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ABSTRACT: Bending of double-stranded DNA (dsDNA)
has important applications in biology and engineering, but
measurement of DNA bend angles is notoriously difficult and
rarely dynamic. Here we introduce a nanoscale instrument
that makes dynamic measurement of the bend in short
dsDNAs easy enough to be routine. The instrument works by
embedding the ends of a dsDNA in stiff, fluorescently labeled
DNA nanotubes, thereby mechanically magnifying their
orientations. The DNA nanotubes are readily confined to a
plane and imaged while freely diffusing. Single-molecule bend
angles are rapidly and reliably extracted from the images by a
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neural network. We find that angular variance across a population increases with dsDNA length, as predicted by the worm-like
chain model, although individual distributions can differ significantly from one another. For dsDNAs with phased A4-tracts, we
measure an intrinsic bend of 17 & 1° per A4-tract, consistent with other methods, and a length-dependent angular variance that

indicates Ag-tracts are (80 + 30)% stiffer than generic dsDNA.
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NA bending first excited attention in the early 1980s when
the anomalous electrophoretic mobility of trypanosome
kinetoplast DNA (kDNA) suﬁgested the existence of regions of
systematically bent B-DNA." These bent regions were soon
correlated with a striking pattern of periodically repeated
(dA)s_g tracts separated by four to six base pairs of G+C-rich
sequences.” Such “A-tracts” are now known to be abundant in
both prokaryotes and eukaryotes and to play a role in
nucleosome positioning’ and in the regulation of transcription.”
Around the same time, DNA bending was recognized as a
common consequence of protein binding. It is now known to
occur in most DNA-related biological processes.”” As a result,
there has been, and continues to be, great interest in
characterizing both intrinsic (sequence-dependent) and in-
duced (binding-dependent) DNA bends structurally, energeti-
cally, and dynamically.*™®
However, after nearly four decades of activity, rigorous
characterization of the local bending of a DNA sequence
remains challenging.”'® Gel shift electrophoresis'' and cycliza-
tion efficiency’” are well established and simple to perform but
provide only a rou§h estimate of the bend angle. Nuclear
magnetic resonance, - crystallography,'* and X-ray scattering'’
offer excellent structural resolution but require expensive
equipment, laborious sample preparation, and complex analysis
procedures, and thus are impractical for routine or exploratory
application. Direct visualization by atomic force microscopy
(AFM)16 and cryo-transmission electron microscopy (cryo-
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TEM)'” provides good angular resolution and is increasingly
accessible, but their inherent dependence on surface inter-
actions'® and strong 2D confinement,'” respectively, impose
biases that can be difficult to control. Finally, optically detected
distance-dependent processes such as fluorescence resonant
energy transfer (FRET),” tethered particle motion,'’ or
plasmon resonance® can reveal bend dynamics with excellent
temporal resolution but require extensive assumptions and
calibration to deduce bend angles.

Here, we introduce a robust, physical method for measuring
DNA bending at the single-molecule level with standard
laboratory equipment, minimal sample preparation, and such
simple analysis procedures so as to enable routine quantification
of bend angles and bending stiffness in arbitrary DNA
sequences. The method involves the self-assembly and direct
visualization of “DNA nunchucks”: a nanostructure consisting of
a pair of tiled DNA nanotube “arms” that are grown from two
cylindrical DNA origami “seeds”, which are joined end-to-end
by a double-stranded DNA “linker”. The process and yield of
DNA nunchuck assembly has been described previously.”' Here
we report design considerations for reliable nunchuck angle
measurement and calibrate nunchucks for use in measuring and
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monitoring DNA bending by studying the bend angle
distributions of a variety of intrinsically bent and straight linkers
(with and without Ag-tracts).

Nunchuck Design and Assembly. Nunchucks of the
heterogeneous type (i.e., with different tlles jn each arm) were
assembled as described in Mohammed et al.”" (Figure 1) except,

(@)

adapter strands attach here

linker strands attach here

§(m

(C) 1l linker \ength
I)W I)wwwo:z
nicks
V
seeds out of phase: -

S EEE R B —

seeds in phase:

. ==S===5l

Figure 1. Nunchuck design and assembly. (a) Cylindrical DNA origami
seeds, adapted from Mohammed et al,™ are folded from a 3024-base-
long scaffold strand. Scaffold fringes provide attachment sites for a
linker strand on one end of the seed (yellow) and for adapter tiles on the
other (magenta). (b) Two types of fully orthogonal DAE-E tiles®® are
used to make distinguishable nanotube arms. Each SE tile carries two
Cy3 fluorophores, and each RE tile carries one Cy3 and one ATTO 488.
(c) Seed dimers form when linker strands hybridize (I — II). They are
then ligated to seal the nicks and are purified by agarose gel
electrophoresis (II — III). Pure, ligated seed dimers are added to a
mixture of SE and RE tiles (III), which nucleate on their respective
adapter strands and self-assemble into fluorescently distinct nanotubes,
making it possible to verify the seeded nature and readily locate the
linker of a nunchuck by fluorescence microscopy. The relative position
of the seeds about the linker axis varies with linker length, as determined
by the double-helical pitch (IV).

instead of using the 7 kb-long M13mp18 genome as a scaffold,
each origami seed was folded from a 3 kb scaffold (p3024, from
Nafisi et al.”*). Because the origami design involves only 2.7 kb,
using a shorter scaffold greatly reduces the amount of single-
stranded DNA (ssDNA) that protrudes from the midpoint of
each seed (see Figure 2 in Mohammed et al.”"). Compaction of
the ~300-base excess had no noticeable effect on nunchuck
bend angle distributions (Supplementary Note S12), suggesting
that, even uncompacted, the protruding ssDNA does not
influence nunchuck conformation.

Nunchucks were made with a variety of linkers of different
lengths and sequences (Supplementary Note S4). Linker length
is defined as the number of base pairs in the duplex DNA
connecting two seeds (Figure 1c-III). Due to the helical nature
of dsDNA, this length determines the relative position of the
seeds about the linker axis (Figure 1c-IV). An “out-of-phase”
positioning, in which the seeds are separated by a half-integer
number of helical turns, reduces the possibility of steric
hindrance between seeds when the linker bends and ensures
that any intrinsic bends at the seed—linker junctions cancel out.

Nunchuck Imaging. To monitor and measure linker
bending, nunchucks were mechanically confined to a thickness
of <0.5 ym between PEG-coated glass surfaces, which left them
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able to diffuse freely while imaged by conventional, wide-field
epi-fluorescence microscopy (see the Methods section). Using a
shutter-triggered camera and an oxygen scavenging system,2 it
was possible to collect ~2000 images of any individual
nunchuck. Our frame rate was limited to 0.3 Hz < f < 10 Hz,
and although we were not able to definitively measure the
angular decorrelation time, measures of angular diffusion and
consistency upon downsampling suggested that f = ~1 Hz
sufficed to remove most correlations between frames (Supple-
mentary Note S13).

Nunchucks chosen for imaging had arms between 2 and 6 ym
long with no obvious irregularities. The location of the linker
was evident in the images because one arm carried twice as many
Cy3 fluorophores as the other (Figure 2a—d). Images were

Angles by neural network (degrees)
sebew Jo Jaquinu

-180 o
Angles by filament tracing (degrees)

Figure 2. Raw data and bend angle analysis methods. (a—d) Example
images of four different nunchucks, all at the same scale (bar = 2 ym).
The nunchuck bend angle, 6, is defined to be 0° when straight and 180°
when completely bent, as illustrated in part a. (e) One method of
determining bend angle is based on tracing the nunchuck contour
(shown in yellow) using the JFilament™ plugin for Image].*® The vertex
is identified from the discontinuity in brightness along the contour (red
dot). Beginning 8 pixels from the vertex (closest blue dot), eight vectors
along each arm, each 8 pixels in length and offset by 1 pixel, are used to
calculate 64 dot products (the first and last vectors on the bright arm are
shown as black arrows in the inset). The bend angle and its uncertainty
are calculated from the average and standard deviation of the
normalized dot products (bar = 2 um). (f—i) Examples of computer-
generated nunchuck images used for training the neural network. The
images were designed to mimic common nonidealities of real images,
including curved arms, frame-to-frame variations in contrast, and other
nanotubes in random locations. (j) A confusion matrix comparing
nunchuck bend angles from 5314 real nunchuck images as measured by
filament analysis (horizontal) and by neural network (vertical).

enhanced for contrast, cropped to a 200 pixel X 200 pixel square
centered on the bounding box containing the nunchuck, and
analyzed for bend angle, 6 (Figure 2a), elther by ﬁlament tracing
(Figure 2e), using the JFilament plug-in®® for Image]J,*® or by a
deep, convolutional neural network. Most bend angles reported
here were extracted by the neural network because it proved
significantly faster and more accurate than filament tracing. The
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neural network was trained on 570,960 computer-generated
images that reproduced the most common nonidealities of real
images, including curved arms, frame-to-frame contrast
variations, and other nanotubes near/crossing the nunchuck of
interest (Figure 2f—i). A confusion matrix of bend angles
extracted from images of real nunchucks shows good agreement
between the two methods (Figure 2j). The slight deviation from
perfect correspondence (red diagonal) reflects the filament
tracing algorithm’s bias toward smooth contours. Further details
of neural network structure, training, performance, and
application are given in Supplementary Note S11.

Bend Angle Distributions. To gauge the accuracy and
precision of nunchuck-based bend angle measurements, we
sampled bend angles at 1 Hz and analyzed their distributions for
hundreds of individual nunchucks of various linker lengths and
sequences. For each linker, we observed and analyzed at least 11
individual nunchucks (see Movies S1—S3 for examples). As an
example, Figure 3 presents the bend angle histograms for 17
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Figure 3. Bend angle histograms of nunchucks with 32-bp linkers
sampled at 1 Hz. Parameters are extracted from least-squared error fits
to a folded normal distribution. Uncertainties in the mean, y, and
standard deviation, 6, were determined by bootstrapping for 500
iterations at the original sample size. Histograms are sorted from top left
to bottom right in order of ascending . At the bottom right is a scatter
plot of o vs i for the set. Lighter shading corresponds to outliers, which
were excluded from the calculation of set statistics.

individual nunchucks whose 32-bp linker contains no intrinsic
bends. Note that the bend angle, 8, is defined between 0 and
180°. Each histogram is therefore fit to a folded normal
distribution function with mean, y, and standard deviation, &
(Supplementary Note S9).

A scatter plot of o vs u (Figure 3, bottom right) reveals an
important feature typical of nunchuck data sets: while a majority
of nunchucks have very similar bend angle distributions,
approximately 25% (4 out of 17 in this case) either differ
significantly (>2 s.d.) in u or ¢ or fit poorly (R* < 0.85) to a
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folded normal distribution (Supplementary Notes S16 and
S17). These outliers cannot be attributed to environmental
factors or imaging artifacts, as they were often recorded at the
same time and in the same field of view as the other nunchucks.
They also are not the result of incomplete ligation: nunchucks
with linkers redesigned to be nick-free had the majority of  and
o values within the uncertainty of those made with only one
ligatable nick (Supplementary Note S10). A likely explanation is
that outliers are malformed nunchucks, with, for example, rogue
strands that bridge between seeds or missing strands that
compromise their structural integrity. Set statistics were
therefore calculated based only on clustered distributions (i.e.,
excluding outliers).

Bend Angle Variance vs Linker Length. As a first test of
the accuracy of nunchuck-based bend angle measurements, we
looked at the dependence of angular variance, 6%, on linker
length. The observed bend angle, 6, of a nunchuck corresponds
to the angle between the tangent vectors at the ends of its linker.
According to the worm-like chain model,”” the average of the
cosine of this angle is related to the three-dimensional
persistence length of the linker, L, as

(cos 0) = e

(1)

where A is the contour length separating the tangents. The three-
dimensional persistence length applies rather than the two-
dimensional one because both the linker length (<20 nm) and
the nanotube diameter (~10 nm) are more than an order of
magnitude smaller than the gap between PEG-passivated glass
surfaces (~500 nm). This geometry allows the linker to adopt
any three-dimensional conformation at no energy cost because
the nunchuck is free to rotate so as to keep its arms parallel to the
plane of confinement. In addition, room temperature thermal
energy can induce significant twist (~50°) in a linker,”
providing another pathway by which it can explore all bent
states.

For 6 ~ N(0, 6?), it is well-established (see Supplementary
Note S14) that

(cos @) = e/

)

which, combined with eq 1, predicts a linear increase in angular
variance with the effective linker length, A:

L, (3)

Nunchuck measurements of angular variance support this
prediction (Figure 4a). For linker lengths that place the seeds
on opposite sides of the helical axis (Figure 4a, black circles),
angular variance increases linearly with linker length, with a
slope corresponding to L, = 131 + 33 bp, consistent with other
measurements on dsDNA under similar salt conditions.”” Linker
lengths that place the seeds on the same side of the helical axis
(Figure 4a, red squares) fit the same line when short enough that
collisions between seeds are rare (<37 bp). When linker lengths
are longer, the observed angular variance is significantly
suppressed, likely due to steric hindrance between the seeds.
The angular variance of a linker with intermediate phasing (55
bp, blue triangle) falls between the in-phase (52 bp) and out-of-
phase (58 bp) cases, accordingly.

The nonzero intercept of the linear fit indicates flexibility in
the linker—seed connection. We capture this in terms of a length,
lo, by which the effective linker length, 4, exceeds the defined
linker length, /, such that
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Figure 4. (a) Filled markers: weighted averages of angular variances of
>12 individual nunchucks containing no intrinsic bend, as a function of
linker length. Angular variance increases linearly with linker length, as
expected (eq 3), for linker lengths that place seeds on opposite sides of
the helical axis (black circles). Linker lengths that place seeds on the
same side (red squares) follow the same trend if they are short but not if
they are long enough to permit collisions between seeds. The angular
variance of a $5-bp linker (blue triangles) lies in between those of 52-bp
and 58-bp linkers, as expected. A linear fit (to black circles only) yields
an estimate of the dsDNA linker persistence length, L, and the
distance, l,/2, at which the linker orientation is anchored into a seed.
Error bars depict + one (weighted) standard deviation of the angular
variances. Open markers: Angular variance as a function of linker length
for linkers with the highest possible density of phased A4-tracts. Data are
fit to eq 3 with ) = 10 bp (based on l), yielding L;=229 + 13 bp. (b)
Mean of the bend angle distribution, y, as a function of the number of
phased A4-tracts, N, in the linker. For N = 3, i is the weighted average of
data from 27-, 37-, and 47-bp linkers. For N =2, 4, 5, 6, data were taken
with a single linker length of 37, 37, 47, and 58 bp, respectively. The
linear fit 4 = Na yields an intrinsic bend angle of & = 17 & 1° per A4-
tract.

A=1+1 (4)
The observation that ], = 10 + 11 bp is consistent with the
linker’s bend penetrating about half a helical turn into each of the
flanking seeds. Alternatively, it can be interpreted as resulting
from flexibility intrinsic to the linker—seed junction.

As-Tract Bend Angle and Stiffness. Having thus
calibrated the effective linker length and established the
reliability of nunchuck angular variance measurements for
linkers that place seeds out of phase, we used such linkers to
measure the mean bend angle, y, as a function of the number of
intrinsically bent, appropriately phased Ag-tracts®® (Supple-
mentary Note S4) (Figure 4b). Fitting the data to a line with
zero intercept, ¢t = Na, where N is the number of A4-tracts in the
linker, yields ¢ = 17 + 1° in good agreement with, and
comparable precision to, previous measurements (reviewed by
Stellwagen et al’h).

Interestingly, angular distributions of nunchucks with A4-
tract-laden linkers had significantly lower variances than those
without (Figure 4a). For example, 37-bp linkers with no A4-
tracts had a standard deviation of 49 + 4°, while 37-bp linkers
with three Ag-tracts had a standard deviation of 41 + 3°
(Supplementary Table S10). To determine whether this effect is
due to the presence of Ag4-tracts or a result of, say, steric
hindrance suppressing angular variance, we also looked at 37-bp
linkers with three A¢-tracts phased so as to result in no net bend
angle. These had a mean bend angle of 0 & 1° and a standard
deviation of 43 + 5° (Supplementary Table S10), similar to that
of the intrinsically bent 37-bp linkers with three As-tracts.
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While Ag-tracts are expected to be stiffer than generic
dsDNA,*' ™ to our knowledge, their stiffness has never before
been determined experimentally. Comparing linkers of different
lengths and similar (highest possible) densities of phased A4-
tracts (27 bp with N =3, 37 bp with N =4, 47 bp with N =5, and
58 bp with N = 6) and fitting to eq 3 using I = I, = 10 bp
determined using unbent linkers (Figure 4a), we find L,=229+
13 bp, an increase of (80 + 30)% compared to generic dsDNA.

Distinct Distributions from Identical Nunchucks.
Nunchuck bend angle distributions, being derived from single
molecules, contribute insights that summary statistics cannot
provide. In particular, we note that, even after excluding outliers
on the basis of clustering, identically prepared nunchucks often
exhibited distinct bend angle distributions. For example, among
nunchucks with Ag-tracts in their linkers (Figure S), every set of
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Figure 5. Scatter plot of ¢ and p values of all individual nunchucks
containing A4-tracts. Color distinguishes linkers with different numbers
of Ag-tracts; shade and marker shape distinguish linkers of different
lengths. An ellipse of the corresponding color and shade is centered on
the weighted averages of u and o for the set, and its horizontal and
vertical radii represent the weighted standard deviations of y and o,
respectively.

nunchucks with a given linker contained at least one pair (and
often several) whose bend angle distributions differed
significantly (p < 1 /Npsiry per the Kolmogorov—Smirnov
test). Such distinct histograms can arise if linkers have
metastable bent states that occur only rarely and which are
therefore variably sampled in different image sequences
(typically <20 min duration). One time series in particular
provided a clear indication that such rare, metastable bent states
occur. In it, a nunchuck with a 58-bp nominally straight linker
switched multiple times between a highly bent state and a less
bent, possibly unbent, state (Supplementary Note S17, Movie
$4).

Thus, while the linker length dependence of nunchuck bend
angle variance provides a direct measure of short dsDNA
stiffness that is consistent with the persistence length of long
dsDNA (Figure 4a), clustered but distinguishable bend angle
histograms from identically prepared nunchucks suggest that
linkers access rare, metastable bent states (i.e., kinks) even at
room temperature. These results help explain why some
experiments observe high cyclization rates among short (<70
bp) dsDNAs”*~*” while others find no discrepancy with the
measured stiffness of longer dsDNA.>*~*
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Limitations. The range of linker lengths we explored was
relatively narrow, 27 bp < I < 58 bp. It was bounded on the lower
end by thermal stability of the base-pairing that secured the
linker to the seeds and on the upper end by cost. Nunchucks
with shorter linkers can be assembled by redesigning the linker
strands so as to place the nicks within the seeds (Supplementary
Figure S4b). Nunchucks with longer linkers are readily made,
but once a linker is longer than its persistence length, the
diminished correlation between its ends’ orientations and the
increased probability for collisions between the nunchucks arms
will complicate interpretation of bend angle histograms.

Another limitation of nunchuck measurements comes from
the degeneracy of the folded normal fitting function when both y
and ¢ are unknown and 0° < u < o (Supplementary Note S9), in
which case the fitting has poor resolution in y and o. This
limitation can be overcome by concatenating coplanar motifs, so
as to push p into the resolvable range, or by redesi§ning the
nanotube arms to be permanently kinked or branched,™" so as to
prevent in-plane rotations about the double-helical axis. The
latter would enable unambiguous measurement of —180° < 6 <
180°, resulting in bend angle histograms that could be fit to
normal rather than folded normal distributions.

Prospects. The DNA nunchuck is a new instrument that
makes single-molecule measurement of DNA bending accessible
to any lab equipped for conventional fluorescence video
microscopy. In this work, we establish key aspects of nunchuck
design by characterizing thermally excited bend angle
fluctuations as a function of linker length. Chief among these
is a constraint that linker length be a half-integer number of
helical turns, so that nanotube seeds extend from opposite sides
of the double-helix, “out of phase” with one another. We also
take an important step in validating nunchuck bend angle
measurements by characterizing the intrinsic bend of phased A,-
tracts, a structure that has been investigated by numerous
established techniques. Nunchuck measurements reproduced
the Ag-tract bend angle known from prior studies and revealed
that phased Ag-tracts have a persistence length of 229 + 13 bp,
equivalent to 76 + 4 nm. To the best of our knowledge, this is the
first experimental measurement of Ag-tract stiffness. That this
persistence length is (80 + 30)% greater than the persistence
length we measured for Ag-tract-free dsDNA is roughly
consistent with recent molecular dynamics simulations, which
report an ~25% enhancement.’” Overall, our results indicate
that out-of-phase nanotube arms do not significantly perturb a
linker’s structure and demonstrate the utility of monitoring
single molecules’ bend angle fluctuations.

As the A4-tract measurements demonstrate, the nunchuck is
easily adapted to characterize the sequence-dependent stiffness
and bending of dsDNA. Structural anomalies, such as single-
stranded gaps, locally melted bubbles, and unpaired bulges, can
also be probed. Indeed, nunchucks can be used to study bending
of any molecular structure that can be incorporated within a
linker."” With the advent of commercially available RNA—DNA
chimeric oligomers, we anticipate nunchuck-based measure-
ment of RNA motifs such as three-way or four-way
junctions,””** right angles (RA)," and kissing loops*® will
usefull;f refine parameters used in simulation and prediction of
RNA" and origami48 nanostructures.

Although the range of linker lengths we tested was limited, it is
nevertheless large enough to accommodate most sequence-
specific protein binding sites, opening the possibility of using
nunchucks to study binding-induced DNA bending. Such
measurements will be especially interesting because of the
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unique combination of structural (angular) and dynamic
(stiffness, kinetic) information nunchucks provide. On several
occasions, we observed a nunchuck change >100° in a matter of
seconds (Supplementary Note S17, Movie S4). This suggests
that, despite the hydrodynamic drag on the nanotube arms (3.3
and 4.2 um in that particular case), nunchucks can have
sufficient temporal resolution to report on the lifetimes of
induced bends that persist for more than a few seconds.**’

Overall, our results establish DNA nunchucks as an attractive
system for studying dsDNA bending at the single-molecule level.
They offer mean bend angle determination with few-degree
resolution, just like conventional approaches, along with
significant advantages, including measures of bend stiffness via
bend angle variance and direct dynamical observation, and a
lower barrier to adoption. Hence, the DNA nunchuck approach
is well positioned to become a standard technique for the study
of functionally relevant bending of dsDNA and any molecules to
which it can be rigidly attached.

Methods. Materials. The P3024 scaffold was produced and
provided by Parsa Nafisi and Shawn Douglas, UCSF.”> DNA
strands for staples, linkers, adapters, and tiles were synthesized
by Integrated DNA Technologies, Inc. (www.idtdna.com).
Staple strands and guard strands were purchased purified by
standard desalting. Linker and adapter strands were purchased
HPLC purified when size permitted and PAGE purified
otherwise. Tile strands were purchased PAGE purified.
Concentrations of purified strands were confirmed by Nanodrop
2000c using absorbance at 260 nm based on extinction
coeflicients quoted by the manufacturer.

Linker Kination. Linker strands were kinated individually at a
concentration of 2.5 #M in a solution containing 10 units of T4
polynucleotide kinase (New England Biolabs, M0201L) and 1X
T4 DNA ligase buffer (New England Biolabs, B0202S) by
incubating at 37 °C for 2 h. The solution was then heated to 90
°C for 10 min to deactivate the kinase and diluted to 100 nM for
use in seed mixtures.

Seed Formation. Seed design and strand sequences are given
in Supplementary Notes S1—S3. Linker design and sequences
are given in Supplementary Note S4. Seed monomers with
complementary linkers were annealed separately (Supplemen-
tary Note SS) and then dimerized by mixing equal volumes and
incubating at 31 °C for at least 12 h. Dimerized seeds were
ligated for 2 h at room temperature with 20 nM T4 DNA ligase
(New England Biolabs, M0202L), 0.5 nM extra ATP in 1X T4
DNA ligase buffer supplemented with 1x TAE-Mg buffer (40
mM Tris base, 20 mM acetic acid, 1 mM EDTA, pH 8.2, with
12.5 mM magnesium acetate). Then, 100 uL/mL of proteinase
K (VWR, 470179-306) was added and the solution was
incubated at 37 °C for 1 h to inactivate the ligase.

Seed Purification. Seed dimers were purified away from
excess staples, proteins, monomers, etc., by agarose gel
electrophoresis. Slab gels made of 1 wt % agarose (EXCLU-
SIEVE, High Resolution Agarose) in gel-running buffer (1x
TAE-Mg) with 0.5 ug/mL ethidium bromide were loaded with
60 uL of ligated seed dimers and run at 90 V for 1 h in an ice bath
(Supplementary Note S6). Seed dimers, which ran slower than
seed monomers, were cut out and extracted using Freeze N
Squeeze DNA Gel Extraction Spin Columns (Bio-Rad,
7326166), and then, they were stored at room temperature
and used within 2 weeks.

Nunchuck Formation. RE and SE tile strands were mixed in
equimolar ratios and slowly annealed from 90 to 31 °C, with a
brief pause at 40 °C during which seed dimers were added.
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Detailed recipes can be found in Supplementary Note S5. The
SE and RE tile strand sequences were the same as those in
Rothemund et al.”’ Because the nunchuck arm lengths and
overall yield (ratio of nunchucks to spontaneously nucleated
nanotubes) depend sensitively on the seed-to-tile ratio, for every
nunchuck preparation, a series of seed dimer dilutions were
used. Each was briefly imaged to determine the best mixture for
bend angle imaging (typically arm lengths of 2—4 ym and ~50%
yield). Samples consisted of 3 uL of 6X diluted mix placed
between an 18 mm X 18 mm no. 1 coverslip and a glass slide
(both uncleaned) and sealed with candle wax.

Glass Cleaning. Glass slides (3 in. X 1 in., Spectrum, 451-
82010-R6) and coverslips (22 mm X 22 mm, Fisherfinest,
12548B) were loaded into staining racks (6817B, Newcomer
Supply; 50949462, Electron Microscopy Sciences) sitting in
glass jars and sonicated for 10 min in pure water (Milli-Q A10,
Millipore) containing 0.1 vol % of concentrated cleaning
solution (Micro-90, International Products Corp). Slides and
slips were then rinsed five times with pure water (by filling the
glass jars with water and gently shaking to remove soap residue).
Both slides and slips were then incubated in 2 M NaOH for 30
min to etch away a thin layer of glass and again rinsed five times
with pure water to remove the remaining NaOH. Finally, they
were rinsed once in pure ethanol to remove water from the
surfaces (for faster drying), placed in a 50 °C oven to dry, and
stored in glass jars.

Glass Passivation. A 300 uL portion of ethanol, 3 yL of
glacial acetic acid, and 2.5 mg of mPEG-silane (Laysan Bio) were
mixed and heated for 5 min at 50 °C to dissolve mPEG-silane,
which would not otherwise be soluble in ethanol. A 15 uL
portion of this solution was placed on a clean coverslip, which
was quickly flipped onto the center of a clean slide so that the
solution completely filled the gap between the slide and the slip.
The slide—slip pair was then stored horizontally in a tightly
sealed SO mL centrifuge tube (Falcon, 14-432-22) containing 5
mL of ethanol at room temperature, the vapor of which prevents
the mPEG-silane solution from drying. Slide—slip pairs were
ready for use after 3 days and remained usable for at least 2
months.

Sample Preparation. PEG-coated slides and slips were
removed from Falcon tubes, separated, and incubated in ethanol
at 60 °C for 20 min to rinse away unreacted mPEG-silane. The
glass pieces were then blow-dried with nitrogen, reassembled
with PEG surfaces in contact, and pressed against each otherina
home-built jig (Supplementary Note S8). While under pressure
in the jig, the coverslip was glued to the slide with UV-curing nail
polish (Gelixir, top coat) along all edges but leaving two small
openings on opposite sides to form a flow cell. After curing
under UV LEDs (SUNUYV, SUN9C) for 60 s, the flow cell was
removed from the jig and loaded with sample (see below).
“Guard” strands,”’ designed to inhibit nanotube nucleation and
growth during room-temperature imaging, were sometimes
added to the sample immediately before bend angle imaging but
were discovered to be unnecessary and omitted from the
protocol (Supplementary Note S12). When used, 0.1 uL of
guard strands (initially at 4 4M) was added to 1 uL of nunchuck
sample and allowed to sit for 1 min at 31 °C. A PCA-trolox
oxygen scavenging system (OSS)** was added to the sample
immediately before loading to reduce bleaching of fluorescent
molecules during imaging (Supplementary Note S18). A 0.6 uL
portion of the nunchuck—OSS mixture was dropped onto one
opening of a freshly prepared flow cell and allowed to spread
between the slide and the slip by capillary action. When the
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solution reached the opposite opening, any remaining liquid was
wiped away with a kimwipe and both openings were sealed with
candle wax. The process of filling the flow cell reduced the
apparent yield of nunchucks significantly. Typical flow-cell
samples contained 1 nunchuck for every 10 nanotubes
(Supplementary Note S7).

Imaging. Samples were imaged in epi-fluorescence mode on
an inverted microscope (Olympus, IX70) with a 100x/1.30 oil
immersion objective and a Cooke Sensicam QE camera. The
fluorescence optics for Cy3 were 325AF4S (excitation),
S60DRLP (dichroic), and HQ610/75 (emission), and those
for Atto 488 were 475SDF40 (excitation), SOSDRLP (dichroic),
and HQS35/50 (emission). Nunchucks selected for imaging
had (1) arms between 2 and 4 pm long with no obvious
irregularities, (2) relatively few other tubes around, (3) freedom
to move and bend in the field of view, and (4) consistently sharp
focus throughout. Images were taken with a time delay of either
1 or 3 s between frames. The exposure time per frame was
typically 10 ms, but it was increased when the nunchuck was
imaged for long enough for bleaching to become noticeable
(>1000 frames). While it was easy to collect ~2000 images of
any individual nunchuck, image sequences were typically limited
to ~700 frames to maximize the number of sequences taken
before nunchucks degraded due to mechanical torsion or lower
magnesium concentrations. Otherwise, imaging typically
stopped when the nunchuck showed signs of degradation
(breaks or kinks in the arms) or stuck to another structure (tube
or nunchuck) or the glass surface.
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