Templated self-assembly of wedge-shaped DNA arrays
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Abstract

We demonstrate the use of a one-dimensional template to control the shape of a two-
dimensional array self-assembled from a minimal set of DNA tiles. A periodic single-stranded
template seeds tile assembly. A unique vertex tile at the 5" end of the template controls the
positioning of edge and body tiles to create a wedge-shaped array. The vertex angle of the array is

approximately 12° edge lengths are of the order of 1 um.
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1. Introduction

Nanofabrication by DNA self-assembly exploits the specificity of Watson-Crick base-pairing to
create intricate molecular structures from synthetic oligonucleotides.* Static DNA structures can
be used to explore strategies for the control of the self-assembly process and provide the basis for
the development of active molecular devices, including rudimentary molecular machines.? Two-
dimensional DNA arrays,*® characterized by the repeated use of a small number of building blocks
(‘tiles’), are attractive because large structures (up to 1 mm)’ can be fabricated from a relatively
small number of DNA strands (oligonucleotides). Each tile consists of a small number of strands
held together by hybridization: interactions between tiles are by hybridization of single-stranded
‘sticky ends’ (typically four to a tile). The structure of the array is determined by the pattern of

complementarity between the sticky ends presented by the set of tiles. Extended arrays are



usually made by mixing components (either individual strands or pre-formed tiles) and cooling

slowly through the temperature range in which assembly occurs.

A number of strategies have been developed to control the assembly of extended structures from
DNA to create defined shapes. The use of a unique tile for each site of an assembly is the simplest
way to control size and shape,® but has the drawback that the required number of components
scales with the square of the linear dimension. The system size can be reduced by using the same
tile type in symmetry-related sites’ and by using multiple assembly steps.*®** Algorithmic self-
assembly is a flexible strategy for the construction of complex patterns and shapes from few
components: row-by-row assembly of a 2D array is mapped onto the operation of a 1D cellular
automaton® such that successive rows of tiles correspond to successive states of the automaton.
Each new tile binds to two tiles in the previous row by hybridization to one sticky end from each,
and displays two sticky ends which are used to bind tiles in the next row. The initial row of tiles
corresponds to the program of the automaton, and the pattern of sticky ends on the set of
assembling tiles embodies its rule table. Algorithmic assembly has been used to assemble
complex tile patterns;**** the size of the tile set required to create a given array shape has been
analyzed.** An array border may be constructed from discrete edge tiles'” or as an extended seed

structure® ¥ which may be assembled on a long DNA template strand.’**

Here we report the use of a template strand in combination with special edge tiles to control the
shape of DNA arrays. The arrays are 2 nm wide at the vertex with an angle of 12 + 2° and edge
lengths up to 1 um. The largely periodic template strand defines one edge of the array. The
template strand is made by rolling circle replication,”? which allows incorporation of an unique
sequence of bases at its 5° end: this motif is used to initiate assembly of edge tiles to form the
other side of the wedge. The body of the array is formed from a single type of tile. The template
seeds array formation: in the designed assembly sequence, each new tile added to the growing
array is held by cooperative binding of two sticky ends. Body tiles on their own can form arrays

with uncontrolled size and shape, but this off-template assembly is suppressed by an activation



barrier corresponding to the formation of a crystallization nucleus™ The template thus determines
array shape in a non-equilibrium assembly process.

2. System Design

A single-stranded DNA with a repeating sequence motif can be made by rolling circle replication of
a (-) sense single-stranded circular substrate using the processive phi29 polymerase.® The rolling
circle replication product can serve as a template for assembly of a one-dimensional array of DNA
tiles.*% A unigue motif can be incorporated at the 5° end of the template strand simply by
appending it to the 5 end of the replication primer (Figure 1A): this allows the positioning of a
unique tile at the 5° end of the template. Here we use a one-dimensional array of tiles formed
directly on the template to seed the cooperative growth of a two-dimensional array and a unique

tile atthe 5” end of the template to determine the shape of the array.
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Figure 1. Tiles for self-assembled wedge-shaped arrays. A) Rolling circle replication reaction for synthesis of

Spacer

the array template strand. The phi29 polymerase, drawn as black dot, moves around the rolling circle template
adding bases to the 3" end of the primer (indicated by an arrow head) to create the periodic array template. A
unigue sequence motif carried by the primer is incorporated at the 5" end (red). B) Three DX-tiles and a spacer
strand form the remaining building blocks. The six sticky ends that connect tiles are indicated by lock and key
symbols: square, semicircle and triangle. The vertex tile (red) can only assemble on the template. It has one
sticky end. Edge tiles (green) assemble independently. They have three sticky ends. Body tiles (black) may
assemble independently, in which case they have four sticky ends, or on the template, in which case they have

two. The spacer strand (grey) hybridizes to the template strand between body tile sites.
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PhoGTTAAGTATAAGATGGCGAAAGCAGTGTCTATTGAGCCTACGTCCAG-

CCATCTTATACTTAACC
GCACTATCACTATCAGGCCGCAGCAGGACAGCAGCTTATCATAATCGAGTTC-

GCACTATCACTATCAGGCCGCAGCAGGACAGCAGCTTATCATAATCGAGTTC-
CTGGACGTAGGCTCAATAGACACTGCTTTCGCCATCTTATACTTAAC) »>
<GCCTTATAAGA-GAGCTCTGGTG-AAGCAGGACAGGAACTCG
CGGAATATTCT CTCGAGACCAC TTCGTCCTGTCCTTGAGCGCGTCG>
\ ||
<CGTGATAGTGATAGTCCGLKGCGTCGTCCTG TCGTCGAATAGTATTAGCTCAAG
GCACTATCACTATCAGGC-CGCAGCAGGAC-AGCAGCTTATCATAATCGAGTTCC

GTTCGCA CATTCGGAGCT GCTCTGCTTA GGATATCGGCGTCG>
<CGCAGCCGTGACG ACATGCTCAGG<KGGATGCAGCT CTCGAATG

GCACTGC-TGTACGAGTCC-CCTACGTCGA-GAGCTTACCATTCG>

<GTAAGCCGGAACG-GAGGGAAACCAT-TGACTACTG-CTTAGAGG
GCCTTGC CTCCCTTTGGTA-ACTGATGAC GAATCTCCCTGGAC>
|| || JAATTG
<GACCTGCATCCGA GTTATCTGTGAC<GAAAGCGGT AGAATATG
GTAGGCT-CAATAGACACTG-CTTTCGCCA-TCTTATACCATTCG>

<GTAAGCCGGAACG-GAGGGAAACCAT-TGACTACTG-CTTAGAGG
GCCTTGC CTCCCTTTGGTA-ACTGATGAC GAATCTCCCTGGAC>
| |
<GACCTGCATCCGA GTTATCTGTGACKGAAAGCGGT AGAATATGAATTG
ACCTGGACGTAGGCT-CAATAGACACTG-CTTTCGCCA-TCTTATACTTAACC

Table 1. DNA sequence design. Font colours match those used in Figures 1 and 2. Lines
connect consecutive nucleotides. Arrowheads indicate the 3” end of each strand.

The building blocks of the array are shown in Figure 1 and the nucleotide sequences of the

component stands are given in Table 1. Body tiles, which make up most of the area of the array,

have a double cross-over (DX) structure’” of type DAE-E:* they consist of two double helices

connected by strand exchange at two points. Each body tile has two pairs of complementary

single-stranded ‘sticky ends’ (indicated by lock and key symbols in Figure 1B) arranged such that

tiles linked by sticky-end hybridization tessellate to form a two-dimensional array.® Body tiles can

also assemble directly on the template to create a one-dimensional tile array. Direct assembly on



the template is encouraged by the inclusion of a 5-nt overhang domain (Figure 1B) that is single-
stranded in the free tile but forms additional base pairs when the template strand replaces the
bottom strand of the tile. Spacer strands hybridize to the array template between body tiles. A
single vertex tile binds to the unique sequence at the 5" end of the template to complete this
linear structure which forms the seed for cooperative growth of the two-dimensional array. Two
types of tile assemble on the seed: free body tiles and edge tiles. Edge tiles are similar to body tiles

but offer a different combination of sticky ends.

The melting temperature of an isolated pair of complementary sticky ends is in the range 0 ~ 10 °C
under conditions used in our experiments.”® The interactions between the five strands that make
up a tile are far stronger. When the system is heated above the melting temperature of all
complexes, then cooled, the sequence of assembly is controlled by this hierarchy of interaction
strengths: individual tiles, including tiles bound to the array template, form first, then free tiles
assemble by sticky-end cohesion to form the array. Array formation is seeded by the template. In
the absence of template, there is a significant activation barrier associated with the formation of a
crystallization nucleus large enough that accreting tiles can be held by cooperative binding of at

least two sticky ends.*

The designed tile assembly sequence is shown in Figure 2. Assembly temperatures given below
correspond to experimental conditions and are estimated melting temperatures based on the
nearest-neighbor model for DNA hybridization:* they are consistent with ultraviolet absorption

measurements used to monitor array assembly. Spacer strands hybridize to the array template
strand at approximately 67°C. Vertex and body tiles form on the array template strand at
approximately 60°C completing the formation of the one-dimensional template. Figure 2-1 shows
this designed first stage of assembly, which produces a one-dimensional array of body tiles
assembled along the template with a vertex tile at one end. Free body and edge tiles also form at
around 60°C. Free body tiles have four sticky ends, edge tiles have three. Between each pair of tiles

bound to the array template is a gap of the right size and flanked by two sticky ends of the right
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Figure 2. Assembly of the wedge-shaped array. 1) The one-dimensional seed formed by assembly of one
vertex tile and a periodic array of body tiles and spacer strands on the array template. 2) to 4) Layer-by-layer
self-assembly on the template: each incoming tile is attached by the formation of two bonds by hybridization

of sticky ends.

type to bind, in the next row, a body tile or (next to the vertex tile) an edge tile (Figure 2-2). The
special vertex and edge tiles form a stable border to the growing array: their limited valence
defines its triangular shape. Row-by-row array assembly on the template occurs at around 45°C
and is limited only by the length of the template and supply of tiles.

3. Results

Atomic force microscope (AFM) images of the three different assembly reactions are shown in
Figure 3. Figure 3A shows that, in the absence of edge tiles or template, body tiles assemble to
form narrow linear arrays with uniform width in the range 20 ~ 40 nm, a measured height of
approximately 2 nm and lengths of several micrometres. Note that the longest strand in this
reaction has only 42 nucleotides, corresponding to a double helix of length approx. 13.6 nm. The
persistence length of these arrays is of the order of 10 um. Figure 3 B shows that the first row of

body tiles and the spacer strands can assemble on the periodic template as expected (Figure 2-1).
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Figure 3. AFM images of self-assembly. A) Untemplated assembly of body tiles produces long, stiff tubes. B)
One-dimensional templates assembled from template strand, spacer strands and body tiles (ex bottom
strand). C) Products of templated self-assembly: triangular arrays form as designed. D) Magnified images of
arrays.

The measured distance between template-bound tiles is 29 + 1 nm, consistent with the expected
period of 84 bp (~29 nm). The height of the DX segments is approximately 1 nm. The persistence
length of these one-dimensional arrays is or the order of 100 nm. Figure 3C shows the products of
annealing all tiles. A number of two-dimensional arrays, which are quite uniform in size, are visible:
four are shown at higher magnification in Figure 3D. From this and other images we estimate that
approximately half of the assemblies have the designed triangular shape with a well-defined
vertex angle of 12 + 2°. The shapes of other assemblies are also consistent with templated array
growth but their vertex angles cannot be measured reliably. The height of the arrays is
approximately 1 nm.

4. Discussion

The stiff, linear arrays formed by assembly of DX body tiles in the absence of the template (Figure 3
A) are tubes.” * The measured height is twice that of a single DX tile because the tubes are

flattened onto the mica substrate during sample preparation. Seamless tubes, which may have a



helical structure, avoid unsatisfied ‘sticky end” bonds except at their open ends, reducing their
energy relative to finite two-dimensional arrays. Tube formation may be encouraged by an inbuilt
twist within each tile or along the helices joining tiles: body tiles are designed to assemble in the
same orientation as their neighbors, so an intrinsic twist would cause a two-dimensional

assembly of tiles to curl.

The persistence length of the one-dimensional array of body tiles and spacer strands assembled
on the template strand (Figure 3B) is larger than, but of the same order of magnitude as, that of

double-stranded DNA (50 nm), as expected.* Body tile sites along the template are fully occupied.

The presence of the extended template strand to nucleate assembly, and edge tiles to control
shape, completely changes the product of assembly, as designed (Figure 3C). The two edges of the
arrays that are defined by the template and edge tiles are typically straight. The measured angle of
12 +2°is consistent with the expected value of 12.4°, which is based on a typical measured DX tile
width of 6 nm.*® Arrays imaged contain of the order of 200 tiles each: this size is consistent with the

stoichiometry of body and edge tiles and template binding sites.

DNA structures may be made conductive by metallization.>*=** The tip of one of our arrays is an
easily-functionalized double helix (2nm diameter). The narrow vertex angle and micrometre length
scale of the arrays suggest their application as adaptors between lithographically fabricated
contacts and molecular-scale electronic devices. Another possible application is as a template on
which to assemble (along the edges) two converging tracks for synthetic molecular motors.>*

5. Conclusion

We have fabricated DNA arrays with a controlled wedge shape using an extended one-
dimensional template and a minimal set of tiles. Observed array sizes are of the order of 1 ym;
larger structures may be achievable by changing the ratio between tile types. These arrays may be

suitable as templates for contacts to molecular electronic devices or for motor tracks.



6. Experimental Section

DNA sequences were designed with the program NANEV which employs an evolutionary algorithm
to optimize DNA design by minimizing unwanted complementarities of unrelated base-
sequences.’’ Table 1 lists the DNA sequences for the strands used to create the template for rolling
circle replication, the array template strand (product of the rolling circle replication), the tiles and
the spacer strand. All enzymes were purchased from New England Biolabs (Ipswich, MA, USA). DNA
oligonucleotides were purchased from IDT (Coralville, IA, USA). Concentrations were deduced

from measurements of UV absorption at 260 nm.

The 84-nt single-stranded rolling circle substrate was synthesized by ligating a 5* phosphorylated
strand into a circle with the help of a complementary bracing strand using T4 DNA ligase in the
buffer provided. Concentrations of component strands were adjusted to 1 PM. The ligation
reaction was allowed to proceed for 30 minutes at 16 °C and then stopped by heat inactivation. All
non-circular DNA, including the bracing strand, was digested with Exol and Exolll in ligase buffer.
Rolling circle replication was carried out with phi29 polymerase in the buffer provided using the
72-nt primer of which 20 nt at the 3" end were complementary to the RCT. The concentrations of
RCT and primer were 0.5 pM. Rolling circle replication was allowed to proceed for 2 hours at 30 °C
then stopped by heat inactivation. Reaction products were purified by phenol-chloroform
extraction. Alkaline agarose gel electrophoresis was used to separate the circular RCT from the
linear template strand. The concentration of template repeat units was measured by titration
against the spacer strand using polyacrylamide gel electrophoresis to separate and measure the
concentration of surplus spacer strands.

Three annealing reactions with different components were prepared. The first contained only
body tile components. The second contained array template strand, spacer strand and the four
strands necessary to assemble body tiles on the template. The third contained all components. All
reactions were prepared in 10 mM MgCl,, 20 mM TriseHCl and 1 mM EDTA at pH 8.0. The
concentration of repeat units on the template strands was 10 nM. The concentration of body tile

strands was 200 nM; the concentrations of vertex tile strands, edge tile strands and spacer strand



were 1.5nM, 20 nM and 20 nM respectively. The reaction mixtures were heated to 90°C then cooled
to room temperature in a beaker of water in an expanded polystyrene box over a period of 36
hours. 20 Wl of each reaction was deposited on mica. After 10 minutes the mica was dried with
nitrogen gas, washed with de-ionized water and then dried again. The samples were imaged in
tapping mode in air using a Nanoman AFM (Veeco, Woodbury, NY, USA).
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