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ABSTRACT: Molecular machines, such as ATPases or motor proteins, ) ;“e’ Activation
couple the catalysis of a chemical reaction, most commonly hydrolysis Qx>‘\ . Q
of nucleotide triphosphates, to their conformational change. In essence, R . g’ ‘
they continuously convert a chemical fuel to drive their motion. An
outstanding goal of nanotechnology remains to synthesize a nano-

machine with similar functions, precision, and speed. The field of DNA _,:L%’ —
nanotechnology has given rise to the engineering precision required for g L
such a device. Simultaneously, the field of systems chemistry developed AG=-0.24 keal/mol S

fast chemical reaction cycles that convert fuel to change the function of .bsQ AG=-1.77 keal/mol
molecules. In this work, we thus combined a chemical reaction cycle L

with the precision of DNA nanotechnology to yield kinetic control over
the conformational state of a DNA hairpin. Future work on such
systems will result in out-of-equilibrium DNA nanodevices with precise
functions.

21-23

Bl INTRODUCTION

Nucleic acids have proven to be outstanding building blocks

structures, actuation by variating the ionic strength of

the medium®* or the temperature and thus controlling the

for molecular self-assembly. The precision and fidelity of base-
pairing allow for predicting self-assembly patterns and
optimizing the strength of the interaction. The advent of
DNA origami' ~* has pushed further the boundaries of the
possible structures designed with DNA, opening the door for
the easy bottom-up assembly of user-defined three-dimen-
sional structures with unprecedented accuracy. Although initial
works in the field have mainly focused on developing static
structures, the so-called structural DNA nanotechnology, a
strong interest is now diverted toward developing dynamic
systems that reshape and actively interact with their
surroundings.””*

If structural DNA nanotechnology enables virtually building
of any architecture on the nanometer scale, the combination
with actuation mechanisms could fulfill the dream of a fully
synthetic biomolecular machine.””'" Several strategies to
control the actuation of DNA nanodevices have been
employed. Toehold-mediated strand displacement reac-
tion'' """ is a popular approach that relies on user-designed
DNA sequences with partial complementarity, making it easy
to implement. A limiting factor in this strategy is the second-
order kinetic hybridization between DNA sequences that
require high concentrations of DNA strands to achieve
operational speed in seconds. Alternative approaches for
actuation of DNA-based nanodevices include light-responsive

molecules,'® redox stimuli,'”* pH-dependent secondary
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7 ACS Publications

stacking interaction of nucleobases in blunt ends,® through the
use of external electric or magnetic fields,”*>*® or biomolecules
such as antibodies’” and enzymes.”*™*' Most of these
strategies, except for the enzyme-driven ones, proceed
stepwise, i.e., the structure switches from one static state to
another upon application of the stimulus. Additionally, they
operate profoundly differently than naturally occurring
biomolecular machines in harnessing the energy required to
function. Specifically, the actuation process in dynamic DNA
nanotechnology results from a change in the overall energy
landscape (e.g., by changing the pH or ionic strength), thereby
driving the system into the new global minimum. Conversely,
natural molecular machines, such as ATPases or motor
proteins, couple the catalysis of a chemical reaction, e.g, the
hydrolysis of nucleotide triphosphates, to their conformational
change: they incessantly consume fuel to drive their motion.*”
Recently, Del Grosso and co-workers introduced the concept
of dissipative DNA nanotechnology to distinguish those
systems that do not strictly operate under thermodynamic
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control but instead require the presence of an additional
element: a chemical reaction as an energy-dissipative
element.”® The examples reported rely on ATP-consuming
enzymes to ligate and excise DNA strands, thereby controlling
their hybridization behavior’”**~*® or RNases to degrade RNA
strands.”””’

Outside of dissipative DNA nanotechnology, the constant
conversion of fuels to drive the function of molecules has been
successfully applied to the self-assembly of small mole-
cules.’”® In such a chemically fueled system, molecular
assembly is regulated by a fuel-driven reaction cycle that
comprises at least two reactions, i.e., an activation and
deactivation reaction. In the activation reaction, a precursor
reacts with a chemical fuel which activates it for self-assembly.
In the deactivation, the activated product spontaneously
reverts to the precursor. In its finite lifetime, the activated
product can be temporarily part of a dynamic assembly, which
is thus regulated by the kinetics of the reaction cycle. This
strategy has resulted in chemically fueled dynamic fibers,**'
droplets,” and colloids.”> More recently, chemically fueled
reaction cycles have also been used to operate small molecular
machines and motors.**~*® Developments in chemically fueled
self-assembly have resulted in fast reaction cycles in which
activated products have half-lives of tens of seconds. Never-
theless, chemically fueled self-assembly of small molecules still
lacks precision and designability compared to DNA nano-
technology.

In this work, we combined a fast reaction cycle with the
precision of DNA nanotechnology to achieve kinetic control
over the conformational state of a DNA hairpin (Scheme 1).

Scheme 1. Schematic Representation of a Fuel-Driven
Hairpin®

Activation Reaction

Deactivation Reaction
(hydrolysis)

“The hairpin is mostly unfolded in its precursor state (dicarboxylic
acid, blue). The folded state becomes more stable upon activation

(anhydride, red).

We harness the energy of hydration of carbodiimide to shift
the population of hybridized DNA versus single-stranded
DNA. We reach a distribution not allowed at thermodynamic
equilibrium. The system spontaneously reverts to its initial
state once the fuel is fully consumed, and the nonequilibrium
distribution cannot be further sustained. Our molecular design
is versatile, can be quickly introduced in commercially available
DNA sequences, and provides a strategy for nonequilibrium
self-assembly and actuation in DNA nanotechnology. We
demonstrate its applicability in both a unimolecular and a
bimolecular setting, i.e., develop a strategy for chemically

fueled strand displacement reaction based entirely on an
abiotic fuel, potentially orthogonal to previously reported
strategies.

B RESULTS AND DISCUSSION

We used a versatile, well-described chemical reaction
cycle”’ ™" in which a phthalic acid-based precursor is
transiently activated into its corresponding anhydride at the
expense of a molecule of EDC (l-ethyl-3-(3-
dimethylaminopropyl)carbodiimide, Figure 1A). In the
activation reaction, the precursor reacts with EDC to yield
the precursor’s anhydride state and EDU (1-(3-
(dimethylamino)propyl)-3-ethylurea). The anhydride product
rapidly hydrolyzes to its precursor state in the aqueous
environment, i.e., the deactivation reaction. In its finite lifetime,
the hydrophobization and rigidification of the molecule can
induce self-assembly or, in our design, affect the stability of a
DNA hairpin. Using a copper-catalyzed alkyne—azide cyclo-
addition reaction, we modified an alkyne-bearing thymine to
carry two carboxylates that serve as the precursor for our
reaction cycle (modified thymine, Figure 1A).

First, we tested the reaction cycle’s kinetics of the nucleotide
itself, i.e., without incorporating it in a DNA hairpin (modified
thymine, Figure 1A). The addition of 4 mM EDC to 8 mM of
the modified thymine in 200 mM MES at pH 6 yielded the
formation of the corresponding anhydride product, as
evidenced by HPLC. As the reaction progressed, the
concentrations of fuel and anhydride decayed (Figure S1).
The kinetics of the reaction cycle could be accurately captured
with a kinetic model (see Supporting Note 1), which allowed
us to calculate the half-life of the anhydride product (t,,,) to
be 23 s.

Next, we incorporated the modified thymine into a
molecular beacon comprising a Cy3 dye on the 5’ end and a
black hole quencher (BHQ-2) on the 3’ end of a 30-base
oligomer (Figure 1B). We measured its melting temperature
by fluorescence spectroscopy (see Figure S2). The molecular
beacon we chose is based on a hairpin that, without any
artificial modification, has a melting temperature (T,,) of 40.4
°C under the applied conditions (H-0, Figure 1D). We
anticipated that incorporating one modified thymine would
decrease the T, due to steric hindrance and electrostatic
repulsion of the modified thymine compared to regular
thymine. Thus, we designed H-1, which is H-O with a point
mutation of one thymine for modified thymine in the stem
region of the molecular beacon. As expected, we found that its
melting temperature was 10.5 °C lower than H-0. This
decrease in T,, was independent of where the mutation was
performed (H-2), provided it was in the stem region, ie, H-3
was modified in the loop region. Its T, was almost equal to the
unmodified H-0. If we added two mutations in the stem region,
T,, decreased by 20.6 °C (H-4, Figure 1D).

The destabilizing effect of the modified thymine can be
attributed to the electrostatic repulsion of the carboxylates
and/or steric hindrance of the phthalic acid and triazole in the
crowded environment of the duplex. To test which of these
forces was the dominant one, we synthesized the methyl ester
of modified thymine which lacks the anionic nature compared
to modified thymine but is similar in size (Figure 1C). When
incorporated in the molecular beacon (H-S), we found a slight
drop in T, (44 °C) compared to nonmodified H-0. This
observation suggests that both a steric hindrance and the
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Figure 1. Molecular design of the dynamically folding hairpins. (A) Chemical reaction cycle activates modified thymine at the expense of a
carbodiimide-based fuel. (B) Sequence of the oligomer in which the modified thymine is incorporated. The dye is Cy3, the quencher is a Black
Hole Quencher 2, and the blue triangle represents the modified thymine. (C) Schematic representation of an oligomer with the modified thymine
incorporated and an oligomer with a control compound, i.c., the methyl ester of the modified thymine, is represented as a gray triangle. (D) Table
of oligonucleotides (H-0 to H-S) with the location of their modification (blue triangles), their melting temperature (T,,), and the difference in T,
compared to nonfunctionalized H-0 as measured by fluorescence melting experiments (see Figure S2).

presence of negative charges are responsible for the change in
the T, upon incorporating modified thymine.

Next, we tested the ability of the fuel-driven chemical
reaction cycle to induce the folding of the hairpin. We added
20 mM EDC to 0.2 M H-1 (i.e., a 100,000-fold excess) and
monitored the fluorescence intensity of the molecular beacon
as a function of time (Figure 2A,B). The experiment was
performed at the T, of H-1 (30 °C). We can thus assume that
roughly 50% of the hairpin was in its folded state before fuel
addition. Immediately after the EDC addition, the fluorescence
intensity dropped, indicating that the population of folded
hairpins had increased. Ten minutes after the EDC addition,
we added 10 mM N-acetyl aspartate (Ac-D-OH) as a
scavenger, i.e., a competing dicarboxylate that can also
cyclically react with EDC and rapidly consume all fuel
Consequently, the hairpin fluorescence returned to a value
close to the original level. We attribute the lack of a complete
return due to the change in ionic strength of the solution
caused by the positively charged group present in both EDC
and its byproduct of hydration, ie., the waste EDU (Figure
2C).

These results suggest that adding a chemical fuel creates a
steady state of anhydride, which changes the dynamic
population of the folded hairpins and unfolded oligonucleo-
tide. The reason for the high amount of fuel lies in the different
rates of the reactions and the low concentration of DNA. In
our reaction cycle, the activation reaction and the deactivation
are simultaneously operating. The activation however follows a
second-order kinetics, while the deactivation follows a pseudo-
first-order kinetics. To sustain a constant level of anhydride,
high enough to show a change in the population of hybridized
species, we balance the effect with a great excess of fuel. We
quantified the change in the folding caused by the fuel by
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Figure 2. Response of the molecular beacon to chemical fuel. (A)
Fluorescence intensity as a function of time for H-1. At 10 min, 20
mM EDC is added. After 15 min, 10 mM N-acetyl aspartic acid is
added to consume the remaining EDC. Black markers represent the
experimental data. The standard deviation of duplicate experiments is
shown as an error bar. The red line represents a prediction with our
kinetic model. (B) Evolution of a for the experiment described in
panel A. (C) Comparison of the effect of fuel (EDC, 20 mM) and
waste (EDU, 20 mM) on the folding of the different oligonucleotides.
(D) Effect of different amounts of fuel on the folding of H-1.

calculating the amount of folded hairpins as a fraction of the
total concentration of oligonucleotides (@)

[folded hairpin]
[total hairpin] (1)
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We determined the concentration of folded hairpins by
fluorescence spectroscopy by comparing the fluorescence
intensity to two reference points, i.e., the fluorescence intensity
of a sample where all of the hairpins were folded and the
fluorescence intensity at 30 °C before the addition of fuel. We
prepared the sample where all of the hairpins were folded by
adding 20 mM MgCl, while the corresponding a at 30 °C is
known from the melting curve of each H (Supporting Table
1). From these two reference points, the a was calculated using
the equation described in Supporting Notes 2.

We measured the o increase upon adding fuel or EDU for all
of the hairpins in this work (Figure 2C). As expected, for the
nonmodified hairpin H-0, the increase in @ was minimal.
Moreover, it was similar to the increase upon the addition of
EDU. The same trend is observed for H-3, i.e., the molecular
beacon with the modified thymine in the loop region. For the
final control compound, H-S, where the carboxylic acids are
protected as methyl esters, the change induced by the fuel and
the waste was modest. In contrast, H-1, H-2, and H-4
displayed a striking difference between adding EDC or EDU.
In the case of H-4, we started with an almost open state before
applying fuel (@ = 0.21). The addition of fuel pushed the
system toward a closed state (@ = 0.66). In other words, the
fuel switched the system from a condition where the open state
is dominant to a new, temporary distribution where the closed
state is in excess. We then explored the effect of different
amounts of fuel on the folding of H-1. We chose to focus on
H-1 because it has only one modified thymine, thus reducing
the number of transient species. When increasing amounts of
fuel are added, a greater degree of folding is achieved (Figure
2D), mainly attributed to the higher anhydride yield in a steady
state. In contrast, when a similar amount of EDU was added,
the change in a was much lower (Figure S3). These combined
experiments conclude that adding fuel increases the folded
hairpin population by activating the modified thymine.

The fluorescence data provided information about the
overall fraction of the folded hairpin. However, precursor and
activated states are simultaneously present, and each can form
hairpins (see Scheme 2). Our system was designed so that the
activated state is more likely to form a hairpin. We were
interested in understanding the contributions of each of the

Scheme 2. Proposed Energy Landscape of the Chemically
Fueled Hairpin“
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“A hairpin in our system can toggle between four positions in our
energy landscape: unactivated and unfolded, unactivated and folded,
activated and unfolded, and activated and unfolded. Chemical
activation makes folding more favorable.

AG=-1.77 kcal/mol

two possible hairpin species to the overall fraction of folded
hairpins.

We can rewrite eq 1 as the sum of two terms like in the
following

__ [folded hairpins]  [anhydrideg,4.q] + [acidyigeq]

[total hairpins] [total hairpins]

__ ay[total hairpins]-y + a[total hairpins]-(1 — y)

[total hairpins]
=a;y + ay (1 - y)

where @, and «; are the folding ratios of the acid and the
anhydride state, respectively, and y is the steady-state yield of
the reaction cycle. To determine those two a values, we thus
have to determine the steady-state concentration of anhydride,
which we measured by HPLC. As a precursor, we used a short
oligonucleotide equipped with our modified thymine, and we
applied different amounts of fuel to induce different steady-
state levels. We quenched these samples after 1 min with a
previously established quenching method.>® In brief, we added
EDC to a solution of unlabeled oligo (1 #M) in MES buffer at
pH 5.5, and after 1 min, 2 uL of 1-pentyalmine was added to
the sample. We found that two new peaks appeared in the
chromatogram, which we attributed to the products of the
anhydride reacting with 1-pentylamine (see Figure S18). By
comparing the areas of the peaks, we calculated the yield of
anhydride in a steady state, which we used in our kinetic model
to fit the fluorescence data as a function of time (see
Supporting Note 1 and Figure S4). From the model, we
derived a value for a;, which we estimated to be 0.95. In other
words, 95% of the activated oligos are in their folded state,
whereas only 50% of the nonactivated oligos are in their folded
state.

The obtained data creates a clearer picture of the energy
landscape of our dynamic hairpins (Scheme 2). In the energy
landscapes, four states exist: a DNA strand can either be folded
or unfolded, or it can either be activated or deactivated.
Pathways exist between these states. However, only the eight
dominant ones are shown: an unactivated strand can fold and
unfold, and an activated strand can fold and unfold (pathways
along the folding coordinate). Along the reaction coordinate, a
folded or unfolded strand can become activated, and a folded
and unfolded activated strand can become deactivated. While it
is technically possible that a folded oligonucleotide simulta-
neously deactivates and unfolds, it is unrealistic and
complicates the landscape.

We found that the activated state has a half-life of 23 s (vide
supra). We also found that its degree of folding is in the range
of 95%. Thus, in its lifetime, the activated oligomer will spend
roughly 95% of its time in the folded state. However, the half-
life for folding a DNA strand such as the one used in our
experiments is reported to be in the range of milliseconds.”' >
That means that even though an activated state will spend
roughly 95% of its time in a folded state, it will unfold and
refold 100 s of times in its lifetime.

Interestingly, the anhydride state was significantly more
folded than the methyl ester control compound (activated H-1
vs H-5, a@ = 0.95 vs a = 0.71, under the same conditions) even
though both species lack the negative charges. A possible
explanation is that the formation of the anhydride increases the
overall planarity of the functional group, thus facilitating
intercalation and stacking into the DNA helix. We also

https://doi.org/10.1021/jacs.2c08463
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observed a modest increase in the activation rate constant (k,
in the kinetic model, see Supporting Table 2) for the modified
thymine when embedded in the oligo, in agreement with the
previous report from our group that a densely charged local
environment can affect the reactivity of dicarboxylic acid.*'
In the experiments above, we changed the fraction of folding
of hairpins in a steady state by adding fuel. The addition of a
fuel scavenger allows controlling of the steady state by rapidly
depleting all fuel reversibly. Next, we introduce the idea of a
permanently present fuel scavenger that consumes most fuel
and thus controls the lifetime of the folded population. Such an
approach opens the door to self-regulating DNA nanodevices
with time-dependent behavior. When fuel is added to such a
competition experiment, the majority of the fuel is consumed
by the scavenger, and the conformation change of the hairpin
is only temporary (Figure 3A). A simulation by our kinetic
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Figure 3. Regulating the lifetime of the folded hairpin population by
introducing a fuel scavenger. (A) Variation of fraction folded (a) of
H-1 (0.2 uM fueled with 20 mM EDC) as a function of time in the
presence of different amounts of Ac-D-OH (5, 10, 15, 20 mM,
respectively). (B) Half-life of fluorescence recovery for experiment in
(B). (C) Sequential addition of EDC 20 mM to H-4 (0.2 uM). Each
purple arrow indicates one 20 mM batch of fuel addition. (D)
Evolution of fluorescence signal of H-1 with 20 mM of EDC in the
presence of Mg?*1 mM and Ac-D-OH 20 mM.

model demonstrated the validity of this approach and showed
that lifetimes of the folded population could be tuned from a
few minutes to hours, depending on the amount of scavenger
that is added (Figure 3B).

We carried out these experiments using 0.2 yM of H-1 in an
MES buffer containing variable concentrations of Ac-D-OH as
a scavenger at 30 °C. When 20 mM EDC was added to the
system with 20 mM of scavenger, we observed a marked drop
in the fluorescence, followed by a rapid signal recovery. The
kinetic profile of the fluorescence recovery correlates with the
experimentally determined consumption of the EDC (Figure
S6). Moreover, our kinetic model accurately modeled the
fluorescence signal and correlated with the predicted anhydride
concentration (Figures S7 and S8). The scavenger concen-
tration could be used to tune the half-life of recovery of the
folded states from 4 min to over 13 min, in agreement with the
predicted halflife of recovery (Figure 3B). The ability of the
system to stop autonomously allows for operating multiple

cycles with minimal intervention, which we demonstrate by
adding five batches of 20 mM of EDC, which resulted in a
transient change in the population of folded and unfolded
molecules each time (Figure 3C). In contrast, most of the
DNA dynamic system reported so far requires either extensive
manipulation, such as buffer exchange, or at least two stimuli to
move between the different states.

To demonstrate that our new chemically fueled hybrid-
ization can be incorporated into more sophisticated DNA
structures than hairpins, we tested its resistance to magnesium
ions. Mg*" is a critical component for the folding of DNA
origami and the operation of DNA nanotechnology. We
analyzed the melting curve of our model hairpin H-1 in the
presence of 1 mM and 10 mM MgCl, (Figure S2). The
modified thymine can still destabilize the duplex, but AT,
decreased to 8 from 10 °C compared to sodium-only buffer. In
the case of higher concentrations of MgCl,, the difference is
reduced to only 1.1 °C. However, the presence of Ac-D-OH
widened the window to 4.4 °C, potentially leaving a margin for
operation. Aspartic acid is a weak chelator for Mg** ions while
stabilizing the secondary structure.”® Lastly, we tested the
response of H-1 to fuel in the presence of a low concentration
of Mg®* (ImM) and scavenger (Figure 3D). We found the
expected behavior of the fluorescence signal corresponding to
transient folding.

In the first part of the work, we demonstrated the possibility
of chemically fueled hybridization on a simple, unimolecular
construct. In dynamic DNA nanotechnology, strand displace-
ment is the primary strategy for actuation.'* Thus, to
demonstrate that our chemically fueled hybridization can be
used to power strand displacement, we repurposed a strand
displacement circuit, where a short invader strand can control
the folding state of a hairpin via hybridization to the stem.>
The chemical state of the invader (active or inactive) controls
the folding state of the target, thus behaving as an actuator that
converts the chemical energy of the fuel into a conformational
change. We installed the modified Thymine in the inner part of
the sequence (I-1, Figure 4) or at the $’end (I-2, Figure 4). We
determined the T, of the hairpin in the presence of 2
equivalents of invader strands. I-1 showed the most drastic
destabilization, with a decrease of 11.4 °C of the melting
temperature compared to the unmodified control I-0. On the
other hand, I-2 showed only a modest decrease in the stability
of the duplex due to a minor relevance of the 5’ end base to
the overall 12bp duplex.

Next, we tested the system’s response to chemical fuel and
quantified the hairpin’s degree of folding by monitoring the
fluorescence intensity of the dual-labeled construct. We
performed all experiments at 36 °C, ie., above the melting
temperature of I-1 and close to the T,, of I-0 and I-2. The
invader strand displaces the stem of the hairpin and forces it to
open, increasing the fluorescence signal. Upon adding fuel, I-1
immediately shows an increase of the fraction open due to the
invasion of the double-stranded region, moving from 0.13 to
0.21. The signal increases for 5 minutes and gradually
decreases over 1 h. Similarly, I-2 is responsive to the fuel
and induces an increase in the open fraction of the hairpin,
even though it did not significantly decrease the stability of the
duplex in its precursor state. The formation of the more
hydrophobic anhydride likely promotes 7-stacking interactions
and, potentially, intercalation of planar phthalic anhydride,
stabilizing the duplex even at the S’-end. The scavenger
consumes the fuel within 20 min after its addition, but an
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Figure 4. Chemically Fueled Strand Displacement. Schematic
representation of the strand displacement circuit used in the
experiments. (A) Melting temperature of the hairpin with invader
strand (Hairpin 0.5 yM, I-1, I-2, I-0 1 uM; the melting temperature
refers to the transition for the dissociation of the Hairpin-Invader
duplex). (B) Evolution of open fraction of the hairpin (0.5 M) with
1-0 (1 uM, gray), I-1 (1 uM, blue), and I-2 (1 uM, red) when 20 mM
of EDC are added. Buffer MES 200 mM, pH 5.6, Ac-D-OH 10 mM,
(T =36 °C). (C) Evolution of the open fraction of the hairpin when
an increasing amount of I-1 (1 #M blue, 2 M dark blue, 4 M violet)
is fueled with 20 mM EDC. (D) Effect of different amounts of Ac-D-
OH (10 mM dark blue, 2 mM cyan) on strand displacement with I-1
(1 uM). Measurement was performed at 36 °C. Error bars are the
standard deviations of duplicate experiments.

increased fluorescence signal can still be measured until 40 min
from fuel addition for I-1. Indeed, we could detect by HPLC
(Figure S9) the presence of the anhydride on the strand at 40
min. The combined evidence points toward hybridization
acting as a protection mechanism that slows down the
anhydride hydrolysis. It further corroborates that the
anhydride resides in a more hydrophobic environment, such
as the bases’ interface or the helix’s inner part. The unmodified
strand I-0, as a control, shows a permanent decrease in the
open fraction of the hairpin, probably due to the change in the
ionic strength of the medium caused by the fuel and waste.
We tested the effect of an increasing concentration of
invader strands (Figure 4C) and a lower concentration of
scavenger (Figure 4D). A higher concentration of invader
strand (4 uM of I-1 instead of 1 pM) leads to a higher
concentration of activated invader, which increased the open
fraction of the hairpin when 20 mM of EDC was supplied
(Figure 4C). Moreover, the open state persisted much longer
as more anhydride can be protected by hybridization. Likewise,
when the amount of scavenger is reduced from 10 mM
(standard conditions) to 2 mM, the system’s response to the
fuel increases the efficiency of strand displacement. According

to our kinetic model, the maximum yield of anhydride is only
slightly higher, with a lower concentration of Ac-D-OH.
However, the concentration of the active strand can be
sustained for much longer since the fuel is only slowly
depleted. Indeed, with 2 mM of scavenger, the open fraction
increases over 1S min before plateauing (Figure 4D). In
contrast, with 10 mM of scavenger, the open fraction declines
after 5 min.

The strand displacement experiments above demonstrate
that our chemical reaction cycle can be used to control the
secondary structure of a target DNA construct by modulating
the affinity of a complementary strand. In the case of the
unimolecular system, there is no delay between fuel
consumption and the secondary structure change. In contrast,
with the bimolecular system, we have evidence of a mechanism
for protecting the active state, thereby suggesting a dependence
of the reaction rates of the cycle on the conformational state.
In other words, the horizontal pathways in Figure 4 differ from
top to bottom. The reason why the same effect is not detected
on the unimolecular hairpin is most likely because of the
different kinetics of unfolding. It is known that a longer duplex
has slower dissociation kinetics, with half-lives that range from
minutes for a 10-mer to hundreds of years for a 20-mer.*° The
hairpin used in the first part of the work has a stem of S bp.
Therefore, the active state will constantly be exposed to the
solvent because of the rapid equilibration of the hairpin
between the two states. In contrast, we can expect the duplex
resulting from strand invasion -12nt- not to undergo such a fast
exchange, and therefore, the active state can be protected.

Bl CONCLUSIONS

In this work, we bridged the field of DNA nanotechnology and
chemical-fueled self-assembly. We implemented a chemical
reaction cycle based on a carbodiimide fuel to control the
hybridization of DNA in both uni- and a bimolecular setting.
We used a non-natural nucleotide functionalized with a
dicarboxylic acid that undergoes the reaction cycle. The
formation of the neutral and planar anhydride increases the
strand’s affinity for hybridization. The main difference from
previous works on the autonomous or dissipative actuation of
DNA is in the way energy is used.

In our work, the DNA structure plays an active role in the
fuel-to-waste conversion, and the high energy state is, per se,
thermodynamically not stable. In general, this approach is
conceptually similar to the operational mode of biomolecular
machines in the sense that the energy of a chemical fuel—an
abiotic one in our case—is used to drive a conformational
change of the device in a nonequilibrium fashion. The system
presented in this work is not in itself a molecular machine but
rather a strategy to potentially actuate DNA nanodevices in an
out-of-equilibrium fashion. We envision that implementing this
strategy in more complex supramolecular structures, such as
DNA origami, allows us to develop machines that can convert
chemical energy into work. Crucial to perform work is to
overcome two challenges. First, we characterize the ratcheting
constant,””*® which is a measure of the degree of kinetic
asymmetry. In other words, we determine whether the rate of
fuel consumption and deactivation change between the two
states of the system. We know that the modified oligonucleo-
tide is an active element in the dissipation process, which
constitutes the first necessary requirement for kinetic
asymmetry, and we have the first evidence that the rate of
deactivation is lower in the hybridized state than on the free
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strand. Additionally, the carbodiimide reaction cycle has
proven successful in operating information ratchets**~*?
that are fundamentally based on kinetic asymmetry. The
second challenge is related to the operational conditions of the
system. The activation of a single modification induces a
moderate change in the melting temperature, but the coupling
of several modifications strategically placed in a modular
object, such as a DNA Origami, would multiply the effect upon
activation. The presence of divalent cations required for DNA
Origami, which is detrimental for our system, can be avoided
by stabilization of the nanostructure to survive at low-ionic
strength environments®*~®® better suited for the effective
performance of our reaction cycle. Taken together, we will
install multiple modified thymines in DNA nanostructures to
develop a machine that converts chemical energy into work.
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