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ABSTRACT: Accessibility of synthetic oligonucleotides and the
success of DNA nanotechnology open a possibility to use DNA
nanostructures for building sophisticated enzyme-like catalytic
centers. Here we used a double DNA crossover (DX) tile
nanostructure to enhance the rate, the yield, and the specificity of
5’5" ligation of two oligonucleotides with arbitrary sequences.
The ligation product was isolated via a simple procedure. The
same strategy was applied for the synthesis of 3'—3" linked
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oligonucleotides, thus introducing a synthetic route to DNA and RNA with a switched orientation that is affordable by a low-
resource laboratory. To emphasize the utility of the ligation products, we synthesized a circular structure formed from intramolecular
complementarity that we named “an impossible DNA wheel” since it cannot be built from regular DNA strands by enzymatic
reactions. Therefore, DX-tile nanostructures can open a route to producing useful chemical products that are unattainable via
enzymatic synthesis. This is the first example of the use of DNA nanostructures as a catalyst. This study advocates for further
exploration of DNA nanotechnology for building enzyme-like reactive systems.

rotein enzymes facilitate chemical reactions by using
multiple functional groups brought into proximity to
specific substrates. Up to 10-fold enhancement of the
reaction rates is possible due to the simultaneous use of
several catalytic strategies, including the proximity and
orientation effect, preferential binding to the transition state,
general acid/base, and electrophilic and nucleophilic catalysis.!
The proximity and orientation effect lowers the entropic
barrier to form the transition state. This simple strategy has
been explored in nucleic-acid-templated reactions, in which
two reactive groups are conjugated to the opposite ends of two
oligonucleotides and then brought together by hybridization.

Templated reactions have been used for the discovery of new

chemical reactions,> DNA-triggered drug release> DNA
templated ligation,* and nucleic acid analysis,”> among other
applications. The approaches, however, use B-DNA helix
formation to bring into proximity the 3’ end of one
oligonucleotide to the 5 end of another in two major
topological arrangements shown in Figure 1a. This strategy is
limited by the requirement that the reactive groups be attached
to the opposite DNA ends. Importantly, with B-DNA being a
one-dimensional (1D) structure, it limits the number of
reactive and/or catalytic groups that can be brought into
proximity and leaves little room for achieving sophisticated
enzyme-like architectures.

On the other hand, DNA nanotechnology has introduced
non-natural 2D and 3D DNA nanostructures, such as an
immobile four-way junction,” paranemic crossover,® and
tensegrity triangle,” to name a few.!” These blocks may allow
the building of complex 3D arrangements of functional groups
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Figure 1. Topology of DNA-template-assisted and DX-tile-assisted
reactions. (a) Conventional template-assisted reaction: strands 1 and
2 hybridize with each other or to a DNA template to bring the two
reactive groups R1 and R2 into proximity, thus facilitating the
reaction.2=¢ (b) Scheme of a DX tile developed by Fu and Seeman.!!
(c) Scheme of a DX tile designed in this study to catalyze the ligation
of oligonucleotides at their 5’-phosphorylated termini.
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Figure 2. Comparison of uncatalyzed (DX-tile (—)) vs DX-tile-catalyzed (DX-tile (+)) chemical ligation of XA 5p and XB 5p. (a) Scheme of
uncatalyzed chemical ligation. (b) Scheme of DX-tile-catalyzed chemical ligation. (c, d) PAGE analysis of the ligation products for (c) uncatalyzed
and (d) DX-tile-catalyzed reactions. Lane 1: ssDNA ladder; Lane 2: prior cross-linking of 5" ends; Lanes 37 or 8: samples after ligation terminated
at different incubation times (as indicated). Blue arrows indicate the ligated product XAp—pXB with the expected length of 57 nt. Orange and red
arrows indicate bfyproducts of the reaction. (e) Comparison of the yields of the ligation reaction on DX tile (blue bars) and in solution (gray bars).

The yield quantification was done as described in Methods.

attached to the ends of DNA strands. To illustrate the
feasibility for DNA nanostructures to be used as catalysts, here
we explored the 5'—5" chemical ligation of two oligonucleo-
tides. Even though a 5'—5" phosphodiester bond is known in
nature (e.g., found in mRNA cap structure), no known catalyst
is capable of the 5’5" ligation of two DNA strands of arbitrary
sequences.

To achieve the 5'~5" DNA ligation, we turned our attention
to a DNA nanostructure called double-crossover antiparallel
even (DAE) tile (also known as a DX tile) introduced by Fu
and Seeman in 1993.1 DX tile consists of five DNA strands
(Figure 1b), which form two DNA helixes bound to each other
via two DNA four-way junctions (crossovers). Figure 1c shows
how a DX-tile-like nanostructure can be used as a template for
bringing the 5’ ends of two nucleic acid strands (XA 5p and
XB 5p) into proximity. In the present study, we demonstrate
an enhancement in the reaction rate and yield of the chemical
ligation and its specificity due to the proximity and orientation
effect provided by the DX-tile-like structure. Our findings may
become a step toward exploring DNA nanostructures for
rational design of enzyme-like catalytic centers.

5'=5" and 3'—3" Chemical Ligation Catalyzed by DX Tile.
First, we designed a 5'—5 DNA ligation system by forming a
DX tile containing strands Rail 1, Rail 2 and four crossover
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strands: XA 5p, XB 5p, staples 5 and 6 (Figure 1c). The
sequence of the XA 5p and XB 5p oligonucleotides to be
ligated were arbitrarily chosen with ~50% G/C content and
absence of stable intramolecular secondary structures (Table
S1). Both XA 5p and XB 5p were elongated with 3’-terminal
oligo-T tails to be 26 and 31 nucleotides (nt), respectively, to
have different electrophoretic mobilities and enable analysis of
the tile formation and ligation reaction using polyacrylamide
gel electrophoresis (PAGE). The sequences of the Rail 1 and
Rail 2 strands included a 10 nt fragment complementary to
both XA 5p and XB 5p. Similarly, they contained oligo-T tails
of different lengths that could distinguish the strands” mobility
in PAGE). Staples 5 and 6 were designed to bind Rail 1 and 2
strands at two DNA helical turns (21 nt) apart from each other
to accommodate XA 5p and XB 5p in the middle of the tile
(Figure 1c). In the resulting six-stranded complex, the 5" ends
of XA 5p and XB 5p were positioned on the inner sides of the
DNA helixes (“inside” the tile) in proximity to each other, as
shown in Figure 2b. Therefore, their chemical ligation could
take place right in the center of the nanostructure. The correct
association of the six strands into the expected complex was
confirmed by native PAGE analysis prior to cross-linking
(Figure S1).
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For the chemical ligation, we used the 1-cyanoimidazole (1-
CNI) condensation system developed by Kanaya and
Yanagawa,'> which was shown to be effective for the 5'~3’
templated ligation of oligoadenylates in aqueous solutions
(Scheme S1).12 Mn?*, Zn?*, Cu?*, Cd?*, Co?*, Ni?*, and Mg?*
have been coupled with 1-CNI due to their influence in the
ligation yield, with Mn?* and Zn?* most commonly used.’3-15
The reaction involves activation of the terminal phosphate with
1-CNI to facilitate its attack by a nucleophile. The reaction
mechanism for phosphate activation'>’® and divalent cation
assisting the nucleophilic attack has been proposed and
characterized.'2131® We ran a series of optimization experi-
ments to increase the yield of the DX-tile-assisted 5'—5
ligation. The 5" end of one strand was either phosphorylated
(XA 5p) or lacked a phosphate group (XA), while the 5" end
of another strand was always phosphorylated (XB 5p). To
study the effect of the gap between the strands to be ligated, we
left 1 or 2 nt single-stranded gaps, as shown in Figure 1c.

The best 5’5" ligation yields were obtained when (i) both
strands were 5"-end-phosphorylated (XA 5p + XB 5p, Figure
S2A); (ii) Mn?* rather than Zn?* was used as a metal cofactor
(Figure S2B), which aligns with previous reports;'>!* (iii) at
37 °C rather than at 22 °C (Figure S3); (iv) at the optimal
Mn2* concentration of 100 mM (Figure S3); and (v) the
strands bound to both Rails 1 and 2 were separated by a 1 nt
gap (Figure S4). Under the optimized conditions, the reaction
reached a plateau within 16 h with a yield of ~65% producing
no ligation side products (Figures 2d,e and S5). Furthermore,
to increase the flexibility of the two reacting phosphate groups,
we attached them to strands XA 5p and XB 5p via a flexible
triethylene glycol spacer (iSp9). However, this did not improve
the reaction yield (Figure S6).

In contrast, the uncatalyzed (DX-tile-free) ligation under
similar conditions produced less than a 5% yield of the
expected product after 16 h incubation. We observed a 2-fold
yield increase after 24 h, but after 36 h the DX-tile-free ligation
seemed to plateau (Figure 2c,e). The reaction rates for DX-tile
and DX-tile-free ligation were calculated to be 0.40 = 0.096
and 0.07 = 0.019 ymol L-1 h-1, respectively, indicating that
DX tile enhances the reaction rate. In addition, two side
products€52 nt XA-XA and 62 nt XB—XB@were formed
h noticeable amounts in the absence of DX tile (Figure
2a,c, indicated by red and orange arrows, respectively).
We therefore concluded that as a catalyst, the DX-tile-
like association increases the ligation yield by ~12-fold and
the
reaction rate by ~5.7-fold and improves the reaction
specificity.

We also tested the possibility of bringing the ends of the two
DNA strands together using a simpler arrangement than the
DX tile, where Rail 1 and 2 strands were bound to each other
directly (without staple strands) and formed a “bubble” with
the sequences complementary to the strands to be cross-linked
(Figure S8). However, such a system produced only ~7% yield
of the ligation product, thus confirming the advantage of the
DX tile as a template for chemical ligation.

The identified optimal conditions were also applied for the
ligation of XA 3p and XB 3p strands to achieve the 3’3’
ligation of two DNA strands (Scheme S7). Under these
conditions, the reaction reached a plateau within 16 h with a
yield of 52% for the 3’3" ligation products (Figure 3b, Lane
3). This ligation yield was lower than for the 5'—5" ligation
product, most likely due to the lower reactivity of the
secondary phosphate group and unassembled reacting strands
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Figure 3. 12% dPAGE analysis of the synthesis and isolation steps for
the (a) 5’5" ligation products and (b) 3’3" ligation product. Lane
1: ssDNA ladder (the sizes of the ladder bands are indicated to the
left of the lane); Lane 2: DX tile prior to cross-linking; Lane 3: DX tile
after the reaction (the 5'~5" and 3’3" ligation yields are ~70% and
52%, respectively); Lane 4: ligation reaction mixture prior to the
digestion of the tile components by the exonuclease treatment; Lane
5: same as Lane 4 after the exonuclease treatment. Blue arrows
indicate the cross-linking product XAp—pXB with the expected length
of 57 nt.

(Figure S1b). However, we do not exclude the possibility that
further optimization may improve the yield of the 3’3’
ligation.

Isolation of the Ligation Products. After the ligation reaction,
the DNA strand with switched polarity remained in the
mixture with other DX-tile-forming DNA strands. To isolate
the ligation product, we added oligonucleotides that were fully
complementary to the strands Rail 1gl and 2g1, staples 5 and
6. This mixture was digested with Exo VIII, an exonuclease
that degrades double-stranded DNA (dsDNA) in the 5 to 3’
direction. We hypothesized that since the XA 5p—p5 XB
ligation product did not have free 5" ends, it would remain
resistant to the Exo VIII treatment.

Indeed, after treatment, we obtained a single DNA strand
(Figure 3a, Lane 5), which could be further purified from Exo
VIII by routine phenol extraction and ethanol precipitation.
The size of the 5'—5" ligation product corresponds to the
expected length (indicated by blue arrows in Figure 3a, Lanes
3-5). Similarly, we achieved isolation of the pure XA 3p—p3
XB product upon treatment with Exo III, which degrades both
dsDNA and ssDNA in the 3’ to 5" direction. In this case, there
was no need to add DNA strands complementary to Rail 1g1
and Rail 2g1 or the staple strands. Same as for the 5’5
ligation product, the length of the 3'—3" product did not
change during the enzymatic treatment, which indicates the
absence of the free 3" ends and confirms the structure of the
ligation product (Figure 3b, Lane 5). Therefore, the switched
polarity feature of the ligation products makes them suitable
for an easy isolation procedure that is affordable by even low-
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Figure 4. (a) Scheme comparing the structural requirements for the “impossible DNA wheel” structure. (b) Enforcement of the wXA 5p—p5 wXB
assembly with the complementary strands to form a triangle-shaped impossible DNA wheel for AFM imaging. (c) 8% dPAGE run at 60 °C: Lane 1:
149 nt DNA marker; Lane 2: 171 nt DNA marker; Lane 3: impossible DNA wheel sample before the ligation reaction; Lane 4: same as Lane 3 after
the reaction, yield 69 + 4%; Lane 5: ligation product before Exo VIII treatment; Lane 6: ligation product after Exo VIII digestion. (d)
Representative AFM image of the triangle-shaped impossible DNA wheel. (¢) Gaussian distribution of the contour measurements (N = 521).

resource laboratories. Furthermore, both the purified and
unpurified 5'—5" ligation products are stable at room
temperature over 30 days (Figure S9).

Synthesis and Characterization of the “Impossible Wheel”. DNA
strands with switched polarity have been used for ligation of
plasmid DNA via triplex formation,!” as probes for nucleic acid
analysis,'$1? for the DNA-peptide library display system,’> and
to improve hemin-dependent peroxidase activity of G-
quadruplexes.?? However, to the best of our knowledge, such
strands have not been explored by DNA nanotechnology,
possibly due to the limited accessibility of this material. To
illustrate the potential of DNA strands with switched polarity
in DNA nanotechnology, we designed and synthesized a
circular DNA nanostructure that we named an “impossible
DNA wheel” (Figure 4a). This structure is impossible to create
by plain intramolecular self-hybridization of a regular DNA
oligonucleotide because of the parallel orientation of the DNA
fragments in the double-stranded region (Figure 4a, left).
However, it is possible to form the “impossible wheel” from a
DNA strand with switched polarity (Figure 4a, right). In this
work, we designed a DNA wheel to be 166 nt and formed by
the 5'—5" ligation of 70 nt long wXA 5p and 96 nt long wXB
5p complementary to each other by 15 bp (60% GC). As a
scaffold, we used the same DX tile system to hold the reacting
strands wXA 5p and wXB 5p as was used in our prior
experiments. Thus, synthesis of DNA wheels shorter or longer
than 166 nt can be attempted using the same DX tile system if
the DX tile binding site of both reacting strands is conserved.
The reaction yield was 68 + 4% (Figure 4c, Lane 4), and
isolation of the pure product was achieved by Exo VIII
treatment (Figure 4c, Lane 6), as explained above.

To detect the “impossible DNA wheel” by atomic force
microscopy (AFM), this structure was reshaped into a dsDNA
triangle (Figure 4b) by adding two complementary strands,
W1-Tri-A and W1-Tri-B (Table S1). This was needed to
increase the rigidity and visibility of the structure in the AFM
image.?! The triangle shape was visualized by AFM (Figure
4d). Based on the pitch of ds B-DNA (0.32—-0.34 nm/bp), our
impossible DNA wheel was estimated to have a circumference
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of 40—42 nm in its triangular shape. To confirm the presence
of the expected DNA wheel, contour measurements were
performed on a population of 521 ring structures observed
during AFM imaging (Figure S10). From the Gaussian
distribution of the observed formations, three distinct
populations were identified, with 385 of the structures falling
under population P1 (44.4 + 5.9 nm), which is closer to the
expected circumference of 42 nm. We hypothesize that the
observed broad range of sizes (P2 and P3) can be explained by
the polymerization of the DNA wheel due to its self-
complementarity (Figure 4b).

Discussion. DNA nanotechnology has introduced a number
of sophisticated structures, many of which are being applied in
biotechnology, gene therapy, and molecular computation.'0
For example, the DX tile (Figure 1b), a more rigid building
block than dsDNA, was used as a sensor for nucleic acid
sequences (together with molecular beacon probes),?? for
assembling two-dimensional DNA crystals,® DNA Sierpinski
triangles,” and hexagonal RNA nanotubes,* among other
applications.!’ Here we used the DX tile in yet another role: as
a catalyst for a chemical reaction. We hypothesized that the 2D
structure of the DX tile can broaden the capabilities of the
DNA-templated reactions explored earlier.?-¢

To illustrate the feasibility of using the DX tile as a catalyst,
we synthesized 5'~5'- and 3'—3'-linked oligonucleotides of
random sequences because of the practical significance of the
reaction products as well as the absence of catalysts of these
reactions. Such oligonucleotides can be prepared by the
automated chemical nucleic acid synthesis using both conven-
tional 3’-phosphoramidites and nonconventional and expen-
sive 5'-phosphonamidites.’>!%1° In practice, however, the
synthesis of such strands requires a laboratory equipped with a
DNA synthesizer, which makes such synthetic products
unaffordable by an overwhelming majority of potential users.
A DNA-templated synthesis of 5’5~ and 3'—3"-linked
oligonucleotides was reported by Chen et al.,’> who took
advantage of the parallel duplex formation between poly-A and
poly-T sequences. This method, however, puts a limitation on
the choice of the sequences of oligonucleotides to be ligated: at
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least one DNA strand must be poly-T or poly-A oligonucleo-
tide.

The DX-tile-assisted ligation uses only the proximity and
orientation effect to achieve >12-fold yield enhancement and
>5-fold reaction rate increase and, unlike the corresponding
uncatalyzed reaction, results in no byproducts. Both yield
enhancement and high reaction specificity are attributes of
enzymatic catalysis. In this work, we did not explore multiple
catalytic turnovers under the conditions when reactants are
used in excess over the DX tile catalyst. Such reactions have
been studied in the context of DNA- and RNA-templated
synthesis and were reported to achieve up to 92 turnovers
when optimized.”” We also did not thoroughly optimize the 1-
CNI chemistry (e.g., reagent concentrations, buffer, type of
metal ion), since this was performed earlier using 3'-5'-
templated oligonucleotide ligation and we just adopted the
best conditions in this work.!>1316

While developing this technique, we noticed that the ligation
yield was significantly improved when both reacting strands
had phosphorylated ends, in comparison with the earlier
systems having only one strand phosphorylated. This higher
reactivity can be explained both by a greater probability for the
reactants to be activated by 1-cyanoimidazole as well as greater
nucleophilicity of the phosphate group in comparison with the
hydroxyl group under the reaction conditions. The ligation
products in this case contained a phosphoanhydride instead of
a regular phosphodiester linkage, which raised a question
regarding its chemical stability in aqueous solutions. However,
we did not observe degradation of the ligation product over 30
days at 22 °C and pH 7.4 (Figure S9).

For downstream applications, oligonucleotides ~with
switched polarity obtained via DX-tile-assisted ligation may
need to be isolated from the mixture of the DX-tile-forming
strands, which would traditionally require HPLC or gel
electrophoresis. To avoid a tedious purification procedure,
we took advantage of the absence of free 5" ends in the 55’
ligation product or free 3" ends in the 3'~3" ligation products
and treated the reaction mixtures with either 5’- or 3'-
exonuclease that would degrade all DNA present except the
ligation products . This experiment highlights the improved
nuclease resistance of the 5'~5" and 3’3" oligonucleotides
and inspires follow-up exploration of nonostructures built from
DNA with inversed polarity in intracellular environment.
Furthermore, we demonstrated that the ligation approach is
applicable to form oligonucleotides with switched polarities of
different lengths. Indeed, we used the DX-tile-assisted ligation
to synthesize a 166 nt long “impossible DNA wheel” structure.
We hope that the high ligation yield, applicability to any
nucleic acid sequences, and simple purification procedure will
make the reported synthetic scheme useful in laboratory
practice.

It is worth noting that the DX-like structure can
accommodate up to four functional groups in the middle if
both 3" and 5" strands of XA and XB are functionalized. Some
of the functional groups can act as catalysts, while others - as
reagents. This would create a more sophisticated functional
group arrangement, which may enable exploration of several
catalytic strategies to mimic natural enzymes. Other structures
that allow bringing together more than four groups, such as 5-,
8-, and 12-way DNA junctions,?#* can be explored for
building even more sophisticated catalytic sites.

Conclusions. We demonstrated that a DNA nanostructure
can be used to facilitate reactions not achievable by any known
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enzyme. DNA strands of arbitrary sequences can be joined
together by their 3' -3 or 5'~5" ends with the rate and yield
enhancements of more than 5- and 12-fold, respectively, and
greater specificity than that for the uncatalyzed reaction. This
was achieved due to the proximity and orientation catalytic
strategy provided by the DXtile scaffold. Building catalytic
centers by attaching functional groups to specific positions in
DNA nanostructures can become a new strategy for the
rational design of artificial catalysts.

l METHODS

DX Tile Assembly and Chemical Ligation Reactions. DNA
oligonucleotides comprising the DX tile complex were mixed
at 20 uM in a buffer containing 200 mM imidazole-HCl (pH
6.5) and 75 mM MgCl,. The DX tile samples were annealed by
denaturing the strands at 95 °C for 2 min and cooling to 22 °C
over the period of 8 h. For the cross-linking reaction, 1-
cyanoimidazole and MnCl, were added to the annealed
samples to their final concentrations of 30 and 100 mM,
respectively, and the reaction mixtures were incubated at 37 °C
for 16 h unless otherwise specified.

AFM Imaging. AFM samples were prepared as follows: wXA
5p—wXB 5p ligation product was associated with AFM
complementary strands (Table S1) in an assembly buffer (10
mM Tris-HCI, pH 7.4, and 2 mM MgCl,) followed by gel
isolation of the complex and its resuspension in the assembly
buffer. Mica substrates were modified with 1-(3-aminopropyl)-
silatrane (APS) to create a positively charged surface for
deposition of DNA-DNA and RNA-DNA hybrid structures
via electrostatic attraction between the negatively charged
DNA backbone and positively charged APS-mica. Five
microliters of each sample was deposited on the APS-modified
mica and incubated for 2 min before rinsing the excess DNA
with DI water. Optimal sample concentration ranged from 10—
100 nM to avoid overlapping of DNA structures. Mica samples
were dried under a flow of ultrahigh-purity argon gas and
incubated overnight under vacuum before imaging. AFM
images were obtained using a Multimode AFM Nanoscope IV
system (Bruker Instruments, Santa Barbara,CA) operating in
tapping mode in air with a RTESPA-300 AFM probe.
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