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ABSTRACT: We report a DNA machine that can
reversibly regulate target binding affinity on the basis of
distance-dependent bivalent binding. It is a tweezer-like
DNA machine that can tune the spatial distance between
two ligands to construct or destroy the bivalent binding.
The DNA machine can strongly bind to the target protein
when the ligands are placed at an appropriate distance but
releases the target when the bivalent binding is disrupted
by enlargement of the distance between the ligands. This
“capture—release” cycle could be repeatedly driven by
single-stranded DNA without changing the ligands and

target protein.

Polyvalent interactions are characterized by the simulta-

neous binding of multiple ligands on one biological entity
to multiple receptors on another.' In comparison with the
corresponding monovalent interactions, polyvalent interactions
often have a cooperative effect, resulting in a significant
enhancement of binding affinity and specificity. The better
performance of polyvalent interactions strongly relies on
precise control of the relative spatial position of multiple
ligands. In the past decades, DNA has been demonstrated as an
ideal material for fabrication of nearly arbitrary one-, two-, or
three-dimensional nanostructures.”> Moreover, the well-estab-
lished modification® and accurate addressability* of DNA make
these nanostructures ideal scaffolds to hold ligands in position
and show polyvalent effects.’ More recently, successes with
DNA nanomachines® and dynamic DNA nanotechnology” have
provided a promisin% method for studying dynamic behavior at
the nanometer scale.” Here we report a DNA machine that can
tune the spatial distance between two functional domains and
reversibly regulate their target binding affinity. This strategy
provides a universal platform for a polyvalent system and will
also benefit the understanding of the mechanism of the
polyvalent interactions.

Our strategy is shown in Figure 1. Two DNA double-
crossover (DX)® motifs were joined by a Holliday junction to
form a tweezers-like DNA machine. A DNA motor, which can
cycle between stem—loop and double helix structures driven by
a strand-displacement reaction, was incorporated into the
middle of it. This design could amplify the small distance
generated by the DNA motor into a much bigger spatial change
between the two rear ends of the DNA machine. We
considered the following factors during the design of this
DNA machine. First, a DX motif was selected as a scaffold
because it is more rigid than a duplex and can provide more
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Figure 1. Schematic illustration of reversible regulation of target
binding affinity by the DNA machine.

variability in terms of modulating the distance between the end
groups, and most importantly, it provides an internal
connecting position for a hairpin loop motif without a
significant decrease in rigidity. Experimental results demon-
strated that similar nicks in the duplex arms break the linearity
of the arms, eliminating the distance change for such a DNA
machine (data not shown). Second, the position connected
with the hairpin loop was carefully chosen to keep the link
position inside, and three bases were added at each end of the
hairpin loop to minimize the possible steric hindrance. Third,
an eight-base toehold'’ was added to the “fuel” strand of the
DNA machine, enabling it to be displaced efficiently from the
DNA machine by the fully complementary “antifuel” strands.
The two ligands were incorporated at the terminals of the two
DX motifs. In the closed state, their spatial distance is ideal for
cooperative binding to the target “thrombin”; upon addition of
“fuel” DNA strands, the DNA machine drives the two ligands
apart, releasing the target protein. This regulation could run in
the reverse direction upon the cycle of the DNA machine.
The DNA machine was prepared in its closed state. In
general, all the strands were mixed and then annealed from 95
to 20 °C in 12 h. As shown in lane 2 of Figure 2a, only one
clear single band appeared in 8% native polyacrylamide gel
electrophoresis (PAGE), suggesting that the designed structure
was formed with high assembly efficiency. After addition of the
“fuel” strands, an obvious mobility shift was observed, and the
lower mobility was attributed to the introduction of “fuel”
strands at the hairpin loop region. Moreover, the structure
became more extended as the DNA machine opened, and the
size of the scaffold increased, thus further lowering the mobility
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Figure 2. Cycling of the DNA machine. (a) Characterization of the
cycling of the DNA machine by native PAGE analysis. (b) Design of
DNA machine with fluorophores. (c) FRET measurement of the DNA
machine upon successive additions of fuel and antifuel strands.

(lane 3). Removing the “fuel” strands by addition of the
“antifuel” strands drove the DNA tweezers back to the initial
closed state, which showed the same mobility as the previous
band (lane 4). This cycle could be repeated several times
without obvious efficiency decay by alternatively adding “fuel”
and “antifuel” strands into the system (lanes 3—9).

As designed, the opening and closing of the DNA machine
should induce a significant change in the distance between the
ends of the DX motifs, and this was verified by Forster
resonance energy transfer (FRET)."" As shown in Figure 2b,
the two DX motifs of the DNA tweezers were modified with
fluorophores at their ends, one with Cy3 (donor) and the other
with CyS (acceptor). The emission signals of the dyes were
monitored at 565 nm (Cy3) and 664 nm (CyS), while only
Cy3 was photoexcited continuously at 550 nm; the results are
shown in Figure 2c. In the closed state, the dyes on the DNA
machine were close enough to lead to efficient FRET, resulting
in a fluorescence decrease for Cy3 and an increase for CyS.
When “fuel” strands were added, the DNA machine was
opened by the newly formed double helix at the hairpin loop
region, making the distance between Cy3 and CyS too large for
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efficient FRET. This process could also be cycled many times,
suggesting that the DNA machine indeed undergoes opening
and closing processes and changes the distance between the dye
molecules effectively.

On the basis of the above achievements, we chose human a
thrombin as a model object to demonstrate the designed DNA
machine’s ability to regulate bivalent interactions. According to
the literature, human o thrombin has a heparin-binding exosite
that binds to aptamer A (apt-A: 29-mer, 5-"AGT CCG TGG
TAG GGC AGG TTG GGG TGA CT-3')"* and a fibrinogen-
recognition exosite that binds to agtarner B (apt-B: 15-mer, 5™
GGT TGG TGT GGT TGG-3')."” These two binding sites are
at almost opposite sides of the thrombin molecule,''* and
previous works have proved that the distance between the two
aptamers  significantly influences their binding affinity.””'®
Upon rational sequence design, we introduced the two
closed-loop aptamers to the outboard helix ends of the two
DX motifs (Figure 1). Two thymine bases were added at each
end of each aptamer to provide a certain degree of three-
dimensional flexibility, allowing the closed-loop aptamers to
rotate and adjust to attain an optimal orientation for binding
with the thrombin molecule. In the closed state, these two
aptamers were kept 4—6 nm apart as designed, consistent with
the distance between the two binding sites of thrombin that has
been proved to be the ideal distance to get strong binding.Sb As
shown in Figure 3a, after incubation of 20 nM DNA structures
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Figure 3. Native PAGE analyses of DNA machine binding with
thrombin. (a) Closed DNA machines containing different aptamers
were incubated with (+) and without (—) thrombin and then analyzed
by native PAGE. (b) The addition of fuel and antifuel strands drove
the DNA machine to catch and release thrombin molecules.

with 40 nM thrombin, a band moving much slower than the
DNA machine in the closed state, which represents the DNA
machine/thrombin complex, was clearly observed. Under the
same conditions, the DNA machine in the closed state but with
neither aptamer or only one aptamer did not show such a
slower-moving band. These results suggested that the bivalent
binding had a much higher binding affinity than monovalent
binding and that the spacing between the two aptamers was
appropriate for simultaneous binding with thrombin when the
DNA machine was closed. We also demonstrated that by
addition of “fuel” strands the caught thrombin could easily be
released along with the opening of DNA machine, and this
“capture—release” cycle could be repeated several times (Figure
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3b, lanes 5—8). The apparent dissociation constants (Ky) for
the open and closed forms of the tweezers toward thrombin
were also estimated by titration of the thrombin concentration
in the gel mobility shift assay (see the Supporting Information).
The closed DNA machine showed an apparent Ky of ~15 nM,
which is much smaller than that for the open tweezers (~500
nM). These results illustrated that the bivalent effects are still
based on the noncovalent interactions: the strong binding
affinity of the closed state originates from the spatial tie-up of
two weak interactions, and this tie-up can be interrupted by a
tiny but very specific stimuli, which brings the binding
reversibility. With this strategy, we can further investigate the
origin of polyvalent interactions in natural biological processes
with high binding affinity, specificity, and reversibility.

In summary, we have built a DNA machine that can
manipulate target binding affinity by constructing and destroy-
ing distance-dependent bivalent interactions without changing
ligands and target proteins. Recent progress in structural DNA
nanotechnology has enabled the study of more complex
polyvalent interactions in three dimensions. With well-
established DNA modification methods, the binding ligands
of such a system could be expanded to small molecules and
polymers,'® peptides,'” and even nanoparticles.'"® We believe
that these advantages and developments of DNA nano-
technology will make our strategy a universal platform for
studying dynamic polyvalent interactions and developing highly
specific target binding entities, which could be a potential tool
in biology and pharmacology. Such a target-responsive DNA
machine may also possibly be used to develop biosensing
devices."
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