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Abstract
Self-assembly has proven to be one of the most effective ways to arrange matter at the nanometer
level. Biology, in particular, makes extensive use of self-assembly to position molecules over
several length scales with a high degree of spatial control over structure. In recent years, one
promising approach that takes advantage of biological self-assembly in order to build synthetic
materials employs virus capsids, the protein shells that encapsulate the genetic material of
viruses.1 Capsids are composed of multiple protein subunits that can assemble (either
spontaneously or under an external stimulus) into a monodisperse structure with different
geometries depending on the virus. By appropriately functionalizing the proteins that comprise the
capsid, multiple copies of a molecule or other entity can be positioned with a predictable
arrangement. A wide variety of components have been attached to and arranged by virus capsids,
including chromophores,2 catalysts,3 nanoparticles and quantum dots,4 polymers,5 drug
molecules,6 and imaging agents.7

Integrating virus capsid-based materials into higher-order structures, however, remains a
challenge and a limitation to their use in many materials applications. A number of groups
have investigated various techniques for patterning capsids on larger length scales, including
cysteine conjugation to gold surfaces to create a monolayer of capsids,8 DNA-based
aggregation of functionalized capsids,9 and dip-pen nanolithography10 or nanografting11 to
introduce patterns of reactive handles on surfaces for virus immobilization. It is difficult to
use these methods, however, to control the inter-capsid spacing and position individual
capsids with nanoscale precision.

In order to achieve such control, we sought a scaffold that could selectively and efficiently
immobilize virus capsids and order them into hierarchical structures, and we chose DNA
origami12 for this purpose. In this method, a long single-stranded piece of DNA (usually the
bacteriophage M13 genome) is folded into an arbitrary two-dimensional shape using a large
number of short “staple” strands. The predictable and programmable properties of DNA
hybridization allow for a high degree of control and the design of virtually any geometry
desired. Furthermore, it is possible to synthesize staple strands that contain an extra single-
stranded “probe” sequence that extends from the origami structure. The addition of
components functionalized with DNA complementary to the probes allows for their
immobilization on the origami tile with a high degree of spatial control. It should also be
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possible to create higher order structures by by adding linker strands to connect the origami
tiles together. As a final consideration, the size scale of DNA origami (~100 nm) is
compatible with that of many virus capsids, facilitating the integration of the two
components, unlike other DNA-based scaffolds that are too small to effectively order such
large objects.

DNA origami has been used effectively to direct the self-assembly of nanoscale objects such
as gold13 and silver14 nanoparticles, RNA molecules,15 or carbon nanotubes16 with
exquisite precision. In addition, several groups have immobilized small proteins on origami
tiles using a variety of approaches, including aptamer binding,17 His6 tags,18 or biotin-
streptavidin.19 Our work represents the first attempt, to our knowledge, to attach a large,
multi-protein entity like a virus onto an origami tile. For the capsid, we chose bacteriophage
MS2, an icosahedral E. coli virus comprised of 180 identical protein subunits that
spontaneously assemble into spherical particles 27 nm in diameter.20 The coat protein can be
expressed recombinantly, allowing for site-directed mutagenesis, and is purified as a fully
assembled capsid devoid of genetic material. Access to the interior is afforded by thirty-two
2 nm holes, allowing for orthogonal functionalization of the interior and exterior surfaces by
modifying the appropriate amino acid residues.21,3a As a result, these capsids are attractive
targets as molecular containers or scaffolds for multiple copies of different components.

We recently reported a method to modify the inside of the capsid with maleimide reagents
(at a mutagenically introduced cysteine) and the exterior of the capsid with single-stranded
DNA using an oxidative coupling reaction that targets an unnatural amino acid introduced
via amber codon suppression (Figure 1A).21,22 By functionalizing the exterior of the capsid
with DNA complementary to single-stranded probes extending from the DNA origami
construct, the capsids should be able to bind the origami tile via Watson-Crick base pairing.
For this work, we modified the interior of MS2 with a fluorescent dye (Oregon Green
maleimide, as previously reported3a) to approximately 100% modification, installing 180
copies of the molecule. In these experiments, the dye serves as a model cargo; in principle,
however, any maleimide reagent that can fit through the 2 nm holes can be introduced. We
next modified the exterior of the capsids with a 20-nt poly-T sequence to ~11%
modification, installing approximately 20 copies per capsid. The capsids remained intact,
hollow, and 27 nm in diameter after both interior and exterior modification (see Supporting
Information (S.I.) Figure S4 for characterization of the dual-surface modified MS2
conjugate).

For the DNA origami tile, we explored two different geometries: 1) rectangles, 90 nm in
length by 60 nm in width, and 2) equilateral triangles, 120 nm on a side with a 40 nm
triangular hole in the center. For the rectangles, we placed probes on either the edge (E), or
middle (M) of the tile in order to demonstrate control over the exact location of the
immobilized capsid on the tile. Similarly, for the triangles, we added probes to either one
side (Tri1) or to all three sides (Tri3). The probes consisted of a 40-nt poly-A sequence,
allowing the capsids with the 20-nt poly-T sequence to bind via complementary DNA
pairing. We selected a 40-nt sequence in order to also provide a spacer between the
negatively charged tile and the negatively charged capsid-DNA conjugate in order to reduce
electrostatic and steric repulsion as much as possible. The multiple probe strands on each tile
(3 for E tiles, 5 for Tri1 tiles, 6 for M tiles, and 15 for Tri3 tiles; see S.I. Figures S1 and S2
for tile designs and probe locations), and the multiple complementary strands on the capsids
allow for multivalent binding and thus stronger association of the two components.

In order to attach the capsids to the tiles, we mixed the components in a 2:1 ratio and
annealed the mixture from 37 to 4 °C at a rate of 1 °C/min to help facilitate binding. The
DNA origami templated viral capsid structures were verified by atomic force microscopy
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(AFM), allowing us to distinguish the tile shape from the much taller spherical capsid. To
determine the efficiency of tile association with capsids a large number of AFM images
were inspected to determine the fraction of tiles with capsids bound to them. After
annealing, the rectangular tiles showed virtually complete association of tiles with capsids,
with 97.5% of E tiles and 98.1% of M tiles bearing an MS2 capsid (Figure 2A,B). For the E
tiles, the capsids were clearly attached to the edge of the tile, where the probes were located.
Similarly, for the M tiles the capsids were located in the middle of the tile, demonstrating
the DNA-specific association and the ability to position the capsids precisely. Analyzing the
height profile of a capsid on a tile demonstrated a spherical object around 35 nm in diameter
(slightly larger than the 27 nm diameter of the capsid, due to lateral broadening by the AFM
tip) attached on the origami tile 1.5–2 nm in height, as expected for the width of the DNA
double helix. The height of the capsids was around 12 nm, resulting from the collapse and
concomitant flattening of the hollow structure on the mica surface used for AFM.

Because the capsids display approximately 20 copies of the ssDNA, multiple tiles can, in
principle, bind to a single capsid. Roughly 18% of the E tiles were associated with a capsid
already bound to a tile, whereas about 10% of the M tiles showed similar aggregation. This
disparity between the designs is not surprising given that there is less surface area exposed
and thus less electrostatic repulsion when two tiles approach one another from the side, as is
the case with the E tiles, compared to face-on, as with the M tiles.

Using only one equivalent of MS2 (relative to the tile) resulted in around 89% of E tiles and
only 70% of M tiles bearing a capsid. The higher efficiency of association for E tiles is again
consistent with a lower amount of charge repulsion involved in an edge-on approach of the
tile to the capsid. Because the origami tiles serve as the structural element to arrange the
capsids, we wanted complete modification of the tiles with capsids, so we used two
equivalents of MS2 for all further experiments. Current studies are under way to determine a
method to purify MS2 not associated with a tile from the desired tile-capsid conjugates.

Control experiments with capsids without DNA showed no association with the tiles,
indicating that the association was not due to some other non-specific effect (S.I. Figures
S15–S17). Similarly, mixing tiles bearing DNA that did not complement the sequences on
the capsids also showed no significant association of the two components (S.I. Figure S18).
Furthermore, binding capsids to the tiles and then adding excess 40-nt polyT ssDNA (which
should bind to the 40-nt polyA probe with greater affinity than the 20-nt sequence on the
MS2) removed the capsids from the tile (S.I. Figure S19). This experiment not only
confirmed the specific DNA-based association, but also indicates a potential mechanism for
releasing the capsids from the tiles if desired.

The triangular tiles proved equally efficient at binding capsids as the rectangular tiles.
Exposing the Tri1 tiles to two equivalents of MS2 and annealing as above resulted in
virtually 100% association of capsids to the tiles (Figure 2C). The capsids are bound to a
single side of the triangular tile and the hole in the center is clearly visible by AFM. The
triangular shape of the tiles allowed facile visualization by transmission electron microscopy
(TEM) as well and the electron micrographs further confirm the association of the capsids to
a single side of the triangular tile. The Tri3 tiles showed a similarly high hybridization
efficiency (~100%), but in this design anywhere between one and three capsids can bind to
each tile. The majority of samples visualized by AFM and TEM, however, showed a single
capsid bound in the central hole of the tile (Figure 2D). We believe that once the capsid
binds to one side of the triangular tile, the extra DNA strands on its surface quickly
hybridize to the probes on the other two sides due to the increased local concentration effect.
This hypothesis is supported by the fact that the sides of the Tri3 tiles appear to be
contracted towards the center, suggesting that the capsid (which is smaller than the 40 nm
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hole in which it sits) pulls the sides inwards by binding to all three. Some Tri3 tiles were
observed bearing one capsid on a single side (instead of in the hole), one capsid on each of
two sides, or one capsid on each of three sides (see S.I. Figure S9), but the majority of the
tiles visualized showed a single capsid in the center.

It is important to note that the polyA/T strategy used was necessary for obtaining the high
efficiency of capsid association in these results. Similar experiments using a randomly
chosen complementary DNA sequence resulted in only around 50% association of capsids
with E tiles (see S.I. Figure S27), and increasing the amount of MS2 added or the annealing
time did not result in increased efficiency. We believe that the polyA/T strategy is
particularly effective because the strands on the MS2 can bind only one or two bases of the
probe initially and then “slide” along the probe to find the thermodynamically optimum
conformation.23 Furthermore, different strands on the capsid can bind the probe strand with
less than 20 base pairs, promoting multivalent binding without requiring complete
hybridization. Although it would seem that the polyA/T strategy will only allow for one type
of capsid to be immobilized, we believe that any short repeating sequence would allow for a
similar “sliding” mechanism and thus efficient binding. This would allow multiple types of
capsids, bearing different groups on the interior, for example, to be patterned.

Having successfully immobilized capsids on origami tiles with high efficiency, we next
sought to use the DNA scaffold to organize the capsids on a larger length scale. As a proof
of principle, we decided to create a one-dimensional array of capsids by linking the
supporting origami tiles together. We designed two sets of strands, each of which partly
binds to the M13 genome on opposite corners of the rectangular origami tile. These two sets
contain complementary sequences, linking tiles at their corners and arranging them in a step-
like array. We hypothesized that we could use this method with the E and M tiles to create a
one-dimensional array of capsids with defined nanoscale separation.

Mixing the tiles (E or M), capsids, and linkers together and annealing from 37 to 4 °C at a
rate of 1 °C/min resulted in the expected arrays of tiles while retaining the virtually 100%
association efficiency of the capsids (Figure 3A,B). The AFM images clearly show a one-
dimensional arrangement of capsids either on the edge or in the middle of the tiles (for E and
M tiles, respectively) separated by approximately 100 nm. About 50% of the tiles formed
arrays of at least two tiles, and the percentage of tiles in a given array decresed with
increasing length (see S.I. Figures S20 and S21 for length distributions). However, we
occasionally observed arrays of five or six tiles, all the while maintaining the spacing
between the capsids. Doubling the linker concentration resulted in a higher proportion of
tiles in arrays (~60%). It was also possible to create the arrays in a hierarchical, rather than
one-pot, procedure by annealing the capsids to the tiles first and then adding the linkers to
form arrays in a second annealing step. Once again, arrays formed readily, though slightly
fewer tiles (~45%) were in arrays greater than two. This decrease is likely due to the
increased steric or electrostatic demands of linking tiles with capsids already bound (see S.I.
Figures S20 and S21 for summaries of the percentage of tiles in arrays two tiles or greater).

Because the E tiles experience less repulsion when two tiles bind a single capsid compared
to the M tiles (Figure 1A,B), we saw numerous instances of two E tile arrays that were
linked by one set of capsids (see Figure 3A, top zoom-in). Also, once a single tile in an E-
tile array binds a capsid on another array, the other tiles are perfectly positioned to bind
adjacent capsids. The M tile arrays, by comparison, do not suffer as much from these
drawbacks and result in structures with markedly less inter-array aggregation.

We also formed arrays of E and M tiles without any MS2 in order to compare the efficiency
of the process with and without the capsids present. We found that in both cases, a higher
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proportion of tiles were incorporated into arrays (65–68% compared to ~50% for arrays with
MS2), and that the arrays tended to be longer, with a few instances of eight or nine tiles in a
row (see S.I. Figures S13 and S14 for AFM images of arrays without MS2, and Figures S20
and S21 for length distributions). We attribute this improvement to the decreased steric and
electrostatic repulsion between tiles when capsids were not present.

In light of these results, we sought to first form longer arrays with tiles alone, and then in a
second step add capsids to bind to the probes on the arrays. With the E tiles, this strategy
resulted in a great degree of inter-array aggregation, as multiple arrays were connected by a
single set of capsids. As a result, very few single arrays were observed, and a majority of
arrays clumped together into amorphous aggregates (data not shown).

The M tiles, by contrast, proved much more effective for this strategy due to their lower
propensity to form aggregates. Long arrays of capsids, occasionally reaching nine or ten
capsids in length, were observed, Figure 3C. Furthermore, because the linkers were still
present in solution during the second annealing step (to attach the capsids to the arrays), the
arrays were able to grow yet longer and incorporate even more tiles into arrays of two tiles
or longer (~75%: for length distribution, see S.I. Figure S21). Unlike the one-pot annealing
results, however, doubling the concentration of linkers did not result in increased array
lengths or an increased percentage of tiles in arrays.

The hierarchical self-assembly in forming the E and M tile arrays is a competition between
productive assembly (the capsids associating with the tiles and the tiles forming arrays) and
unproductive assembly (multiple tiles binding to a single capsid, resulting in aggregation).
Annealing for a longer time (1 °C/2 min) resulted in a much higher degree of aggregation,
and significantly fewer well-formed arrays. Furthermore, although it was possible to create
remarkably long arrays by annealing the tiles only (without MS2) for much greater lengths
of time (45 to 4 °C at a rate of 1 °C/10 min), the resulting arrays were too flexible, and upon
addition of MS2 different sections of the arrays folded back on themselves and bound to a
single capsid, again resulting in undesired and intractable aggregates.

The E tiles demonstrated the facility of binding multiple tiles to a single capsid when the
probes are located at the edge of the tile. Although this was a liability in the linker-based
array formation, we decided to capitalize on this property by designing another rectangular
tile with a set of five 40-nt polyA probes on both short ends (see S.I. Figure S1). We
envisioned that this design would allow for two tiles to be linked by a single capsid, creating
a “daisy-chain” (DC) array of alternating capsids and tiles. In order to promote association
of the tiles further via noncovalent base stacking interactions, we added the staple strands for
the short edges of the tiles into the annealing mixture. We hypothesized that this stacking
would pre-organize the tiles into short linear arrays, further facilitating the capsids in linking
them.

Annealing a mixture of DC tiles, capsids (again, two equivalents), and edge staples from 37
to 4 °C at a rate of 1 °C/min resulted in the expected formation of arrays of tiles linked by
capsids, with approximately 90–100 nm spacing between capsids (Figure 3D). The
efficiency was remarkably high, with only a small fraction of tile edges (~6%) that were not
associated with a capsid. The length distribution of arrays peaked at three capsids in a row
(separated by two tiles), and decreased thereafter (see S.I. Figure S22 for length
distribution), but some arrays of ten or more capsids were observed. Occasionally, three or
four tiles bound to a single capsid resulting in branching arrays; however, only a small
fraction of capsids (~5%) served as such branching points, and the vast majority bound only
two tiles. The arrays usually formed in a linear fashion (most likely to minimize repulsion
between tiles), but because the tiles could bind to any location on the capsid, occasionally
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the tiles bound the capsids with an angle less than 180°, resulting in kinks in the arrays.
Omitting the edge staples resulted in shorter arrays (data not shown), indicating the
usefulness of these staples in promoting array formation.

We note that the DC tile design represents a complementary approach to forming capsid
arrays compared to the linker-based approach for the E and M tiles. In the latter case, an
external stimulus (i.e. the addition of the linker strands) induces assembly into higher-order
structures, whereas in the former case the actual capsid binding event is the stimulus for
array growth through a condensation polymerization-like mechanism. Depending on the
application at hand, one strategy or the other may prove more useful. (For additional AFM
images of all experiments shown in Figures 3A–D, see S.I. Figures S10–S12).

In order to further characterize the conjugates, we obtained TEM images of both the M and
DC tile arrays (see S.I. Figures S25 and S26). Although the rectangular tiles are not easily
visualized in TEM, we were able to obtain images that clearly showed the hollow capsids
spaced approximately 100 nm apart. The arrays most often adsorbed to the TEM grid edge-
on, so the tiles appeared as dark lines connecting the capsids. The tiles were often twisted
when deposited on the TEM grid, but these results further confirm that the capsids remained
intact during the array formation.

One of the great advantages of our approach lies in its versatility due to the modular nature
of the capsid modification and the high degree of programmability intrinsic to DNA-based
nanostructures. By choosing the appropriately designed tile, virtually any geometry is
possible, and the capsids can be placed in any location on that tile. Furthermore, the interior
of the capsid can be modified with a wide variety of reagents, allowing for introduction of
imaging agents, catalysts, or nucleation sites for nanoparticle growth. The one-dimensional
arrays made possible by the origami tiles thus create the possibility of patterning arrays of
nanoscale reactors, drug carriers (with programmed release by strand displacement), or
metal particles for plasmonic arrays, all with high precision.

Finally, we stress the size and complexity of the components involved in these experiments.
The MS2 capsids are 2.5 MDa, spherical objects 27 nm in size, self-assembled from 180
protein monomers, covered in ssDNA and containing chromophores inside on each
monomer at specified locations. The DNA origami tiles are 4.8 MDa objects with dimension
around 100 nm, comprised of hundreds of individual DNA strands self-assembled into a
well-defined geometry. Yet these two components come together in a predictable manner,
with high efficiency and specificity, under mild conditions in only 30 minutes. Furthermore,
the conjugates can then be used to build higher order structures approaching a micron in
length (for arrays of ten tiles, for example). We believe that the programmability of origami
scaffolds and the ability to modify large protein constructs with single-stranded DNA will
allow for the construction of increasingly complex and integrated biomolecular systems in
the future, and pave the way for a variety of interesting nanotechnology applications.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Summary of the components integrated in this work. (A) Bacteriophage MS2 capsids were
modified on the interior with fluorescent dyes and on the exterior surface with ssDNA. (B)
Several different DNA origami tiles were constructed with different geometries and probe
locations. The ssDNA probes were complementary to the DNA strands on the capsids,
directing the association of the two components.
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FIGURE 2.
Association of origami tiles with MS2 capsids using DNA-based hybridization. (A) E tiles +
MS2, L-R: zoom-out AFM image, zoom-in AFM image, height profile of zoom-in image,
and characterization of association efficiency. (B) M tiles + MS2, L-R: zoom-out AFM
image, zoom-in AFM image, height profile of zoom-in image, and characterization of
association efficiency. (C) Tri1 tiles + MS2, L-R: zoom-out AFM image, zoom-in AFM
image, zoom-out TEM image, zoom-in TEM image. (D) Tri3 tiles + MS2, L-R: zoom-out
AFM image, zoom-in AFM image, zoom-out TEM image, zoom-in TEM image. Zoom-out
scale bars: 200 nm. Zoom-in scale bars: 50 nm.
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FIGURE 3.
AFM images of MS2 arrays formed by origami tiles. (A) E tiles + MS2 + linkers (one-pot
annealing) and E tiles + MS2, followed by the addition of linkers in a second step. (B) M
tiles + MS2 + linkers (one-pot annealing) and M tiles + MS2, then addition of linkers in a
second step. (C) M tiles + linkers, then addition of MS2 in a second step. (D) DC tiles +
MS2 + edge staples (to encourage tile edge stacking). The top image of the three zoom-ins
corresponds to the indicated area of the zoom-out; the other two zoom-in images come from
different areas (see Supporting Info for additional zoom-out images). Zoom-out scale bars:
500 nm. Zoom-in scale bars: 200 nm.
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