Thus, colocalization at 21.5 nm not only speeds up the
reaction and allows a fast local transfer of signal strands,
but also significantly increases the robustness of the
cascade with respect to a competing reaction pathway.
This may be seen as a “dynamic” robustness as opposed
to the “static” robustness of the larger gate distances with
respect to intraorigami leakage.

We may interpret the fraction of signal fin Figure 3A
that cannot be suppressed by the addition of compe-
titor strands (marked in red) as caused by the locally
transferred signaling strands. We can thus define a
strand transfer efficiency # as a function of competitor
strands n([C]) = (A[C]) — 1)/(f(0) — 1). The locally trans-
ferred fraction then corresponds to the value 7., for
long times and at excessive competitor concentra-
tions. In fact, the kinetics of this fraction alone is
identical to that of the release step (cf. Figure 2), which
indicates that for the local signaling process input
binding is rate-limiting.

Redundant Receiver Gates. The overall performance of
the cascade can be further improved by introducing
redundant receiver gates on the origami platforms.
A larger number of colocalized targets is expected to
increase the probability of transferring signal strands
locally and thus decrease the diffusive loss of signals
to the bulk. For the competition experiment shown in
Figure 4, four copies of gate 2 were immobilized on
the DNA origami platform, each ~21.5 nm apart from
the sender gate 1. Compared to the case of a single
receiver gate at the same distance, the kinetics appears
to be faster and the displacement of the output strand
O shows a fast convergence to the maximum fluores-
cence level of F2. Moreover, the larger number of
receiver gates seems to further increase the robustness
of the cascade with respect to high competitor strand
concentrations. As before, a similar experiment for the
10.5 nm gate distance was corrupted by excessive
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Figure 4. A competitor strand assay as in Figure 3 per-
formed for a cascade with four receiver gates at a distance
Ax =~ 21.5 nm. In terms of the “surviving” signal strand
fraction transferred even in the presence of excessive
competitor strands, the redundant cascade is more robust.

leakage already during the preparation of the cascade,
while additional receivers at 32 nm distance did not
show any effect.

In Figures 3 and 4, relative fluorescence values
normalized to the initial fluorescence are displayed
rather than the reaction progress & defined above. It
can be seen that in the absence of competitor strands
the overall fluorescence increase is highest for the
larger distances, whereas it is lowest for the multiple
receiver case. This is caused by the correspondingly
higher starting fluorescence values for the shorter
distances (cf. Figure S5 (SI)), which in turn results from
intraorigami leakage during preparation and purifica-
tion. Furthermore, due to the presence of four (partially
quenched) fluorophores F2 in Figure 4 the relative
change with respect to the initial value is smaller.

A summary of the competition experiments is
shown in Figure 5, where the transfer efficiencies 7([C])
defined above are compared for the various cascade
geometries at two different time points. The higher
dynamic robustness of the shorter gate distance is
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Figure 5. Effect of competing strands on the efficiency of
signal transfer for the different distances and spatial ar-
rangements on the DNA origami platform. # is defined as
the relative fluorescence increase f-1 in the presence of
competitor strands normalized to the undisturbed signal at
the same time point (7 is shown here for t=10 minand t =60
min to also capture kinetic effects). Signal transfer is most
efficient for the 21.5 nm gate distance. In the redundant
case (with four receiver gates), 77 is constant after 10 min.
The thick, continuous lines display the theoretically ex-
pected reduction of 7 at long times with increasing compe-
titor concentration. The curves are fits of the simple
competition model described in the text to the “long term”
values 7 (t = 60 min). The corresponding fit parameters were
7. =0.4,0.2,0,0 and y = 0.13, 0.27, 0.34, 0.33 nM~" for the
4 x 21.5,1 x 21.5, 32, and 42.5 nm case, respectively.

clearly reflected. Specifically, for the redundant cas-
cade geometry with four output gates at Ax ~ 21.5 nm,
more than 1 = 40% of the available signal strands are
transferred even in the presence of excessive concen-
trations of interfering strands. In terms of #, there is
essentially no difference between the 32 nm and the
42.5 nm gate distance.

The efficiency of signal transfer in the presence of
competitor strands is expected to scale with their
concentration [(] as

T
7’]([C]) = N +TV[C]
where vy = k./k,,[O] is determined by the ratio of the
reaction rates between sender and competitor strands
k., the rate k., for hybridization on the origami plat-
forms and their concentration [O]. As can be seen in
Figure 5, the measured values for 77 at t = 60 min (which
approximate the long-term equilibrium values) follow
this behavior very well.

DISCUSSION

Our experiments demonstrate that colocalization of
components of a DNA strand displacement cascade
onto a DNA origami platform has a strong effect on its
performance for small gate distances. For the shortest
distance investigated in this study, 10.5 nm, the direct
physical overlap of the DSD gates (with comparatively
large dimensions around ~20 nm) leads to excessive
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Figure 6. Geometric considerations: (A) The two gate com-
plexes and their respective sequence domains. Fully
stretched gate 1 would extend by 29.3 nm, while gate 2
would have a length of 19.3 nm (using 0.34 nm/bp for
dsDNA and 0.6 nm/nt for ssDNA). (B) Direct interaction
between the gates is only possible below a gate distance
of ~33.6 nm (assuming the unlikely case where both gate
complexes are fully extended and lie horizontally on the
origami platform); at this distance the sequence domains d/
d* of both gates can “touch each other” and therefore signal
strand S can assume an orientation in which it can displace
the output strand on gate 2. (C) In a typical situation, the
single-stranded sections will be relaxed, and thus gate
extensions will be smaller than in the extreme cases of
A and B. In a relaxed conformation, in which the dsDNA
sections of gate 1 are colinear (shown in gray), the extension
up to sequence domain d would be r; = 14.5 nm. In general,
however, the two duplexes will be randomly oriented, and
the root-mean-square extension will be only r; ~ 8.7 nm.
The extension of gate 2 (again up to domain d*) will be r, ~
7.5 nm. (D) Hybridization of DNA input to gate 1 stretches the
gate complex (r;" = 15.8 nm) and thus strongly enhances the
interaction between the gates for the 21.5 nm distance. For an
RNA input, r;" = 14.3—14.9 nm.

strand displacement interactions already in the ab-
sence of input strands. This makes a stable prepara-
tion of a defined initial state of the cascade virtually
impossible. Leak reactions presumably proceed via
fraying of duplex ends followed by strand invasion of
complementary sequence domains of neighboring
DNA gates (Figures 6 and S9 (SI)). In solution such
processes only occur very slowly (with a displacement
rate of order 1—10 M™' s7'32), but their rate is
significantly enhanced due to the huge effective con-
centrations of the reactants on the origami platform. The
mean distance between reactants with a molar concentra-
tion cis d=(c - Na)~ "> which is ~0.7 um at c = 5 nM (N, is
Avogadro's constant). Thus, the distance between sender
and receiver gates on the origami platforms is more than an
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order of magnitude smaller, corresponding to an increase in
local concentration by a factor of 2 x 10° for Ax=10.5 nm
(and still 3 x 10* for Ax = 21.5 nm). This situation is quite
analogous to the speed-up of unfavorable reactions in
DNA-templated synthesis.'®33

While for large distances (32, 42.5 nm in this study), a
stable preparation of an initial state is possible, colo-
calization in this case does not provide any kinetic
advantage, and the DSD cascade proceeds with a
similar speed as in a diffusion-controlled bulk reaction.
In our experiments, an overall beneficial effect of
colocalization is only observed for an intermediate
gate distance of ~21.5 nm, for which enhanced ki-
netics of the cascade reaction and an increased robust-
ness with respect to interference by a competitive
reaction is found. Our experiments suggest that for
the 21.5 nm gate distance signal strands are trans-
ferred locally from gate 1 to gate 2 of the same plat-
form. A variety of scenarios for this local transfer are
possible. As shown in Figure 6, already in the initial
state gate 1 and gate 2, stretched to their contour
lengths, can interact slightly. However, the single-
stranded sections (b* on gate 1 and a*d* on gate 2)
will be collapsed and an excursion to large extensions
is improbable. Hybridization of input | to gate 1 renders
the gate complex into a full duplex with larger (mean)
extension, and thus the probability of interaction be-
tween the gates increases. At this point gate 1 and gate 2
may form an intermediate complex, in which signal S is
“spooled over” without ever completely detaching from
the origami platform. As indicated in Figure S9 (Sl), such a
transfer can happen in a variety of different ways, which
cannot be distinguished in our experiments.

Alternatively, strand S could be completely dis-
placed by the input, and then “locally diffuse” to the
adjacent target gate. The efficiency of such a process
depends on the ratio of the diffusion and the reaction
time-scale. Assuming a diffusion coefficient for the
28 nt long signal strand S of order D &~ 100 um?/s, a
typical time-scale associated with diffusive processes
over a distance Ax is given by tp ~ Ax*/D, which is only
1 us for Ax=100 nm, and 40 ns for Ax=20 nm.Hence, a
released signal strand will quickly explore its neighbor-
hood on the origami platform by diffusion and also
quite likely bump into a receiver gate.3* DNA hybridi-
zation, however, is not diffusion-limited and occurs at a
considerably slower time-scale,***% and thus most of
the encounters between signal and gate will not result
in the successful nucleation of a helix.

Also the fact that an RNA input, resulting in only a
slightly shorter input—gate 1 complex than the DNA
input, does not speed up the cascade reaction dis-
agrees with a “local diffusion” scenario (which should
be more or less the same for DNA and RNA inputs),
and thus supports a local strand transfer, which re-
quires a direct physical linkage between gate 1 and
gate 2.
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Figure 7. Simplified kinetic model of the cascade. (A) Sche-
matic illustration of the gate composition and the dominant
pathways that occur after binding of the input strand. (B)
Simulated kinetic curves for gate distances of 21.5 and
42.5 nm. Rate constants are ko, = 5.7 x 10° M~" s, kog =
5.3 x 103577, kyrans = 0.0017 s~ for all curves and kjo. = 7.6 X
10% s~ for the shorter and k;,. = 0 s~ ' for the larger distance.

Regardless of the microscopic details of the “on-
platform” transfer, we can phenomenologically sum-
marize the reactions involved in the DSD cascade in the
simplified kinetic scheme displayed in Figure 7 (for
modeling and parameter estimation see Supporting
Information). In this scheme, binding of an input strand
to an origami platform (with rate k) sets gate 1 into an
“activated state”. From this, signal strand S can either
detach by spontaneous dissociation of the 5 bp d/d*
duplex (rate ko), or create an intermediate complex with
gate 2 (rate k). From this complex, signal strand is
transferred completely to gate 2 with rate kians, accom-
panied by the release of output strand (which is not
included explicitly in the model as it is not rate-limiting
here). Alternatively, strands S released to the bulk rebind to
available origami platforms in a conventional hybridization
reaction (again with rate k,,). As can be seen from the
simulated kinetic curves in Figure 7, this model captures
the experimental observations from Figure 2 very well
using realistic parameter settings. Specifically, the fitted
kon = 5.7 x 10*M™" 57" agrees very well with the rough
estimate based on t;/, above, and k¢ = 5.3 x 10° s~
corresponds well with an off-rate expected for a 5 bp
duplex. kyans = 00017 s~ indicates that the transfer event
itself is relatively slow. The fraction of locally transferred
strands kioc/kioc + kot 2 59% in the model is larger than
that estimated from the competition experiments (i.e., 1..),
which indicates that competitor strands might interfere
also with local transfer processes.

CONCLUSION

We have shown that localization on an origami
platform influences the performance of a DNA strand
displacement cascade in various ways. For very small
distances, at which the stages of the cascade are in direct
physical contact, preparation of the cascade constructs
is corrupted by strong intraorigami leak reactions. For
distances at which the DSD gates are well separated there
is no leak, but also no benefit of colocalization. The
cascade reaction is sped up for intermediate distances,
at which the two gates just barely interact with each
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other in the absence of an input strand. Hybridization of
input and sender gate presumably improves the overlap
between sender and receiver and facilitates the forma-
tion of an intermediate complex, in which the signal
strand is spooled over from its start to its end position.
Most importantly, this type of localized signal transfer
makes the cascade reaction robust with respect to
excessive amounts of complementary interfering strands
in solution, which may be important for utilization of
similar mechanisms in complex environments, or when
running several alternative processes in parallel.

Our findings also suggest that the performance of
the cascade could be optimized by fine-tuning the
distances between the gates, and also by deliberately
utilizing length and conformational changes that re-
duce or increase the interaction between neighboring
gates. As a complete release of intermediate strands
is not desirable, all strands comprising a circuit would
have to be kept immobilized on the platform all
the time, and in this sense an immobilized signaling

MATERIALS AND METHODS

Assembly of the DNA Origami Structures. DNA origami structures
were designed using caDNAno 2 (cf. Figure S1a (SI)).*? A 7249 nt
long DNA sequence derived from the genome of the bacteri-
ophage M13 (M13mp18) was used as scaffold (kindly provided
by the group of H. Dietz, TUM).** Extended staple strands and
dye modified oligonucleotides were purchased from Biomers,
Ulm, Germany. All sequences and modifications are listed in the
final section of the Supporting Information. The DNA origami
structures were folded in a one pot thermal annealing reaction
(from 70 to 40 °C at a rate of 0.5 °C/min) at 48 nM scaffold
concentration and 200 nM (4x molar excess over the scaffold)
for each structural staple and 400 nM (8x molar excess) for
extended staples, which were used for the attachment of the
gates of the cascade. Staples at the short edges of the origami
structures were left out to prevent blunt-end stacking. The
folding buffer contained 12.5 mM MgCl, and 1x TAE (40 mM
Tris, 20 mM acetic acid, 1 mM EDTA, pH 8.0) and was also used
for further sample preparation. The origami design is based
on a regular rectangle origami structure,® which was twist
corrected to ensure a planar structure (tcRRO). Unmodified
staple strands were purchased at MWG Eurofins Genomics,
Ebersberg, Germany. For purification of the folded origami
structures, PEG precipitation was applied as described pre-
viously.** The desired concentration of the tcRRO was measured
by a spectrophotometer.

Preparation of the DSD Gates. Previous to attachment to the
extended staples of the DNA origami structure, the two dye
modified DNA gate complexes constituting the DNA signaling
cascade were hybridized separately at room temperature in
folding buffer (see above) for at least 1 h. Gate 1 of the cascade
was constructed of three strands, a fluorophore-labeled strand
(labeled with F1 = Atto647N), the signal strand S (labeled with
quencher Q1 = BBQ-650), and a protective DNA strand (P),
which served to reduce undesirable strand displacement reac-
tions during the assembly. The concentrations for F1, S and P
were 3,4.5,7.5 uM, respectively. Gate 2 was composed of a gate
strand labeled with fluorophore F2 (Atto532) and output strand
O (labeled with quencher Q2 = BHQ-1), which were incubated at
concentrations of 3 uM and 6 uM, respectively. The assembly
procedure is shown in Figure S2 (SI).

Attachment of the Fluorophore and Quencher Pairs to the DNA Origami
Platform. The purified DNA origami structures were first incu-
bated with F1-Q1-P in 2x excess for 1 h at room temperature.
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cascade would not differ considerably from DNA
walker or motor systems.® 163741

A different gate architecture with improved strand
design and using protective secondary structures
could reduce leak reactions and thus facilitate smaller
gate distances. Some of the leak occurring after de-
protection of the DSD cascade could potentially be
avoided by “clamping” the ¢ domain in a similar
manner as previously demonstrated by Qian and Win-
free for seesaw gates,® which strongly reduced unde-
sired strand invasion reactions. Conceivably, however,
introduction of more stable secondary structures
would diminish the kinetic advantage conveyed by
colocalization in the first place. An alternative would be
to simply take leakage into account in the design of the
cascades and dynamically assemble or disassemble
the gates on the platforms “on the fly”, i.e., during
operation of the circuits. The challenge is to create
kinetic pathways in which desirable processes occur at
a much faster rate than undesired ones.

The construct was subsequently purified by PEG precipitation,
which was repeated for two times. Afterward, F2-Q2 was
incubated with the DNA origami structures in 1.5x excess for
20 min at room temperature, which in turn was again purified
2 times by PEG purification. Finally, the protective DNA strand P
was removed by its complementary sequence P* (domains z* and
) in 3x excess and an incubation for 1 min. The sample was
diluted to 5 nM in folding buffer and stored in aliquots at —80 °C.

Preparation of Serial Dilutions of Competitor Strands. Synthetic
DNA and RNA analogs of miRNA-21 (DNA-21, RNA-21 ordered
from Biomers, Ulm, Germany), served as input signals for the
cascade. Their concentration was initially set to 10.7 uM. Serial
dilutions of competitor strands were performed as follows:
25 uL of 100 uM competitor strand was mixed with 75 uL of 1x
TAE buffer, 12.5 mM MgCl,. 50 uL of this dilution was subsequently
diluted with 50 uL of folding buffer. This dilutive step was repeated
12 times. After dilution, the competitor strand solutions were mixed
with 6 uL of 100 «uM DNA-21 and stored at 4 °C.

Fluorescence Spectroscopy. Fluorescence spectroscopy experi-
ments were carried out with a Cary Eclipse spectrometer (Agilent
Technologies Deutschland GmbH, Boblingen, Germany). The Atto
532 dye (F2) was excited at 532 £+ 10 nm and observed at 554 +
10 nm, while Atto 647N (F1) was excited at 647 4+ 10 nm and
observed at 669 + 10 nm. For each experiment 65 uL of sample
was filled into fluorescence cuvettes (105.254-QS, Hellma GmbH &
Co.KG, Millheim, Germany). All measurements were performed at
20 °C. For kinetic measurements, 3 uL of input strand were added
to a 65 uL sample. Rapid mixing was achieved by carefully but
quickly pipetting up and down the whole volume for several times
without generation of bubbles or loss of material.

Atomic Force Microscopy. Imaging of individual gates using
atomic force microscopy (AFM) was carried out with an Asylum
Research Cypher scanning probe microscope (Figure S1B (SI)).
Because of the flexibility of the gate complexes, individual gate
positions could only be imaged after hybridization of biotin
functionalized oligonucleotides and subsequent labeling with
streptavidin. For biotinylation, DNA origami structures were
folded as described above. After incubation with biotinylated
oligonucleotides (60 min) the sample was purified and diluted
to 2.5 nM in folding buffer. Five uL of origami solution were
added to a freshly cleaved mica surface. After addition of 60 uL
of folding buffer, 2 uL of 500 nM streptavidin solution was
added to the droplet. Imaging was carried out in liquid AC mode
with an Olympus microcantilever BL-AC40TS-C2.
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Gel Electrophoresis. For the analysis of successful folding and

immobilization of the gates, the samples were electrophoresed
in an agarose gel. 1% of agarose was dissolved in folding buffer.
24 ul of 5 nM purified origami platforms were mixed with 5 uL
of 40% sucrose and subsequently loaded into the gel chambers.
The gel was run at 100 V for 1.5 h in an ice cooled water bath.
The gel was analyzed using a laser scanner (Typhoon FLA 9500)
with excitation at 532 nm. Subsequently, the gel was stained
with SybrGold and imaged again.
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