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Introduction of artificial metal-ligand base pairs can enrich the structural diversity and functional
controllability of nucleic acids. In this work, we revealed a novel approach by placing a ligand-type
nucleoside as an independent toehold to control DNA strand-displacement reactions based on metal-
ligand complexation. This metal-mediated artificial base pair could initiate strand invasion similar to the
natural toehold DNA, but exhibited flexible controllability to manipulate the dynamics of strand
displacement that was only governed by its intrinsic coordination properties. External factors that
influence the intrinsic properties of metal-ligand complexation, including metal species, metal
concentrations and pH conditions, could be utilized to regulate the strand dynamics. Reversible control
of DNA strand-displacement reactions was also achieved through combination of the metal-mediated

artificial base pair with the conventional toehold-mediated strand exchange by cyclical treatments of the
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within natural base pairs, this metal—ligand complexation is not integrated into the nucleic acid structure,
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Introduction

Ligand-modified oligonucleotides are a type of artificial nucleic
acid that can bind and position metal ions into the specific sites
of the nucleic acid structures.’* Metal-mediated base pairs,
formed by metal-ligand complexation between two ligand-type
nucleoside analogues, have been widely integrated into the
nucleic acid structures as substitutes for natural base pairs.**
Compared with a canonical Watson-Crick base pair, due to the
formation of coordinate bonds, this artificial base pair is typi-
cally more thermostable.”*? Besides, this coordination is mostly
reversible by adding or chelating specific metal ions to regulate
the formation of metal-mediated base pairs. Given these unique
properties, the metal-ligand complexation between two ligand-
modified sites can be treated as a strengthened and tunable
base pair with metal functionality. Previous studies using these
metal-mediated artificial base pairs have generated a variety of
metal-based DNA assemblies,***” achieved diverse regulations
of DNA structures,'**>'*'® and also expanded the penitential
genetic codes.” These applications generally focus on the
formation and conversion of DNA nanostructures, but less
attention has been paid to utilization of ligand-modified nucleic
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for the development of versatile dynamic DNA nanotechnologies.

acids in the dynamic DNA nanotechnology, particularly in
strand-displacement reactions.

The application of nucleic acid strand-displacement reac-
tions is the essential concept in the field of dynamic DNA
nanotechnology.”** In the enzyme-free system, the toehold-
mediated strand displacement is the basic foundation to
construct diverse DNA reaction networks* that can exhibit
sophisticated dynamic behaviors, such as acting as logic gates,
making decisions, and transducing and amplifying signals.**>*
Toeholds are generally single-stranded segments of DNA with
versatile designs including but not limited to toehold
exchange,” hidden toehold,**?*° remote toehold,* combinatory
toehold** and allosteric toehold,*® to which an invader strand
can bind to initiate strand-displacement reactions. In the past
two decades, with the employment of toehold-mediated strand-
displacement reactions, dynamic nucleic acid technology has
been widely applied in information technology (DNA compu-
tation),>**” biomedical 3436 drug delivery and
release®*° and synthetic biology.

Unlike direct strand displacement, the toehold-mediated
reaction is both thermodynamically and kinetically favored. In
order to achieve full potential for the displacement kinetics, the
minimal binding ability between the invader strand and the
toehold is needed, with a typical length of single-stranded DNA
over 6 nt for the conventional toehold (Fig. 1a).”* As aforemen-
tioned that the metal-mediated base pair can be much more
thermostable than the natural base pairs, can the toehold be
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Fig. 1 DNA strand-displacement mediated by the conventional
toehold (a) and the metal-ligand complexation (b).

replaced by a strong artificial base pair? Would a single metal-
mediated base pair be able to initiate a strand-displacement
reaction (Fig. 1b)? This concept is fundamentally different
from previous investigations of embedded metal-mediated base
pairs within natural base pairs to regulate the strand displace-
ment,**"*" as those studies still basically rely on the conforma-
tional switch of nucleic acid structures induced by metal ions.
In this new scenario, however, the metal-ligand complexation is
not integrated into the nucleic acid structure, but functions as
an independent toehold. Compared with the metal-induced
duplex formation of nucleic acids, the great advantage of this
design is that the strand dynamics can be governed solely based
on the intrinsic coordination properties between the metal and
the ligand without the necessity for consideration and involve-
ment of nucleic acid sequences and structures. If feasible, it sets
up a great opportunity to introduce all kinds of artificial metal—-
ligand complexation as versatile triggers for dynamic DNA
nanotechnologies.

Herein, we selected 8-hydroxyquinoline (8-HQ) as the ligand
in the modified DNA to examine this concept. 8-Hydrox-
yquinoline is a potent ligand that can chelate a variety of metal
ions and has also been previously applied in metal-mediated
base pairs.”*> Taking this ligandoside as an independent
toehold, we investigated how the metal-mediated base pair
regulated the dynamics of the strand invasion and displace-
ment process. Our systematical evaluation of metal-ligand
complexation in the strand-displacement reactions suggested
a highly efficient but controllable dynamics, which would not
only expand the applicable scenarios of metal-mediated base
pairs, but also provide alternative approaches for the develop-
ment of versatile dynamic DNA nanotechnologies.

Results and discussion

In our design, the 8-hydroxyquinoline ligand was conjugated
with DNA through an amide group in a simplified three carbon
backbone, glycidol, instead of deoxyribose, as previous
studies”*** suggested that this acyclic and relatively flexible
linker can also form a highly stable metallo-base pair with
greatly reduced complexity of synthesis (Fig. 2a). This glycidol
skeleton contains a flexible methylene group, allowing the
conjugated 8-HQ to adjust for an appropriate orientation during
the coordination process to form a 2 : 1 complex between the

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

; >>—-OH H0—<: g - (E °“
3’ OH OM‘,

Chelator i DNA
8HQ-M2'-8HQ
HO o] Ho 0 Metal-mediated base pair
DNA DNA

b

Marker Different metals (1 uM)

1 2 Mg?* Ca?* Mn?* Ni** Cu®* Zn®* Pb?>" No M?*

[ N [—y g Sf S G Duplex 1
et - Output (S;)
Duplex 1 (S, : S¢) Duplex 2 (S : Sy)
NENERRENENNRET Y M it
+ SES +
itor (S Output (S;) A
Competitor (S) utput (Sg) N
c d
g 100 )
e i Mg”
é 80 W% 0 aa
604 T - n’

% ﬁ 0 - Ni2*
% 404 §40 o= ;::
8 S 2
g 21 2 7 20 Pp2*
¢ ols ~ NoM
o 0

oﬁ:’;\f SIEEIES 40 50 T;{gc 0 8

Fig. 2 DNA strand invasion by coordination between the copper ion
and the 8-hydroxyquinoline ligand. (a) Scheme for the formation of the
metal-mediated base pair between the 8-hydroxyquinoline ligand and
the divalent metal ions. The star indicates the chiral center. The ligand
investigated in this figure was the R-configuration. (b) Observation of
strand displacement by gel electrophoresis. The fluorophore labeled
strand was denoted by Sg; S| indicated the 8-HQ modified strand that
preformed a duplex structure (duplex 1) with the Sg strand; the
competing strand (the input strand) during strand invasion was
denoted by S;. Concentrations for these strands were 0.5 uM (Sg), 0.75
uM (Sp) and 1 uM (Sy). The reaction buffer was 20 mM Tris—HCL (pH =
7.5) with 100 mM NaCl. Effective concentrations of divalent metal ions
were 1 uM; for the absence of metal ions, 1 mM EDTA was added into
the reaction buffer. Native PAGE was performed after 1 hour incuba-
tion. Only the FAM fluorophore labeled strand was visualized in the gel
shift. The upper bands indicated the original duplex DNA without
strand invasion (duplex 1). The lower bands indicated the output single
stranded DNA that was displaced from the duplex 1. (c) Quantitative
comparison of the percentages of strand invasion. The control sample
indicated the direct invasion without ligand modification. Error bars
were derived from at least three independent replicates. (d)
Measurements of melting temperatures (T,,) of ligand modified duplex
DNA (S_.q: Si.f) in the presence of different metal ions. T,,, was
calculated from the FRET-based assay. The concentration of the
ligand-modified duplex was 0.5 uM. Effective concentrations of diva-
lent metal ions were 1 uM; for the absence of metal ions, 1 mM EDTA
was added into the reaction buffer before the measurements.

ligand and the metal ion. Synthesis of this artificial nucleoside
was started from the construction of the carboxyl substituted 8-
hydroxyquinoline, followed by coupling the ligand with 3-
aminopropane-1,2-diol via the formation of amide as described
in Scheme S1.1 The ligand modified DNA was prepared through
solid phase synthesis by the conventional phosphoramidite
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method as described in the ESI.f The incorporated ligand was
located in either the 3’ or 5’ terminal of the DNA strand. All the
synthesized DNA strands were purified by HPLC and charac-
terized by mass spec.

To investigate whether the metal-ligand complexation can
initiate the strand-displacement reaction, we first annealed the
ligand-modified strand with an unmodified strand to form
a stable duplex DNA with a length of 21 nt. The complementary
ligand-modified strand was then incubated with the duplex DNA
as the competitor (Fig. 2b). The unmodified DNA strand was
labeled by a FAM fluorophore, and when the displacement
occurred, this FAM labeled sequence was displaced to become
a single stranded DNA, which would be observed in the gel
electrophoresis at different migration rates. Given that 8-HQ is
a good divalent metal chelator but does not bind to alkali metals,
we utilized 100 mM NaCl as the necessary salt in all the
displacement reaction buffers. To make sure the strand
displacement can proceed extensively, we incubated the reaction
mixture at room temperature for 1 hour before gel electropho-
resis. As shown in Fig. 2b, with the addition of selected metal
ions, the strand-displacement reactions occurred as observed
from the appearance of the single-strand DNA band. Interest-
ingly, different divalent metals presented dramatically distinct
behaviors during strand-displacement reactions. The Cu®" ion
possessed the strongest displacement ability, whereas other
metals promoted much weaker displacement reactions. Quanti-
tative analysis indicated that the 8-HQ was highly selective to the
copper ion rather than other divalent metal ions (Fig. 2c).
Notably, although metal ions, particularly Cu**, could greatly
boost the strand invasion, in the absence of any divalent metal
ions, the ligand-modified competitor could also slightly induce
the strand-displacement reaction compared with the direct
invasion with unmodified DNA strands (left two columns in
Fig. 2¢). This might be caused by the formation of a weak HQ-HQ
base pair as an initiating toehold with potential interactions of
hydrogen bonding and base stacking.*” In fact, the duplex ther-
mostability investigations suggested that this HQ-HQ base pair
was fully comparable to an A : T pair at the end of a DNA duplex
(Fig. S1t). To exclude that the Cu** ion itself might benefit the
strand displacement, we performed the direct strand displace-
ment of unmodified DNA in the presence and absence of Cu** as
comparison. The results suggested that addition of Cu®*" could
not obviously enhance the performance as observed in Fig. S2.t
Measurements of melting temperatures in the presence and
absence of these divalent metal ions indicated that the copper ion
can form the strongest metallo-base pair (AT}, = 16 °C with a 21-
bp duplex) (Fig. 2d and Table S171). Other metal ions, however,
exhibited much weaker impacts on the thermostabilities of this
ligand-modified base pair, which were highly consistent with the
gel analysis on the strand-displacement reactions. As a control,
the thermostabilities of the unmodified duplex with the same
sequence could be hardly affected by these divalent metal ions
(Fig. S3t). Clearly, the formation of the potent metal-ligand
coordination as the base pair would drive the efficient displace-
ment of strand invasion. In this system, the Cu®** ion mediated
complexation with 8-HQ was highly selective for triggering the
strand-displacement reactions.
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Since the Cu** mediated 8-HQ base pair was the most potent
one to facilitate the strand displacement, we then performed
kinetic analysis to check how efficiently the strand displace-
ment could proceed. Both fluorescence and gel-based methods
were utilized to measure the kinetic behaviors (Fig. 3a and b).
Gel-based analysis could directly analyze the appearance of the
displaced strand to show the invasion process (Fig. 3a), whereas
the fluorescence change could monitor the real-time process
(Fig. 3b). Both methods showed similar kinetic behaviors for 1
pM Cu** triggered strand-displacement reactions (~66 s calcu-
lated from the gel-based measurements and ~39 s calculated
from the fluorescence change to reach the 50% conversion of
strand displacement). This was a highly efficient process, which
was in sharp contrast to the observation in the absence of the
copper ion (Fig. 3b, black curve), suggesting a highly control-
lable strand-displacement behavior mediated by the metal-
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Fig. 3 Kinetic behaviors of metal-ligand complexation-mediated
strand-displacement reactions. (a) Measurements of kinetic behaviors
for the strand invasion by gel electrophoresis. The gel-based results
were determined by the generation of the displaced single stranded
DNA (the output strand St) as described in Fig. 2b. (b) Measurements of
kinetic behaviors by the increasing fluorescence of the FAM fluo-
rophore. Before invasion, the FAM-labeled strand (Sg) was quenched
by the BHQ-labeled strand (S, .q). After the invasion of the competing
strand (Sp), the fluorophore was released with increasing signals. The
concentration of the copper ion was 1 uM. The same strands without
any divalent metal ions (with the presence of 1 mM EDTA) (black curve)
and the unmodified DNA strands with the copper ion (pink curve) was
also monitored as the control. Concentrations for these strands in (a)
and (b) were 0.5 uM (Sg), 0.75 uM (S or S @) and 1 uM (S}). The
reaction buffer was 20 mM Tris—HCl (pH = 7.5) with 100 mM NaCl. (c)
Concentration-dependent  alterations of the HQ-Cu?*-HQ
complexation triggered strand-displacement reactions. The concen-
trations of copper ions were 1, 3, 10, 30 and 100 uM, respectively. (d)
pH-dependent alterations of HQ—Cu?*—HQ complexation triggered
strand-displacement reactions. The pH values of the reaction buffer
(20 mM Tris—HCl) were 5, 6, 7, 7.5 and 8, respectively. The values of to 5
represented the time needed for 50% conversion of strand displace-
ment, which were calculated based on the results from gel-based
analysis.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ligand coordination. Besides, given that a chiral center exists in
the three-carbon backbone, the ligand with the other configu-
ration was also generated and tested in the above experiments.
Due to the flexibility in the terminal of the DNA strand, the
modified DNA with the other chiral configuration presented
similar behaviors in terms of both thermodynamic stability of
metal-mediated base pairs (Fig. S4-S61) and kinetic efficiency of
strand-displacement reactions (Fig. S771). Considering the chiral
center has limited effect in this terminal metallo-base pair, we
only investigated one of the configurations in the following
experiments.

Given that the formation of the metal-mediated base pair is
the key driving force to initiate the strand-displacement
process, any factors that can impact the metal-ligand
complexation would potentially regulate the dynamics. First,
the concentration of the metal ion could impact the coordina-
tion mode between the metal and the ligand. We observed that
high concentrations of copper ion could reduce the efficiency of
the strand-displacement reactions (Fig. S8f) as increasing the
concentration of the metal ion would move the metal-ligand
binding equilibrium towards the mono-chelating complex
instead of the metal-mediated base pairs. Quantitative kinetic
analysis from the gel shift experiments indicated that with the
concentrations of the copper ion varying between 1 uM and 100
uM, the time needed for 50% conversion could be significantly
changed with a more than two-order of magnitude from ~66 s
to more than 7200 s (Fig. 3c and S9f). When the copper ion
concentration was reduced to a sub-stoichiometric ratio level,
the plateau signal obviously descended (Fig. S107). This was
mainly attributed to the limited metal ions for the complex
formation. These data showed a regulatory approach to control
displacement kinetics through different concentrations of the
metal ion. Besides, deprotonation of the hydroxyl group in the
8-HQ ligand is a necessary step during complexation with metal
ions, and the basic pH would promote the formation of coor-
dinate bonds. Indeed, pH variations significantly changed the
displacement kinetics as described in Fig. 3d and S117 from the
gel-based analysis (the time to reach the 50% conversion could
be greatly altered from ~51 s to ~1200 s between pH 8 and 5).
These variations provided another effective pathway to regulate
the dynamic strand invasion by altering the ligand properties.
Collectively, these results suggested that the metal-ligand
complexation triggered strand-displacement reactions can be
easily manipulated by external conditions to control the
dynamics of strand invasion.

We then next asked whether this metal-mediated base pair
can function similarly to the conventional toehold. First, we
compared the kinetic behaviors of this metal-ligand complex-
ation triggered strand displacement with the conventional
toehold-mediated reaction (a 7 nt toehold DNA that can achieve
the maximum kinetic performance). Intriguingly, the kinetic
process initiated by this single metal-mediated base pair stayed
at a close level compared to the natural toehold DNA (Fig. 4a,
~30 s for the metal-mediated displacement vs. ~12 s for the
conventional toehold to reach the 50% conversion at pH 8
monitored by the fluorescence). Second, the formation of the
metal-mediated base pair was highly specific to the ligand

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison between the conventional toehold-mediated and
the metal-ligand complexation-mediated strand-displacement reac-
tions. (a) Direct comparison of the kinetic behaviors for the strand
invasion. The ty s value for the conventional toehold was ~12 s and it
was ~30 s for the metal-ligand complexation. (b) Kinetic comparison
in the presence of a high concentration (10x) of competing strand
without ligand modification (the unmodified strand S3). (c) Kinetic
comparison when the ligand-modified competing strand (S;) was
masked by the complementary sequence (S;). (d) Kinetic comparison
when the ligand-modified competing strand (S;) was not fully matched
with the strand S;. The numbers indicated the mismatched position in
the sequence counted from the ligand modified site. All these results
were measured based on the fluorescence analysis. The reaction
buffer was 20 mM Tris—HCl (pH = 8.0) with 100 mM NacCl in the
presence or absence of 1 uM copper ion. Concentrations for all these
strands related to this figure were 0.5 uM (Sg), 0.75 uM (S _q), 1 uM (Sy),
10 uM (Sy) and 1.2 uM (Sy).

modified DNA (Fig. 4b), as the competing experiment suggested
that the same DNA sequence without the conjugated ligand
hardly influenced the displacement kinetics even in a highly
excessive amount (10-fold). Third, similarly to the conventional
toehold, once the invading strand was constrained into a duplex
structure, the strand displacement was greatly inhibited even in
the presence of metal-ligand complexation (Fig. 4c). Fourth,
this metal-ligand complexation mediated strand displacement
was also highly sensitive to the mismatched nucleotide in the
invaded duplex structure through an asymmetric way as previ-
ously observed in the conventional toehold mediated displace-
ment (Fig. 4d).*® Taken together, we revealed that the strand
invasion by the metal-ligand complexation also possessed the
efficiency, specificity, tunability and sensitivity similarly to the
Watson—-Crick base-paired toehold DNA, which could poten-
tially achieve all kinds of dynamic strand-displacement
processes like a conventional toehold.

Notably, compared with the Watson-Crick base-paired
toehold, the metal-ligand paired toehold can present
a unique feature of controllability during the dynamic strand
displacement. This controllability originated from the control-
lable metal-ligand complexation. Herein, through introducing
this controllability with the combination of the Watson-Crick

Chem. Sci., 2021, 12, 8698-8705 | 8701


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc01041g

Open Access Article. Published on 18 May 2021. Downloaded on 2/12/2026 6:59:03 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

base-paired toehold into the dynamic strand-displacement
reactions, we examined a controllable and reversible DNA
dynamic process based on toehold exchange as a proof of
principle. As described in Fig. 5a, once the input DNA strand
was added, the strand displacement was uncontrollable with
the natural base-paired toehold, and eventually could achieve
the equilibrium during the seesaw system. In the metal-ligand
complexation mediated strand displacement, the absence of
Cu*" would not initiate the strand exchange; addition of Cu®*
would trigger the strand invasion towards one direction;
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however, if EDTA was added into the system, the displaced
strand would bind back to reset the toehold exchange system
(Fig. 5a).

To monitor this process, we introduced two types of reporter
systems. One was a unidirectional reporter, in which the equi-
librium would be shifted towards the forward direction
(described in Fig. 5b and c); the other one was a bidirectional
reporter, in which the reporting signals were altered based on
the shift of the seesaw system (described in Fig. 5d). When
mixed with the unidirectional reporter system, the strand-
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Fig. 5 Combination of the metal-ligand complexation-mediated and the conventional toehold-mediated strand displacement to achieve
controllable and reversible toehold exchange. (a) A comparison between the conventional toehold exchange (upper panel) and the model with
both the metal-ligand complexation and the natural base pairs as toeholds (lower panel). In the typical toehold exchange, States A and B are
uncontrollable once the input strand has been added. However, for the combinatory model, the coordination between the HQ ligand and the
copper would shift the strand displacement towards State B, resulting in a release of a natural toehold in the presence of the copper ion; when
the copper ion was removed by a chelator, such as EDTA, the natural toehold would dominate the displacement and push the displacement
reaction backward, which would release the ligand-modified strand (State A). (b) Monitoring the toehold exchange using the unidirectional
reporter system from the fluorescence measurements. In the absence of copper ion, State A was the stable form (the duplex formed by S;+ and
St1, and the single strand S;) without the release of the output strand (St1), and as a result, the unidirectional reporter system (R1g and R1¢) could
not report any strand-displacement reaction (black curve). After the addition of the copper ion, the State B could be generated with the release of
the output strand, and therefore, the reporting signal could be monitored from fluorescence. (c) Sequential detection of the output strand by the
unidirectional reporter system from the gel-based assays. In the State A, the reporter duplex 3 (R1 and R1¢) was unaffected, whereas the reporter
duplex 4 (S1; and R1f) was only generated in the presence of State B with the release of the output strand. (d) Reversible control of toehold
exchange by the bidirectional reporter system. In the bidirectional reporter system (R25 and R2g), all the conventional toehold-mediated strand
displacement was reversible without any control. The only controllable reversibility was governed by the metal-ligand complexation between
States A and B. In the first cycle, the addition of copper ion was 1 M and the addition of EDTA was 25 uM; in the second cycle, the addition of
copper ion was 25 uM and the addition of EDTA was 50 pM; in the third cycle, the addition of copper ion was 50 uM and the addition of EDTA was
50 puM. After each treatment, the reaction mixture was incubated for 40-minute to reach the equilibrium before the measurements of fluo-
rescence. Concentrations for all these strands were described in the ESI. The reaction buffer was 20 mM Tris—HCl (pH = 8.0) with 100 mM NaCl.
Error bars were derived from at least three independent replicates.
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displacement process was directly controlled by the metal-
ligand complexation as real-time observed in Fig. 5b. To check
the individual step during the toehold exchange, we prepared
three sequential samples, and examined the strand information
using the unidirectional reporter through gel shift as shown in
Fig. 5c. In the absence of metal ions, the toehold exchange
could not be initiated (State A); the following incubation with
the reporter duplex could not induce any structural change, and
therefore, the reporter duplex stayed unchanged. 40-Min after
addition of Cu®', the output strand was almost fully displaced
by the metal-ligand complexation (State B), which was then
reported by the fluorescence labeled long duplex. Once EDTA
was mixed together after incubation of Cu®', the previously
displaced output strand then bound back through the Watson-
Crick base-paired toehold (back to State A); therefore, the
reporter duplex was unable to detect the significant release of
the output strand. In addition to the gel-based analysis, we also
observed the change of the reporter duplex from the fluores-
cence measurements (Fig. S121). This multistep monitoring
process explicitly indicated the controllable and reversible
strand displacement by the metal-mediated base pair.
Furthermore, with utilization of the bidirectional reporter
system, this reversible operation could be directly monitored by
fluorescence measurements as shown in Fig. 5d. Addition of
Cu*" initiated the toehold exchange, and subsequently the
output strand was reported as the equilibrium moved to the
forward direction (fluorescence increase); with EDTA treatment
in this same system, loss of metal-ligand complexation shifted
the equilibrium backward (fluorescence decrease). Multiple
cycles were achieved to control the directions of strand
dynamics (Fig. 5d and S137). Notably, compared with the first
cycle, the real-time fluorescence monitoring revealed that the
reaction rate in the following cycle was significantly slower, and
it took a longer time to reach equilibrium towards either the
forward or backward direction (Fig. S141). The reduced kinetic
efficiency might be attributed to the competitive chelation
between 8-HQ and EDTA in this cycling system. As a negative
control, the conventional toehold exchange system could not
induce any significant fluorescence response through an iden-
tical procedure (Fig. S151). With the combination of metal-
ligand complexation and toehold-mediated strand exchange,
these results together confirmed the controllability and revers-
ibility of the strand-displacement dynamics in the metal-
mediated seesaw system.

Conclusions

This study demonstrated a highly efficient and regulatory DNA
strand-displacement process through metal-ligand complexa-
tion as a controllable toehold. This toehold consisted of an
unnatural chelating ligand, 8-hydroxyquinoline, as the artificial
nucleoside and functioned based on the selective HQ-Cu**-HQ
complexation. Given the potent thermostability of the metal-
ligand coordination, a single metal-mediated artificial base pair
could initiate the highly dynamic DNA strand invasion, simi-
larly to the natural base paired toehold. Notably, the DNA
strand-displacement reactions could be diversely controlled by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a variety of regulators related to the metal-ligand complexation,
such as metal species, metal concentrations, and pH condi-
tions, which would provide different effectors to manipulate the
strand dynamics. Moreover, with the introduction of the metal-
ligand complexation into the toehold exchange system,
controllable and reversible strand release could also be ach-
ieved. Since this design was only based on the intrinsic prop-
erties of metal-ligand coordination without involvement of the
nucleic acid context, it presented a highly expandable oppor-
tunity to manipulate all kinds of DNA nanomachines.

Previous investigations on metal-mediated base pairs
generally focused on how the coordinate bonds could be inte-
grated into DNA structures to form new metallo-nanostructures
or to achieve conformational alterations. Unlike any reported
function and application of metal-mediated base pairs, we
revealed that the coordination between the artificial ligand and
the metal ion can independently initiate a highly efficient DNA
strand-displacement process without the consideration of
nucleic acid sequences and structures. In this work, this metal-
mediated base pair was treated as an artificial toehold that
could regulate the dynamic DNA nanomachine. The complex-
ation between the metal and ligand would be the driving force
to initiate strand dynamics. Herein, we revealed that the highly
selective coordination between Cu** and 8-HQ was an efficient
toehold to control the DNA strand-displacement reactions.
Given that so many types of metal-ligand interactions have
been reported as artificial base pairs, such as Ni**,>” Cu**, 157!
Cu*,"* zn** %2 Hg*" ™ Ag™ *%3-%5 and Pd>* based®® coordination, as
well as some natural bases mediated metallo-base pairs,* %
would expect that it could be feasible to introduce these ligands
as toeholds to control the strand-displacement dynamics by
different metal ions. More importantly, different ligands
generally exhibited a high selectivity towards some specific
metal ions; hence, multiplex control and logical manipulation
of DNA strand-displacement reactions through different metal-
ligand base pairs as specific toeholds could be also foreseeable.
Since DNA strand displacement has been widely utilized as
a signal transduction and amplification strategy for biochem-
ical analysis,” our design of versatile controllability of strand
dynamics mediated by metal-ligand complexation may have
established a general basis for potential applications in sensing
metal ions.

In the dynamic DNA technology, controllable toeholds are
essential to manipulate the processes and outcomes of DNA
strand-displacement reactions. Great efforts have been devoted
to design and construct different controllable toeholds in the
past few years, including alteration of DNA secondary struc-
tures,**%”%”> ligand-induced aptamer interactions”™”* and
photo-released single-strand toeholds.” The general idea of
these conditional toeholds is that they functioned based on the
conformational switch of nucleic acid structures. However, our
ligand-modified DNA, separating the metal-ligand complexa-
tion out of the nucleic acid structures, can control the strand
dynamics solely based on the properties of the ligand itself. In
this concept, toehold-mediated strand-displacement reactions
employ the metal-ligand complexation as the trigger to achieve
controllable dynamics that is only governed by its intrinsic
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coordination properties. Therefore, the controllability of strand
displacement can be more easily manipulated with a great
dynamic switch. In addition to the controllable behaviors re-
ported in this work, other conditions that could regulate the
metal-ligand interaction, such as redox signals'® and photo-
irradiation,”® might be also applicable to mediate the strand-
displacement reactions. Metal-ligand complexation can
provide alternative approaches for the development of versatile
dynamic DNA nanotechnologies related to dynamic nano-
structures, nucleic acid computation and synthetic biology, and
this work opens a new door towards these possibilities.
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