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Programmed Dynamic Topologies in DNA Catenanes™*
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Topological nanostructures of DNA generated by the con-
densation or relaxation of nucleic acids biopolymers have
important functions in cellular processes.! Mechanically
interlocked topologies of DNA catenanes were identified in
nature,”) and substantial research efforts were directed
towards the synthesis of manmade nucleic acid based
catenanes.”™ The programmed dynamic reconfiguration of
the topologies of DNA catenanes is, however, an unresolved
challenge in DNA nanotechnology. Ingenious methods for
the synthesis of molecular®” or macromolecular polymeric
catenanes!® have been reported, and the stimuli-controlled
reversible reconfiguration of molecular topologies was dem-
onstrated. Triggers, such as electron transfer” or optically
induced photoisomerization,"”! were used to mechanically
reconfigure catenated molecular nanostructures, and the
systems acted as reversible switches or molecular motors."!
Herein, we report on the synthesis of two-ring and three-ring
catenated DNA nanostructures, and demonstrate the pro-
grammed reconfiguration of the DNA catenanes by using
externally added nucleic acids as input stimuli. Specifically,
we highlight the directional, dynamic, and reversible reconfi-
guration of the catenanes through the instructive information
introduced by the coadded inputs that result in dictated
strand-displacement processes. While in a previous report
a programmed transformation of an origami construct into
a catenane nanostructure was demonstrated,” this process
was unidirectional, and transformed one structure into
a second topology. In the present system, control of the
dynamic directional processes over reversible interconversion
across three distinct topologies is demonstrated.

DNA-based nanotechnology is a rapidly developing
research field that makes use of the structural and functional
information encoded in the base sequence of the nucleic acid
strands. This encoded information was extensively imple-
mented to self-assemble two-dimensional!'? and three-dimen-
sional™? DNA nanostructures, to use DNA for comput-
ing?® and for sensing.’ Particularly interesting is the
application of DNA as a functional material for the con-
struction of supramolecular machines.”?! Different DNA
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nanostructures that perform mechanical or motor functions,
such as “tweezers”?” or “walkers”,”® have been reported.
The diversity of mechanically interlocked DNA nanostruc-
tures, such as catenanes™ rotaxanes,® or borromean
rings,*”l paves the way to engineer nanomachines revealing
predesigned properties and functions. The present study
describes the synthesis of two-ring and three-ring catenated
DNA nanostructures (ca. 7 nm diameter) that are structurally
characterized, and implemented for dictated nanomechanical
processes.

The synthesis of the two-ring DNA catenane is outlined in
Figure 1 A. The resulting catenane was purified by denaturing
gel electrophoresis (Figure 1B) and characterized by AFM
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Figure 1. A) Representation of the synthesis of the a—f3-catenane
system. It involves the capping of a single-stranded nucleic acid

(DNA 1), followed by the ligation of the 3’ and 5" ends to form

a circular DNA. The threading of the nucleic acid (DNA 2) through the
circle by hybridization of the respective domain (hybridization should
be limited to ten bases or less to allow a single helix turn) was
followed by the capping of the threaded nucleic acid and ligating of its
3" and 5 ends to form, after removal of the caps, the catenane
structure consisting of ring a and ring . B) Denaturing gel electro-
phoresis results of the o—f3-catenane rings, lanes: a) ring 3 only;

b) ring a only; c) after synthesis of the two-ring catenane; d) the two-
ring catenane after purification. C) AFM images of the a—f-catenane
rings and its appropriate cross-section analysis.

(Figure 1 C). It should be noted that while synthesizing the
interlocked catenanes, a duplex, non-interlocked, bicircular
structure of ring a and ring  can be formed, yet this structure
is eliminated during the purification process under denaturing
gel electrophoresis. Thus, the system under investigation is
a pure interlocked catenane. Cross-section analysis clearly
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supports the two-ring structure, where the external rails
exhibit heights of approximately 1nm, characteristic of
single-stranded DNA, while the central duplex domain of
the catenane has a height of approximately 2 nm, consistent
with the formation of duplex structure. The reversibly
triggered translocation of the two-ring catenane is exempli-
fied in Figure 2. Ring o and ring f are initially interlocked by
hybridization in domain I. The hybridization of ring 3 to
domain I is energetically favored relative to domain II (9 base
pairs versus 7 base pairs, including one mismatch. For
a detailed description of the sequences and the consequences
for the dynamic topologies of the rings, see Table S1 and
Figure S1 in the Supporting Information, as well as the
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Figure 2. Dynamic translocation pathways of the a—f3-catenane system.
Path a) The dynamic translocation of ring § between domain | and
domain Il through the lower rail of ring a, by the addition of Fu and
AFu, respectively. Inset: Time-dependent fluorescence changes of F,
upon the translocation of ring 3 through the lower rail of ring a. The
arrows on top indicate the time of application of the respective DNA
Fu and AFu strands resulting in the different topologies C, and C;,
respectively. Path b) The dynamic translocation of ring 3 between
domain | and domain Il through the upper rail of ring a, by the
addition of Fu and AFu, respectively. Inset: Time-dependent fluores-
cence changes of F, upon the translocation of ring f§ through the
upper rail of ring a.. The arrows on top indicate the time of application
of the respective DNA Fu and AFu strands resulting in the different
topologies, C,* and C,*, respectively.
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accompanying discussions).The moving ring § is functional-
ized with the quencher unit Q through hybridization. Ring a
is alternately functionalized with the nucleic acids B, or B,
that are modified with fluorophores F; or F,, respectively (see
Table S1 in the Supporting Information). Interaction of the
catenane with the fuel DNA (Fu) results in the strand
displacement of domain I of ring a, and the translocation of
ring P to its second hybridization site, domain II. When ring o
is blocked through hybridization to nucleic acid F;-By, ring §
translocates through the lower rail to position II (path a). In
turn, the blocking of the lower rail with the nucleic acid F,-B,
leads to the translocation of ring f§ to position II through the
upper rail of ring a (path b). The subsequent displacement of
the Fu by the antifuel strand (AFu), which is fully comple-
mentary to Fu, leads to the reverse translocation of the ring §
to domain I. The respective fluorescence properties of F, and
F, provide the readout signal for the mechanical topological
transformations in the two-ring catenane system. While in the
states “C;” and “C;*” the fluorophore F, is effectively
quenched, and fluorophore F, exhibits high fluorescence
intensity, in states “C,” and “C,*” fluorophore F,; exhibits
high fluorescence while fluorophore F, is quenched. The
insets in Figure 2 show the reversible cyclic fluorescence
changes upon activation of the mechanical transformations of
the catenated rings by the Fu and AFu strands, using
fluorophores F, and F, as readout labels. It should be noted
that upon blocking ring o with both nucleic acids F;-B; and
F,-B,, the translocation of ring {3 to domain II was almost fully
inhibited (Figure S2 in the Supporting Information). This
result suggests that the blocking of ring o with F,-B, results in
the directional translocation of ring 3 to site II and back to
site I, through the lower single-stranded rail, whereas the
blocking of ring a with F,-B, dictates the translocation of
ring B3 to site IT and back to site I through the upper single-
stranded rail of ring a (For further support of the directional
translocation of the ring, see the discussion of the three-ring
catenane system, below.)

The study was then extended by preparing two different
three-ring catenated nanostructures, o,y and o,y (Fig-
ure 3 A), that enabled the controlled, directional, mechanical
translocation of one of the rings (see Table S2 and Figure S3
in the Supporting Information for sequences. The synthesis of
the three-ring catenane is described in Figure S4 in the
Supporting Information). The purity of the three-ring cate-
nane structure o,y was confirmed by electrophoresis experi-
ments (Figure 3B; for the denaturing gel electrophoresis of
the three catenated rings a,fy, see Figure S5 in the Support-
ing Information), and by AFM measurements that demon-
strated, at a single-molecule level, the interlocked structure of
the three-ring catenane (Figure 3 C). The cross-section anal-
ysis of the “linear” three-ring catenane reveals heights of
approximately 1 nm for the single-stranded DNA domains at
the edge, and heights of approximately 2nm for the
interlocked duplex regions. Interestingly, while previous
double-stranded catenane structures revealed rigid structures
in the AFM images,” the single-stranded domains in the
catenane studied here introduce flexibilities in the nano-
structures that are reflected in the AFM images. (For
additional AFM images of the catenanes, see Figure S6 in
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Figure 3. A) Representation of the two different three-ring catenanes,
where o,y includes a single translocation domain of ring v to ring o,
(domain Il marked in yellow), and a,fy includes two isoenergetic
domains for the mechanical moving of ring vy (domain | and domain Il
marked in yellow). B) Denaturing gel electrophoresis results confirm-
ing the purity of the three-ring catenanes. Lanes: a) single-strand DNA
prior to the synthesis of ring 3; b) single-strand DNA prior to the
synthesis of ring ay; c) single-strand DNA prior to the synthesis of
ring v; d) ring 3 only; e) Ring a, only; f) Ring v only; g) after the
synthetic process that includes only rings o, and y (without the
addition of ring 3 during the synthesis), resulting in two separate
rings; h) after the synthetic process that includes only ring § and y
(without the addition of ring a; during the synthesis), resulting in the
catenated two-ring By; i) after the synthetic process that included only
ring 3 and a, (without the addition of ring v during the synthesis),
resulting in the o, 3 catenane rings; j) after the synthetic process that
includes all the appropriate nucleic acid strands (ring o, ring 3, and
ring v), resulting in the three-ring catenanes a,Bv; k) the pure three-
ring catenanes o,y after the purification process. C) AFM images of
the three-ring catenanes, a,,fy, and the respective cross-section
analysis.

the Supporting Information.) In catenane o,fy, the ring a,
includes one hybridization site for the mechanically moving
ring v (domain colored in yellow), whereas catenane a,By
includes two isoenergetic domains for the formation of the
respective duplexes with the moving ring y. (For the detailed
analysis of the mechanical translocation of ring v to the single
binding site on ring a,;, see Figure S7 in the Supporting
Information.) The mechanical motion of ringy to ring o,
which includes the two binding domains I and II, is shown in
Figure 4 A. To follow the mechanical motion, rings a, and y
were labeled through hybridization with the respective
nucleic acid functionalized fluorophore—quencher pairs F,—
Q, and F,-Q,. In the linear configuration of the three
catenated rings “L”, the fluorophores and quenchers are
apart, leading to high fluorescence intensities. The mechanical
compression of the three rings into configurations P, or P,,
upon the addition of the Fu, leads to the identical quenching
probability of the fluorophores F, and F,, path a. Upon the
formation of the compressed configurations P; and P,, the
fluorophores F,; and F, are quenched, whereas upon the
addition of the AFu strand, the original fluorescence of the
“linear” three-ring configuration is restored. The major
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challenge is, however, the control over the direction of the
topological translocation of ringy to either domainI or
domain II associated with ring a,. This programmed translo-
cation of ringy was demonstrated by the introduction of
specific blocker units, B; or B,, that associate through
hybridization and duplex formation with specific domains
associated with ring §, pathb and path c. Blocking of the
upper rim of ring f3 in the linear configuration “L,” with B,
and treatment of the nanostructure with the Fu strand lead to
the programmed and selective translocation of ringy to
domain ITI of ring a,, configuration P;, which is imaged by the
effective quenching of fluorophore F, and inefficient quench-
ing of Fy, path b. Upon treatment of the compressed nano-
structure with the AFu strand and the antiblocker strand, AB,
the linear three-ring configuration is regenerated. Similarly,
the blocking of the lower rim of ring § with the blocker, B,,
and treatment of the resulting nanostructure with the Fu
strand, path c, results in the mechanical motion of ringy
through the upper free rail to form the stable, compressed
configuration, P,. The formation of this configuration is
confirmed by the effective quenching of F, and inefficient
quenching of F,. By treatment of the compressed configu-
ration with the AFu strand and the antiblocker strand, the
initial “linear” configuration “L”, exhibiting its characteristic
fluorescence features, is restored. By the cyclic interaction of
configuration “L” with the respective blocker/antiblocker and
Fu/AFu strands, the system is fully controlled to undergo the
cyclic programmed reconfiguration. Figure 4B depicts the
cyclic and reversible time-dependent fluorescence changes
upon blocking the upper or lower rims of ring § separately,
and the transition of the three-ring catenanes through the
different states. As the fluorescence intensities of F; and F, in
the different topologies are known we elucidated the
efficiency of the translocation of ringy to ring a, by the
appropriate Fu strands (for detailed explanations, see Fig-
ure S8 in the Supporting Information). Accordingly, the
experimental fluorescence changes shown in Figure 4 B trans-
late to approximately (85 +2) % of the population of ring y to
site I or site II, and to (92 +4)% of the regenerated linear
configuration, L, or L,. The rate constants for the transloca-
tion of ringy to sitel or site Il are approximately k=
0.071 min' (7/2=14 min). On the other hand, diffusional
transition of a non-interlocked ring exhibits a rate constant of
approximately k=0.022min™' (¢/2=44 min). It should be
noted that control experiments confirm that the fluorescence
changes do not originate from local environmental changes
occurring in the nanostructures upon the addition of the DNA
strands (see Figure S9 in the Supporting Information).

The blocker strands associated with the two-ring or three-
ring catenanes play an essential role in the directional
reconfiguration of the catenated topologies. The barrier
introduced for the reconfiguration of the ring through the
“blocked” domain, may be attributed to steric and/or electro-
static repulsive interactions between the blocked domains and
the moving ring. An attempt to elucidate the blocking
mechanism was made by constructing a set of three-ring
catenanes, where ring 3 with the two blocking domains was
kept constant in size (76 bases), while the reconfigured ring vy
was systematically enlarged to include 90, 107, 120, and
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Figure 4. A) Representation of the dynamic programmed translocation of ring y to domain | and domain II, upon the addition of the respective
DNA strands. B) Time-dependent fluorescence changes upon the programmed translocation of ring y through the upper or lower rail of ring f3,
leading to the respective topologies “L”, “L,”, “L,", “P,", “P,”, “P;", and “P,”. The arrows on top indicate the time of application of the respective

DNA strands that results in the different topologies. F, =black; F,=red.

140 bases. We find that the reconfiguration of ring vy is totally
blocked in the set of all nanoengineered catenanes upon the
blocking of the two domains on ring . The selective removal
of any of these strands resulted in, as expected, the directional
reconfiguration of the catenanes. The lack of sensitivity of the
reconfiguration of the nanostructures to the size of ringy
suggests that the blocking effect is not due to a steric effect,
but rather originates from electrostatic repulsions. The
duplexes associated with the blocking domains yield local
electrical fields that repel the conformationally flexible
single-stranded ringy, thus preventing their topological
reconfiguration. Moreover, one may argue that the protrud-
ing single strand associated with the blocker unit may
participate in controlling the barrier for reconfiguration of
the ring through the blocked domain. The single strand “tail”
does not play, however, any significant role in preventing the
translocation of ringy through the blocked region, and
a blocker lacking the protruding tail reveals a similar blocking
effect (see Figure S10 in the Supporting Information).

In conclusion, the present study has demonstrated the
programmed, directional reconfiguration of DNA catanane
topologies (while topology is a major area of mathematics
concerned with the properties of objects that are preserved
under continuous deformation,”'! the concept of topology was
adapted by chemists to describe different stereochemical
properties. For the present discussion, topological configu-
rations are considered as constitutional isomers that differ in
their bond connectivity.®? For a detailed discussion on the
topologies of catenanes and interlocked DNA structures, see
Refs. [32]-[34]). This study made use of the strand-displace-
ment process as the driving mechanism for the topological
transitions. Nonetheless, other external stimuli, such as pH or
metal ions, may be similarly adapted to induce the topological
reconfiguration of the catenanes. The reconfiguration of the
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catenanes holds promise for multiplex analysis of DNA
targets, as two different analytes may be used to displace the
two blocker units selectively. It should be noted that the
catenated nanostructures include a single-stranded DNA
skeleton. This enables the tethering of cargoes, for example,
nanoparticles, to the catenane devices and the programmed
arrangement of the objects by the motion of the catenanes.
Also, these cargoes can be easily exchanged, for example, by
using the strand-displacement process. This perspective
demonstrates the advantages of the present systems over
interlocked molecular catenanes,”® where the translocation
of a cargo requires special synthetic efforts, and the exchange
of the cargo in the resulting catenane is impossible. Further-
more, the fact that the DNA catenanes that include inter-
locked cycles are stabilized against hydrolytic digestion may
enable the use of these structures as labels in intracellular
environments.
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