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Abstract: Interlocked DNA rings (catenanes) are interesting
reconfigurable nanostructures. The synthesis of catenanes with
more than two rings is, however, hampered, owing to low yields
of these systems. We report a new method for the synthesis of
catenanes with a controlled number of rings in satisfactory
yields. Our approach is exemplified by the synthesis of a five-
ring DNA catenane that exists in four different configurations.
By the use of nucleic acids as “fuels” and “antifuels”, the cyclic
reconfiguration of the system across four states is demon-
strated. One of the states, olympiadane, corresponds to the
symbol of the Olympic Games. The five-ring catenane was
implemented as a mechanical scaffold for the reconfiguration
of Au NPs. The advantages of DNA catenanes over supra-
molecular catenanes include the possibility of generating
highly populated defined states and the feasibility of tethering
nanoobjects to the catenanes, which act as a mechanical
scaffold to reconfigure the nanoobjects.

The base sequence in DNA encodes substantial structural
and functional information in the biopolymer. This encoded
information provides the basis for the development of the
area of DNA nanotechnology and has been extensively used
for the assembly of one-,l two-? and three-dimensional®
nanostructures, for designing DNA machines, for the
application of DNA as a scaffold for programmed synthesis®
and as a functional nanocontainer and carrier material,’” and
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for stimulating directional electron-transfer cascades.”” An
interesting family of DNA nanostructures consists of inter-
locked DNA rings—catenanes. DNA catenanes were identi-
fied in nature,””! and different reports addressed the man-
made synthesis of two-ring®” or three-ring catenanes.'”
Besides the structural characterization of DNA catenanes,
their use as functional DNA machines was reported, and the
switchable programmed reconfiguration of catenated DNAs
by the use of nucleic acids'!! variable pH values, or the
combination of a metal ion and a ligand! as fuels and
antifuels was demonstrated.

Supramolecular catenane structures have been the subject
of extensive research in the past two decades, and ingenious
methods to construct catenanes based on transition-metal
complexes or donor—acceptor pairs have been reported.!”
Different external triggers, such as pH,™ redox!"”! or pho-
tonic!' stimuli, were applied to reconfigure the supramolec-
ular catenanes. Despite the impressive progress in developing
supramolecular catenanes, the development of DNA-based
catenanes may reveal several advantages: 1) The transitions
between reconfigured states in supramolecular structures are
often based on weak electrostatic or donor—acceptor inter-
actions, thus leading to a mixture of the states. In contrast, the
duplex stability of reconfigured DNA catenane structures can
be tuned, thus leading to highly populated states. 2) The
synthesis of supramolecular catenanes of enhanced complex-
ity, beyond [2]catenanes, proceeds in low yields, and the
stimuli-controlled reconfiguration of these structures is diffi-
cult. In contrast, the availability of different triggers to
reconfigure DNA nanostructures, such as strand displace-
ment,l” pH (i-motif),"® metal ions (T-Hg?**-T; C-Ag*-C),!"")
G-quadruplexes,! and light,*!! paves the way for the design
of distinct multistate, catenated nanostructures. 3) The tether-
ing of molecular or macromolecular objects to supramolec-
ular catenanes, and the use of the molecular machines as
a means to reconfigure the objects, is an unresolved challenge.
In contrast, the tethering of molecular, macromolecular, and
nanoparticle objects to the DNA catenanes is feasible by the
hybridization of nucleic acid functionalized objects onto the
DNA scaffold. Indeed, the reconfiguration of Au nano-
particles (NPs) and of Au NP/fluorophore conjugates by
means of a three-ring catenane was reported previously, and
control over the plasmonic properties of the resulting nano-
structure was demonstrated.!'!

The development of interlocked DNA catenanes suffers,
however, from several limitations. To date, only the synthesis
of two-ring or three-ring catenanes has been reported. The
preparation of DNA catenanes of higher complexity (five
rings or more) is, at present, impossible owing to low yields.

Wiley Online Library

Chemie

7629


http://dx.doi.org/10.1002/anie.201403202

Angewandte

7630

Zuschriften

The synthesis of multiring catenanes is not only an artistic
challenge, but multiring catenanes should exhibit pro-
grammed reconfiguration across many states. Herein we
report a novel, versatile synthetic approach to DNA cate-
nanes consisting of a predefined number of DNA rings. As an
example, we present the synthesis of a five-ring DNA
catenane. We discuss the mechanical, switchable, and rever-
sible reconfiguration of the five-ring catenane across four
different states, including the assembly of the “DNA olym-
piadane” (Olympic Games symbol) as one of the states. We
present the single-molecule imaging of the olympiadane
nanostructure and the use of the catenated five-ring DNA as
a device for the programmed assembly of different arrange-
ments of Au nanoparticles. Although a supramolecular inter-
locked donor—acceptor five-ring olympiadane catenane was
reported previously,® its reconfiguration into different
isomers was impossible.

The synthesis of the five-ring catenane is schematically
displayed in Figure 1. In the first step, the two interhybridized
single-stranded duplexes L,/L, and L,/Ls were capped with
strands C,+ C, and C,+ C;, respectively, and the resulting
systems were ligated and purified to form the interlocked two-
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Figure 1. Synthesis and purification of the five-ring catenane in state I.

ring catenanes R,/R, and R,/Rs, respectively. The two-ring
catenanes R;/R, and R,/Rs; were then treated with the
“helper” nucleic acid H; and the single-stranded nucleic
acid L;, which hybridized with the respective sequences of
rings R, and R,. A short strand X was hybridized with the
single-stranded nucleic acid L;. The “helper” unit H, is
partially complementary to rings R, and R, and functions as
a bridge to concentrate the two-ring nanostructures R,/R, and
R4/R; into a favorable configuration for the threading of L;
through R, and R,. Subsequently, the interthreaded strand L;
was capped with C; and ligated. Finally, the resulting
supramolecular five-ring structure in configuration I was
purified by electrophoresis, during which the H;, X, and C;
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units were removed from the structure (for details of the
electrophoretic separation of the five-ring catenated struc-
ture, see Figure S1 in the Supporting Information). The
incorporation of the “helper” unit H, and the single-stranded
unit X, as functional components in the synthesis of the five-
ring catenane in configuration I, is essential for the prepara-
tion of this nanostructure in high yields. Whereas the strand
H, concentrates the rings R;/R, and R,/Rs for the effective
interthreading of strand L, strand X rigidifies strand L; into
a quasicircular structure that prevents the formation of L;
oligomers and their interthreading and subsequent ligation
with the R;/R, and R,/Rs rings (for details of the specific
functions of the H, and X units, see Figure S2). The yield for
the generation of the R;/R, and R,/Rs subunits was 24 and
28 %, respectively. The yield, after purification and separa-
tion, for the preparation of the five-ring nanostructure from
the two-ring subunits was estimated to be approximately
27%. The isolated purified five-ring nanostructure revealed
the appropriate mass (calcd: m/z 133948.6; found: 134041.2;
for details, see Figure S3 and Table S1).

The dynamic reconfiguration of the five-ring catenane is
displayed in Figure 2a. The five-ring catenane consisting of
rings R|—R;s was initially set in the configuration correspond-
ing to state I, in which the strands F, and F, were partially
hybridized with the respective domains X; and X, associated
with rings R, and R,. Rings R; and Ry were hybridized with
rings R, and R, through hybridization of the sequences X;/X5’
and X,/X,/, respectively. The five-ring catenane was function-
alized with two fluorophore-modified strands: a Cy3-modi-
fied strand associated with R; and a CyS5.5-modified strand
linked to Rs. Also, two quencher-modified strands (one with
the quencher BHQ2 and one with IAbRQ) were hybridized
with the ring R;. The two fluorophore- and two quencher-
modified units acted as functional optical labels for probing
the states of the device. Treatment of the five-ring catenane in
state I with the antifuel strand aF, and the fuel strand F,
resulted in the strand displacement and release of ring R
through the removal of F, by the formation of a stabilized F,/
aF, duplex, and the reconfiguration of state I to state II, in
which ring R binds to domain X, of R,. In this configuration,
the Cy5.5 fluorophore associated with Ry is in close proximity
to the quencher IAbRQ, thus leading to its quenching,
whereas the fluorescence of Cy3 is unaffected. The treatment
of state II with F, and aF, reconfigured the system into state 1.
Similarly, the treatment of state I with a F; strand and an aF,
strand resulted in the displacement of ring R, from the
sequence X; associated with ring R, and the removal of strand
F, by the formation of the duplex F,/aF,. This set of reactions
resulted in the transition of ring R; to the domain X,
associated with ring R, to yield state III. In this configuration,
the short distance separating Cy3 from the quencher unit
BHQ?2 linked to ring R; led to the quenching of the Cy3
fluorophore. The treatment of state III with F, and aF;
restored state I.

Figure 2a maps all possible switchable and reversible
transitions of the five-ring catenane system. For example, the
treatment of state II with strands F; and aF, leads to the
“olympiadane” configuration, state I'V. Similarly, when state
IIT is exposed to F, and aF,, the same “olympiadane”
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Figure 2. Monitoring by fluorescence of the switchable reconfiguration of the five-ring catenane system.
a) Cyclic reconfiguration of the system across states |-IV by the use of appropriate fuel and antifuel
strands. The catenane is labeled with the two fluorophores Cy3 and Cy5.5 and the two quencher units
BHQ?2 and IAbRQ. The fluorescence intensities of the fluorophores are used to identify structural
transitions between the states. b) Fluorescence changes of the fluorophores Cy3 and Cy5.5 upon cyclic
reconfiguration of the five-ring catenane through different paths. Panel 1: transition | =11—IV—Il—I;
panel 2: [ =1l1—=IV—Ill—1; panel 3: [ -IV—1—=IV—I; panel 4: | 51l =1Vl === IV=IlT—I1.
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configuration is  obtained.
Alternatively, the treatment of
state I with strands F; and F, as
well as strands aF, and aF,
leads directly to the “olympia-
dane” five-ring configuration.
In the “olympiadane” nano-
structure, fluorophores Cy3
and Cy5.5 are both in close
proximity to the quencher
units, BHQ2 and IAbRQ, thus
leading to the quenching of the
two fluorophores. Similarly,
direct switchable transitions
between states II and III pro-
ceed upon exposure of the
states to the respective fuel
(F) and antifuel (aF) strands.
Figure 2b displays the fluo-
rescence changes upon the
reversible transitions of the
five-ring catenane across the
different states. For example,
in panel 1, the cyclic transitions
of states [=II—=IV—II—-I is
displayed. The formation of
state II from I is accompanied
by a decrease in the fluores-
cence of Cy5.5, whereas the
fluorescence of Cy3 is almost
unaffected. The reconfigura-
tion of state IT into IV is accom-
panied by a decrease in the
fluorescence of Cy3, whereas
the fluorescence of Cy5.5 is
unaffected. Upon the stepwise
restoration of statel from
state IV, the fluorophores
show the expected fluorescence
changes. For a detailed discus-
sion of the fluorescence
changes associated with the
stimuli-triggered  transitions
shown in panels 2-4 of Fig-
ure 2b as well as the fluores-
cence changes corresponding
to the transitions between
states II and III, see Figure S4
in the Supporting Information
and accompanying discussions.
The formation of the olym-
piadane five-ring nanostruc-
ture was then imaged at the
single-molecule level by atomic
force microscopy. Figure 3b
shows the AFM image of
a large area containing “olym-
piadane” nanostructures. En-
larged images (rectangular
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Figure 3. HyperDrive AFM images of the five-ring catenane in state IV.
The catenane structure was rigidified by the hybridization of comple-
mentary nucleic acid strands to the rims of the rings. a) Schematic
configuration of the interlocked five-ring catenane. b) Large-area image
of the five-ring nanostructures. c) Enlarged domains of the image in
(b) and corresponding schematic structural models of the five-ring
catenane nanostructures observed by AFM.

areas labeled 1-3) are shown in Figure 3¢, in which the
schematic configuration of the observed olympiadane five-
ring nanostructures are shown adjacent to the experimental
images. In all of these nanostructures, five interlocked rings
consistent with state IV are observed. The AFM images of the
sample show footprint sizes of about 65 x 20 nm?, for example,
for the smallest rectangles drawn around the five-ring
catenanes. The individual DNA macrocycles have diameters
in the range of 10-15 nm, consistent with the design of base
pairs per ring (for the precise number and composition of
bases comprising the different rings and further discussion
related to the images, see Table S2 and Figure S5).

The fueled transitions of the interlocked five-ring cate-
nane system were then implemented as a molecular mechan-
ical device for the programmed switchable organization of Au
NPs. Au NPs with a diameter of 5 nm were functionalized
with dithiolated nucleic acids 1 and 2, which are complemen-
tary to sequences Xs and X4 associated with the rims of rings
R, and R;s. Similarly, NPs with a diameter of 15 nm were
modified with a single nucleic acid 3 complementary to
sequence X;, which is part of the rim of ring R;. Figure 4a
(left) shows the assembly of Au NP nanostructures formed
upon the hybridization of two 5 nm Au NPs and one 15 nm Au
NP to state I of the five-ring catenane. STEM images of the
resulting Au NPs associated with the five-ring catenane in
state I show that the nanoparticles are spatially separated
with characteristic separation distances of d1~14.5 nm; d2
~25 nm; d3 ~32 nm (Figure 4b; for large-area images of the
NP structures, see Figure S6; for histograms of the different
separation distances dl, d2, and d3, see Figure S7). The
treatment of state I functionalized with the three Au NPs with
fuel strands F; and F, and antifuel strands aF, and aF, yielded
a functionalized olympiadane nanostructure modified with
the three Au NPs (Figure 4a, right). The transition of state I
functionalized with three Au NPs to functionalized state IV
yielded a compact assembly of the Au NPs (Figure 4c). The
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Figure 4. Programmed assembly of Au NPs by the five-ring catenane
system. a) Modification of the five-ring catenane in state | with two

5 nm Au NPs and one 15 nm Au NP, and cyclic reconfiguration of the
Au NP assembly by means of the DNA machinery between states IV
and I. b) Representative STEM images of the Au NPs associated with
state | (scale bars: 20 nm). c) Representative STEM images of the Au
NPs associated with state IV (scale bars: 20 nm).

corresponding separation distances are d1~0.75nm; d2
~1.5nm; d3~2 nm (for large-area images of the resulting
nanostructures and the respective histograms of the distances
separating the NPs, see Figures S8 and S9). The yield for the
transformation of the state I gold-nanoparticle-modified
nanostructure into the state IV gold-nanoparticle-modified
nanostructure was estimated to be approximately 80%.
Further treatment of functionalized state IV with fuel strands
F, and F, and antifuel strands aF; and aF, regenerated the
functionalized state I, thus revealing the cyclic reconfigura-
tion of the NPs.

In summary, the present study has introduced a paradigm
for the synthesis of polymeric interlocked catenated rings that
included a controlled number of rings in their structure. The
interlocking process leads to functional nanometer-sized
macromolecular assemblies. The systems may find important
future application as promising devices for molecular logic
operations and add new dimensions to the area of DNA
nanotechnology. The study demonstrated the cyclic reconfi-
guration of the interlocked rings across four defined states. By
increasing the number of interlocked rings, the number of
transitions and reconfigured states may be increased, thus
enabling the construction of memory systems. Furthermore,
the ring structure of the catenane suggests that these systems
will be resistant to hydrolytic cleavage by enzymes (for
example, Exo I, Exo III), a feature that may be useful for the
construction of intracellular sensing devices and the control of
intracellular processes. For example, the fluorescence imaging
of two different microRNAs by the reconfiguration of the
fluorophore/quencher-functionalized catenated machinery
may be envisaged. Also, since many viruses or eukaryotic
mitochondria possess circular genes, the catenated system,
and its dictated reconfiguration, may act as an artificial cell
vector for the programmed transcription and controlled
synthesis of proteins.
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