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ABSTRACT

DNA nanotubes are cylinder-like structures formed from DNA double-helical molecules whose helix axes are fused at least twice by crossovers.
It is potentially useful to use such tubes as sheaths around rodlike species that arise in biological systems and in nanotechnology. It seems
easiest to obtain such sheathing by joining two or more components around an object rather than attempting to thread the object through a
cavity in the tube. We report two examples of tubes containing a specific number of helices that are assembled from half-tube components.
These tubes are a six-helix bundle and an eight-helix bundle, constructed respectively from two bent triple-crossover (BTX) molecules and
from two four-helix arched motifs. Both species contain single strands in one molecule that are missing in its mate. The six-helix bundle is
formed from two different BTX molecules, whereas the eight-helix species is a closed cyclic dimer of the same molecule. We demonstrate the
formation of these species by gel electrophoresis, and we examine their arrangement into long one-dimensional arrays by means of atomic
force microscopy.

DNA nanotubes have been produced in several laboratoriesDNA nanotubes with specific numbers of helices and
Many of these nanotubes are effectively combinations of enclosing cavities of designed shapes has been reported
DNA double-crossover (DX) molecules, species that contain recently*?

two DNA double-helical domains that are linked to each  Regardless of the general interest in designing cavities of
other by two Holliday-liké crossover points; thus the two  particular sizes and shapes, ultimately one would like to be
DNA double helices are fused by pairs of strands that cross able to use DNA nanotubes to sheathe specific rodlike species
over from one helix to anothérThe two helix axes are thatoccur either in nanotechnological or in biological systems
coplanar so that the unit can be thought of as a boxlike unit SUch as carbon nanotubes, amyloid fibrils, microtubules, or

that may be tailed in sticky ends. DX molecules are known actin filaments. The inherent positional control associated
to be quite stiff and have found applications in forming with DNA moleculed®15> makes them extremely attractive

periodic and algorithmié assemblies, in nanomechanical &S @ potential system to organize such species for a variety
devices and in a translation systehiTwo different types of purposes. We address this issue here and present molecules
of DNA nanotubes have been reported: One type is formed that are capable of forming both half-sheaths and full-sheaths.

from DX molecules tailed with sticky ends that associate thlt Sehert?f d'ff'S[U“ ttoththreadt a F;Otegtll\?,lb\ targett Zpe(i}\(/es
with a nonplanar angle between them, thereby producing the roug € cavity at the center ot a nanotube. e
tube®® This type may be thought of as a two-dimensional present a solution to this problem by developing DNA half-

o .th th losed on itself. deliberately or otherwise. t tubes designed to cover one side of a rodlike species. We
array that nas closed on \tsefl, defiberately or otherwise, 10 . o designed these half-tubes so that they can form full
form a (possibly skewed) cylindrical structure. Such tubes

icallv h ferred size. but there | . nanotubes, thereby producing the complete cavity and
typ|ca_ y have a preterred size, utthere is a certain amoqmpotentially sheathing its contents. We have done this with
of variation around this optimum. A second type of tube is

) ) g -~ 2 two different species, a six-helix bundle (6HB) and an eight-
designed to contain an exact number of helices, which is qjix bundle (8HB). The six-helix tube is composed of two
enforced on the molecule by sequence design. The bend anglgjitrerent bent triple-crossover (BTX) molecules containing
between DX components is enforced by causing the stranda 120 bend between their two DX components; the two BTX
switching between helices to occur at positions that lead to molecules join face-to-face to produce the target species. The
specific structures. For example, for DNA with 10.5 nucle- gjght-helix bundle is built from a single arched four-helix
otide pairs/turn, strand switching at separations of 7 or 14 component (4HB) that joins with another copy of itself to
nucleotides leads to 24@r 120 angles, resulting in a six-  produce the eight-helix tube.

helix bundle!®** A general method for producing low-stress The structures of the molecules are illustrated in Figure
1; their strand sequences are shown in the Supporting
* Corresponding author. E-mail: ned.seeman@nyu.edu. Information. A schematic at the far-left of each panel
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Figure 1. Schematic drawings of DNA half-tube molecules. At the left of each panel is a line drawing indicating the structure of the
half-tube molecules and the ways in which the molecules connect to each other. These are indicated by letters and arrows that connect to
the same letters and arrows. Lateral connections are shown as gaps and unpaired strands. In the center of the panels, the cross-sections o
the complete tubes are shown schematically, and the helices are labeled with Roman numerals. To the right is a view with the helix and
tube axes horizontal. (a) The 4HB half-tube molecule. The central portion shows an elliptical cross-section for the 8HB molecule. The dyad
axis relating it to itself is drawn vertically as a red double-headed arrow. Only the 4HB molecule is shown at right. (b) The BTX molecules
with similar phasing. (c) The BTX molecules phased half a length apart.

indicates the strand connectivity; the ways that the compo- = 10/7 turn) and 120 (14 nucleotides= 4/3 turn),
nents fit together are indicated by capital letters and by black respectively. These angles are calculated on the assumption
arrows. The central portion of the panel shows an idealized that all the crossovers are on the straight lines that connect
cross-section of a structural diagram, and the right part showsadjacent helix axes. In the actual 8HB molecules, however,
a longitudinal image of the structure. Figure la shows the some of these crossovers are expected to be off the lines as
structure of the eight-helix bundle. The red arrows indicate a consequence of strain on the helices. Figure S3a (Support-
the 2-fold axis relating the two parts of the four-helix arched ing Information) shows proposed structures of the dimers
structure. The way that the two halves combine to make the of an arched four-helix bundle capable of binding to itself
whole tube is evident in the cross-section view, where the only at point A (8HB-A) or at point B (8HB-B). There is no
color coding for the helices yields a mirror plane in collision in the theoretical structure of 8HB-A, thus each
projection. As described below, the cross-section is somewhathelix in this motif is expected to be placed just according to
elliptical. the calculated dihedral angles to form a widely open eight-
As noted above, the design of the six-helix bundle is helix bundle. On the other hand, there is an improbable
simplel®!! put the design of the eight-helix bundle is overlapping of helices | due to dihedral angles at helices IlI
somewhat more complex. The theoretical diameter of the and IV that are too small. As a result, 8HB-B may be under
inner cavity is 3.2 nm when the helices are placed on the strain to resolve this overlap. The closed circular 8HB
edges of regular octagon. We gave higher priority to the molecule has both of the above features, and the cross-section
2-fold symmetric nature of the 8HB to achieve self-assembly of actual 8HB is expected to be somewhat ellipsoidal (Figure
from two 4HB molecules and correspondingly lower priority 1a). The distance between helix | and helix IV from their
to distributing the inner angles evenly. Consequently, we usedmates in the other half is 2.7 nm, and the corresponding
rather different angles from those of a regular octagon9135 distance of helix Il and helix Ill is 3.7 nm here. In helix
for each dihedral angle. In helix I, for example, four I[—Ill, all of the crossover points are introduced only in one
crossover points from the left in Figure la are placed 16 of the two strands in the duplexes to form consecutive
nucleotides (32/21 turn, assuming 10.5 nucleotide pairs/turn),crossover-strand series (blue, red, yellow, and purple strands
26 nucleotides (52/21 turn), and 16 nucleotides apart, in Figure 1a). When the helices are placed at the edges of
respectively. As a result, helix | is connected to helix Il and regular octagon, however, the crossover strands in helix IV
another helix I, and the theoretical dihedral angle between never come close to each other at the tangent of self-assembly
DX motifs of I/l and I/l is ca. 172. Similarly, the theoretical ~ (Figure S3b, Supporting Information). Instead, other strands
dihedral angles at helix Il and Ill are ca. 545 nucleotides  that do not take part in the connection between helix Il and
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Figure 2. Nondenaturing gels demonstrating formation of half-tube components. (a) Blunt-ended versions of the BTX molecules phased
opposite each other. A marker lane containing 100 nt fragments is labeled M. Lanes 2 and 3 contain the two components, and lane 1 shows
their cohesion as a clean band. (b) Blunt-ended versions of the molecules that are offset by a half length. Both lanes contain a well-formed
single band. (c) The subcomponents of a blunt-ended BTX molecule. The contents of individual lanes are indicated above them, with a “1”
indicating the presence of the component. A 10 nt fragment marker lane is at right. (d) Formation of the 8HB from the 4HB molecule. A
100 nt marker lane is labeled “M”. Lane 1 contains the individual 4HB molecule without lateral or terminal single strands. Lane 2 contains
two molecules joined only at point A (8HB-A), and lane 3 contains two molecules joined only at point B (8HB-B). Both lanes contain
various breakdown products. Lane 4 contains the complete 8HB without sticky ends. It is cleanly formed.

IV (the orange strands) meet closely enough for crossoverdifferently colored helices are evident for the whole length
formation. Thus, only in helix IV, we introduced crossovers of the molecule in Figure 1b, whereas three colors (helices
into both of the strand series, enabling us to close the circlel, I, and Il from one BTX molecule) can be seen at the left
with an inner angle of about 12@bout the helix axis. in Figure 1c, and three different colors (helices 1V, V, and
There are two different formats for the six-helix bundle; VI from the other BTX molecule) are visible at the right.
one closes up to form a simple six-helix bundle whose ends We present gel electrophoresis data that demonstrate the
are opposite one another. This molecule is shown in Figure robust character and surface properties of the BTX molecules.
1b. However, the other one, shown in Figure 1c, is an In addition, we present atomic force microscopy (AFM) data
overlapping structure so that one BTX is phased half the that establish the ability of all of these species to form long
length away from the other, leading to an overlapping tubelike species.
structure. In both cases, a half-helix is designed to fit with  The usual way to establish that a complex DNA motif
another half-helix so that a tube can be formed. The has been assembled properly is through nondenaturing gels.
differences can be noted in the longitudinal views: six A stoichiometric mixture of the component strands that
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produces a single band of mobility similar to that of an a
identically sized marker is taken to indicate the formation
of the complex, lacking either multimers or breakdown
products'® The gels corresponding to these structures are
shown in Figure 2. Figure 2a contains blunt-ended versions
of the species shown in Figure 1b, the one designed to
produce a discrete six-helix bundle. Lane 2 contains the BTX
component formed from helices I, Il, and lll, and lane 3
contains the BTX component formed from helices 1V, V,
and VI. Lane 1 contains the six-helix bundle formed from
these two BTX molecules when they cohere. All three lanes
indicate a single well-formed product. Figure 2b shows the
two BTX molecules that are designed to assemble into the
overlapping six-helix bundle. Both lanes correspond to a
robust target molecule, with no multimers and no breakdown

products visible. Figure 2c illustrates a subcomponent 6 7 8 9 10 1 12
analysis of the various strands that make up a BTX molecule (b) Polyacrylamide Concentration
(Figure S2, Supporting Information), lacking overhang 0.016+

strands for combining either laterally (to make a 6HB) or 0.014]

longitudinally (i.e., via sticky ends); this molecule is used 0.012.]

for the physical comparison of the BTX molecule with a o010l

planar TX molecule.

Figure 2d illustrates the formation of the eight-helix bundle
from the arched four-helix bundle. Blunt molecules are used 0.006- .——BTX‘
to avoid aggregation. Lane 1 contains the arched four-helix 0.0041 — T
bundle. Note the clean band visible there, indicating proper 0.002-

target formation. Lane 2 contains the arched four-helix 0.000.
bundle capable of binding to itself only at point A (See Figure 0,002
la), and lane 3 contains the same material, except that now .

it is capable of binding to itself only at point B. In both Temperature (deg C)

cases, the lanes contain smears and breakdown products (C)

below the main bands. The most prominent of these other

features are of greater molecular weight than the 4HB 25 ; — BTX
monomer and may indicate species that are dynamically
closed (particularly for lane 2) or dissociated from one or 2.0
both of the linkages. Lane 4 contains the arched four-helix
bundle, now capable of binding to itself at both points A 15 |
and B. The band is clean, and there is no extraneous material
in the lane. This is an important finding because it indicates
that both connection points are necessary to make a well-
defined product. The significantly higher mobility than the
linear duplex markers of equivalent molecular weight is likely

a consequence of the lowered surface area of the circular
8HB motif, as observed with 6HB previouslyThe differ- 0
ence in the mobilities between the two open 8HB species is
probably because of irregular inner angles of each edge at -0.5 1
the helices. Consistently, open 8HB molecules connected at

the self-assembly points with wider inner angles (point A -1.0
with 171°, lane 2) migrate more slowly than the molecules 4 6 8 10
with a narrower inner angle (point B with 120ane 3). Polyacrylamide Concentration

The use of the BTX molecule raises the issue as to its Figure 3. Characterization of BTX and 4HB molecules. (a)
behavior relative to the well-characterized TX molecule Ferguson plots comparing BTX to a conventional planar TX
whose helix axes are roughly coplaWe have character-  maiok £ I0 BIEe TR e E el ottle o similar but
ized the frictional and thermal properties of the BTX its slope (0.175) is slightlgl higher than the planar molecule (O.’165).
molecule and have compared them to a TX molecule; the () piferential melting piots of the BTX and TX molecules. Note
TX molecule is the same one described in reference 17.that BTX melts at slightly lower temperatures. (c) Ferguson plots
Figure 3a shows the Ferguson plots of the nonoverhangingof the species used here. Slopes are BTX (0.180), 6HB (0.235),

BTX molecule, the TX molecule, and a linear duplex DNA 4HB (0.251), 8HB (0.319), 8HB-A (0.396), 8HB-B (0.369).
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Figure 4. Atomic force micrographs of 4HB half-tube arrays and 8HB nanotubes. Both panels contain an image of 1D arrays on the left
and a height analysis on the right. (a) The 4HB half-tube array. The colored arrows on the line indicate the position of the height analysis.
(b) The 8HB nanotubes. Note that the tubes are much higher for the 8HB species.

molecule, all 42 nucleotide pairs long. The Ferguson plot of long. One can model the slopes as being proportional to
gel mobility vs acrylamide concentration is a means of surface area, assuming that the interiors of 6HB and 8HB
estimating the friction constant of the molecule because thedo not interact with the gel matrix, and therefore do not
slope of the plot is proportional to this quanttThe slope contribute to the friction constant. The plot of the relative
of the BTX molecule (0.175) is similar to that of the TX surface areas of the six species represented in Figure 3c has
molecule (0.165) but is still somewhat higher, suggesting a 94.8% correlation with this model (data not shown).

that two unequally sized surfaces interact differently with  The key goal of this work is to determine the feasibility
the gel matrix than two roughly equal surfaces. Figure 3b of building DNA nanotubes from half-tube components. To
shows the differential melting curve of the same TX and this end, we have investigated by AFM whether the half-
BTX molecules. The BTX molecule melt$ {.x= 64.9°C) tube species we have made can yield nanotubes. Figure 4a
below the TX molecule Tmax = 68.1°C). This difference illustrates that long half-tubes readily self-assemble from the
may be a consequence of the electrostatic repulsion likely 4HB molecule when helices I, 1, and Il contain sticky ends.
to result from the closer approach of the outer helices to The leftimage shows a fieldAm square that contains many
each other in the BTX molecule. Both molecules exhibit thin threadlike objects on the mica surface. The average
postmelting transitions, and the BTX molecule might also length of the tubes is around 450 nm, which corresponds to
exhibit a premelting transition. Figure 3c shows the Ferguson an assembly of about 13 units of 4HB. The right portion of
plots of the BTX, the 6HB, the 4HB, and the 8HB molecules. Figure 4a contains a scan through the image. From this, we
The BTX and the 6HB molecules are 63 nucleotides long find that the average height of the arrays is 2®.3 nm,

here, and the 4HB and the 8HB molecules are 84 nucleotideswhich is quite close to the theoretical diameter of one DNA
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Figure 5. BTX arrays and 6HB nanotubes. The same conventions apply as in Figure 4 except that the scan line for height analysis is part
of the image on the left side of the panel. (a) Long BTX arrays are shown; the image is 950 nm square. (b) A 6HB nanotube formed from
a pair of BTX molecules phased opposite each other; the imageis Square. (c) 6HB nanotubes formed from the overlapping motif,

with BTX molecules phased half a length apart; the image is 820 nm square.

double helix, and in good agreement of the expected Linear assembly of both types of open 8HB was also
thickness of 4HB, assuming that all of the four helices adhere successful, giving ca. 2.0 nm height, similar to 4HB, for both
to the surface. of the arrays (data not shown).

The AFM image of 8HB 1D arrays, on the other hand,  The stoichiometry of the 8HB tubes may appear ambigu-
shows a strikingly different appearance from that of 4HB ous from the image in Figure 4b, where the tip convolution
(left of Figure 4b). Each array becomes much thicker, is effect leads to wide tubes that could have 2:2 stoichiometry.
slightly straighter, and displays a somewhat rounded smoothHowever, other images show that the width of 8HB tubes is
surface. Most of the 8HB tubes are around 500 nm long, less than double 4HB half-tubes, suggesting that the two sides
similar to the 4HB arrays, although a few tubes around 1 join 1:1 rather than 2:2 (not shown). There is no concentra-
um long can be found. The average height of 8HB arrays is tion dependence of tube thickness in the range of02.8
4.5+ 0.4 nm (right of Figure 4b), which is almost twice as uM. The clarity of the molecular weight determination shown
thick as 4HB. This value is very close to that observed with in Figure 2d supports this conclusion.

a DX tube previously reportétsuggesting that the circular Figure 5 shows the results of assembling the BTX one-
8HB is squashed on mica during AFM measurement. dimensional arrays. Figure 5a illustrates the assembly of BTX
Portions of some of the 8HB tubes appear to be of only half- molecules that form half-tube species that cannot become
height (e.qg., the right half of the middle sample in the scan), full 6HB tubes. They readily form many long tubes whose
suggesting incomplete assembly or damage during scanningheight is about 1.7 0.3 nm. At right is a cross-sectional
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analysis of 1.8 nm. Figure 5b shows 6HB nanotubes formed We believe the value of this work is that we have
from a pair of BTX molecules. Their lengths range from demonstrated that larger tubes can be built from subcom-
several hundred nm to as long ag®, with an average of  ponents that correspond to only a portion of the circumfer-
about 4-4.5 um. Their height is 3.5+ 0.4 nm. At right is ence. We expect this capability to enable the sheathing of
a cross-sectional analysis showing a height of 3.4 nm. Thus,other species of rod-like systems. The outstanding control
these molecules are about twice as thick as the BTX that DNA lends to the organization of matter (e.g., ref 14)
molecules, but not as thick as the 8HB molecules. Figure 5cwill facilitate our ability to organize guest species in the
illustrates 6HB nanotubes formed by the overlapping motif future. It is likely that chemical modification of the inner
shown in Figure 1c. Their average height is 370.3 nm, surfaces of DNA nanotubes will be necessary to sheath
with an average length of-22.5 um; thus, sticky ends  species whose chemical properties are significantly different
promote somewhat longer molecules. At right is a cross- from those of DNA.

sectional analysis whose height is 3.9 nm. Note that the
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have built specific 6HB molecules by combining two
different BTX molecules to produce a 6HB whose ends are

Supporting Information Available: The experimental

phased together. These molecules have been combined b)rpethods, the sequences and estimated molecular structures

sticky-ended cohesion at their centers and tips to vyiel
nanotubes. (2) We have built 6HB nanotubes by producing

g ©f open components. This material is available free of charge
via the Internet at http://pubs.acs.org.

two different BTX molecules that are phased half a length References

from each other. These molecules also combine to produce
6HB nanotubes that are linked by cohesion only at their
centers without sticky ends on their tips. (3) We have built
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of combining with itself to product the 8HB species. These
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An open question arises from these studies. If it is possible
to make a specific nanotube from half-bundles, is it possible
to make a specific nanotube from smaller fractions of the
circumference? It is not very hard to make a nanotube with
the small diameters described here from specific strands.
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