DNA Nanostructures

Angewandte
imemationalediion . CEIMIE

DOI: 10.1002/anie.201202816

Design Strategy for DNA Rotaxanes with a Mechanically Reinforced

PX100 Axle**
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Rotaxanes are interlocked molecular architectures that can
be perceived as simple mechanical devices.!' A macrocycle
that is threaded onto an axle and is deterred from dethreading
by bulky stoppers can move translationally along the vector of
the axle as well as rotate around it. To ensure that these
molecular assemblies can carry out directional mechanical
motion, the respective components require sufficient dimen-
sional stability, or stiffness, over the entire working space.”! In
case of rotaxanes, it is primarily the axle that needs to exist as
a non-deformable unit to efficiently convert the microscopic
movement of the macrocycle into mechanical energy and to
employ it for power transmission, otherwise the momentum
of the moving macrocycle simply leads to a deformation of the
axle, and thus cannot be further employed. We have recently
described a DNA rotaxane that has a translational amplitude
of about 100 base pairs (bp).”! In a double-stranded DNA,
however, the length of persistence of approximately 130 bp is
too short to meet the required mechanical stability along the
dumbbell axle ™!

Many systematic studies have devised methods in struc-
tural DNA nanotechnology®™ that not only allow for the
construction of topologically defined architectures by self-
assembly of DNA sequences, but also lead to robust two- and
three-dimensional objects.!! Seminal work in this field was
established by Seeman, who demonstrated that two DNA
double strands that are interwoven by multiple reciprocal
strand exchange can lead to molecular assemblies that exhibit
increased stiffness.*”’ Among them, particularly the so-called
paranemic crossover structures PX and JX® were often
applied for mechanical switching in DNA nanotechnology.”!
PX elements are characterized by a strand exchange that
occurs at each contact point of two antiparallel DNA double
strands. In a JX element, however, the strand exchange is
abrogated at two consecutive positions. What makes the PX
and JX elements so special is that two independent DNA
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double strands can be held together by reciprocal base
pairing. Consequently, a paranemic crossover structure
always exists in equilibrium with the respective DNA
double strands. In presence of Mg”" ions, the equilibrium is
strongly shifted towards the crossover product.!”!

For the assembly of dsDNA rotaxanes, we devised
a threading strategy that relies on the formation of eight bp
between the DNA axle and the macrocycle.”] The hybrid-
ization of these two components occurs highly efficiently,
leading to quantitative rotaxane formation. Owing to the
highly flexible single-stranded region, the DNA axle is able to
easily accommodate its conformation to the geometry inher-
ent to the macrocycle, thus leading to quantitative threading
of the axle. However, higher-order DNA architectures like
paranemic crossover DNA or even DNA origami''? do not
permit this flexibility anymore. On the contrary: it is precisely
their mechanical robustness that accounts for their impor-
tance in DNA nanotechnology. Conversely, however, this lack
of flexibility constitutes a major challenge for the threading of
a rotaxane axle into a macrocycle that necessitates novel
design strategies, which we describe herein.

To expand the range of application of mechanically
interlocked DNA architectures to these higher-order DNA
structures, we sought to apply our threading strategy to
a robust paranemic crossover system and to assemble the
PX100 rotaxane (Figure 1a). The reinforcement of the
dumbbell axle is achieved by an extended PX-JX2 crossover
system in which two parallel DNA double strands are
interwoven by six double crossovers (Figure 1b). A pivotal
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Figure 1. Paranemic crossovers in a PX100-DNA rotaxane. a) |dealized
three-dimensional illustration of the DNA rotaxane with reinforced
PX100 axle (blue), spherical stoppers (green), and a fully mobile
macrocycle (magenta). b) The PX100 axle is formed by a paranemic
strand exchange between a 100-mer DNA dumbbell (gold) and a 113-
mer DNA-duplex (blue) containing 5-overhangs. The images were
generated using NANOENGINEER.
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detail in the design of the axle is a section in which two
possible crossovers remain unrealized, corresponding to
a JX2 element. This section was incorporated into the
PX100 element to introduce a single-stranded gap that
allows the hybridization with the macrocycle during rotaxane
assembly.

Compared to a classical DNA double strand, the gap
regions in the PX100 axle as well as in the macrocycle require
an entirely different conceptual design. We reasoned that the
hybridization over eight nucleobases has to occur at a single
continuous DNA strand without including a crossover. Of
particular importance is the location of the Watson—Crick
sides of all of the nucleobases that participate in the hybrid-
ization in an outward position. Only in this case are both
partners able to find each other during the bimolecular
threading process to form a stable pseudorotaxane. Corre-
spondingly, the DNA sequences were designed so as to ensure
hybridization of the two DNA double strands in a 6:5 PX
pattern. Energy minimizations as well as the potential pairing
patterns were controlled by means of MFOLD (Supporting
Information, Figure S1). The complete sequence of the entire
PX100 axle is shown in Figure 2a. The selection of the gap
region within the JX2 section was derived from a 3D
description that is representative for a PX100 axle, generated
by means of the NANOENGINEER software (Figure 2b).
As can be gathered from Figure 2b, it is possible for the
macrocycle to completely align its eight nucleotides desig-
nated as the hybridization site with the complementary ss-

a) PX

domain in the PX100 axle by approaching it from an outward
position, thereby maximizing the threading efficiency.

The PX100 axle is composed of three DNA sequences.
Two of them are 113 nt in size. Together they form the duplex
shown in blue that contains sticky ends as 5'-overhangs
required for ligating the stopper modules at a later stage of
the rotaxane assembly (Figures1b, 2a). The 191-mer
sequence folds into the duplex depicted in brown by forming
two hairpin loop structures. Furthermore, this duplex pos-
sesses a nine-nt-long single-stranded gap that serves as the
hybridization site during the threading of the macrocycle.

The PX100 axle was assembled by slowly cooling the three
DNA sequences from 95°C to 15°C with a cooling rate of
36°Ch™' in TAE-MgCl, buffer (“Seeman-buffer”). An
almost quantitative formation of the PX100 axle was detect-
able by polyacrylamide gel electrophoresis (PAGE) (Sup-
porting Information, Figure S2). We purified the PX100 axle
by using weak anion-exchange (WAX) HPLC to avoid
undesired side-products during rotaxane synthesis. The puri-
fied axle is stable for months when stored in Seeman buffer.

In parallel, to maximize the efficiency of threading of the
axle into the macrocycle, we optimized the single-stranded
region (gap region)!"” of the macrocycle. Thereby, we sought
to comply with the NMR structure of an (AT)6-motif, from
which it can be deduced that the 5'-A nucleoside within the
(AT)6-motif preferentially adopts the outer position in the
macrocycle (Figure 2¢)." Thus, the single-stranded gap in
the macrocycle was chosen so as to ensure that the middle of
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[TTTGCCTGGGAATCITCTGAG'CAGGTIGGAACG'GGCTA'GCCAGT;ACTTCACCTCTGCCCG;ATATTA'AGCTT'CTAACG'GTCCG'GCCACG'GCTGCTCGCTGCTT

TTACGGACCCTTAGAGACTCGTCCACCTTGCCCGATCGGTCATGAAG 3

GCTATAATTCGAAGATTGCCAGGCCGGTGCCGACGAGCGACGTT]

5 CACGACCGCTAAGACTCCCTCTGCGTAAATCGGGAGTAAACACTGTCTACCCGACGTCATGTTTTCAGAGGTGGGAACCGACTGAGGCAGCATCTTGGTGGAAAGGAGCAACGY 5
3 GGCGATTCTGAGGGAGACGCATTTAGCCCTCATTCGTGACAGATGGGCTGCAGTACAAAAGTGTCCACCCTTGGGTGACTCCGTCGTAGAACCACCTTTCCTCGTTGCAGCAC

Figure 2. Design of the DNA rotaxane with PX100 axle. a) Structure of the PX100 axle. The DNA sequence constituting the PX100 axle was
constructed so as to arrange the components in a 6:5 PX pattern. b) Three-dimensional representation of the PX100 axle harboring the threaded
macrocycle. The single-stranded (ss) gap region in the JX2 section was placed so as to ensure that the eight nucleobases that are relevant for
threading (CCGTCTCC, gold) are pointing outward. In this way, the macrocycle (magenta) is able to fit snugly onto the axle. c) Three-dimensional
representation of the macrocycle PX100GR in its preferred conformation. The site of hybridization with the PX100 axle is located in an outward
position in the middle of the gap (G with red arrow) so that the macrocycle can attach to the axle without further reorientation.
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the hybridization site also becomes located at an outer
position (Figure 2c¢, red arrow and yellow sequence).

To investigate the threading efficiency, we first assembled
pseudorotaxanes in which ordinary 168 bp DNA nanorings
were ligated onto the axle to serve as stoppers (Figure 3a).
Even though this approach does not generate mechanically
stable rotaxanes, these types of rotaxanes have two important

a) c)

PX100 gapring
Stopper168
PX100 axle
ROs
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Figure 3. PX100 pseudorotaxane. a) Simplified illustration of the
pseudorotaxane containing the ring stoppers (cyan), PX100 axle (blue),
and the bound macrocycle (magenta). b) Agarose gel (2.2%) of the
pseudorotaxane synthesis. Lane 1: PX100 gap ring; lane 2: 168 bp ring
stopper; lane 3: raw product of the dumbbell synthesis; lane 4: raw
product of the pseudorotaxane synthesis; lane 5: addition of the two
ROs to the pseudorotaxane leads to complete disassembly into the
dumbbell and the free macrocycle. c) AFM images of the purified
pseudorotaxane. The macrocycle is located in the middle of the axle
(scale bar: 100 nm, color coding of height: 0.0-1.0 nm).

advantages. First, the assembly results in a planar architecture
that can be readily adsorbed on a mica surface for straightfor-
ward characterization by atomic force microscopy (AFM).
Second, the addition of a so-called “release oligodeoxynucle-
otide (RO)” triggers the dethreading of the macrocycle from
the dumbbell structure. This can serve as direct evidence for
the interlocked nature of the assembly (before the addition of
the RO), and for the unhindered movement of the macrocycle
after its detachment from the axle.

The pseudorotaxane was assembled in two steps. At first,
the macrocycle and the PX100 axle were incubated over night
at 12°C, followed by the ligation of the ring stoppers onto
both ends of the axle. The ligation was monitored by agarose
gel electrophoresis. From the ratio of the bands corresponding
to the dumbbell and the rotaxane, respectively, the threading
efficiency can be determined. At an overall concentration of
25 mm MgCl, in 1 x ligase buffer at 12°C, the efficiency was
around 50 % (Supporting Information, Figure S3). Increasing
the Mg?" concentration further did not improve the threading.
As expected, and as shown in another gel shift experiment,
the addition of the two ROs resulted in the detachment of the
macrocycle from the axle. Thereby, the pseudorotaxane
disassembles into the dumbbell and the free macrocycle by
a slippage mechanism (Figure 3b).” The interlocked archi-
tecture of the pseudorotaxanes that were purified by WAX-
HPLC is shown by AFM images (Figure 3c). Special atten-
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tion should be paid to the PX100 axle, which significantly
differs in its diameter and height profile from the ordinary
double strands in the ring-stoppers and the macrocycle.
Moreover, as expected, the threaded macrocycle is always
positioned exactly in the middle of the PX100 axle. The
PX100 axle either proceeds completely linear, or exhibits
a minimal bending at the binding site of the macrocycle.
These observations are in full agreement with our perception
of the reinforced axle that can be minimally bent at the JX2
domain in the absence of the RO.

Based on our preceding study, we know that the mechan-
ical blockade of the macrocycle at the dumbbell, and thus the
synthesis of a genuine rotaxane, requires the use of spherical
stoppers.”] However, the assembly of the spherical stopper
components was hitherto relatively laborious, as it required
a three-step synthesis. We therefore improved the assembly of
the spherical stoppers in a way that allows obtaining the
crossover rings in a two-step procedure that can go without
purification of the intermediates.

To this end, the sphere was divided into two rings B and C
(Figure 4a). Ring B possesses four overhangs that can bind to
the two single-stranded regions of the double-gap ring C. In
the first step, these two rings were individually assembled and
ligated. When equimolar amounts of ring B and C are
combined under ligation conditions, the spherical architecture
is generated as a single uniform product (Figure 4b; Support-
ing Information, Movie 1). After purification by WAX-
HPLC, the crossover rings were obtained in sufficient yields
of between 10% and 20 %.

We have assembled two types of these spherical DNA
architectures: the first variant contained a three-way junction
at one of the rings that terminated in a sequence comple-
mentary to the blue ss overhang of the PX100 axle (Fig-
ure 1b) that is subsequently used for ligation of the spherical
stoppers. The second variant lacks this bifurcation. In this case
we obtained the spherical DNA architecture shown in the
right panel of Figure 4b, the spherical crossover structure of
which is visualized in excellent resolution in the AFM image
(Figure 4¢). These entirely spherical DNA nanostructures,
assembled from crossover DNA nanorings, can potentially
serve as DNA cages for the encapsulation of molecular cargo,
similar to the recently described tetrahedral DNA assem-
blies.['8!

To obtain a mechanically stable rotaxane that exhibits the
structure shown in Figure 4b, we ligated the branched
spherical stoppers with the PX100 axle that contained the
threaded macrocycle. The assembly was again monitored by
agarose gel electrophoresis (Figure 4e). A threading effi-
ciency of about 50 % is evident from the ratio of the bands
corresponding to the pseudorotaxane and the dumbbell
structure (Figure 4e, lane 4). Upon addition of the two ROs,
the mechanically stable rotaxane is formed (lane 5).

Figure 4 f shows AFM images of the mechanically stable
PX100-DNA rotaxane. These data reveal some remarkable
properties of this novel class of DNA rotaxanes with
a reinforced axle. First, the height profiles indicate that the
spherical stoppers as well as the PX100 domain clearly stick
out compared to both the macrocycle and the short double-
stranded region at the ligation site. Of particular interest is the
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Figure 4. Assembly of the spherical DNA stoppers and the PX100
rotaxane. a) Simplified illustration of the intermediates present during
the synthesis of the spherical stoppers: Ring B (left) containing four
overhangs, ring C (right) containing two single-stranded gaps.

b) Design of the Holliday junction (left) and depiction of the sphere
containing four circular single strands (right). c) AFM images of the
purified spheres (scale bar: 100 nm). d) Simplified image of the PX100
rotaxane containing spherical stoppers. In contrast to the pseudorotax-
ane that contains ring stoppers, this pseudorotaxane is transformed
into a mechanically stable rotaxane after addition of the ROs.

e) Agarose gel (2.2%) of the PX100 rotaxane synthesis. Lane 1: PX100
gap ring; lane 2: spherical stopper; lane 3: raw product of the dumb-
bell synthesis; lane 4: raw product of the pseudorotaxane synthesis
with ca. 50% threading efficiency; lane 5: addition of the two ROs to
the pseudorotaxane, transforming it into a mechanically stable rotax-
ane. f) AFM images of the purified rotaxane. The position of the
macrocycle is no longer confined to the center (scale bar: 100 nm).

observation that in many of the scans shown in Figure 4 f, the
DNA macrocycle appears to stay close to the stoppers, which
proves that it has free room of motion. Moreover, the image
depicted at the bottom right of Figure 4 f documents a struc-
ture in which the hairpin loop at the termini of the PX100 axle
has taken an angular state (green arrow). AFM images of the
purified PX100 axle confirm this observation (Supporting
Information, Figure S4).

In summary, we have established a novel design strategy
that allows the threading of a DNA macrocycle into
a mechanically reinforced paranemic PX100 structure for
the first time. The resulting DNA architecture can be ligated
to spherical DNA stoppers, the improved assembly of which
was shown as well. Addition of release oligodeoxynucleotides
to the pseudorotaxane generated a stable DNA rotaxane that
consists of an interlocked but fully mobile macrocycle and
possesses a mechanically reinforced axle that, in contrast to
the hitherto known DNA rotaxanes,” is almost nondistort-
able. This kind of interlocked DNA architectures should in
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principle be suitable for efficiently converting the motion of
the macrocycle into mechanical energy and may find use in
nanomechanics.

A number of biological processes are based on the
efficient transmission of mechanical force. Prominent exam-
ples include muscle, motor, and transport proteins.”
Thereby, the energy that is released through the binding of
molecules or the hydrolysis of chemical bonds can lead to the
generation of forces or mechanical work along a coordinate.
In our further studies we seek to employ the DNA architec-
tures reported herein for the transmission of forces in directed
motion and to advance them in a way that enables them to
perform mechanical work. Complex systems such as these
require gradual advancements, like the approaches described
herein for mechanical reinforcement and their integration
into higher-order assemblies. In more general terms, these
structures can be perceived as model systems that may be
employed not only for emulating mechanical phenomena in
biological systems but also for advancing our understanding
of them.

Experimental Section

The DNA sequences used to assemble the PX100 axle were from
Biolegio. All other sequences were from Metabion. All of the DNA
sequences were provided HPLC-purified and contained a 5'-phos-
phate. See the Supporting Information for the sequences used in this
study. Seeman buffer: 40 mm Tris, 20 mm AcOH, 12.5 mm MgCl,,
2.5mMm EDTA. 1xDNA storage buffer: 10 mm Tris-HCI, 50 mm
NaCl, 10 mm MgCl,, pH 7.5.

HPLC purification: Weak anion-exchange (WAX) HPLC:
column TSKgel DEAE-NPR 4.6 mm x 35 mm (Tosoh); buffer A:
20 mm Tris-HCI, pH 9.0; buffer B: buffer A 4+ 1m NaCl; gradient 40—
65% B in 30min. Following purification, the fractions were
concentrated using Ultracel centrifugal filters (YM-30, YM-100,
Millipore), washed with 2 x DNA storage buffer, and stored in 100 uL
DNA storage buffer.

Gel electrophoresis: Agarose gels were run in 0.5 x TAE (Tris-
acetate-EDTA) within 15-20 min at 120 V. Bands were visualized by
ethidium bromide staining under UV light. The syntheses of the
macrocycle and the stopper168 were performed as described.”!

Assembly of DNA spheres: 1600 pmol of each DNA sequence
(Supporting Information) for ring B und likewise for ring C were
heated to 60°C in 1 x ligase buffer (200 uL) (Fermentas) and cooled
to 15°C at a 36°Ch ! rate. Ligase (4 L, 20 U, Fermentas) was added
and ligated at 15°C overnight. The two samples of ring B and ring C
were combined, and again incubated with ligase (4 puL, 10 U) for 24 h
at 15°. The raw product was purified by WAX-HPLC. The assembly
of the spherical stoppers occurred by employing the same procedure,
but by using the sequences ringSE a and ringSE b for ring C’ instead
of GE-5 (Supporting Information).

Assembly of the PX100 axle: The three DNA sequences HP-PX,
AK1-PX, and AK2-PX (1000 pmol each) were heated to 95°C in
Seeman buffer and cooled at a rate of 36°Ch™' to 15°C. The raw
product was purified by WAX-HPLC, concentrated by using Ultracel
centrifugal filters (YM-30, Millipore), and immediately rebuffered to
Seeman buffer. The assembly was monitored by agarose gel electro-
phoresis (2.2 %; Supporting Information).

Synthesis of the rotaxane: The PX100 axle (10 pmol, 1.0 equiv)
and the PX100GR (2.0 equiv) were incubated in 1 x ligase buffer
containing additional MgCl, (25 mm final concentration) at 12°C
overnight. The stopper molecules (ring stopper or spherical stopper,
2.5 equiv in each case) were added, and the samples were incubated in
the presence of ligase (2 uL, 10 U) for 2 h at 12°C (final volume
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100 pL). Subsequently, the longer-release oligo PXGR-RO (5 equiv)
was added, followed 30 min later by the shorter PX-RO (10 equiv);
ligation was continued for another 30 min. For the structural
characterization by AFM, the ring-stopper-containing pseudorotax-
ane was purified by WAX-HPLC before addition of the ROs. The
rotaxane containing the spherical stoppers was treated in the same
way, but after addition of the ROs.

Atomic force microscopy (AFM): Nanowizard 3, JPK Instru-
ments; measuring modes: HyperDrive in liquid (sphere); AC in air
(rotaxane structures); substrate: mica with linear polyethylene imine
as adhesive.
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