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ABSTRACT
The use of proteins that bind and catalyze reactions with DNA alongside DNA nanostructures has
broadened the functionality of DNA devices. DNA
binding proteins have been used to specifically pattern and tune structural properties of DNA nanostructures and polymerases have been employed
to directly and indirectly drive structural changes
in DNA structures and devices. Despite these advances, undesired and poorly understood interactions between DNA nanostructures and proteins that
bind DNA continue to negatively affect the performance and stability of DNA devices used in conjunction with enzymes. A better understanding of
these undesired interactions will enable the construction of robust DNA nanostructure-enzyme hybrid systems. Here, we investigate the undesired disassembly of DNA nanotubes in the presence of viral
RNA polymerases (RNAPs) under conditions used
for in vitro transcription. We show that nanotubes
and individual nanotube monomers (tiles) are nonspecifically transcribed by T7 RNAP, and that RNA
transcripts produced during non-specific transcription disassemble the nanotubes. Disassembly requires a single-stranded overhang on the nanotube
tiles where transcripts can bind and initiate disassembly through strand displacement, suggesting
that single-stranded domains on other DNA nanostructures could cause unexpected interactions in the
presence of viral RNA polymerases.
INTRODUCTION
Nucleic acid nanotechnology takes advantage of the reliable
nature of Watson-Crick base pairing and our knowledge of
nucleic acid structure to build molecular devices and sensors and direct the self-assembly of DNA and RNA ma-

terials. Numerous one-, two- and three-dimensional DNA
nanostructures have been assembled (1–7) and these structures have been functionalized with a variety of proteins (8),
nanoparticles (9–12), and other small molecules (13–15).
Additionally, chemical logic circuits, timers, and spatial patterns have been constructed via DNA strand-displacement
reactions (16–18) and these systems have been used to control DNA devices (16,19).
Often, the integration of proteins that interact with nucleic acids can lead to more functional nucleic acid systems.
Recombinases, topoisomerases, helicases, ligases, and relaxases have been utilized to induce structural and mechanical changes in nucleic acid devices (20–26). DNA polymerases have been used to induce structural changes in
DNA nanostructures (20,27), replicate nanostructures (28),
and build a range of dynamic chemical reaction networks
(29–35). RNA polymerases, such as T7 RNA polymerase,
have been used to transcribe self-assembling RNA nanostructures (36–39) and materials (28), drive molecular motion and structural changes in DNA nanostructures (40,41),
and engineer dynamic chemical reaction networks (42–44).
These applications take advantage of specific reactions that
occur between nucleic acids and proteins, but often unintended interactions arise when coupling DNA devices and
DNA binding proteins which can hamper device functionality (20,27,40). To continue to expand the functionality of
nucleic acid devices, an understanding of the non-specific or
unintended interactions between DNA nanostructures and
DNA binding proteins is imperative.
Here, we elucidate non-specific and unintended interactions that arise between viral RNA polymerases and DNA
nanostructures. These interactions lead to the disassembly
of the DNA nanotubes in the presence of viral RNAPs. Viral RNAPs are highly processive, monomeric enzymes that
require no accessory factors to conduct transcription (45).
Given the relative simplicity of viral RNAPs and the knowledge of their structure and function (46), these enzymes are
utilized for many in vitro and in vivo applications, many
pertaining to nucleic acid nanotechnology (36,40,42,47).

* To

whom correspondence should be addressed. Tel: +1 410 516 8457; Email: rschulm3@jhu.edu
Correspondence may also be addressed to Elisa Franco. Tel: +1 951 827 2442; Email: efranco@engr.ucr.edu


C The Author(s) 2018. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Downloaded from https://academic.oup.com/nar/advance-article-abstract/doi/10.1093/nar/gky283/4990008
by Johns Hopkins University user
on 14 May 2018

2 Nucleic Acids Research, 2018

DNA nanotubes are model nanostructures for understanding DNA self-assembly (15,48–50) and mechanics (51,52)
that self-assemble from DNA monomers termed tiles. The
tiles are composed of two parallel DNA double helices
rigidly connected by double crossover junctions; tile polymerization occurs via hybridization of single-stranded domains termed sticky ends (Figure 1A) (1).
Here we observe that DNA nanotubes disassemble when
incubated with either T7 RNAP or SP6 RNAP. To understand why this unintended disassembly occurs, we characterize how viral RNAPs and DNA nanotubes interact and
find that DNA nanotubes and tiles are transcribed nonspecifically by T7 RNAP. Furthermore, we show that RNA
transcripts produced from the DNA nanotubes induce nanotube disassembly even in the absence of active T7 RNAP,
likely through a toehold-mediated branch migration process initiated at single-stranded overhangs on the tiles. In
addition, we show that nanotube disassembly is not particularly dependent on the sequence of the DNA nanotubes
but does depend on the relative concentrations of RNAP,
DNA tiles, and double-stranded DNA containing RNAP
promoter sequences. Viral RNAPs have been shown to nonspecifically bind (53) and transcribe (54) a variety of DNA
sequences, but non-specific transcription of DNA nanostructures has not been previously reported. Off-target viral
RNAP transcription could significantly affect the structure
and function of many other synthetic DNA devices as many
DNA nanostructures necessarily contain single-stranded
domains as sites for binding other DNA structures, DNAfunctionalized nanoparticles, or small molecules (9,12,55–
57). Our elucidation of the mechanism underlying RNAPinduced nanotube disassembly should enable the development of targeted design strategies to reduce these unintended reactions for DNA nanostructures, a number of
which are discussed.
MATERIALS AND METHODS
DNA oligonucleotides and enzymes
All DNA oligonucleotides were purchased from Integrated
DNA Technologies, Inc (IDT). Modified DNA was ordered
HPLC purified. Non-modified DNA was ordered PAGE
purified. Sequences are listed in SI Section 1. T7 RNAP
was purchased from Cellscript (200 U/l, Catalog # CT7300K), SP6 RNAP from ThermoFisher Scientific (100
U/l, Catalog # EP0133), yeast inorganic pyrophosphatase
from New England Biolabs (NEB) (0.1 U/l, Catalog #
M2403S) and DNase I from NEB (2 U/l, Catalog #
M0303S). RNase A was taken from a Qiagen mini-prep
kit (10 mg/ml). All reactions (unless otherwise stated) were
conducted using NEB RNAPol Reaction Buffer (Catalog #
M0251S).
Measurement of nanotube stability
To measure DNA nanotube stability in the presence of
T7 RNAP, the nanotubes were assembled, incubated with
T7 RNAP, and imaged via fluorescence microscopy. DNA
nanotubes were assembled by annealing 5 M of each
tile strand in NEB RNAPol Reaction Buffer and following the nanotube annealing protocol (SI Section 2). The

nanotubes were then incubated at 37◦ C with T7 RNAP in
NEB RNAPol Reaction Buffer, which was supplemented
with ribonucleotide triphosphates (NTPs) and additional
MgCl2 (these reaction conditions are referred to as ‘transcription conditions’ throughout the text). The final concentrations of each component in the transcription conditions were as follows: 1 M DNA tiles, 20 mM MgCl2 ,
8.6 U/l (4.3% v/v) T7 RNAP and 5 mM of each NTP
(ATP, UTP, GTP and CTP). Control experiments without
T7 RNAP were performed under otherwise identical conditions. Fluorescence micrographs were obtained by diluting an aliquot of a sample 20-fold in NEB RNAPol Reaction Buffer and pipetting onto an untreated glass coverslip
(Fisher Scientific––Catalog # 12-545-E). Fluorescence micrographs were scaled such that the minimum intensity pixel
in the image is shown in black and the maximum intensity
pixel is shown in white. The grayscale intensity of the other
pixels was scaled linearly between the minimum and maximum intensity values. Due to this conversion, images of
disassembled nanotubes may appear to have a higher background.
Characterization of RNA transcripts
RNA was identified by incubating DNA nanotubes with T7
RNAP in transcription conditions (except T7 RNAP was
at a concentration of 4.3 U/l (2.1% v/v), and yeast inorganic pyrophosphatase and biotinylated bovine serum albumin (BSA) (58) were present at concentrations of 0.00135
U/l (1.35% v/v) and 0.1 mg/ml, respectively), digesting
nanotube DNA with DNase I, and detecting RNA products via non-denaturing PAGE. Samples were incubated at
37◦ C for 20 h, heated to 65◦ C for 30 min to denature T7
RNAP, and cooled to 37◦ C after which each sample was
split into two aliquots. DNase I was added to one aliquot
to a final concentration of 0.21 U/l (10.5% v/v); the samples were then both incubated for 2 h at 37◦ C. For samples
also digested with RNase A, RNase A was added to a final concentration of 0.12 U/l (17.4% v/v) after DNase
I digestion. The samples were then incubated at 37◦ C for
2.5 h (SI Section 2 for PCR protocol). Samples were subsequently run on a 10% non-denaturing polyacrylamide gel
(Tris-acetate-EDTA buffer with 12.5 mM magnesium acetate) at 100 V for 2 h. Gels were run with a 10 bp DNA
ladder (ThermoFisher Scientific) and stained with SYBR
Gold. The gel was imaged using a Syngene EF2 G:Box gel
imager equipped with a blue light transilluminator (emission max ∼450 nm) and a UV032 filter (bandpass 572–630
nm).
Detecting tile-specific sequences in RNA with fluorescent
DNA probes
To determine if the RNA produced from DNA nanotube
incubation with T7 RNAP contained DNA tile sequences,
a fluorescent probe containing tile sequences was annealed
with the RNA and the mobility of the probe was assessed
with non-denaturing PAGE. RNA was generated and T7
RNAP was denatured using the same incubation protocol described for Characterization of RNA transcripts. After
T7 RNAP denaturation, two aliquots were prepared with
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DNase I added to both as described in Characterization of
RNA transcripts. Additionally, RNase A was added to one
of the aliquots to a final concentration of 0.12 U/l (17.4%
v/v). Samples were incubated at 37◦ C for 24 h, then held
at 75◦ C for 30 min to denature DNase I. Cy3-labeled DNA
probes were then added to the samples, followed by cooling from 90◦ C to 25◦ C at a rate of –1◦ C/min (SI Section
2 contains PCR protocol details). Samples were analyzed
with PAGE as described above in Characterization of RNA
transcripts. Gels were imaged prior to staining with SYBR
Gold to detect only the Cy3 labeled probe, and then again
after staining to detect all nucleic acids. For samples that
served as size markers on the gels (strand 1:strand 3 and
strand 5:strand 3 complexes), the same incubation procedures were followed but T7 RNAP or other enzymes were
not added to the samples.
Detecting binding between the RNA transcripts and the DNA
nanotube single-stranded overhang domain
To detect hybridization between the RNA transcripts produced from DNA nanotubes and the single-stranded overhang domain on the nanotubes over time, var1 7-3 nanotubes (which have a FAM modification at the 5 end of the
single-stranded overhang) were incubated at 37◦ C with T7
RNAP in transcription conditions. During the incubation,
the fluorescence of the sample was measured in a quantitative PCR machine (Stratagene MxPro3000, FAM filter:
492–516 nm). To avoid saturating the fluorescence signal,
25% of the strands with the single-stranded overhang domain had a FAM modification at their 5 end while the
other 75% of these strands were the same sequence but did
not have a FAM modification. Fluorescence readings were
taken every minute. Aliquots were taken periodically from
the samples to measure nanotube stability using fluorescence microscopy as described in Measurement of nanotube
stability.
RESULTS
DNA nanotubes disassemble in the presence of active viral
RNA polymerases
To characterize the interaction between viral RNAPs and
DNA nanotubes, we first tested the stability of DNA nanotubes with nanotubes we called var1 7 (see SI Section 1
for sequences). To ensure thermal stability at 37◦ C, these
nanotubes were designed with longer sticky ends than previously developed versions (Figure 1A) (1). The nanotubes
also contained a single-stranded overhang on strand 2 of the
DNA tiles for use with another project relating to dynamic
activation and deactivation of tiles (59). We also found that
the single-stranded overhang domain aided in the efficient
assembly of nanotubes in transcription buffer (Supplementary Figure S1 and SI Section 3).
The assembled nanotubes were incubated at 37◦ C in transcription conditions with and without T7 RNAP. Without
T7 RNAP, the nanotubes were still intact after 24 h (Figure
1B). However, when these nanotubes were incubated under
the same conditions with T7 RNAP, no nanotubes were visible in fluorescence micrographs after 24 h (Figure 1B). The
addition of heat-denatured T7 RNAP did not disassemble

nanotubes over 24 h (Supplementary Figure S2), suggesting active T7 RNAP is required to induce nanotube disassembly. Nanotubes also disassembled in the presence of SP6
RNAP, another viral RNA polymerase (SI Section 5). Additionally, RNAP-induced disassembly was dependent on
the concentrations of the DNA tiles (Supplementary Figure S3) and RNAP used (Supplementary Figure S4).
T7 RNAP-induced disassembly of DNA nanotubes is not sequence specific
We hypothesized that viral RNA polymerases might induce
DNA nanotube disassembly because the polymerases bind
to specific sequences within the DNA tiles due to a similarity of these sequences to the RNAP promoter sequences.
T7 RNAP has been shown to melt 6–7 bases of promoter
region DNA to create a pre-initiation complex (60), so T7
RNAP could conceivably bind to nanotubes and cause disassembly by creating these transcriptional bubbles near the
hybridized sticky ends of the nanotubes. To reduce the possibility of a specific binding interaction between viral RNA
polymerases and the nanotubes, we re-designed the tile sequences to produce a new variant (var2 7) that had less
overlap with the promoter sequences of the viral RNAPs
than the original tile sequences (See SI Section 7 and Supplementary Figure S5 for the design process and SI Section
1 for tile sequences). However, we found that the var2 7 nanotubes were no more stable than the var1 7 nanotubes in the
presence of T7 or SP6 RNAP (Supplementary Figure S6).
These results suggest that RNAP-induced nanotube disassembly is not due to specific recognition of promoter-like
sequences in the DNA tiles.
We next hypothesized that non-specific binding might be
inducing disassembly. T7 RNAP, for example, binds to its
preferred promoter sequence only slightly more strongly
than to other sequences (53,61) so off-target binding of
T7 RNAP to the nanotubes might cause sticky end melting and subsequent nanotube disassembly. If this were the
case, increasing the hybridization energy of the tile sticky
ends might prevent polymerases from melting hybridized
sticky ends along the nanotubes, thus preventing disassembly. To test whether sticky end hybridization energy influenced the stability of nanotubes in the presence of T7
RNAP, we designed four new tile variants where the sticky
end sequences had different hybridization energies (var3 7–
var6 7––Figure 2 and SI Section 1) and incubated each of
these nanotube variants for 24 h at two different concentrations of T7 RNAP. Fluorescence micrographs of the nanotubes taken after 24 h showed that each of the new variants
disassembled when incubated with the higher RNAP concentration and only var5 7 nanotubes were still intact after
incubation with the lower RNAP concentration (Figure 2
and Supplementary Figure S7). These tests suggested that
increasing sticky end strength does not significantly increase
nanotube stability in the presence of T7 RNAP.
To further test the influence of the hybridization energy
of nanotube sticky ends on nanotube stability in the presence of active T7 RNAP, we developed another set of nanotubes variants based on the var1 7 and var3 7 variants.
These variants were altered so that the tiles contained either
6 or 8 bp sticky ends (Supplementary Figure S8). We char-
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Figure 1. DNA nanotube design and disassembly in the presence of 8.6 U/l T7 RNAP in transcription conditions. (A) DNA nanotube structure and
assembly. Left: DNA tiles are DAE-E double crossover molecules (71) that assemble from 5 strands of synthetic DNA. Tiles consist of two DNA helices
that are rigidly bound by two crossover motifs with four single-stranded sticky end (se) regions on the two helix ends. Sticky ends are complementary across
the diagonal of the tile (complementary sequences denoted by *) (1). Tiles also contain a single-stranded overhang domain on strand 2 (orange) and a
Cy3 fluorophore (yellow) at the 5 end of strand 3. Numbers next to domains indicate domain lengths in number of bases. Middle: The complementary
sticky ends specifically program the DNA tiles to form the lattice shown as an abstract line representation (top) and a 3D rendering (bottom). Right: The
lattice cyclizes to form nanotubes (1). (B) Fluorescence micrographs of DNA nanotubes (var1 7––SI Section 1) before and after incubation with (T7 (+))
or without (T7 (–)) T7 RNAP in transcription conditions. (C) Nanotube stability (var1 7) in the presence of T7 RNAP with ATP (ATP (+)) as the only
NTP or without any NTPs (NTPs (–)). Scale bars: 10 m.

acterized the stability of each of these variants and found
no clear relationship between sticky end length and stability in the presence of T7 RNAP (Supplementary Figures S8
and S9). Taken together, these results suggest that changing
the sequences of tiles is unlikely to increase the stability of
nanotubes in the presence of viral RNAPs.
NTPs are required for T7 RNAP-induced DNA nanotube disassembly
To further investigate the mechanism underlying nanotube
disassembly in the presence of active viral RNA polymerases, we next examined which aspects of RNAP activity
were required to induce nanotube disassembly, using var1 7
nanotubes and T7 RNAP as a model system.
Since T7 RNAP has been shown to non-specifically transcribe DNA at high enzyme and template concentrations
(54), we investigated whether transcription is involved in
T7 RNAP-induced DNA nanotube disassembly. We first
tested whether NTPs are required for T7 RNAP-induced
nanotube disassembly to occur. Since not including NTPs in

the solution would significantly change the free magnesium
concentration of the samples, which could also influence
nanotube stability (Supplementary Figure S10), we compared nanotube stability in the presence of T7 RNAP with
all four NTP types present at 5 mM each to nanotube stability with only one type of NTP present at 20 mM. This comparison kept the free magnesium concentration the same
between the samples, but only allowed transcription in the
sample with all of the NTP types.
While we had previously observed that var1 7 nanotubes
disassembled after 24 h of incubation with all four NTPs
and 8.6 U/l of T7 RNAP, these same nanotubes did not
disassemble after 24 h with either 20 mM of only ATP (Figure 1C), only CTP, only UTP, or only GTP (Supplementary
Figure S11 and SI Section 10) and 8.6 U/l of T7 RNAP.
Similarly, nanotubes did not disassemble after 24 h with T7
RNAP when NTPs were not present (Figure 1C). These results suggest that transcription is required for T7 RNAPinduced nanotube disassembly.
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Figure 2. The sticky end sequences, sticky end energies, and the stability in the presence of T7 RNAP in transcription conditions of nanotubes with six
different 7 bp sticky end sequences. The domains of variants var2 7 to var6 7 whose sequences are different from the sequences of the respective domains in
var1 7 are shown in different colors than the domains in var1 7 (SI Section 1 for sequences). Free energies were estimated for comparison using NUPACK
(72) (SI Section 8.1). Nanotubes were deemed stable (check) at the enzyme unit concentration listed if nanotubes at 1 M tile concentration were present
after 24 h of incubation with T7 RNAP in transcription conditions and were deemed unstable (X) if no nanotubes were present after this incubation.
Fluorescence micrographs of the nanotubes after 24 h of incubation with and without T7 RNAP are shown in Supplementary Figure S7.

RNA is produced when DNA nanotubes and tiles are incubated with T7 RNAP
Since T7 RNAP-induced DNA nanotube disassembly was
only observed when all four NTP types were present, we hypothesized that DNA nanotubes might act as transcription
substrates for T7 RNAP and that some aspect of the transcription process might be causing disassembly. To begin
to test this hypothesis, we investigated whether RNA was
produced when T7 RNAP and DNA nanotubes were incubated together in transcription conditions. We incubated
DNA nanotubes with T7 RNAP in transcription conditions
for 20 h and heat denatured the sample to remove any enzyme bound to the DNA. We then split the sample in half
and digested one aliquot with DNase I to remove all nanotube DNA (62). The samples were analyzed via polyacrylamide gel electrophoresis and stained with SYBR Gold to
visualize both RNA and DNA.
A range of products, migrating more slowly than 10 bp
DNA migrates, were observed in the stained gel for both
aliquots (Figure 3A––lanes 2 and 3), but not for a control
sample of nanotubes incubated without T7 RNAP (Figure
3A––lane 4). The complete absence of products in the lane
containing DNA nanotubes and DNase I but no T7 RNAP
(Figure 3A––lane 5) suggested that the products in Figure
3A––lane 3 were not leftover nanotube DNA. These products were not present if DNA nanotubes, active T7 RNAP,
or NTPs were left out of the incubation mixture (Supple-

mentary Figure S12), suggesting that all of these components are required for the products in lane 3 of Figure 3A
to be present. Additionally, the products were not observed
after nanotubes incubated with T7 RNAP in transcription
conditions were treated with DNase I and then RNase A
(Figure 3B). This treatment should degrade all DNA and
RNA species (63). Together, these controls verified that the
products observed in Figure 3A––lane 3 were RNA.
We next asked what RNA products might be produced by
T7 RNAP in the presence of nanotubes. The RNA products observed in Figure 3A span a wide range of molecular weights. Long transcripts (migrating more slowly than
100 bp ladder DNA migrates) could be produced from
DNA nanotubes, which contain DNA helices that extend
for micrometers along the nanotube lattice (Figure 3C and
D). Additionally, since some free tiles remain after nanotube assembly, free tiles might also serve as transcription templates (Figure 3E). To investigate whether free tiles
could serve as templates for transcription, we designed tiles
that cannot polymerize into nanotubes by removing two of
the sticky ends from the var1 7 tiles (var1 7-1 in Figure 3F
and SI Section 1). Formation of these tiles was confirmed
using PAGE. The top and bottom tile strands (1 and 5) both
bind to the middle (strand 3) to form a complex (Figure
3G––lane 4) while the 5 strands that comprise the var1 7-1
tile variant form a single larger complex (Figure 3G––lane
5). We used the same gel to characterize the RNA produced
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Figure 3. RNA is produced when DNA nanotubes are incubated with T7 RNAP in transcription conditions. (A and B) Non-denaturing PAGE results
showing samples of nanotubes incubated with or without T7 RNAP (T7) and treated with or without DNase I (DNase) and RNase A (RNase) as shown.
(C–F) DNA: solid lines, RNA: dashed lines. (C) Schematic of part of a DNA nanotube lattice. The red box encloses a single DNA duplex along the
lattice that T7 RNAP could transcribe. This duplex is repeated along the length of the lattice. (D) Possible multi-tile transcripts that could be produced via
transcription of the DNA duplex highlighted in C. Transcripts of the bottom strand could contain the complement of the single-stranded overhang domain
(orange) (67). (E) Transcripts that could be produced by transcription of single tiles. (F) The single tile variant (var1 7-1) used in G. (G) Non-denaturing
PAGE results using var1 7-1 tiles that cannot form nanotubes. Individual tiles form during annealing (lanes 4 and 5). Tiles were incubated with T7 RNAP
in transcription conditions and treated with DNase I as labeled. Bands at the bottom of the gels (migrating more quickly than 10 bp DNA migrates) for
samples incubated with DNase I are likely short oligonucleotides from DNase I digestion.

when these tiles were incubated with T7 RNAP for 20 h
in transcription conditions. RNA was produced but fewer
high molecular weight products (products migrating more
slowly than 100 bp ladder DNA migrates) were produced
during the transcription of single tiles (Figure 3G––lane 3)
than during the transcription of DNA nanotubes and T7
RNAP (Figure 3A––lane 3). Thus, it appears that both nanotubes and free tiles can serve as substrates for T7 RNAP
transcription.
The RNA produced during T7 RNAP incubation with DNA
nanotubes specifically binds DNA tile sequences
Since DNA nanotubes and tiles are presumably the only
transcriptional templates for T7 RNAP in the experiments

presented in Figure 3, we would expect the RNA produced
during these experiments to have some of the same sequences as the DNA tiles. To test if this were the case, we
annealed the RNA products produced from incubation of
var1 7 nanotubes and T7 RNAP with the Cy3-modified
strand 3 of these tiles (Figure 4A). This strand should be
able to bind to a variety of possible transcripts produced
from single var1 7 tile or nanotube templates (Figure 4B
and C, respectively). As such, this strand served as a probe
that could detect specific tiles sequences within RNA transcripts. To prepare RNA transcripts to probe for tile sequences, we incubated var1 7 nanotubes with T7 RNAP
in transcription conditions for 24 h, heat denatured the
RNAP, and digested the nanotube DNA with DNase I.
At this point, the sample should have contained RNA pro-
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Figure 4. RNA produced from DNA nanotube incubation with T7 RNAP specifically binds DNA tile sequences. (A–C) DNA: solid lines, RNA: dashed
lines. (A) Schematic of the fluorescent DNA probe used to detect the presence of tile sequences in RNA. The probe is strand 3 of the var1 7 tiles and
contains a Cy3 fluorophore at its 5 end. It can bind to a range of possible transcription products (B and C). (B) Schematics of the probe bound to possible
single tile transcripts. (C) Schematics of the probe bound to possible RNA transcribed from assembled nanotubes. Aggregation of many such possible
transcripts and a probe are also possible. (D–E) Non-denaturing PAGE results showing samples of nanotubes incubated with or without T7 RNAP (T7)
and treated with or without DNase I (DNase) and RNase A (RNase) as shown. Nanotube tile variants used during the T7 RNAP incubation and the
fluorescent probe for each experiment are shown above the gels.

duced during the incubation but no nanotube DNA. After heat denaturing the sample to inactivate the DNase I,
we added the Cy3-modified strand 3 of the var1 7 tiles. We
then annealed the sample to allow the most stable pairings
of RNA and the probe to form. To determine whether the
probe bound to the RNA, we analyzed the sample with nondenaturing PAGE. We captured a fluorescence image of the
unstained gel to locate the Cy3-labeled probe on the gel and
then stained the gel with SYBR Gold to identify the locations of all the nucleic acids. As a control, we conducted
the same experiment but also included RNase A during the
DNase I digestion step. In this control, the solution to which
the probe was added should not have contained any intact
nucleic acids, so a mobility shift of the fluorescent probe
should not be observed.
The probe strand migrated more slowly in the sample
containing the RNA produced during T7 RNAP incubation with DNA nanotubes than in the sample treated with
both DNase I and RNase A (Figure 4D - unstained gel),
suggesting that the probe binds to some of the RNA produced when nanotubes are incubated with T7 RNAP. To
verify that this mobility shift was the result of the probe’s
sequence, we repeated these experiments using a fluorescent

probe of the same length that did not have sequence overlap
with the var1 7 tile strands (orthogonal probe––SI Section
1.2). This probe migrated at the same rate in the presence of
the RNA products as the individual probe (Supplementary
Figure S13). Likewise, no shift of the probe was observed
when the probe for var1 7 tiles was mixed with the RNA
produced during an incubation of the var2 7 nanotubes and
T7 RNAP (Figure 4E). But the probe for the var2 7 tiles did
shift when mixed with the var2 7 derived RNA (Supplementary Figure S14). Thus, the RNA produced by a set of tiles
binds specifically to the DNA from those tiles.
The sizes of the complexes formed when each of the fluorescent probes bound to their respective RNA products
were similar to the sizes of the complexes formed by the
probe and either strand 1 or strand 5 of the DNA tiles (Figure 4D). This suggests that the majority of the RNA products bound to the probe are transcripts from either a single tile or a region of the DNA nanotube lattice that corresponds to a single tile. Either these transcripts are the
main transcription products or the probe is unable to bind
larger transcripts, possibly because these longer transcripts
hybridize to themselves or other RNAs rather than to the
probe during the annealing process.
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RNA produced during the incubation of DNA nanotubes with
T7 RNAP interacts with DNA tiles and disassembles nanotubes
We next explored how the transcription of DNA nanotubes
and tiles might lead to nanotube disassembly. One possibility is that the process of transcription itself (i.e. melting of
the DNA helix along the length of the nanotubes during
transcription) causes the nanotubes to disassemble. Alternatively, RNA transcripts could cause disassembly by displacing DNA within the tiles or nanotubes via branch migration (64).
To determine whether the transcription process alone was
responsible for nanotube disassembly, we incubated nanotubes with both T7 RNAP and RNase A to prevent RNA
from accumulating. In the presence of RNase A, nanotubes
incubated with T7 RNAP in transcription conditions did
not disassemble (Supplementary Figure S15). These results
indicate that RNA transcripts are necessary for nanotube
disassembly. To assess whether the presence of transcripts
(as opposed to the production of transcripts) was sufficient
to induce nanotube disassembly, we first prepared an RNA
transcript solution by incubating nanotubes with T7 RNAP
in transcription conditions, denaturing T7 RNAP, digesting the nanotube DNA with DNase I, and heat denaturing DNase I (Supplementary Figure S16). We refer to this
process as the preparation of RNA transcript solution. We
prepared RNA transcript solution using var1 7 DNA nanotubes and tested whether the RNA transcripts in this solution could disassemble nanotubes by adding intact var1 7
nanotubes to the solution after DNA nanotube digestion
with DNase I and subsequent DNase I heat denaturation.
The var1 7 nanotubes that were added to the RNA transcript solution disassembled to a significant degree after 8 h
(Supplementary Figure S16).
To ensure that disassembly was caused specifically by
RNA, we prepared the RNA transcript solution with 20
mM of ATP during the T7 RNAP incubation rather than
5 mM of each NTP type. This change should produce a solution that does not contain RNA but still contains DNA
degradation products and inactivated enzymes. DNA nanotubes added to this solution did not disassemble (Supplementary Figure S16). To test if any RNA, rather than
RNA containing sequences complementary to the nanotubes, could induce nanotube disassembly, we again prepared the RNA transcript solution using var1 7 nanotubes
but added var2 7 nanotubes, which have completely different sequences than the var1 7 nanotubes, to the RNA transcript solution. The var2 7 nanotubes did not disassemble
in these conditions (Supplementary Figure S16). Thus, the
RNA transcripts produced by a set of DNA nanotubes is
sufficient to disassemble DNA nanotubes of the same sequence.
Having established that RNA transcripts produced in
the presence of DNA nanotubes and T7 RNAP are necessary and sufficient for DNA nanotube disassembly, we next
asked how disassembly might occur. Nucleic acid branch
migration processes are accelerated by the availability of a
single-stranded toehold region that a complementary displacing strand can bind to (64). The tiles we studied contained a 7 nucleotide single-stranded domain on strand 2.

This domain might act as a binding site for a complementary RNA (Figure 5A). Hybridization of an RNA transcript
at this site could allow the RNA to efficiently initiate displacement of the adjacent sticky end, causing tile or nanotube disassembly. In support of this hypothesis, we found
that a 14 nucleotide DNA strand consisting of the complement of the 7-base single-stranded overhang domain and
the complement of the 7-base sticky end domain adjacent
to the overhang was able to disassemble nanotubes (Supplementary Figure S17).
If nanotube disassembly in the presence of T7 RNAP occurred via toehold-mediated strand displacement in which
the single-stranded overhang domain served as a toehold,
disassembly should only occur when the RNA can bind to
the overhang domain to initiate displacement. To determine
if the ability of the RNA transcripts to bind to the singlestranded overhang domain was required for nanotube disassembly, we created a new set of tiles, the var1 7-2 tiles
(for sequences see SI Section 1), by changing the overhang
sequence of the var1 7 tiles. We then determined whether
RNA produced from nanotubes containing the original
overhang sequence (var1 7) could disassemble the var1 72 nanotubes. We prepared the RNA solution using var1 7
nanotubes, then added var1 7-2 nanotubes to the RNA solution and found that the var1 7-2 nanotubes did not disassemble (Supplementary Figure S16). These results suggest that disassembly requires a single-stranded overhang
domain that matches that of the nanotubes from which the
RNA was transcribed.
To verify that RNA transcripts bind to the singlestranded overhang domains during the process of disassembly, we designed an experiment to characterize RNAoverhang binding using fluorescence spectroscopy. We designed a tile variant where the overhang domain had a FAM
fluorophore at its 5 end (var1 7-3 in SI Section 1). Nucleic
acid hybridization near a FAM fluorophore has been shown
to induce a change in FAM fluorescence intensity (65,66), so
our goal was to measure hybridization at the overhang by
looking for changes in the FAM fluorescence of our samples. To test that hybridization at the overhang would result
in a measurable change of fluorescence signal we confirmed
that the fluorescence of samples containing var1 7-3 nanotubes changed significantly after the addition of the overhang complement strand (Supplementary Figure S18).
To determine whether the RNA transcripts produced
when DNA nanotubes are incubated with T7 RNAP bind
to the single-stranded overhang domain of the tiles (Figure 5A), we incubated var2 7-3 nanotubes with T7 RNAP
in a quantitative PCR machine with either 5 mM of each
NTP type or 20 mM of only ATP and measured FAM
fluorescence over time. In the sample containing NTPs
(where transcription can occur), a steady increase in fluorescence was observed for 10 h while the ATP-only control (where transcription cannot occur) showed no fluorescence change (Figure 5B). Fluorescence micrographs of the
samples throughout the experiment show that nanotubes in
the sample with all NTP types disassemble but those in the
ATP-only control do not (Figure 5C). Furthermore, the fluorescence of the sample containing all NTP types plateaus
when nanotube disassembly is nearly complete, suggesting
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Figure 5. RNA transcripts produced when var1 7-3 DNA nanotubes are incubated with T7 RNAP in transcription conditions bind to the single-stranded
overhang domain of the DNA tiles during nanotube disassembly. (A) Schematic showing the process of RNA hybridization and fluorescence increase.
RNA transcripts bind to the single-stranded overhang and hybridization of the RNA and overhang increases the fluorescence of the FAM molecule at
the 5 end of the overhang. This hybridization can also disassemble tiles, inactivating them for nanotube assembly and/or causing them to detach from
nanotubes. (B) Normalized FAM fluorescence of nanotubes in transcription conditions with a full set of NTPs or just ATP before and after the addition
T7 RNAP. Fluorescence values for each sample are normalized to the fluorescence of the sample at t = 0. T7 RNAP was added at the time indicated by
the red arrow. (C) Fluorescence micrographs of the samples in B after different incubation times. Scale bars: 10 m.

that RNA binding to the single-stranded overhang domain
coincides with disassembly.
Since our results indicated that the single-stranded overhang on the DNA tiles is directly involved in the nanotube
disassembly process, we would not expect nanotubes without this domain to disassemble when incubated with T7
RNAP in transcription conditions. To test this hypothesis, we annealed var3 7 nanotubes with and without singlestranded overhangs in transcription buffer without spermidine (Supplementary Figure S1), as we observed that nanotubes without overhangs did not assemble with spermidine
present. We then incubated each nanotube variant with T7
RNAP in transcription conditions. We found the nanotubes
without the single-stranded overhang were stable with T7
RNAP for 24 h while those with the overhang disassembled after 24 h (Supplementary Figure S19). We also observed that tiles with a double-stranded (rather than singlestranded) overhang assembled in transcription buffer containing spermidine (Supplementary Figure S20) and did not
disassemble after 24 h when incubated with T7 RNAP in
transcription conditions (Supplementary Figure S21). Thus
the overhang domain on the sticky end of the tiles must be
single-stranded for disassembly to occur. These results provide further evidence for our model of toehold-mediated
nanotube disassembly.

Nanotubes are more stable in the presence of T7 RNAP when
DNA containing the T7 RNAP promoter sequence is present
The above results establish that T7 RNAP can induce the
disassembly of DNA nanotubes through non-specific production of RNA that interacts with the DNA tiles. Such
non-specific interactions by an enzyme are often suppressed
if a preferred substrate is available for binding. We would
therefore expect the native T7 RNAP promoter sequence,
which T7 RNAP should prefer as a substrate over the DNA
nanotube sequences, to slow down disassembly. To test this
hypothesis, we incubated var3 7 nanotubes and 50 nM of a
DNA duplex containing the T7 RNAP promoter sequence
(see SI Section 1.4 for sequence) with T7 RNAP in transcription conditions. Addition of 50 nM of this T7 RNAP
promoter containing duplex (PCD) to a 1 M solution of
DNA nanotubes was sufficient to prevent nanotube disassembly for at least 24 h (Figure 6). The availability of T7
RNAP promoter sites presumably decreases the net activity
of T7 RNAP on DNA nanotubes, which is in line with our
observation that lower concentrations of T7 RNAP could
prevent nanotube disassembly for some tile variants (Supplementary Figure S7).
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Figure 6. DNA nanotubes are stable when incubated with T7 RNAP in
transcription conditions in the presence of a T7 RNAP promoter containing DNA duplex (PCD). Fluorescence micrographs of var3 7 nanotubes
incubated with T7 RNAP in transcription conditions with (bottom) or
without (top) 50 nM of a T7 PCD (SI Section 1.4 for sequences). Scale
bars: 10 m.

DISCUSSION
The results we presented here elucidate a mechanism by
which DNA nanotubes, well-characterized DNA nanostructures, can disassemble in the presence of viral RNA
polymerases commonly used to control gene expression.
DNA nanotubes and tiles serve as substrates for nonspecific transcription by T7 RNAP. The RNA produced
during this non-specific transcription interacts directly with
the DNA nanotubes, leading to nanotube disassembly. Disassembly appears to occur via a toehold-mediated branch
migration process involving a single-stranded overhang domain on the tiles.
The DNA nanotubes studied in this work contain structural motifs, such as nicks, helical crossovers, and singlestranded overhangs that are not commonly observed in genomic DNA. While it would be reasonable to expect that
these motifs could inhibit T7 RNAP transcription, we observed transcripts with high molecular weight (migrating
more slowly than 100bp ladder DNA migrates in PAGE),
suggesting that T7 RNAP has the capacity to traverse
these potential roadblocks during transcription. Indeed, T7
RNAP has been shown to transcribe single-stranded overhangs in the template strand of a transcription substrate
(67), past nicks and gaps with high efficiency (67,68), and
through immobile double Holliday junctions (69). Thus, T7
RNAP’s transcription of tiles or across many tiles along
a nanotube lattice seems plausible. Furthermore, the rate
of non-specific transcription of DNA nanotubes might be
higher compared to other non-specific substrates as nicks
in transcription templates have been shown to promote T7
RNAP transcription (70).
Given the ability of T7 RNAP to non-specifically transcribe DNA nanotubes with many different sequences, it
seems reasonable to assume that T7 RNAP would also nonspecifically transcribe many other DNA nanostructures.
Further, single-stranded domains on DNA nanotubes and

origami have served as attachment sites for metals (9,12,55),
enzymes (56), and fluorescence tags (15). In the presence of
a viral transcriptional system, these nanostructures could
disassemble or lose functionality via a mechanism similar to
the mechanism elucidated for nanotubes in this work. Our
results also suggest that DNA strand-displacement circuits
might lose functionality in the presence of viral RNAPs. For
example, non-specific transcription of strand-displacement
components could trigger unintended actuation (40). Given
the widespread use of viral RNA polymerases across synthetic biology, both in vitro and in vivo, our results should
be taken into consideration when combining these enzymes
(T7 RNAP in particular) with DNA nanostructures or
other DNA devices.
Our careful elucidation of the mechanisms underlying
DNA nanotube disassembly by T7 RNAP also suggest
methods for reducing the rate of non-specific transcription and viral RNAP-induced nanostructure disassembly.
Addition of a competitor for T7 RNAP binding mitigates
nanotube disassembly (Figure 6), and disassembly could
also be mitigated by the degradation of RNA by RNase
A (Supplementary Figure S15) or by lowering the amount
of RNAP used (Supplementary Figure S7). Eliminating
single-stranded domains on the nanotubes (by either removing or sequestering them in dsDNA) also prevents
most nanotube disassembly (Supplementary Figures S19
and S21). Together these results serve as a set of basic design
principles for designing robust DNA nanostructures for use
alongside viral RNAPs.
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