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Abstract: This manuscript reports an effort to stabilize self-
assembled DNA crystals. Owing to their weak inter-unit
cohesion, self-assembled DNA crystals are fragile, which
limits the potential applications of such crystals. To overcome
this problem, another molecule was introduced, which binds to
the cohesive sites and stabilizes the inter-unit interactions. The
extra interactions greatly improve the stability of the DNA
crystals. The original DNA crystals are only stable in solutions
of high ionic strength (e.g., > 1.2m (NH,),SO,); in contrast, the
stabilized crystals can be stable at ionic strengths as low as that
of a 0.02m solution of (NH,),SO, The current strategy is
expected to represent a general approach for increasing the
stability of self-assembled DNA nanostructures for potential
applications, for example, as structural scaffolds and molecular
sieves.

Self—assembly is a powerful process for the generation of
a diverse range of structures and functions? that generally
relies on weak, reversible interactions. If a building block
attaches to an incorrect site, it can detach again because of the
reversibility of the process. For such a self-correcting mech-
anism to work effectively, the inter-unit interactions must be
sufficiently weak under the assembly conditions. However,
the final structures should be stable, which requires the inter-
unit interactions to be strong. Therefore, there are two
conflicting requirements for the inter-unit interactions. This
conflict exists in programmed DNA self-assembly as well.**!
Triangular DNA motifs have been engineered to assemble
into macroscopic, three-dimensional (3D) crystals."® Any
two adjacent triangle motifs weakly bind to each other
through a pair of two-nucleotide sticky ends (single-stranded
overhangs). The crystals are stable only in solutions of high
ionic strength (e.g., >1.2m (NH,),SO,). High ionic strengths
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greatly limit the applications of such self-assembled DNA
frameworks. For example, gold nanoparticles will irreversibly
aggregate and many enzymes will exhibit low catalytic
activities under such conditions.”'” Overcoming this
dilemma is a challenge for structural DNA nanotechnology.
Herein, we have developed a strategy to address this issue by
strengthening the inter-unit interactions after self-assembly.

In this work, we used weak inter-unit interactions for the
self-assembly of 3D DNA crystals® and then added a triplex-
forming oligonucleotide!"?! to enhance the inter-unit inter-
actions (Figure 1). With this strategy, DNA nanostructures
can be assembled effectively and are stable at the same time.
The key to success of this method is the formation of a DNA
triplex at the inter-unit cohesion region. The DNA motif was
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Figure 1. Post-assembly stabilization of DNA crystals by triplex forma-
tion. a) Overall self-assembly and stabilization process for a DNA
triangle crystal. Each gray rod represents a DNA duplex, and the red
line represents a triplex-forming DNA strand (T). b) DNA sequences of
the tensegrity triangle. The triangle is of pseudo-threefold rotational
symmetry and contains only three different types of strands: a central
triply-repeating strand (L), a medium strand (M), and a short strand
(S). c) Detailed interaction between two triangle motifs in the final,
stabilized DNA crystal. Two triangles associate with each other by
hybridization between their single-stranded overhangs (sticky ends).
Such cohesion is further stabilized by triplex formation. d) A model
system for testing the stabilization of the sticky-end cohesion. Two
short hairpins (H1 and H2) mimic the two interacting helical domains
between two triangle motifs in terms of sequences and sticky ends.
Note that the cytosine (C)-containing triplex in this study forms only in
acidic solution (e.g., pH 5.0).
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modified from a previously reported symmetric tensegrity
triangle motif.’! It has three-fold rotational symmetry in the
crystal and consists of seven DNA strands [one central triply-
repeating strand (L), three copies of identical medium strands
(M), and three copies of identical short strands (S)], which are
organized into three interconnected duplexes. Each duplex
contains a pair of complementary two-nucleotide sticky ends.
Sticky-end hybridization allows the DNA triangle motifs to
associate with each other and assemble into 3D crystals.
However, the two-nucleotide sticky-end cohesion is weak and
only effective in solutions of high ionic strength, for example,
>1.2m (NH,),SO,. Herein, the sequence of the DNA duplex
that connects two adjacent triangle motifs was modified in
such a way that one strand is composed of only purines (A or
G) while the other one is composed of only pyrimidines (T or
C). At acidic pH (e.g., 5.0), this DNA duplex region can bind
to a pyrimidine-only strand (T) to form a triplex.!'*'”) Triplex
formation will stabilize the sticky-end cohesion and thus the
3D crystals. The resulting DNA crystals are stable in solutions
of low ionic strength, such as approximately 0.02m
(NH,),SO,.

We have tested the stabilizing effect with a simple model
system (Figure 1d) by native polyacrylamide gel electro-
phoresis (PAGE). In this system, a pair of short hairpins (H1
and H2) were designed to have exactly the same sequences as
the two interacting helical domains between two tensegrity
triangles and thus mimic the sticky-end cohesion in the crystal
assembly. An individual, cohesive two-nucleotide sticky-end
is not stable at low ionic strength (e.g., 10 mm Mg>"). The two
hairpins do not associate with each other and appear as two
separate bands in PAGE analysis (Figure 2a). However,
under acidic conditions (pH 5.0), a pyrimidine-only oligonu-
cleotide (strand T) can bind to the nick-containing duplex to
form a triplex. The sticky-end cohesion is thus stabilized at the
same ionic strength (10 mm Mg>"). Experimentally, the two
hairpins (H1 and H2) and the T strand form a three-stranded
complex, which appears as a band with much higher
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Figure 2. Triplex stabilization of sticky-end cohesion in a hairpin model
system studied by native PAGE analysis at different pH values. The
sample compositions and band identities are indicated above and
beside the gel images, respectively. The lanes corresponding to
potential triplex formation are highlighted by dashed boxes. Note that
the mobility of the third strand itself changed significantly between the
two gels, presumably because of the different protonation states of
cytosine residues in solutions with different pH values.
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molecular weight than the individual strands in PAGE
analysis (Figure 2b). This experiment validates our hypoth-
esis: Triplex formation can indeed stabilize sticky-end cohe-
sion.

DNA crystals were assembled according to a previously
reported method.”! Briefly, the three component DNA
strands (L, M, and S) were mixed together at a molar ratio
of 1:3:3 in a neutral, Mg>"-containing aqueous buffer, and the
resulting solution was slowly cooled down from 95°C to 4°C
over two hours. The assembled DNA triangle solution was
then mixed with the crystallization buffer [MgCl, (10 mm),
Tris-HCI (50 mMm, pH 7.5), (NH,),SO, (1.6M)] and incubated
against an aqueous (NH,),SO, solution (1.6M) in a hanging-
drop setup at 22°C. As the water evaporated from the DNA
solution drop, both DNA and salt concentration increased,
and DNA triangle crystals appeared after 17 hours. After
48 hours, the DNA crystals reached their maximum sizes.
They were transferred into a new drop of the crystallization
buffer with its pH adjusted to 5.6 and incubated for 24 hours.
Then, the triplex-forming T strand was introduced into the
crystal-containing drops, and the drops were further incu-
bated for 48 hours to allow the T strand to diffuse into and
bind to the crystals to form triplexes. To demonstrate the
increased crystal stability, the crystal drop was incubated
against a large volume of reservoir solution with an indicated
ionic strength (by adjusting the (NH,),SO, concentration).
During this process, the crystal-containing drops absorb water
vapor. The drop volumes increase while the ionic strength
decreases to eventually be the same as that of the reservoir
buffer. Finally, the crystal morphology was examined by
optical microscopy. Without triplex formation, the crystals
started to degrade in (NH,),SO, solution from a concentration
of 1.5M and completely dissolved when the (NH,),SO,
concentration decreased to 1.2 (Figure 3). In sharp contrast,
after triplex stabilization, the DNA crystals were stable at this
ionic strength. In fact, the triplex-stabilized DNA crystals
showed no obvious morphological changes at (NH,),SO,
concentrations as low as 0.02m. The crystals completely
dissolved when incubated against water (without any salt).

We also monitored the morphological changes of the
DNA crystals as a function of the incubation time (for details,
see the Supporting Information, Figures S1 and S2). The time-
course experiments further demonstrated the improved
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Figure 3. Triplex-stabilizing effect on DNA crystals investigated by
optical microscopy. DNA crystals with (top) and without (bottom) the
triplex-forming strand (T) equilibrated against buffers with different
jonic strengths for 49 hours. (NH,),SO, concentrations are indicated
at the bottom. In each case, the crystals are from the same drop, but
not necessarily the same crystals.
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crystal stability after triplex formation. For example, the
DNA crystals after triplex formation showed no observable
changes when kept in a 1.0m (NH,),SO, solution for 74 hours,
whereas the DNA crystals without triplex stabilization
dissolved within 34 hours. An even more dramatic difference
was seen at lower (NH,),SO, concentrations. For example, in
0.02m (NH,),SO, solution, DNA crystals with triplex stabi-
lization showed no signs of degradation over 74 hours,
whereas the DNA crystals without triplex formation com-
pletely dissolved in 6 hours. Furthermore, two control experi-
ments were performed. Strand T at pH 8.0 (Figure S3) or
a non-triplex-forming strand T’ at pH 5.6 (Figure S4) were
added to DNA crystals before incubating the crystals against
different concentrations of (NH,),SO,. Under both condi-
tions, triplexes cannot be formed, and therefore, no stabiliza-
tion is expected; this hypothesis was clearly supported by the
experimental data.

To confirm that the triplex indeed formed in the DNA
crystals, we used denaturing PAGE analysis to determine the
composition of the DNA crystals (Figure 4). After incubation
with or without the T strand at pH 5.6 or 8.0 for 48 hours, the
DNA crystals were extensively washed to remove any free
T strands. The DNA crystals were then dissolved, and their
component DNA strands were analyzed by denaturing
PAGE. In the gel image, the T strand was absent in the
crystal sample incubated at pH 8.0 because it could not bind
to the triangles by triplex formation. However, for the DNA
crystals kept at pH 5.6, a band corresponding to the T strand
was clearly visible. This observation indicated that at acidic
pH, the T strand indeed bound to the DNA crystals through
pH-dependent triplex formation. To gain more quantitative
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Figure 4. Denaturing PAGE analysis of the composition of the stabi-
lized DNA crystals. The chemical composition of each lane and the
chemical identity of each band are indicated above and beside the gel
image, respectively.
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insights, we determined the ratio of the DNA strands by
measuring the intensity of each band to estimate how many
potential triplex-forming sites actually formed triplexes. We
found that in the crystals, approximately 50 % of the sticky-
end cohesions were stabilized by triplex formation. Even
though this quantification method provides only a rough
estimate, it strongly suggested that even partial triplex
formation (or stabilization of some of the inter-motif inter-
actions) significantly stabilized the DNA crystals.

To further confirm the triplex formation, we labeled the
T strand with a red dye, Cy3, at its 5’ end. If the new T-Cy3
strands bind to the DNA crystals, they will change their color
to red. Optical images clearly confirmed this hypothesis
(Figure 5) and corroborated that the stabilization of the DNA
crystals was due to triplex formation.

No T-Cy3

+ T-Cy3 +T-Cy3
(immediately after addition) (1.5 days after addition)
Figure 5. Optical visualization of the binding of the T strand to the
DNA crystals. The modified strand T-Cy3 has exactly the same
sequence but with a red dye, Cy3, at the 5" end. Incorporation of the T-
Cy3 strand introduces red color into the previously colorless DNA
crystals.

In conclusion, we have developed a strategy for the
stabilization of self-assembled DNA crystals by strengthening
the inter-unit interactions after crystal assembly. Although the
current stabilization method relies on triplex formation at
acidic pH, it should be straightforward to form triplexes at
neutral pH by introducing triplex-stabilizing modified bases,
for example, by replacing C and T with 2’-aminoethoxy-
methyl-C and 2'-aminoethoxy-T, respectively.®! Along with
the concept of post-assembly stabilization, it is also conceiv-
able to introduce other sequence-specific stabilization motifs
at the sites of sticky-end cohesion, for example, by sequence-
specific protein binding or polyamide recognition."*?! The
significance of this work lies in the fact that a solution
environment similar to physiological conditions can now be
used for DNA crystals. In such an environment, potential
guests behave more as they would in their native conditions.
For example, enzymes will have higher activities,"") and
inorganic nanoparticles will be less likely to aggregate
irreversibly.”) Further studies along this line are currently
being conducted by our groups.
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