J

A|CIS

COMMUNICATIONS

Published on Web 09/01/2009

A Two-Dimensional DNA Array: The Three-Layer Logpile
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DNA self-assembly is capable of creating nanometer-scale
polyhedra,' simple machines,” two-> and three-dimensional arrays,*
periodic tubes,” and aperiodic DNA origami.® These DNA structures
are designed to self-assemble through control of the oligonucleotide
sequences of the component DNA strands.” Periodic DNA nano-
structures have a specific application in structural biology as
templates to create synthetic protein crystals,® including 2D protein
crystals suitable for structure determination using cryo-electron
microscopy.®” We present a 2D array, the three-layer logpile (3LL),
which is designed to maximize structural order by ensuring that
helices run continuously, without bending, through the structure.

-
a GTAGACAACGGTCCAGAAGGCATG CGGAACAGTGAGCAATCCTCGTG GLTAAG
CGATTE CATCTGTTGCCAGGTCTTCCGTAC GCCTTGTCACTCGTTAGGAGCAC

GATACT

CTAACTA T CCTGCTCAT CGC
__ CTATGA GATTGAT AGGACGAGTAGCG

Figure 1. Three-layer logpile. (a) Basic structural unit: four oligonucleotides
hybridize to form an immobile Holliday junction. Arrows indicate 5'—3’
sequence polarity; unpaired nucleotides are underlined. (b) 3D representa-
tions of the junction showing the arrangement of sticky ends. (c¢) The 3LL
lattice is formed by assembly of many Holliday junctions through
hybridization of sticky ends. Dots indicate the positions of the junctions; at
other points helices in the top and bottom layers cross without touching.
(d) TEM image of the 3LL lattice. DNA is negatively stained so it appears
light against a dark background. Scale bar: 50 nm. (e) Reciprocal space
image of the 3LL lattice.

Compared to most previously reported 2D DNA arrays®* * the
3LL has a relatively small unit cell, ~15.6 nm, and is constructed
from a simple motif. The basic building block consists of four
oligonucleotides hybridized to form a single, immobile y-stacked
Holliday junction® (Figure la,b). The Holliday junction has four
double-stranded DNA arms, each of which terminates in a sticky
end consisting of six unpaired bases. Since the red sticky end is
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complementary to the green and the yellow sticky end is comple-
mentary to the blue, their hybridization results in the assembly of
a two-dimensional array (Figure 1c). Each four-armed junction can
be considered as two quasi-continuous duplexes connected by
exchange of two strands where they meet: the duplexes are stacked
on top of each other with a 60° right-handed twist between them.’
One duplex is twice the length of the other. The two-dimensional
array consists of three layers of helices, each running at 60° to the
others. The shorter duplexes (2.5 DNA turns in length) join end-
to-end to form the middle layer of helices, and the longer duplexes
(5 DNA turns in length) form the top and bottom layers of the
lattice. Only one layer (the middle layer) of helices is joined to
both other layers. In contrast to the woven structure of the kagome
lattice reported previously,*" the helices are designed to be straight,
to avoid distortions that might reduce crystalline order.
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Figure 2. Temperature-controlled self-assembly of the 3LL array. Hy-
bridization is associated with a decrease in absorbance at 260 nm (Asg0).
(a) Control: Holliday junction assembly. A stoichiometric mixture of truncated
3LL oligonucleotides, lacking sticky ends, is cooled from above the melting
temperature (solid lines), then remelted (dashed lines). (b) Assembly of the
3LL array from the full-length oligonucleotides. Hysteresis is associated with
array formation. Concentration of each component: 1.5 #M. Rate of change of
temperature: 0.1 °C min~'. Dotted lines indicate calculated transition temper-
atures corresponding to the assembly steps shown in (c).

Assembly of the 3LL can be followed by measuring the decrease
in Ay, the absorbance at 260 nm, as a mixture of its component
oligonucleotides is slowly cooled. (A decreases as oligonucle-
otides hybridize.) Figure 2 shows Ay as a function of temperature
as stoichiometric mixtures of oligonucleotides are slowly annealed
and then remelted. Figure 2a shows the formation of the 3LL
junction from oligonucleotides lacking sticky ends such that
assembly of the extended array cannot occur. Dotted lines at 70
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and 61 °C mark calculated transition temperatures'® which cor-
respond to particular junction assembly steps (Figure 2c): first the
three longest oligonucleotides hybridize to form the two long arms,
and then the shortest strand hybridizes to complete junction
formation. Cooling and melting curves are overlaid: no significant
hysteresis is observed. Assembly and melting of the 3LL oligo-
nucleotides with sticky ends is shown in Figure 2b. Although
reversible assembly of the junction at high temperature is again
observed, below ~42 °C there is rate-dependent hysteresis that we
associate with the assembly of extended arrays of junctions by
hybridization of sticky ends. This is consistent with the observation
that slow cooling in the range 40—20 °C improves the size and
crystalline order of the arrays, whereas slow cooling at higher
temperatures does not.

Figure 3. (a) Averaged image of a small region of 3LL lattice derived
from a negatively stained TEM image. White dashed lines define the
primitive unit cell of the lattice, which exhibits p1 plane group symmetry
(a, b=15.6 nm, y = 120°). Black dotted lines indicate the positions of the
helices. (b) 2D projection of a computer-generated model of the 3LL lattice,
blurred to give a resolution of 2.0 nm. Scale bars: 10 nm.

Negative-stain transmission electron microscopy (TEM) of 3LL
samples shows that the arrays form extensive sheets (~um?) with
a honeycomb appearance (Figure 1d) and an approximately
hexagonal lattice (Figure le). Contrast between DNA and back-
ground is low, and the signal-to-noise ratio is limited by the need
to use low electron-beam current densities to avoid damage.
However, by combining image data from many unit cells we have
been able to obtain higher resolution structural information.

Figure 3 shows an image of the 3LL array obtained by a process
of iterative correlation mapping and averaging''® using SPIDER,''®
a software package written for image processing of single-particle
TEM images. The positions of right-handed junctions and left-
handed nonjunction crossovers are indicated by ellipsoidal regions
of high density. Nonjunction crossovers occur between helices in
the top and bottom layers of the lattice (Figure 1c). The distance
between crossovers is 7.8 nm, 1 nm shorter than the expected
contour length of the DNA between them. This may be due to
shrinkage of the DNA caused by dehydration during TEM grid
preparation.'?

Only a few 2D DNA lattice structures have been characterized
with TEM,*" the majority having been investigated using atomic
force microscopy (AFM). Our results for the 3LL, kagome lattice,*”
and DNA tetrahedron'" show that TEM can provide high structural
resolution: we estimate that the resolution of Figure 3 is between
3.0 and 3.5 nm. TEM is becoming an essential tool for DNA
nanotechnology: '~ further improvements in imaging resolution
will be coupled to improvements in the structural order and
homogeneity of the self-assembled nanostructures.
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