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Dynamic regulation of nucleic acid hybridization is fundamental for switchable
nanostructures and controllable functionalities of nucleic acids in both
material developments and biological regulations. In this work, we report a
ligand-invasion pathway to regulate DNA hybridization based on host-guest
interactions. We propose a concept of recognition handle as the ligand binding
site to disrupt Watson-Crick base pairs and induce the direct dissociation of
DNA duplex structures. Taking cucurbit[7]uril as the invading ligand and its
guest molecules that are integrated into the nucleobase as recognition han-
dles, we successfully achieve orthogonal and reversible manipulation of DNA
duplex dissociation and recovery. Moreover, we further apply this approach of
ligand-controlled nucleic acid hybridization for functional regulations of both
the RNA-cleaving DNAzyme in test tubes and the antisense oligonucleotide in
living cells. This ligand-invasion strategy establishes a general pathway toward
dynamic control of nucleic acid structures and functionalities by supramole-
cular interactions.

Nucleic acid duplex structures are formed by highly stable
Watson-Crick base pairs. Dynamic regulation of nucleic acid hybridi-
zation is not only important for manipulation of nucleic acid structures
and functions in biological systems but also critical for controllable
nucleic acid-based nanomaterials'. In contrast to the assembly pro-
cess that is typically simultaneous, direct dissociation of a thermo-
stable DNA/RNA double helix without heating is challenging. In living
systems, some DNA binding proteins are required to unwind the
duplex structure*. This process requires cooperative effects from
diverse proteins, but reversible control of these protein activities
seems unlikely to operate in a simple and convenient manner. Com-
peting nucleic acid strands can efficiently initiate the duplex separa-
tion via a toehold, but are incapable of direct invasion’. Some nucleic
acid duplexes may be regulated by ligand treatments through forma-
tion of specific secondary structures (e.g. ligand-aptamer interaction,
G-quadruplex and i-motif formation)®™, but these conversions
can only work with constrained sequences. Alternatively, high

concentrations of denaturing reagents and nanomaterials'>", as well as

intensive pH changes, can also be utilized to directly destruct DNA
hybridization', but these treatments are indiscriminately subject to all
nucleic acid structures and difficult to manipulate in a reversible
approach.

Compared with direct dissociation of an unmodified nucleic
acid duplex, introduction of some artificial functional groups into
a modified nucleic acid strand to regulate its hybridization is a
more achievable pathway. This concept was pioneered about two
decays ago, when an azobenzene group was introduced into the
DNA strand as a disruptor inside the duplex structure’'. On the
basis of light-induced trans-cis transformation of azobenzene to
cause steric clash against base stacking within the double helix'"¢,
DNA duplex structures can reversibly switch between dissociation
and formation. With utilization of azobenzene and its derivatives,
the photo-controlled regulations of DNA duplexes have been
widely applied in a variety of nucleic acid-based research fields
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Fig. 1| Design of host-guest recognition-mediated invasion of Watson-Crick
base pairs. a Recognition mode of CB[7] and the guest molecule. For a typical guest
molecule with an amine group, the hydrophobic component (the star symbol)
enters inside the cavity, living the amine group interacting with the portal oxygen
atoms through hydrogen bonding and dipolar interactions. b Presumably base
pairing with the guest-modified nucleobases. The guest molecule is integrated into
the N*-position of cytosine or the N®-position of adenine. ¢ CB[7]-induced invasion
of base pairs. Recognition of the guest group by CB[7] causes breaking of base pairs
through steric clash. d Selected guest molecules for integration into the N*-position
of cytosine or the N°-position of adenine as recognition handles.

involving switchable DNA structures and nanomaterials for bio-
sensing and diagnostics, drug delivery, and regulation of gene
expressions®?, The effectiveness of the azobenzene group
inspired several other approaches of photo-controlled regulations
of DNA duplexes through introduction of different light-
responsive groups® %,

Despite the great development of these photo-controlled strate-
gies, it still lacks other general pathways to reversibly disrupt a random
nucleic acid duplex structure and regulate its dissociation. The biggest
challenge is, in fact, the disruption of tightly Watson-Crick formed
base pairs. This process is thermodynamically disfavored and typically
requires additional forces, e.g. the photo-energy in the previously
reported light-induced isomerization'®, to dissociate the duplex
structure. In nature, some DNA binding proteins can recognize mod-
ified nucleobases and thereafter employ invading residues to compete
with Watson-Crick base pairs as the driving force for DNA duplex
disruption”*%, We envisioned that whether the concept of protein
invasion could be utilized for a more controllable small-ligand inva-
sion. Could we introduce a recognition handle into the DNA duplex to
mediate the competition between ligand invasion and base pairing? In
this design, we expected a ligand could bind with the handle, but part
of the handle was involved into Watson-Crick base pairs. As a result,
once the handle was fully grabbed by the ligand, it would unavoidably
block the formation of base pairs, and in turn disrupt the DNA duplex
structure. Therefore, the key to this question would be what kind of
recognition handle could be utilized to mediate the ligand invasion,
and whether the binding with the handle could outperform the base
pairing.

In this work, we turned our attention toward the host-guest
chemistry, the cucurbit[7]uril-based (CB[7]) recognition due to its high
binding affinity and specificity with different types of guest molecules
in the aqueous solution?*°, Although previous studies on cucurbiturils
had introduced the host-guest interactions into nucleic acid
manipulation®*°, the role of cucurbiturils did not involve direct reg-
ulation on the native structures of nucleic acids but only imposed
indirect or external impacts to alter their structural conversions or
functional performance. For instance, some ligands that are capable of
interacting with nucleic acids can be designed to be complexed with
cucurbiturils to control their effects on nucleic acid structures, such as
the B-Z conversion of duplex DNA¥, formation of G-quadruplex*® and
induction of DNA condensation®**, but these impacts are originated
from specific reagents or assemblies, whereas not directly from
cucurbiturils.

Herein, we select CB[7] as the invading ligand and integrate some
well-studied guest molecules into the nucleobases as recognition
handles to construct a ligand-invasion pathway for controllable DNA
hybridization based on host-guest interactions. Our investigations
demonstrate the effectiveness of our design, and successfully achieve
reversible and orthogonal regulation of DNA hybridization by chemi-
cal ligands. Moreover, we further apply this strategy in functional DNA
structures and achieved conditional control of DNA functionalities in
both test tubes and living cells. This study describes a universal
approach that can reversibly and specifically control nucleic acid
hybridization without any sequence constraints through treatments of
chemical ligands. Our development of ligand-controlled DNA hybri-
dization provides a general pathway for structural regulation of
nucleic acids, and can further enrich the toolbox for manipulation of
nucleic acid structures and functionalities in both material and bio-
medical applications.

Results

Design and synthesis

To achieve effective invasion of DNA base pairs, the guest molecules
need to be integrated into the nucleobases with overlapped interac-
tions, and in the meantime, must not prevent the formation of stable
DNA duplex structures. Analysis of the interaction mode between
CB[7] and its guest molecules revealed an important structure feature.
As depicted in Fig. 1a, some potent guests generally require the
recognition of an amine group or its cation derivatives by the oxygen
atoms located in the portal of CB[7] via hydrogen bonding and dipolar
interactions*. Given the amine group is also involved with hydrogen
bonding in the base pairs, we envisioned that this mutual group might
be utilized to function as an overlapped site during the ligand invasion.
Hence, we introduced the guest molecules into the 4’-amino position
of cytosine and the 6’-amino position of adenine (Fig. 1b), which could
still possess the base pairing behavior. Besides, the integrated guest
molecules are located into the major groove of DNA duplex, which
typically has less impacts on the structural stability of DNA hybridi-
zation. With this design of recognition handle, we anticipated the
binding on the integrated guest by CB[7] would cause a dramatic
disruption of DNA base pairs due to the competitive recognition and
the inevitable steric clash (Fig. 1c).

To systematically characterize the effect of recognition handle
and dissect the ligand-invasion behavior, we selected four guest
molecules (Fig. 1d), l-adamantanemethylamine (AD), ferrocenyl
methylamine (FC), 14-benzenedimethanamine (BA) and 4-tert-
butylbenzylamine (TB), with a wide range of binding affinities on
CB[7] (K, values of previously reported cation derivatives of these
guest molecules were ~10*M™ for AD*?, ~102M for FC*, ~10°M™ for
BA* and -10°M™ for TB*). Since our following investigations were
mainly performed in the buffer with a nearly neutral pH (=7.2) and high
concentrations of sodium ions (>100 mM), which was different from
the previous conditions, we then measured the binding constants
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Fig. 2 | Synthesis of guest-containing nucleosides. a TPS, DIPEA, DCM, 0 °C; (b)
R-NH,, DIPEA, DMF, 90 °C; (c) TBAF, THF, room temperature; (d) DMTr-Cl, pyr-
idine, room temperature; (e) (OCH,CH,CN)(iPr,N)PCI, DIPEA, DCM, 0 °C; (f) BOP,
THF, DIPEA, room temperature; (g) R-NH,, Cs,CO;, DME, room temperature.
TBDMS tert-butyldimethylsilyl, TPS 2,4,6-triisopropylbenzenesulfonyl chloride,

O\/\CN

DIPEA N,N-diisopropylethylamine, TBAF tetrabutylammonium fluoride, DMTr 4,4"-
dimethoxytriphenylmethyl, DMAP 4-dimethylaminopyridine, BOP 1H-benzotriazol
-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate, DME 1,2-dime-
thoxyethan. Details are provided in Supplementary Information.

between CB[7] and these guest molecules under our experimental
solution. As shown by the isothermal titration calorimetry (ITC) ana-
lysis (Supplementary Fig. 1), the binding constants between CB[7] and
these four guest molecules were 1.64 x 10°M™ for AD, 4.70 x 108M™* for
FC, 8.88x10° M for BA and 3.98 x10* M for TB, which were sig-
nificantly reduced mostly due to the effects of pH and the interactions
between sodium cations and the carbonyl portals of CB[7]. Even
though, these four guest molecules still presented a similar trend of
binding affinities with an adequate range on CB[7].

Synthesis of these modified nucleosides with integration of guest
molecules (dC" and dA™®") were carried out through two different
approaches from uridine and inosine, respectively (Fig. 2). For synth-
esis of guest-modified cytidine, the TBDMS-protected uridine was first
conjugated with the triisopropylbenzenesulfonyl activation group at
the 06 position, which was then followed by reactions with nucleo-
philic amine compounds to obtain guest-containing derivatives (Fig. 2,
Path A). Synthesis of guest-modified adenosine was performed
through a more facile approach in which the deoxyribose was not
necessary to be protected during conjugation of these amine com-
pounds (Fig. 2, Path B) as reported previously*®. These modified
cytidine and adenosine nucleosides were incorporated into oligo-
deoxynucleotides (ODNs) by the conventional phosphoramidite
method via the solid phase synthesis. All modified ODNs were purified
through HPLC and characterized by mass spectra.

Effects of ligand invasion

To investigate the role of these recognition handles during ligand
invasion, we first generated 15-nt ODNs with a single site of modified
cytosine (Supplementary Table 1). ITC analysis indicated CB[7] still
specifically bound with the AD (K,=1.31x10"M™) and FC (K,=2.95 x
10°M™) groups in the context of DNA strand but exhibited feeble
affinities on the BA and TB groups (Supplementary Fig. 2), which fol-
lowed a similar trend as the free guest molecules. In addition to the
modified cytosine, we also generated the same sequence of ODN with
one site of modified adenine and determined the binding constants
between CB[7] and this guest-integrated ODN (Supplementary Fig. 3).
Consistently, CB[7] prefers to bind with the AD (K, =1.34 x 10°M™) and
FC (K,=7.44 x10°M™) groups of the modified adenine rather than the
other two. Notably, the binding affinities with these integrated guest

molecules were relatively weaker than their free states, potentially
attributed to steric hindrance by the nucleobase.

If CB[7] can invade into DNA duplex structures via these inte-
grated guest molecules, a direct consequence would be disruption of
the duplex thermostability. We determined AT, values of the 15-bp
duplex with one guest-modified cytosine in the presence of different
concentrations of CB[7] (Table 1 and Supplementary Fig. 4). For the
unmodified DNA, treatment of CB[7] did not alter the duplex stability
(Supplementary Fig. 5). In the presence of an AD-modified cytosine,
addition of CB[7] greatly reduced the duplex thermostability
by ~9.6 °C even with a 1uM concentration, indicating a great effec-
tiveness of this recognition handle during the disruption of duplex
structure. For the FC-containing duplex, treatment of CB[7] also
sharply weakened the stability of the duplex structure, but in this case,
higher concentrations of CB[7] were needed to boost its destabilizing
effects (=8.5°C with 300 uM CBI[7]). In contrast, with introduction of
the BA and TB-modified sites, the CB[7]-induced impacts were much
weaker than the above two. These duplex disruption activities were
fully consistent with the intrinsic binding affinities between CB[7] and
free guest molecules, revealing that a potent recognition was needed
to compete with the base pair. These destabilization effects together
with binding analysis suggested CB[7] indeed disrupted the duplex
structure through these guest-mediated recognition handles, pro-
vided that the host-guest interactions were potent enough.

In addition to the modified cytosine, we also investigated the
effects of the modified adenine with integration of these guest mole-
cules. As described in Supplementary Table 2 and Supplementary
Fig. 6, treatment of CB[7] could also weaken thermostability of the
duplex DNA in the presence of guest-modified adenine, and the more
potent the host-guest binding was, the more disruptive towards the
duplex structure, which followed the similar trend as the cytosine
modifications. These data further demonstrated the effectiveness of
our design of recognition handle.

Having showed invasion of CB[7] via one recognition handle
caused significant disruption against the thermostability of duplex
DNA, we then examined whether introduction of more invading sites
would multiply the effects. We designed a 19-nt ODN with two mod-
ified cytosine sites (Table 1). Indeed, addition of CB[7] into the mod-
ified duplex DNA with two recognition handles induced more potent

Nature Communications | (2022)13:5936



Article

https://doi.org/10.1038/s41467-022-33738-3

AT,
-0.4
-0.3

B
T

3 o la <2 Y ©
= O|0|0 (O |
| [T|T|T|T |1
aIN[Nloe|[S]|m
< | €|l |0 |0 |0 |®© |
O |+ |0 |0B |00 |0 |w
el |wl<|=|2|F
= Ofl=|w|w|I

N |l [T

G

[

(O]

(8]

-

- 01019 |¥ 0 m

x |O| E|lw0 [32] © | =

O |F|W|w|w|[ov ||

<

Q

Q

<

o NI

i HENNMBRE

[$) < I R IR AN A )

<

(O]

(=4

<

(O]

10| el |=]O|O|0

(AN IR R E RSN KSR RGN K]
E pcll
=
QIOOOCRCI)

B

Tm

50.4
50.4
50.4
50.4
50.3
50.3

-0.1
-0.2
-1.6

AT
-0.1

BA
m
56.4
56.4
56.3
56.4
56.3
56.2

AT
-0.2
-1.5

-3.0
-4.8

FC
m
52.9
52.9
52.7
51.4
49.9
481

-9.6
-9.6
-9.6
-9.6
-9.6

b

5- ACACTGT C* ACACTGC -3’
AT,

AD
m
50.4
40.8
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Table 1| Melting temperatures (T,,,) of guest-modified DNA duplexes treated by different concentrations of CB[7]

-18.5 55.0 -3.9 51.3 -1.4

37.0

30.5 -24.7
7.2), 100 mM NaCl and 0.1mM EDTA.

-0.3

50.1

-9.6 44.4 -85 54.8

40.8

300
°DNA duplex (0.2 uM) was formed with the unmodified complementary strand in the presence of 20 mM sodium cacodylate (pH

"The unit is °C. All Tm values were obtained from two independent replicates.

destabilization than the single one (Table 1 and Supplementary Fig. 7).
With two AD-modified sites, AT, values reached ~25 °C even with 3 pM
CB[7], which was much more dramatic than the single site. Similar
behaviors were also observed from two FC-modified sites, in which T,
values of the modified duplex DNA were gradually reduced from 55 °C
to 37 °C with treatments from O to 300 pM CB[7]. Interestingly, even
for the weaker recognition handles BA and TB, introduction of two
modified sites also enhanced the destabilization effects. These ther-
mostability data suggested that DNA duplex structures could be more
severely disrupted by ligand invasion with introduction of multiple
recognition handles.

How did the ligand invasion occur during the treatment of
CBI[7]? Herein, we performed a UV-based kinetic analysis to directly
monitor the disruption of base pairs during CB[7] invasion. The AD-
modified cytosine was selected as a representative. Compared with
unmodified DNA duplexes, treatment of CB[7] into the AD-modified
duplexes (15-bp with one modified site and 19-bp -with two modified
sites) clearly induced hyperchromicity at 260 nm (Fig. 3), whereas
either CB[7] or adamantane had no UV absorbance near this wave-
length. With more binding sites, invasion through two recognition
handles caused more absorbance changes than the single one
(Supplementary Fig. 8). These hyperchromicities were most likely
attributed to the break of Watson-Crick base pairs by CB[7] invasion,
and in the meanwhile, the large size of CB[7] may also cause steric
clash with the neighboring nucleosides and disrupt their base pairs.
Notably, the efficiency of CB[7] invasion was concentration-depen-
dent, and the apparent kinetic rates (k,pp) were calculated to be
79 min™« M for 15-bp and 230 min™ « M! for 19-bp. Clearly, invasion
of CB[7] into the 19-bp duplex was more efficient than the 15-bp
duplex, which was likely caused by the cooperative effect between
these two recognition handles. Moreover, the local disruption of the
duplex DNA caused by ligand invasion was also observed from the
weakened signals of circular dichroism spectra (Supplementary
Fig. 9), further revealing destruction of DNA duplex structures.
Taken together, these results suggested the invasion of CB[7]
directly induced disruption of DNA base pairs through the
host-guest interaction.

Orthogonal and reversible control of DNA hybridization

Ligand invasion into Watson-Crick base pairs established the mole-
cular basis for structural manipulation of nucleic acid hybridizations.
Analysis of the concentration-dependent AT,, values of the 19-bp
duplex revealed a dramatically different response on the concentra-
tion effects of CB[7] between the AD and FC recognition handles, in
which alow concentration of CB[7] were enough to induce a maximum
disruption with the AD modification, whereases a high concentration
of host molecule was needed to generate intense disruption towards
the FC-modified duplex structure (Supplementary Fig. 10). This dis-
tinction was caused by discrepant binding affinities of CB[7] but
established a foundation for selective and multiplex manipulation of
DNA structures orthogonally via different recognition handles. We
then designed two orthogonal DNA duplex structures (Duplex1and 2),
in which one strand was incorporated with recognition handles and
the other strand could form a hairpin structure once released from the
duplex (Fig. 4a). Different fluorophores (FAM and TMR) were labeled
for these two hairpins to separately monitor structural switches of
each duplex. Both duplexes co-existed in the same system. During the
titration of CB[7], Duplex-1 was firstly converted into the hairpin form
as evidenced from the decreased fluorescence of FAM (Fig. 4b and
Supplementary Fig. 11). Even when Duplex-1 was totally dissociated by
200 nM CBJ[7], Duplex-2 was still stably maintained. With further
increase of the CB[7] concentration, Duplex-2 was then destructed to
generate the hairpin structure. With titration of CB[7], we achieved
selective dissociation of one duplex at a designated concentration,
leaving the other one unaffected in the same system. This
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Fig. 3 | Kinetic analysis of CB[7] invasion into the AD-containing dsDNA mon-
itored by UV absorbance. a CB[7] invasion into the 15-bp dsDNA with one AD-
modified cytosine site. b CB[7] invasion into the 19-bp dsDNA with two AD-modified
cytosine sites. The concentration of dsDNA was 10 pM. Three different con-
centrations of CB[7], 100 pM (cyan curves), 200 uM (violet curves) and 500 pM (red
curves), were added into the AD-containing duplex DNA. The control duplex indi-
cated the unmodified dsDNA with treatment of 500 pM CB[7]. Source data are
provided as a Source Data file.

concentration-dependent working style seemed to resemble the light-
controlled azobenzene derivatives with specific response on different
wavelengths'*’. Given so many different guest molecules with a wide
range of binding affinities were available for CB[7] recognition, more
orthogonal and multiple response of DNA duplexes would be poten-
tially controlled in a concentration-dependent manner.

With accumulated destabilization effects through introduction of
multiple recognition handles, in fact, we could directly achieve any
DNA duplex dissociation induced by CB[7] at a desired temperature
with a rationally designed DNA length and sequence. Herein, a
fluorophore-labeled 15-nt ODN with either three AD or FC-modified
cytosine sites was paired with the quencher-labeled complementary
strand. Indeed, fluorescence measurements indicated that the quen-
ched fluorescence signals were fully recovered upon the titration of
CB[7] at the room temperature (Supplementary Fig. 12), demonstrat-
ing the formation of totally separated DNA strands.

Host-guest recognition is a reversible process, in which the
bound molecule could be dissociated via the competitive binding.
Since the invasion of CB[7] induced the duplex dissociation, removal
of CB[7] by a competing guest molecule would recover the duplex
formation (Fig. 5a). Taking this 15-bp duplex DNA with FC-
modifications as an example (Supplementary Table 1), we performed
kinetic analysis of duplex dissociation by treatment of CB[7] and its
recovery by addition of the competing guest molecule FC. As depicted
in Fig. 5b, the fluorescence was quenched when the duplex was formed
with the complementary ODN (cODN), but was then efficiently and
fully recovered to the initial single-stranded state upon the addition of
CBI[7] (calculated kapp,=2.0 x10°M™«s™). The signal was then quen-
ched again after the treatment of FC due to the recovery of the duplex
structure. Moreover, cyclic additions of CB[7] and FC could control the
dissociation and recovery of DNA duplex structure without significant
loss of reversibility within five times (Fig. 5c and Supplementary
Fig. 13). Theoretically, with introduction of proper numbers and
positions of recognition handles, any random sequence of DNA
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Fig. 4 | Orthogonal control of DNA duplex dissociation by different con-
centrations of CB[7]. a Schematic figure for regulation of two DNA duplexes by
different concentrations of CB[7] in the same system (Duplex-1 with the AD
modifications and Duplex-2 with the FC modifications). The orange star refers to
the integration of FC group; the blue star refers to the integration of AD group.
Different fluorophores (FAM and TMR) were labeled for these two hairpins to
separately monitor structural switches of each duplex. b Normalized fluorescence
intensities of the above systemwith treatment of different concentrations of CB[7].
The concentration of each duplex DNA was 10 nM. The concentrations of CB[7]
were varied from 50 nM to 100 pM. Data are presented as mean values with stan-
dard deviations derived from three independent replicates. Source data are pro-
vided as a Source Data file.

hybridization may be reversibly controlled at a desired temperature.
To exclude the impacts of CB[7] or guest molecules on the fluorophore
signals, we confirmed that treatments of these compounds could
hardly influence the fluorescence in our experimental conditions
(Supplementary Fig. 14). In addition to the FC-containing strand,
similar dissociation and recovery of the duplex structure was also
observed with AD as the recognition handle (Supplementary Fig. 15).
Notably, compared with FC, the kinetic efficiency of AD was much
slower for both invasion and recovery processes, possibly due to the
slow kinetic binding/dissociation behavior between the hydrophobic
adamantane and CB[7]*"5.

Ligand-regulated functional DNA systems

Controllable reversibility of DNA hybridization provided the general
basis for manipulation of functional DNA systems. Here we first took a
widely investigated magnesium-based RNA-cleaving DNAzyme*® as an
example to test how this ligand invasion could control its functionality.
We placed one FC-modified cytidine into each binding arm of the
DNAzyme (Fig. 6a). Without addition of CB[7], the enzymatic efficiency
was highly energetic; upon the treatment of CB[7], the cleavage of the
substrate strand was greatly diminished due to the dissociation
between the DNAzyme and the substrate strand (Fig. 6b and Supple-
mentary Fig. 16). After further treatment with FC as the competing
guest to remove CB[7], the DNAzyme activity was then reactivated.
This reversible process explicitly demonstrated the controllability of
DNAzyme system by ligand regulation. Moreover, real-time and
reversible enzymatic regulations were also achieved during the pro-
cess of cleavage (Fig. 6¢ and Supplementary Fig. 17). With FC-modified
cytosine as the invading sites, addition of CB[7] into the ongoing
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system caused a timely halt in DNAzyme cleavage. Subsequent addi-
tion of FC into the suspended DNAzyme system induced a dramatic
recovery of the enzymatic activity. This prompt and dynamic manip-
ulation of DNAzyme activity further suggested a great controllability of
this ligand-induced DNA structural regulation. Unlimited to the FC
modification, treatment of CB[7] could also control the AD-modified
DNAzyme (Supplementary Fig. 18), with relatively weaker efficiency on
real-time regulation of DNAzyme activity (Supplementary Fig. 19),
which was consistent with the slow kinetic binding/dissociation pro-
cess on AD as observed above.

More than regulation of the functional DNA system in test tubes,
we further wondered whether this ligand-controlled DNA hybridiza-
tion could also occur inside living cells to manipulate biological pro-
cesses. Previous investigations already suggested low cytotoxicity and
excellent biocompatibility of CB[7] to ensure its wide applications in
biological systems®*~>. To this end, we selected the well-studied anti-
sense oligonucleotide (ASO)** as the regulatory target, and checked
how our ligand invasion could control the functionality of ASO on gene

expressions. The sequence of ASO was designed to target the mRNA of
destabilized GFP (dsGFP), and phosphorothioate bonds were intro-
duced in all the investigated ASOs to enhance their effects™. To
directly manipulate its function, we placed three AD-modified
nucleotides into this 18-nt oligonucleotide (see Supplementary
Table 1 for the sequence information). Ideally, in the absence of
invading ligand CB[7], the modified ASO would knockdown the
expression of dsGFP through the formation of DNA/RNA hybrid;
however, with the invasion of CB[7], the ASO would be unable to target
the mRNA, resulting in the failure of dsGFP knockdown (Fig. 7a). The
lentivirus infected HEK293T cells with stably expressed dsGFP were
selected as the model cell line. Interestingly, with introduction of three
AD-modified cytosine sites, the ASO still exhibited a strong repression
on dsGFP as detected by flow cytometry, which was close to the
unmodified ASO (Fig. 7b), demonstrating this guest integration pre-
sented limited impacts on DNA/RNA hybridization, and moreover, was
likely tolerable to RNase H, given that the effect of ASO partially relies
on the RNase H activity upon the formation of DNA/RNA hybrid*. To
examine whether the invasion of CB[7] could block the functionality of
the AD-modified ASO, we incubated the ASO with CB[7] first to ensure
the complete formation of the host-guest complexation before
transfection. Indeed, introduction of CB[7] totally abolished the gene
knockdown activity of ASO (Fig. 7b), indicating that complexation of
CB[7] and the AD-modified nucleoside could prevent the formation of
nucleic acid hybridization in the cellular context. In addition to the pre-
formed complex, we also transfect the cells with modified ASO first,
followed by incubation with CB[7] to investigate the effect of ligand
invasion during the cellular process. As described in Fig. 7c, when
transfected cells were incubated with CB[7], the knockdown efficiency
of modified ASO was decreased, implying the CB[7]-induced blockage
of hybrid formation. Notably, real-time invasion of CB[7] inside living
cells was relatively less efficient than pre-incubation, which might be
attributed by the kinetically controlled invasion process of CB[7] with
limited cellular uptake. Nevertheless, these cellular treatments sug-
gested CB[7]-controlled nucleic acid hybridization could be utilized to
manipulate ASO-mediated gene regulations in living cells.

Moreover, since complexation with CB[7] abolished the gene
knockdown efficiency of the guest-modified ASO, competition with
free guests would ideally recover its function as described in the
reverse process of Fig. 7a. Herein, we prepared the blocked ASO with
complexed CB[7] at the guest-modified nucleosides. After transfec-
tion, cells were treated with the free guest AD. Compared with the
untreated cells, incubation with AD induced significant fluorescence
knockdown, indicating the released ASO function (Fig. 7c). Although
the effect of ASO could not be fully recovered possibly due to the slow
kinetic dissociation behavior as observed above, this reversing activity
still indicated the controllability of host-guest complexation on DNA/
RNA hybridization. To exclude the possibilities that either treatment of
CB[7] or the free AD molecule might influence the expression of
dsGFP, we confirmed that these two ligands could hardly impact
fluorescence signals of flow cytometry (Supplementary Fig. 20). Col-
lectively, these results suggested that the ASO function could be
controlled by CB[7]-mediated host-guest complexation in living cells.

Discussion

In summary, this work developed a ligand-invasion pathway to reg-
ulate DNA hybridization based on host-guest interactions. We pro-
posed a concept of recognition handle as the ligand binding site to
disrupt Watson-Crick base pairs and induce the dissociation of DNA
duplex structures. Taking CB[7] as the invading ligand and its guest
molecules that were integrated into the N*-position of cytosine or the
Né-position of adenine as recognition handles, we successfully
achieved orthogonal and reversible manipulation of DNA duplex dis-
sociation and its recovery. Moreover, we successfully applied this
approach of ligand-controlled nucleic acid hybridization to achieve
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FC guest (500 pM) at the 39-min point. Data in (b) and (c) are presented as mean
values with standard deviations derived from three independent replicates. Source
data are provided as a Source Data file.

functional regulations of both the DNAzyme cleavage in test tubes and
the antisense oligonucleotide in living cells. These results described a
general strategy to manipulate DNA hybridization through ligand
invasion and demonstrated its applicability in functional nucleic acid
systems, which established a ligand-controlled approach to dynami-
cally manipulate nucleic acid hybridization without any sequence
constraints.

Our design of ligand invasion establishes a general pathway
toward dynamic manipulation of nucleic acids through ligand inva-
sion. Compared with the light irradiation, the ligand treatment exhibits
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Fig. 7 | Manipulation of the antisense oligonucleotide (ASO) to regulate gene
expressions in living cells. a Design of controllable functionality of ASO to reg-
ulate expressions of destabilized GFP in HEK293T cells. b Flow cytometry analysis
of GFP expressions with treatment of different ASOs. The non-sense oligonucleo-
tide was selected as control. The complexed ASO indicated the AD-modified oli-
gonucleotide with CB[7] complexation. ¢ Functional control of the AD-modified
ASO by CB[7] and its reverse control of the complexed ASO by the AD guest. For the
invasion of CB[7], the AD-modified ASO was selected as control; 200 uM CB[7] was
added during cell culture to inhibit the function of the AD-modified ASO. For the
competition with the free AD guest, the complexed ASO was selected as control;
100 puM AD was added during cell culture to release the antisense activity of ASO. In
(b) and (c), the left panels showed the flow cytometry profiles, and the right panels
showed the quantitative analysis of average fluorescence normalized to the control
samples. Bar graphs showed the mean data derived from two independent repli-
cates. Source data are provided as a Source Data file.

some superior advantages for specific scenarios, such as a deep reach
into the inner part of a system (e.g. biological tissues) that light may
not be accessible and a precisely dose-dependent control. One can
envision that diversified nucleic acid nanostructures may be manipu-
lated by chemical ligands for nucleic acid nanotechnologies, and kinds
of functional nuclei acids may be ligand-controlled for cellular reg-
ulations on the basis of this concept, which would provide many
possibilities for both nanomaterial developments and biological
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regulations. Since nuclei acid hybridization typically relies on the for-
mation of Watson-Crick base pairs, unlimited to DNA structures, it is
also fully expectable that RNA duplexes or DNA/RNA hybrids would be
manipulated in the same way through ligand invasion. More than the
DNAzyme and ASO systems investigated in this work, other functional
nucleic acids, such as ribozyme”, siRNA** and guide RNA of
CRISPR>*“°, may be manipulated similarly on the basis of this concept.
Besides, given so many types of host-guest interactions beside the
CB[7] system, one can also envision that kinds of supramolecular
interactions may be employed to regulate nucleic acid structures
through our design of recognition handles, which would pave the way
for wide applications in a variety of nucleic acid-involving fields.

Methods

Materials

All solvents were commercially available and utilized without further
purification. All unmodified DNA sequences used in this study were
ordered from Sangon Biotech. The DNA phosphoramidites and CPG
were purchased from DNA Chem. The HEK293T cell line was obtained
from SUNNCELL (catalog number: SNL-015) and used without
authentication testing. The compound masses were weighed on a
microbalance with a resolution of 0.1mg. TLC (Thin-layer chroma-
tography) analysis was performed through pre-coated silica gel
plates. Column chromatography carried out by silica gel (#100-200).
H, C and *P NMR spectra for compound characterizations (Sup-
plementary Fig. 21-44) were recorded on Bruker AVANCE Il
400 MHz spectrometer. The mass spectra (MS) were recorded on
LCMS-2010A. UV absorbance was recorded by the Shimadzu 2600
UV-Vis spectrophotometer. Circular dichroism spectra were recor-
ded by the Jasco J1700 CD Spectrometer. ITC experiments were
carried on MicroCal iTC200 at 298 K. Gel shift was imaged by Gel
Image System (Tanon 2500 R). The fluorescence was recorded by a
SHIMADZU-RF-6000 fluorescence spectrophotometer. Flow cyto-
metry was measured by the BD FACSCanto Il flow cytometry instru-
ment (BD Biosciences).

Synthesis of modified ODNs

Guest-modified ODNs used in this study were prepared by the solid
phase synthesis according to the conventional phosphoramidite pro-
tocol on a K&A H-8 DNA Synthesizer using the universal CPG. After the
standard procedure of ODN synthesis, the products were cleaved from
CPG, followed by treatment of aqueous ammonia (22%) at 55 °C for 12 h
to remove the protecting groups. The crude ODNs were then purified
by HPLC on the Agilent 1260 system using the PLRP-S column
(250 mm x 4.6 mm, 100 A, 5 pm) after ethanol precipitation. The aqu-
eous solution of 0.1M TEAA (triethylammonium acetate) with 50%
CH3CN was selected as buffer A, and the 0.1 M TEAA solution alone was
selected as buffer B for the mobile phase. The ODNs were purified
using a gradient of 5-60% buffer A over 50 min at a1 mL/min flow rate.
The purified products were collected, lyophilized, and then redis-
solved in water to remove salt by the Bio-Spin 6 column (Bio-Rad)
before stored up at —20 °C for the following assays. ESI spectra of these
modified ODNs were presented in Supplementary Fig. 45-53.

Measurements of the duplex melting temperatures (T,;,)

The FRET-based assays were conducted to determine T, values of
duplex DNA. Briefly, 200 nM FAM-labelled ODN (see Supplementary
Table 1) and 250 nM of the corresponding complementary oligonu-
cleotides strands (cODN) labelled with BHQ-1 were annealed to form
the duplex structure in the sodium cacodylate buffer (pH=7.2, 20 mM
sodium cacodylate, 100 mM NaCl and 100 uM EDTA) with different
concentrations of CB[7]. Fluorescence changes were recorded by the
Bio-Rad CFX96 Touch real-time fluorescence quantitative PCR (Aex =
480 nm, Aem =520 nm) along with the increasing temperature from
4°C~>95°C at a rate of 0.5°C/min. Data were analyzed by GraphPad

Prism 7.0. The T, value was determined by the temperature point of
50% conversion of the fluorescence intensity.

Isothermal Titration Calorimetry (ITC) measurements

The association constants and thermodynamic parameters for the
binding affinities of CB[7] with guest were determined by titration
calorimetry (MicroCal iTC200) in the sodium phosphate buffer solu-
tions (pH=7.2, 20 mM sodium phosphate, 100 mM NaCl, 100 uM
EDTA, containing 5% (v/v) DMSO for enhanced solubility of guest
molecules). CB[7] (70-80 uM) was placed in the sample cell, to which
BA or TB (0.8-1.25mM) were added stepwise in a series of 25 or 30
injections, and the heat generated was recorded at 25°C. For deter-
mination of the binding constants on AD and FC, the competitive
method was utilized. Briefly, CB[7] (70-80 uM) was firstly mixed with
BA (0.8 mM) in the sample cell, to which AD or FC (0.8-1.25 mM) were
added stepwise in a series of 30 injections, and the heat generated was
recorded at 25°C. The data were analyzed and fitted by the Origin
program (v7.0552).

Similarly, the binding affinities of CB[7] with guest-containing
ODNs were also determined by ITC in the sodium phosphate buffer
solutions (pH=7.2, 20 mM sodium phosphate, 100 mM NaCl and
100 uM EDTA). Guest-containing ODNs (20-35 uM) was placed in the
sample cell, to which CB[7] (500-600 uM) was added stepwise in a
series of 32 injections, and the heat generated was recorded at 25 °C.
The data were analyzed and fitted by the Origin program (v7.0552).

UV-based kinetic analysis of CB[7] invasion

Kinetic measurements of the invasion of CB[7] into the duplex DNA
were recorded by the Shimadzu 2600 UV-Vis spectrophotometer.
10 uM unmodified 15-nt ODN (control group) or the modified ODN
with AD-integrated cytidine was annealed with 12 yM cODN in the
sodium phosphate buffer (pH=7.2, 20mM sodium phosphate,
100 mM NacCl and 100 uM EDTA). The mixture was placed in a cuv-
ette in the UV apparatus (Shimadzu 2600 UV-Vis spectro-
photometer) for 20 min at 22 °C and then UV absorbance at 260 nm
was recorded in a kinetic mode upon the addition of different
concentrations of CB[7].

Measurements of CD spectra for CB[7] treatment

Circular dichroism spectra for the invasion of CB[7] into the duplex
DNA were recorded by the Jasco J1700 CD Spectrometer. Final con-
centrations of 10uM unmodified/AD-modified 15mer and 19mer
dsDNA was annealed with or without 500 uM CBI[7] in the sodium
phosphate buffer (pH=7.2, 20 mM sodium phosphate, 100 mM NaCl
and 100 uM EDTA). The mixtures were then placed in the CD cuvette
for 20 min at 22 °C before spectral scans.

Fluorescence measurements for the hairpin formation

To determine the conversion from duplex to the hairpin forms, 10 nM
19-nt AD-containing and 10 nM FC-containing ODNs were annealed
with 20nM Hp-1 (labelled by TMR and BHQ-2) and 20nM Hp-2
(labelled by FAM and BHQ-1) in the presence of different concentra-
tions CB[7] in the sodium phosphate buffer (pH=7.2, 20 mM sodium
phosphate, 100 mM NaCl and 100 uM EDTA). The fluorescence signals
of FAM and TMR were scanned by a SHIMADZU-RF-6000 fluorescence
spectrophotometer and collected with LabSolutions RF 1.11. (TMR:
Aex =550 nm; FAM: Aex =480 nm).

Fluorescence measurements for DNA duplex dissociation and
recovery

The 15-nt modified ODN (20 nM, FAM-labelled strand) with either three
AD-modified or three FC-modified cytidine sites was firstly annealed
with the complementary strand (24 nM, BHQI-labelled strand) in the
sodium phosphate buffer (pH=7.2, 20mM sodium phosphate,
100 mM NaCl and 100 uM EDTA). After the formation of DNA duplex
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structure, 5puM CB[7] was added into the mixture at the room tem-
perature (-22 °C). The sample was incubated at the room temperature
for two hours before measurements of the FAM fluorescence. As
comparison, 15-nt modified ODN without the complementary strand
and the duplex DNA without treatment of CB[7] was processed
through the same procedure and their fluorescence was also scanned
as control.

For kinetically monitoring of DNA duplex dissociation and
recovery, fluorescence of 15-nt modified ODN (50 nM, FAM-labelled
strand) with either three AD-modified or three FC-modified cytidine
sites was monitored in the sodium phosphate buffer (pH=7.2, 20 mM
sodium phosphate, 100 mM NaCl and 100 M EDTA) at the room
temperature (-22 °C). During the process of the kinetic monitoring, the
complementary strand (62.5 nM, BHQI-labelled strand), 10 uM CB[7]
and 30 pM competing guest (AD or FC) were added into the mixture at
the designated time points.

For cyclic treatments of CB[7] and FC, the 15-nt modified ODN
(50 nM, FAM-labelled strand) with three FC-modified cytidine
sites was firstly annealed with the complementary strand (62.5 nM,
BHQI-labelled strand) in the sodium phosphate buffer (pH=7.2,
20 mM sodium phosphate, 100 mM NaCl and 100 uM EDTA). After
the formation of DNA duplex structure, designated concentra-
tions of CB[7] and FC were added into the mixture sequentially.
After each addition, the mixture was incubated at the room
temperature (-22°C) for 60 min before the fluorescence
measurement.

Analysis of controllable 8-17-DNAzyme

To check whether the invasion of CB[7] could abolish the enzymatic
activity of DNAzyme, the FC/AD-containing DNAzyme strand (0.5 pM)
was incubated with the substrate strand (FAM-labelled with an rA site,
1uM) in the reaction buffer (pH=7.2, 20 mM Tris-HCI, 100 mM NaCl
and 100 uM EDTA) in the presence or absence of 10 uM (for the AD-
modified DNAzyme) or 300 pM (the FC-modified DNAzyme) CB[7] for
2 h. The cleavage was initiated upon the addition of 10 mM Mg*". Ali-
quots were taken at the designated time points and mixed with the
quenching buffer containing 100 mM EDTA. The products were then
analyzed by denaturing PAGE and visualized by Gel Image System
(Tanon 2500 R). For the reactivated DNAzyme, 500 pM competing
guest (FC/AD) was incubated with the CB[7]-treated system for two hrs
(for FC-modified DNAzyme) or overnight (for the AD-modified DNA-
zyme) before addition of 10 mM Mg*. The unmodified DNAzyme
system was also conducted as control.

For real-time manipulation of the DNAzyme system, the FC/AD-
containing DNAzyme strand (0.5 pM) was incubated with the substrate
strand (FAM-labelled with an rA site, 1puM) in the reaction buffer
(pH=7.2, 20 mM Tris-HCI, 100 mM NaCl and 100 uM EDTA). The
cleavage was initiated upon the addition of 10 mM Mg?*. 10 uM CB[7]
and 500 uM AD for the AD-modified DNAzyme, or 300 pM CB[7] and
500 uM FC for the FC-modified DNAzyme were then added into the
reaction at the designate time points. Aliquots at different time points
were taken during the process and mixed with the quenching buffer
containing 100 mM EDTA. The products were then analyzed by dena-
turing PAGE and visualized by the Tanon 2500 R Gel Image System.
Data were collected with Tanon MP (v1.0) and analyzed by Tanon Dots
(v4.2). As comparison, the same DNAzyme system without treatment
of CB[7] or FC/AD was also conducted the same procedure. These
uncropped scans of gels were presented in Supplementary Fig. 54-57.

Expressional regulation of cellular green fluorescent protein by
antisense oligonucleotides

HEK293T-dsGFP cells were prepared according to a general procedure
for lentiviral packaging. Briefly, the DNA sequence encoding destabi-
lized GFP (dsGFP) was cloned into the pHR-SFFV (Addgene #79121)
lentiviral vector to generate pHR-SFFV-dsGFP for dsGFP expression.

1x10° HEK293T cells were seeded into six-well plates and co-
transfected with 1pg pMD2.G (Addgene #12259), 2 ug pCMV-dR8.2
(Addgene #84550) and 3 pg pHR-SFFV-dsGFP using Lipofectamine
3000. The transfection medium was replaced by a 2 mL fresh medium
after a 6-hr incubation. 24-hr later, the culture medium was collected
and treated with 1.6 pL polybrene (10 pg/pL) before infecting the
freshly seeded HEK293T cells with a density of 2 x 10* cells in a six-well
plate. The lentiviral infected cells were then collected and sorted by
the flow cytometer (BeckmanmoFlo XDP) to obtain HEK293T-
dsGFP cells.

One day prior to transfection, 4 x10° HEK293T-dsGFP cells per
well were seeded into a 6-well plate containing 0.5 ml complete med-
ium (DMEM with 10%FBS). Cells were then transfected with ASOs (5~
GAGCTGCACGCTGCCGTC -3/, 1uM) using a standard transfection
protocol. For the complexed ASO, the AD-modified ASO was incubated
with CB[7] (20 pM) to form host-guest complexation before trans-
fection. Each ASO was tested in two separate wells as biological repli-
cation and processed independently. Briefly, each strand was
incubated in 250 pL DMEM with 5 pL Lipofectamine 3000 for 15 min.
The mixture was subsequently added dropwise into the cells. After a
4-hr incubation, the transfection medium was removed and changed
to the fresh complete medium or the medium containing CB[7]
(200 pM) or the AD guest (100 pM). Cells were then further cultured at
37°C in 5% CO, for an additional 48 h.

Cultured cells were then harvested for determination of GFP
expression by flow cytometry. In brief, each well was rinsed with 1x PBS
and then dissociated with 0.25% trypsin-EDTA. Digestion was termi-
nated by adding DMEM supplemented with 10% FBS. Cells were
washed once with 1x PBS and then suspended in 1x PBS before filtering
with a 35-um cell strainer tube. A cell count was performed, and the
sample was adjusted to 106 cells per mL. GFP levels of individual well
were measured on the flow cytometer. Data collection was carried out
using a BD FACSCanto Il flow cytometry instrument (BD Biosciences).
Data were collected with the BD FACSDiva software (v6.1.3) and ana-
lyzed by the FlowJo software (v7.2).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available within the
article and Supplementary Information files, and are also available
from the corresponding author upon request. Source data are pro-
vided with this paper.

References

1. Chen, Y. J., Groves, B., Muscat, R. A. & Seelig, G. DNA nano-
technology from the test tube to the cell. Nat. Nanotechnol. 10,
748-760 (2015).

2. Wang, F., Liu, X. & Willner, I. DNA switches: from principles to
applications. Angew. Chem. Int Ed. Engl. 54, 1098-1129 (2015).

3. Hu,Y. et al. Dynamic DNA assemblies in biomedical applications.
Adv. Sci. (Weinh.) 7, 2000557 (2020).

4. Mott, M. L. & Berger, J. M. DNA replication initiation: mechanisms
and regulation in bacteria. Nat. Rev. Microbiol 5, 343-354 (2007).

5. Gai, D., Chang, Y. P. & Chen, X. S. Origin DNA melting and
unwinding in DNA replication. Curr. Opin. Struct. Biol. 20,
756-762 (2010).

6. Grunberg, S. & Hahn, S. Structural insights into transcription
initiation by RNA polymerase Il. Trends Biochem Sci. 38,
603-611 (2013).

7. Simmel, F. C., Yurke, B. & Singh, H. R. Principles and applications of
nucleic acid strand displacement reactions. Chem. Rev. 119,
6326-6369 (2019).

Nature Communications | (2022)13:5936



Article

https://doi.org/10.1038/s41467-022-33738-3

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Munzar, J. D., Ng, A. & Juncker, D. Duplexed aptamers: history,
design, theory, and application to biosensing. Chem. Soc. Rev. 48,
1390-1419 (2019).

Hu, Y., Cecconello, A., Idili, A., Ricci, F. & Willner, I. Triplex DNA
nanostructures: from basic properties to applications. Angew.
Chem. Int Ed. Engl. 56, 15210-15233 (2017).

Debnath, M., Fatma, K. & Dash, J. Chemical regulation of DNA
i-motifs for nanobiotechnology and therapeutics. Angew. Chem. Int
Ed. Engl. 58, 2942-2957 (2019).

Mergny, J. L. & Sen, D. DNA quadruple helices in nanotechnology.
Chem. Rev. 119, 6290-6325 (2019).

Jaffer, S. S., Ghosh, P., Das, A. & Purkayastha, P. Opening of DNA
double helix at room temperature: Application of alpha-
cyclodextrin self-aggregates. Nanoscale 2, 1420-1422 (2010).
Yang, J., Lee, J. Y., Too, H. P. & Chow, G. M. Inhibition of DNA
hybridization by small metal nanoparticles. Biophys. Chem. 120,
87-95 (2006).

Thomas, R. The denaturation of DNA. Gene 135, 77-79 (1993).
Asanuma, H., Ito, T., Yoshida, T., Liang, X. & Komiyama, M. Photo-
regulation of the formation and dissociation of a DNA duplex by
using the cis-trans isomerization of azobenzene. Angew. Chem. Int.
Ed. 38, 2393-2395 (1999).

Asanuma, H. et al. Enantioselective incorporation of azobenzenes
into oligodeoxyribonucleotide for effective photoregulation of
duplex formation. Angew. Chem. Int. Ed. 40, 2671-2673

(20071).

Biswas, M. & Burghardt, I. Azobenzene photoisomerization-
induced destabilization of B-DNA. Biophys. J. 107, 932-940
(2014).

Barbosa, N., Sagresti, L. & Brancato, G. Photoinduced azobenzene-
modified DNA dehybridization: insights into local and cooperativity
effects from a molecular dynamics study. Phys. Chem. Chem. Phys.
23, 25170-25179 (2021).

Kamiya, Y. & Asanuma, H. Light-driven DNA nanomachine with a
photoresponsive molecular engine. Acc. Chem. Res 47,
1663-1672 (2014).

Tam, D. Y., Zhuang, X., Wong, S. W. & Lo, P. K. Photoresponsive self-
assembled DNA nanomaterials: design, working principles, and
applications. Small 15, 1805481 (2019).

Wang, C. et al. Photoresponsive DNA materials and their applica-
tions. Chem. Soc. Rev. 51, 720-760 (2022).

Ogasawara, S. & Maeda, M. Straightforward and reversible photo-
regulation of hybridization by using a photochromic nucleoside.
Angew. Chem. Int Ed. Engl. 47, 8839-8842 (2008).

Wang, R. et al. Artificial base zT as functional “Element” for con-
structing photoresponsive DNA nanomolecules. J. Am. Chem. Soc.
139, 9104-9107 (2017).

Lubbe, A. S. et al. Photoswitching of DNA hybridization using

a molecular motor. J. Am. Chem. Soc. 140, 5069-5076

(2018).

Murayama, K., Yamano, Y. & Asanuma, H. 8-pyrenylvinyl adenine
controls reversible duplex formation between serinol nucleic acid
and RNA by [2 + 2] Photocycloaddition. J. Am. Chem. Soc. 141,
9485-9489 (2019).

Wang, G. A. et al. DNA balance for native characterization of che-
mically modified DNA. J. Am. Chem. Soc. 143, 13655-13663 (2021).
David, S. S., O’'Shea, V. L. & Kundu, S. Base-excision repair of oxi-
dative DNA damage. Nature 447, 941-950 (2007).

Wu, X. & Zhang, Y. TET-mediated active DNA demethylation:
mechanism, function and beyond. Nat. Rev. Genet 18,

517-534 (2017).

Barrow, S. J., Kasera, S., Rowland, M. J., del Barrio, J. & Scherman,
O. A. Cucurbituril-based molecular recognition. Chem. Rev. 115,
12320-12406 (2015).

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Alnajjar, M. A., Nau, W. M. & Hennig, A. A reference scale of
cucurbit[7]uril binding affinities. Org. Biomol. Chem. 19,
8521-8529 (2021).

Ke, C. F. et al. Controllable DNA condensation through cucurbit[6]
uril in 2D pseudopolyrotaxanes. Chem Commun, 28

3374-3376 (2007).

Cheng, H. B., Zhang, Y. M., Xu, C. & Liu, Y. Photoresponsive supra-
molecular complexes as efficient DNA regulator. Sci Rep-Uk 4
4210 (2014).

Li, T., Liu, L., Li, Y. R., Xie, J. N. & Wu, H. C. A universal strategy for
aptamer-based nanopore sensing through host-guest interactions
inside -hemolysin. Angew. Chem. Int Ed. 54, 7568-7571 (2015).
Zhou, X. et al. Host-guest tethered DNA transducer: ATP fueled
release of a protein inhibitor from cucurbit[7]uril. J. Am. Chem. Soc.
139, 13916-13921 (2017).

Wang, S. R. et al. Cucurbit[7]uril-driven host-guest chemistry for
reversible intervention of 5-formylcytosine-targeted biochemical
reactions. J. Am. Chem. Soc. 139, 16903-16912 (2017).

Tian, T. et al. Reversible manipulation of the G-quadruplex struc-
tures and enzymatic reactions through supramolecular host-guest
interactions. Nucleic Acids Res 45, 2283-2293 (2017).

Wang, S. R. et al. The Cucurbit[7]Uril-based supramolecular
chemistry for reversible B/Z-DNA transition. Adv. Sci. (Weinh.) 5,
1800231 (2018).

Dubel, N., Liese, S., Scherz, F. & Seitz, O. Exploring the limits of
bivalency by DNA-based spatial screening. Angew. Chem. Int Ed.
Engl. 58, 907-911 (2019).

Xiong, W. et al. Supramolecular CRISPR-OFF switches with host-
guest chemistry. Nucleic Acids Res 50, 1241-1255 (2022).
Chernikova, E. Y. & Berdnikova, D. V. Cucurbiturils in nucleic acids
research. Chem. Commun. (Camb.) 56, 15360-15376 (2020).
Tang, H. et al. Guest binding dynamics with cucurbit[7]uril in the
presence of cations. J. Am. Chem. Soc. 133, 20623-20633 (2011).
Moghaddam, S. et al. New ultrahigh affinity host-guest complexes
of cucurbit[7]uril with bicyclo[2.2.2]octane and adamantane
guests: thermodynamic analysis and evaluation of M2 affinity cal-
culations. J. Am. Chem. Soc. 133, 3570-3581 (2011).

Jeon, W. S. et al. Complexation of ferrocene derivatives by the
cucurbit[7]uril host: a comparative study of the cucurbituril and
cyclodextrin host families. J. Am. Chem. Soc. 127,

12984-12989 (2005).

Liu, S. et al. The cucurbit [n] uril family: prime components for self-
sorting systems. J. Am. Chem. Soc. 127, 15959-15967 (2005).
Logsdon, L. A., Schardon, C. L., Ramalingam, V., Kwee, S. K. &
Urbach, A. R. Nanomolar binding of peptides containing non-
canonical amino acids by a synthetic receptor. J. Am. Chem. Soc.
133, 17087-17092 (2011).

Bae, S. & Lakshman, M. K. O 6-(Benzotriazol-1-yl) inosine deriva-
tives: easily synthesized, reactive nucleosides. J. Am. Chem. Soc.
129, 782-789 (2007).

Bandara, H. M. & Burdette, S. C. Photoisomerization in different
classes of azobenzene. Chem. Soc. Rev. 41, 1809-1825 (2012).
Tootoonchi, M. H., Yi, S. & Kaifer, A. E. Detection of isomeric
microscopic host-guest complexes. A time-evolving cucurbit[7]uril
complex. J. Am. Chem. Soc. 135, 10804-10809 (2013).

Santoro, S. W. & Joyce, G. F. A general purpose RNA-cleaving DNA
enzyme. Proc. Natl Acad. Sci. USA 94, 4262-4266 (1997).
Hettiarachchi, G. et al. Toxicology and drug delivery by cucurbit[n]
uril type molecular containers. PLoS One 5, 10514 (2010).
Uzunova, V. D., Cullinane, C., Brix, K., Nau, W. M. & Day, A. I. Toxicity
of cucurbit[7]uril and cucurbit[8]uril: an exploratory in vitro and

in vivo study. Org. Biomol. Chem. 8, 2037-2042 (2010).

Oun, R., Floriano, R. S., Isaacs, L., Rowan, E. G. & Wheate, N. J. The
ex vivo neurotoxic, myotoxic and cardiotoxic activity of

Nature Communications | (2022)13:5936

10



Article

https://doi.org/10.1038/s41467-022-33738-3

cucurbituril-based macrocyclic drug delivery vehicles. Toxicol. Res
(Camb.) 3, 447-455 (2014).

53. Zhang, X. et al. A systematic evaluation of the biocompatibility of
cucurbit[7]uril in mice. Sci. Rep. 8, 8819 (2018).

54. Crooke, S. T., Baker, B. F., Crooke, R. M. & Liang, X. H. Antisense
technology: an overview and prospectus. Nat. Rev. Drug Disco. 20,
427-453 (2021).

55. Crooke, S. T., Wang, S., Vickers, T. A., Shen, W. & Liang, X. H. Cel-
lular uptake and trafficking of antisense oligonucleotides. Nat.
Biotechnol. 35, 230-237 (2017).

56. Bennett, C.F. & Swayze, E. E. RNA targeting therapeutics: molecular
mechanisms of antisense oligonucleotides as a therapeutic plat-
form. Annu Rev. Pharm. Toxicol. 50, 259-293 (2010).

57. Park, S. V. et al. Catalytic RNA, ribozyme, and its applications in
synthetic biology. Biotechnol. Adv. 37, 107452 (2019).

58. Alagia, A. & Eritja, R. siRNA and RNAI optimization. Wiley Interdiscip.
Rev. RNA 7, 316-329 (2016).

59. Zhou, W. & Deiters, A. Conditional control of CRISPR/Cas9 function.
Angew. Chem. Int Ed. Engl. 65, 5394-5399 (2016).

60. Shivram, H., Cress, B. F., Knott, G. J. & Doudna, J. A. Controlling
and enhancing CRISPR systems. Nat. Chem. Biol. 17, 10-19
(2021).

Acknowledgements

The authors acknowledge funding from National Natural Science
Foundation of China (Nos. 21977122 and 22222706, L.X.) and the National
Key R&D Program of China (2020YFA0211200, L.X.).

Author contributions

L. Xu designed the project. L. Xiao and L.-L.W. carried out the experi-
ments with assistance from C.-Q.W., H.L., Q.-L.Z. and Y.W., L. Xiao
analyzed the data. L. Xu supervised this work and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-33738-3.

Correspondence and requests for materials should be addressed to
Liang Xu.

Peer review information Nature Communications thanks Chaoxing Liu,
Daria Berdnikova and the other, anonymous, reviewer(s) for their con-
tribution to the peer review of this work. Peer reviewer reports are
available.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Nature Communications | (2022)13:5936


https://doi.org/10.1038/s41467-022-33738-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Controllable DNA hybridization by host&#x02013;nobreakguest complexation-mediated ligand invasion
	Results
	Design and synthesis
	Effects of ligand invasion
	Orthogonal and reversible control of DNA hybridization
	Ligand-regulated functional DNA systems

	Discussion
	Methods
	Materials
	Synthesis of modified ODNs
	Measurements of the duplex melting temperatures (Tm)
	Isothermal Titration Calorimetry (ITC) measurements
	UV-based kinetic analysis of CB[7] invasion
	Measurements of CD spectra for CB[7] treatment
	Fluorescence measurements for the hairpin formation
	Fluorescence measurements for DNA duplex dissociation and recovery
	Analysis of controllable 8-17-DNAzyme
	Expressional regulation of cellular green fluorescent protein by antisense oligonucleotides
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




