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Self-Assembly of Functionalizable Two-Component 3D DNA Arrays
through the Induced Formation of DNA Three-Way-Junction Branch
Points by Supramolecular Cylinders**

D. Roeland Boer, Jessica M. C. A. Kerckhoffs, Yolanda Parajo, Mirela Pascu, Isabel Uson,
Per Lincoln, Michael J. Hannon,* and Miquel Coll*

The DNA -aided engineering of nanomaterialst"? has enabled
the preparation of various DNA-based nanoscale devices and
materials®! and discrete nanoscale geometric objects.[*’!
Furthermore, it has been shown that DNA can be designed
to organize into extended arrays, such as 2Dl and 3D
crystals.® Branching points have so far been incorporated in
these materials by including DNA four-way (“Holliday”)
junctions or by covalent modification.”>*) The recent descrip-
tion of a designed 3D crystal obtained by slow annealing of
short DNA sequences® underlines the interest in materials of
this kind. In that structure, the branching points in the crystal
lattice are four-way junctions that assemble through pro-
grammed Watson—Crick base pairing between sticky ends at
the vertices of discrete DNA triangles.

We describe herein an alternative approach, based on the
use of three-way junctions (3WJs) as branching points, for the
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design of 3D DNA assemblies composed of short palindromic
(5'-CGTACG-3') oligonucleotides. The advantage of using
3WIs lies in the fact that they are specifically recognized by a
class of helicate coordination compounds called supramolec-
ular cylinders (Figure 1).1% These molecules can thus be
introduced noncovalently into the 3WJ branching points of
fully base paired 3WJs!''*l and 3WIJs that contain unpaired
bases.'”) At present no compounds are available that exclu-
sively recognize and bind other types of junctions in quite the
same way (i.e. in the cavity of the junction).'l A bisacridine
bisintercalator that binds four-way junctions™ was shown to
also bind other DNA topologies."” The use of cylinder-bound
3WIs should add stability and rigidity to the DNA frame and
enable the introduction of cylinder-linked functionality into
DNA-based materials. These functionalities may potentially
be introduced through inherent properties of the metal-
locylinders, such as fluorescence,'”! or through groups grafted
onto the cylinder structure.”®! Furthermore, as the cylinders
can be used to induce the formation of the junctions within a
palindromic DNA molecule, the DNA programming required
is greatly simplified. This approach will benefit from self-
assembly and self-correction, as it enables the formation of
structures which can self-heal or respond to their environ-
ment. Herein, we describe the lattices of three crystal
structures obtained by the cylinder-induced self-assembly of
3WlJs at room temperature; pretreatment (annealing) of the
DNA was not required.

We previously described the binding of the triangular
cylinder to the center of a fully base paired 3WJ formed by
three strands of the palindromic DNA hexanucleotide 5'-
CGTACG-3"."l Herein, we show that the high affinity of the
face planes of the cylinder for DNA base pairs (see Figure S3
in the Supporting Information) is able to induce the arrange-
ment of blunt-end duplex-DNA arms around additional
cylinder molecules to form 3WIJs that are discontinuous
over the branching point. The alternating interactions
between discontinuous 3WIJs (dc-3WIJs) and continuous
3WIJs (c-3WIs; Figure 1c) result in extended solid arrays
consisting of repeated ring motifs that interconnect to form
repetitive cage motifs in three dimensions, that is, crystals.
Herein, we present two new structures of this type and extend
the description of the previously reported structure to include
its dc-3WI. In two of the three structures, a cylinder with a
central CH, unit in the spacer (Figure 1b) was incorporated.
One of these two structures contains just the M-helical
enantiomer of this cylinder™!! (this structure is referred to as
(CH,, M)), whereas the other, (CH,, M/P), contains a mixture
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Figure 1. Overview of the cylinder structure and its association with DNA. a) Components and assembly of
the cylinders. The M- and P-helical enantiomers are shown; for each, one of the face planes is indicated by
a dashed box. b) Chemical structures of the ligands of the cylinders with the central CH, (top) and thioether
(bottom) units. c) Stereoview of the organization of the discontinuous 3W/Js around a continuous 3WJ in
the (CH,, M) crystal lattice. Cylinders are shown in green; duplex DNA is color-coded according to the
threefold symmetry. Only the first three base pairs around the discontinuous 3W/|s are shown.

of the M- and P-helical enantiomers. The third structure, (S,
M), contains only the M enantiomer of the cylinder with a
thioether in the spacer (Figure 1b)."") The M enantiomer
binds at the cavity of both c-3WJs and dc-3WlJs, whereas the
P enantiomer is exclusively found in dc-3WlJs. Models of P-
enantiomer-based 3WJs show that the orientation of the
corresponding face planes (Figure 1a) is incompatible with
the formation of a c-3WJ analogous to those of the
M enantiomer (see Figure S1 in the Supporting Information).
The dc-3WJs are not restrained by the connectivity of the
DNA backbone; this increased flexibility allows for dc-3WJ
topologies that are distinct from that of the c-3WJ (see
Figure S2 in the Supporting Information).

The topologies of the three structures differ as a function
of the type of cylinder incorporated and its chirality. Since the
architecture of DNA assemblies depends on these parame-
ters, it is instructive to investigate how these parameters affect
the structures. The incorporation of the P enantiomer in dc-
3WIs of the (CH,, M/P) structure changes the orientation of
these junctions by approximately 70° relative to that of dc-
3WIs of the (CH,, M) structure, with far-reaching effects on
lattice topology (Figure 2). Interestingly, inversion of the
chirality of the cylinder in the de-3WJs in the (CH,, M/P) and
(CH,, M) structures (see Figure S2 in the Supporting Infor-
mation) causes a change in handedness of the 3D organization
of the networks, although there is no change in the chirality of
most of the molecules that make up the network (Figure 3).
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This change in handedness is
reflected in the change in
handedness of the space
group from P4;32 to P4,32.

The incorporation of the
cylinder containing the thio-
ether (Figure 1b) to give the
(S, M) structure caused a
decrease in the number of
crystallographically inde-
pendent 3WJs, a decrease in
the crystal-cell volume by
approximately 65%, and a
decrease in symmetry, as evi-
denced by a change in the
space group to P23 (see
Table S1 in the Supporting
Information). The replace-
ment of the central methylene
groups with thioether groups
did not affect the recognition
of the c-3WJ nor alter the
conformation of the central
region of the junction
(Figure 2). The differences in
the lattice parameters were
therefore attributed to an
approximately 4.5 A shift of
the cylinders at the dc-3WJs in
the (S, M) structure with
respect to the cylinders at the
dc-3WJs in the (CH,, M)
structure (Figure 2). This shift is possible through a slight
adjustment of the DNA backbone at the ends of the DNA
arms and through an adjustment of the corresponding blunt-
end base pairs with respect to the cylinder at the dc-3Wls. It
results in simultaneous direct interactions between the central
thioether group and the two nucleobases of the interacting
base pair (see Figure S3 in the Supporting Information).
Propagation of the displacement of the cylinder throughout
the lattice dramatically alters the lattice topologies of the
(CH,, M/P) and (CH,, M) structures on the one hand and of
the (CH,, S) structure on the other, as described above (see
also Table S1 in the Supporting Information). In the (CH,, M)
and (CH,, M/P) structures, simultaneous interactions
between the central methylene group of the cylinder and
the two nucleobases of the interacting base pair do not occur,
which suggests that the thioether group of the modified
cylinder, in contrast to a methylene group, attracts the bases
(see Figure S3 in the Supporting Information).

The architecture of the DNA networks also depends on
the sequence and length of the DNA fragments. Crystals
obtained from mixtures of cylinders with oligonucleotides
containing up to 12 bases did not diffract well enough for
structure determination, probably as a result of increased
flexibility of the DNA arms. We are presently extending our
investigations to the use of longer, nonpalindromic sequences
that include overhangs.
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a)

Figure 2. Superpositioned images of the 3W|s of the three structures;
the cylinders are shown as molecular surfaces and the DNA as cartoon
drawings. a) Major-groove and b) side views of the superposed con-
tinuous 3WJs of the (CH,, M) and (CH,, M/P) structures, colored
green and purple, respectively. Note the rotation of the discontinuous
3W)s at the extremes of the DNA arms. c) Major-groove and d) side
views of the superposed continuous 3W|s of the (CH,, M) and (S, M)
structures, colored green and pink, respectively. The yellow areas on
the surface of the cylinders indicate the location of the thioether

S atoms.

ﬁ e al
Figure 3. Stereoviews of portions of the lattices of the (CH,, M) (top)

and (CH,, M/P) (bottom) structures. The lattices are pseudo mirror
images (as indicated by the dashed line).
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The structures presented herein show that cylinders can
act as hubs for the construction of extended 3D lattices by
inducing the formation of both continuous 3WJs and dis-
continuous 3WJs in palindromic DNA sequences. The
chemical structure and chirality of the cylinder modulate
the geometric parameters of the 3WJ hubs and thereby alter
the topology of the DNA frame. The modular nature of the
specific interactions between the cylinders and 3WJs has great
potential in the construction of DNA arrays, because it
enables the introduction of different functionalities into DNA
networks/structures through chemical derivation of the cyl-
inder component. The structures presented herein open new
possibilities for the construction of DNA-based nanomateri-
als with increased flexibility and functionality.

Experimental Section

Crystals were grown by standard hanging-drop vapor diffusion at
20°C from aqueous solutions. Initial crystallization conditions were
determined from Natrix and Nucleic Acid Mini Screens (Hampton
Research, USA). All structures were solved by using experimental
phases on the basis of anomalous diffraction. Electron-density maps,
refinement statistics, and further details can be found in the
Supporting Information.
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