Published online 9 July 2020

Nucleic Acids Research, 2020, Vol. 48, No. 15 8591-8600
doi: 10.1093narlgkaa581

Switching the activity of Taq polymerase using
clamp-like triplex aptamer structure

Yingxin Hu 12, Zhiyu Wang', Zhekun Chen' and Lingiang Pan “1~

'Key Laboratory of Image Information Processing and Intelligent Control of Education Ministry of China, School of
Artificial Intelligence and Automation, Huazhong University of Science and Technology, Wuhan, Hubei 430074, China
and 2College of Information Science and Technology, Shijiazhuang Tiedao University, Shijiazhuang, Hebei 050043,

China

Received April 08, 2020; Revised May 31, 2020; Editorial Decision June 22, 2020; Accepted June 27, 2020

ABSTRACT

In nature, allostery is the principal approach for reg-
ulating cellular processes and pathways. Inspired by
nature, structure-switching aptamer-based nanode-
vices are widely used in artificial biotechnologies.
However, the canonical aptamer structures in the
nanodevices usually adopt a duplex form, which lim-
its the flexibility and controllability. Here, a new regu-
lating strategy based on a clamp-like triplex aptamer
structure (CLTAS) was proposed for switching DNA
polymerase activity via conformational changes. It
was demonstrated that the polymerase activity could
be regulated by either adjusting structure parame-
ters or dynamic reactions including strand displace-
ment or enzymatic digestion. Compared with the du-
plex aptamer structure, the CLTAS possesses pro-
grammability, excellent affinity and high discrimina-
tion efficiency. The CLTAS was successfully applied
to distinguish single-base mismatches. The strat-
egy expands the application scope of triplex struc-
tures and shows potential in biosensing and pro-
grammable nanomachines.

INTRODUCTION

Allostery is the primary method that regulates cellular
processes and pathways in nature (1). Taking inspiration
from nature, structure-switching nanodevices are widely
employed in artificial biotechnologies and DNA nanotech-
nology (2-4). Due to its nucleic acid characteristic, aptamer
has become a fascinating element for designing structure-
switching nanodevices and a variety of applications rang-
ing from biosensing to disease diagnosis and treatment had
emerged (2,5-11). Moreover, many efforts have been de-
voted to the exploration of strategies of integrating en-
zymes into the aptamer-based nanodevices. For instance,
an aptamer-based approach has been proposed to regulate

DNA polymerase activity (12-15) and this approach has
also been employed in biosensing to detect target DNA (14),
protein (16-18), enzymes (19,20), as well as in construct-
ing molecular circuits (21). However, the canonical aptamer
structures in use usually adopt a duplex form, which lim-
its the application of enzyme owing to deficiency of a pro-
grammable and controllable regulation of enzyme activity.
Thereby, the development of a strategy to regulate the poly-
merase activity in a programmable, controllable, and flexi-
ble manner is essential for constructing aptamer-based nan-
odevices.

Recently, the triplex structure has drawn broad atten-
tion from researchers and has become a powerful and al-
ternative motif in the design of structure-switching nan-
odevices, which introduces a novel paradigm into DNA
engineering (22-24). Compared with classical double-helix
structures, triplex structures contain C-GeC+ and T-AeT
base pairs, in which Watson—Crick base pairs and Hoog-
steen interactions synergistically regulate binding strength
(22). These triplexes are unique in their pH responsive-
ness, structural tunability, and versatility, which offer elabo-
rate controllability for bonding strength. Meanwhile, triplex
structures can influence biological processes such as gene
translation, DNA transcription, replication, and cleavage
(25,26). Due to the unique characteristic of triplex struc-
tures, they have been reported to have applications in a vari-
ety of DNA-related fields, including gene regulation (25,27),
biosensors (28-31), nano switches (32-37), nanomachines
(38-43), nanostructures (44,45), and target-responsive sys-
tems (32,46-49). Despite these achievements, it is imper-
ative for DNA triple helixes to expand their applications.
Considering the characteristics of the triplex and aptamer, it
is meaningful to combine the triple helical structure with the
aptamer to construct nanodevices in a programmable, con-
trollable, and flexible manner, which will expand the toolbox
of DNA nanotechnology.

Herein, we devised a clamp-like triplex aptamer structure
(CLTAS) to regulate Taq polymerase activity. The CLTAS
combines an aptamer sequence that recognizes the poly-
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merase and the triplex-forming recognition component into
an open clamp structure. Upon binding to a sequence-
specific DNA target through Watson—Crick and Hoog-
steen base pairings, the formation of the triplex structure
changes the CLTAS from an open state to a closed state. The
closed CLTAS has an inhibitory capability against poly-
merase. Using this strategy, Taq polymerase activity can
be modulated by reconfiguring the triplex structure. As a
demonstration of the strategy, DNA strand displacement
and nicking-enzyme digestion were employed to change the
conformation of the CLTAS and regulate Taq polymerase
activity. In addition, the extra Hoogsteen base pairs in the
CLTAS provide improved affinity and specificity which can
be used to identify the single-base mismatch in the target
strand.

MATERIALS AND METHODS
Material

All DNA strands were ordered from Sangon Biotech Co.,
Ltd (Shanghai, China). Unmodified DNA strands were pu-
rified by polyacrylamide gel electrophoresis (PAGE), and
modified DNA strands with fluorophore and quencher
were purified by high-performance liquid chromatography
(HPLC). DNA oligonucleotides were dissolved in water as
the stock solution and quantified using Nanodrop 2000,
and absorption intensities were recorded at A = 260 nm. Se-
quences of all oligonucleotides are listed in Supplementary
Table S1. Thermus aquaticus DNA polymerase (Taq DNA
polymerase) was purchased from Takara (Takara Biomed-
ical Technology (Beijing) Co., Ltd). Nt. BsmAI, T7 RNA
polymerase, dNTP, and rNTP were ordered from New Eng-
land Biolabs. All other chemicals were of analytical grade
and used without further purification.

DNA complexes preparation

The corresponding single strands were mixed in 0.6x RNA
Pol reaction buffer (24 mM Tris—HCI, 3.6 mM MgCl,, 0.6
mM DTT, 1.2 mM spermidine, pH 7.9) and annealed in a
polymerase chain reaction (PCR) thermal cycler at the reac-
tion condition of decreasing 85°C to 25°C at a rate of —4°C
every five minutes and finally kept at 25°C.

DNA polymerase extension and RNA polymerase transcrip-
tional reaction

The reaction mixtures were prepared as part A and part B
separately. Part A (total volume of 12.5 pl), including ap-
tamer structure, 50 U/ml Taq DNA polymerase, 0.5 mM
dNTPs, 0.6x RNA Pol reaction buffer incubated at 25°C
for 30 min. Part B (total volume of 12.5 1) was composed of
0.6x RNA Pol reaction buffer,4 U/l T7 RNA Polymerase,
3mM rNTP, 40 nM template and 800 nM (1600 nM for gel)
reporter probe. Parts A and B were mixed and incubated for
gel analysis or put into real-time fluorescence PCR for mea-
suring fluorescence signal. Here, the assessment of the activ-
ity of Taq polymerase was conducted at room temperature,
where we use 25°C rather than usual elevated temperatures
for thermal cycling.

The disassembly of the CLTAS by enzymatic nicking diges-
tion

The triplex aptamer structure incubated with Nt.BsmAlI in
0.6x RNA Pol reaction buffer at 37°C for 4 h. Then, the
digested product was heated at 80°C for 20 min to deactivate
the enzyme. Finally, the product was cooled down to 25°C.

Fluorescent experiments

All experiments were performed in 0.6x RNA Pol reaction
buffer using real-time fluorescence PCR (Applied Biosys-
tems, Stepone+). In a typical reaction, the total volume of
the solution was 25 pl. The FAM fluorescence was moni-
tored at 2 min intervals. Here, fluorescence data were nor-
malized in the range between 0 and 1. The fluorescence re-
sults were obtained by the average values from at least three
times repeat experimental results. Unless specifically men-
tioned, all the experiments were conducted at 25°C.

PAGE experiments

The samples were mixed with 36% glycerin solution and
subjected to electrophoresis analysis on a 12% polyacry-
lamide gel. The analysis was carried out in 1x TAE buffer
(40 mM Tris, 20 mM acetic acid, 2 mM EDTA, pH 8.0) sup-
plemented with 12.5 mM MgCl, at 90 V for 1-2 h at 4°C.
After Stains-All (Sigma-Aldrich) or EB (Sangon Biotech)
staining, Gels were imaged using scanner or Gel imager
(Bio-Rad).

RESULTS AND DISCUSSION

CLTAS mechanism underlying the regulation of DNA poly-
merase activity

To regulate the activity of Taq polymerase, a strategy based
on CLTAS was proposed. The design details of the CLTAS
(strand A) are displayed (Figure 1A). It contains three seg-
ments: one segment (black hairpin) consists of the con-
served sequence of the aptamer which inhibits Taq poly-
merase activity, and the other two flanking arms (green) are
homopyrimidine (TC-rich) sequences separated by the ap-
tamer sequence. The CLTAS acts like an open clamp that
cannot bind with Taq polymerase due to the lack of a sta-
ble hairpin structure. When the strand Target, the sequences
of which are homopurine (AG-rich), is introduced, it binds
with the two arms of the CLTAS via Watson—Crick and
Hoogsteen base pairings to form a triplex structure, which
converts the conformation of the clamp structure from an
open state to a closed state. This structural alteration pro-
vides the clamp structure with the indispensable hairpin
structure for the aptamer. This closed clamp structure binds
with Taq polymerase and inhibits its activity. Here, the
strand Target has an overhang (red) at the 5’ end for the
subsequent strand displacement reaction. Furthermore, to
confirm that the suppression of Taq polymerase genuinely
results from the triplex structure of the closed CLTAS, we
designed duplex-only control aptamer structures, ACI or
AC2, containing one arm with a sequence (green) that was
identical to the one in the CLTAS and the other arm with a
random sequence (grey) that could not form a triplex.
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Figure 1. (A) Schematic illustration of the CLTAS used to inhibit the activity of Taq polymerase. (B) Schematic illustration of the signal transduction
unit (STU) that monitors the activity of Taq polymerase via an RNA transcription reaction and a strand displacement reaction. (C) Native PAGE (12%)
analysis of the inhibitory effect of the CLTAS and the Watson-Crick only aptamers through the STU under white light after staining (left) and UV light
without staining (right). (D) Results of the fluorescence assay. Triplex consists of a sample containing DNA polymerase and A /Target. Control1(2) contains
DNA polymerase and a Watson-Crick only aptamer whose random sequence is located on its two different arms. Controll corresponds to AC2/EC2 and
Control2 AC1/Target. Positive control (PC) contains DNA polymerase. Negative control (NC) does not contain DNA polymerase. [Taq] = 25 U/ml,

[A/Target] ([controll(2)]) = 50 nM.

In order to characterize the effect of CLTAS, a signal
transduction unit (STU) was designed to convert changes
in enzyme activity into RNA transcription events, and then
into measurable fluorescent signals (Figure 1B). Briefly, the
STU records Taq polymerase activity through a change in
the fluorescence signal caused by three reactions, including
the primer extension reaction, the RNA transcription reac-
tion, and the displacement reaction. Specifically, the STU is
composed of a template (T/B) with an incomplete T7 RNA
polymerase promoter sequence and a fluorescent probe
F/Q (Supplementary Figure S1). In the active state, DNA
polymerase triggers the 5'-3" extension of T/B and com-
pletes the promoter sequence, thus initiating RNA tran-
scription. The transcribed RNA displaces Q from F/Q and
generates an increasing fluorescence signal. By contrast, in
the inhibited inactive state, the complex T/B cannot serve
as the substrate for RNA transcription, thereby preventing
enhancement of the fluorescence signal. The introduction of
the STU indicates that the CLTAS-based regulation of poly-
merase activity could be integrated with other nano-systems
such as RNA transcription circuits. Moreover, it also sug-
gests that using DNA polymerase as a bridge, the state of
in vitro transcription (OFF/ON) could be controlled indi-
rectly by the conformational changes of the triplex struc-
ture.

Before verifying the feasibility of the CLTAS mechanism
of regulating the polymerase activity, the formation of dif-

ferent aptamer structures including the CLTAS (with two
‘C’ bases in the 12-pair arm stem) and the control struc-
tures was examined (Supplementary Figures S2 and S3).
The inhibitory effect of these structures towards DNA poly-
merase was investigated using native PAGE. Introduction
of the closed CLTAS (A/Target; left lane 3), did not result
in an obvious change in band migration compared to that
of the F/Q duplex alone, indicating that Taq polymerase
was in a suppressed state and could not initiate the RNA
transcription reaction (Figure 1C). In sharp contrast, when
either controll or control2 was present (left lanes 4 and
5), the F/Q band completely disappeared. Accordingly, a
new slower-mobility band corresponding to Q/RNA ap-
peared, suggesting that Taq polymerase had not been in-
hibited and RNA transcription reaction had occurred. In
addition, the fact that the bands in lanes 4 and 5 displayed
identical migration with the positive control in lane 6 proved
that the duplex-only controll and control2 could not inhibit
Taq polymerase activity. To further corroborate the reac-
tion, a FAM-labeled F and a quencher-labelled Q were em-
ployed in the gel assay. As expected, in the presence of the
triplex structure A/Target (right lane 3), the fluorescence
band F was not observed, while upon the addition of con-
troll or control2, the fluorescence band F appeared clearly,
thus confirming that only the closed clamp formed by the
triplex aptamer structure could inhibit Taq polymerase. The
mechanism of the CLTAS was also monitored using a real-
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time fluorescence assay (Figure 1D). When the triplex ap-
tamer structure was introduced, no distinct increase in flu-
orescence was observed, demonstrating that no significant
difference occurred with the negative control, whereas, the
sample treated with the control structures produced an in-
tense fluorescence signal whose intensity was nearly the
same as that of the positive control. Considered together,
these results confirmed the feasibility of the CLTAS.

Parameter analysis of the CLTAS

The inhibitory effect of the CLTAS relies on the stability
of the triple-helix aptamer structure. Besides pH, GC con-
tent and arm length are also important for the stability of
the triplex structure. Considering the near neutral pH con-
ditions required for the DNA polymerase reaction, we ad-
justed the two parameters, GC content and arm length, in
order to inhibit Taq polymerase under fixed pH conditions.

It is known that the triplex C—G-C+ is sensitive to pH
and stabilized under acidic conditions, while T—A-T is not
sensitive to pH and is relatively stable under neutral condi-
tions (33). In order to study the impact of base composition
on inhibitory capability, we designed a series of CLTASs
with a fixed arm length of 12 and different GC contents,
which possessed 5, 4, 3 and 2 ‘C’ bases, respectively and
are referred to as C5, C4, C3 and C2 (Figure 2A). Stability
of the above aptamer structures was analyzed using PAGE
(Supplementary Figure S4). According to the experimen-
tal results, lower GC content was conducive to the forma-
tion of the triple helix structure. Thus, C3 and C2 had a
higher yield than C5 and C4 under experimental conditions.
Since the GC content affected the stability of the triple he-
lix structure, it would also influence the inhibition ability of
the CLTAS. As expected, F/Q was consumed upon the ad-
dition of C5 and C4 to Taq polymerase (Figure 2B; lanes 2
and 3), followed by the generation of Q/RNA and release of
strand F, indicating that unstable C5 and C4 could not in-
hibit the polymerase. In the presence of C3 (Figure 2B; lane
4), a small amount of F/Q remained unchanged while a ma-
jority of F was released, suggesting that as GC content de-
creased the CLTAS was able to bind a small amount of Taq
polymerase. However, when C2 was added (lane 5), the F/Q
band did not change and F was not observed, which was at-
tributable to Taq polymerase being completely inhibited by
stable C2. Gel results indicated that relatively high GC con-
tent led to poor inhibition ability. A real-time fluorescence
assay was performed to verify whether the inhibition effect
could be induced by CLTASs with different sequences (Fig-
ure 2C). The fluorescence intensity of C5 and C4 gradually
increased with a faster rate than C3 which lagged for some
time. In contrast, C2 led to a significantly reduced fluores-
cence signal, suggesting its excellent inhibition capability.
Therefore, 2 ‘C’ bases were selected for the CLTAS, in sub-
sequent experiments.

In order to examine the effect of arm length on the in-
hibitory capability of the CLTAS, five aptamer structures
containing two ‘C’ bases and different arm lengths from
8 to 12, referred to as L8, L9, L10, L11 and L12, respec-
tively, were prepared (Figure 3A). After verifying assembly
(Supplementary Figure S5 and S18), the inhibitory effect
of different arm length toward DNA polymerase was first

confirmed using native PAGE (Figure 3B). The gel results
showed that L8, L9 and L10 could not inhibit the poly-
merase and that L11 had a weak capability, while L12 was
able to fully bind with the polymerase and inhibit its activ-
ity. It was also observed that the fluorescence results in Fig-
ure 3C were consistent with those of the gel results. Thus,
the CLTAS with two pairs of C—G-C+ and an arm length
of 12 could achieve Taq enzyme inhibition under our ex-
perimental conditions. A possible reason for the poor in-
hibition effect of L8-L11 may be that the length of the
CLTAS was too short to bind firmly to Taq enzymes. In ad-
dition, the CLTAS containing 0 or 1 ‘C’ with an arm length
of 10 or 11 bp was also examined (Supplementary Figure
S6). The experimental results indicated that even without
‘C’ base, the CLTAS having a length smaller than 12 could
not inhibit polymerase activity. Moreover, when the arm
length was prolonged with a fixed GC content (three C—
G-C+ base pairings), the CLTAS had a better inhibitory
capacity than the one whose arm length was 12 (Supple-
mentary Figure S7).This indicated that, under conditions
of a fixed GC content, the inhibitory capacity of the ap-
tamer may be enhanced by extending the arm length of
the CLTAS. Thereby, the inhibition capacity of the CLTAS
could be dynamically regulated by tuning GC content and
arm length of the triple-helix. Such programmability con-
stitutes an important advantage displayed by CLTAS over
other non-triple helix structures. As a biosensing applica-
tion of the CLTAS, a DNA detecting network that can rec-
ognize the BRCA1 gene fragment was constructed (Supple-
mentary Figure S15).

Conformation of the CLTAS also affected its repression
effect on DNA polymerase. The CLTASs with an overhang
on different terminals of the strand Target were explored. It
was found that the CLTAS with a 5’ overhang was able to
inhibit DNA polymerase, while the one with a 3’ overhang
could not (Supplementary Figure S8). A possible reason for
this may be that the overhang of the latter was near to the
conserved sequence-formed loop, which was not conducive
to binding between the polymerase and the aptamer struc-
ture.

Based on these experimental results, an arm length of 12
in combination with two C—G-C+ base pairs and a strand
Target with an overhang far from the loop, was chosen as
the CLTAS for the experiments that followed.

In order to fine tune the regulation of polymerase activity,
various concentrations of the strand Target (5, 10, 20, 30,
40, 50 nM) were assessed by monitoring changes in the fluo-
rescence signal. The final fluorescence intensity increased as
Target concentrations decreased from 40 to 5 nM, thereby
substantiating the finding that higher Target concentrations
enhanced the inhibition of Taq polymerase, which resulted
in less fluorescent strand F being released (Figure 4). When
the Target concentration was 50 nM, fluorescence inten-
sity remained almost unchanged, indicating that Taq poly-
merase was fully inhibited. Thus, 50 nM CLTAS was em-
ployed to suppress 25 U/ml Taq polymerase in subsequent
experiments.

To compare the inhibition effect of the CLTAS and the
duplex aptamer structures (14), a control experiment was
performed. The triplex aptamer structure, A/Target, and
the duplex aptamer structure, D/Target were prepared (Fig-
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Figure 2. (A) CLTAS with different GC contents in the arm. Ci (i = 5, 4, 3, 2) represents the assembled structure, where number of ‘C’ bases in the arm
sequence is 7, respectively. (B) Native PAGE (12%) analysis of the inhibitory effect of Ci under white light after staining (top) and UV light without staining
(bottom). (C) Results of the fluorescence assay. Ci is a sample consisting of DNA polymerase and corresponding complexes, respectively. [Taq] = 25 U/ml,

[Ci] = 50 nM.

1 L10
TCTTTT TTETTTTETTTT
AGAAA AAGAAAAGAA.
S80S s ce s e
TETTTT TTCTTTTCTTTT

L9 L8
TTTTCTTTC TTCTTCTT
111111111 | D O O A B |

( AAAAGAAAG~<( AAGAAGAA -
0000 0000 o0 0000 00
TTTTCTTTC TTCTTCTT
b —QRNA C
—FQ 1.0- m
—F 0.84{——1L9
o
——L10
306
o —L11
g 041——1L12

0.2{—FPC

M 40 80 120
signal Time (min)

UV light
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Native PAGE (12%) analysis of the inhibitory effect of Li under white light after staining (top) and UV light without staining (bottom). (C) Results of the
fluorescence assay. Li is a sample consisting of DNA polymerase and corresponding complexes, respectively. [Taq] = 25 U/ml, [Li] = 50 nM.

ure 5A). They contained the same conserved aptamer se-
quence (black), where the former had two arms (green)
while the latter had only one. The fluorescent signal corre-
sponding to the duplex (red curve) began to increase while
that of the triplex (black curve) remained unchanged dur-
ing the reaction (Figure 5B). According to these results, the
triplex aptamer had a stronger inhibition effect than that of
the duplex. The reason for this may be that the extra Hoog-
steen base pairings of the triplex accounted for a more stable
structure than the duplex.

Distinguishing single-base mismatches based on CLTAS

The CLTAS recognizes its target through Watson-Crick and
Hoogsteen base pairings, which provides an enhanced affin-
ity and greater discrimination efficiency. To verify its dis-
crimination capability, the CLTAS was employed to detect
a single-base mismatch. A series of strands with one mis-
match at different positions, M3, M4, M5, M8 and M10,
were designed (Figure 6A). The mismatched targets had the
same sequence as that of the fully matched target except for
a mutated base in the corresponding position (e.g. some ‘A’
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Figure 5. (A) Schematic diagram of the CLTAS and the double-helix
aptamer structure. (B) Time-dependent fluorescence intensity analysis
of triplex-induced and duplex-induced suppression of DNA polymerase
through the STU. [Taq] = 25 U/ml, [A/Target] ([D/Target]) = 50 nM.

or ‘G’ base was substituted with a ‘C’ base). Formation of
the aptamer structures with a mismatch was analysed first
(Supplementary Figure S9). Next, a fluorescence assay was
conducted in order to detect differences between the fully
matched target and strands with a single-base mismatch.
The mismatched samples produced strong fluorescent sig-
nals while the perfectly matched sample generated a signifi-
cantly low fluorescent signal (Figure 6B). PAGE results fur-
ther corroborated the above conclusion. Similar to th e pos-
itive control, the disappearance of the F/Q band accom-
panied by the appearance of the Q/RNA band and F in
lane 5, 6, 7, 8, 9, indicated that an aptamer structure with a
mismatch was unable to inhibit the DNA polymerase (Fig-
ure 6C). By contrast, the intact F/Q in lane 3 suggested
that the perfectly matched target had a strong inhibitory
effect. In addition to the mismatched strands shown (Fig-
ure 6A), other mismatched strands at other positions adja-
cent to the ends were also examined (Supplementary Fig-
ures S10 and S11), suggesting that the CLTAS could distin-
guish single-base mismatches at different positions. Thus,
the CLTAS demonstrated excellent ability to distinguish
single-base mismatches.

Activation of the DNA polymerase by displacement reaction
based on CLTAS

Inhibition of Taq polymerase by the CLTAS depends on
the conformation of the triplex structure. Thus, regulation

could be further implemented by reconfiguring the triplex
aptamer via auxiliary triggers, such as DNA strands, RNA
strands or enzymes. DNA strand displacement is an effec-
tive means to achieve conformational changes due to its ro-
bust and modular properties. Here, strand displacement re-
action was employed to disrupt the triplex structure. Ini-
tially, the DNA polymerase was captured by the CLTAS in
the suppressed inactive state (Figure 7A). Introduction of
the complementary strand C displaced the Target and facil-
itated their hybridization to form a duplex. Therefore, dis-
assembly of the triplex structure resulted in the release of
Taq polymerase.

We first explored the feasibility of strand displacement
based on the triplex structure. It was observed that the
displacement occurred under our experimental conditions
(Supplementary Figure S12). Then, activation of Taq poly-
merase using the strand displacement reaction was mea-
sured using a fluorescence assay and PAGE. Fluorescence
intensity increased upon the addition of strand C (red curve;
Figure 7B), indicating the disassembly of CLTAS. It was
noteworthy that there was a lag in the increase of the flu-
orescence signal relative to that of the positive control. This
could be attributed to the displacement reaction which takes
some time. By contrast, the fluorescence signal remained
unchanged in the absence of C (black curve; Figure 7B) dur-
ing the reaction, suggesting that the triplex structure was
intact. Gel electrophoresis further confirmed the switching
of the polymerase. In the absence of strand C, the F band
did not appear (Figure 7C; lane 2). Conversely, F/Q dis-
appeared and F appeared upon the addition of strand C
(Figure 7C; lane 3). These results demonstrated that sim-
ilar to the duplex aptamer structure, the triplex structure
could also tune the activity of Taq polymerase via the strand
displacement reaction. Besides, NOT and YES logic cir-
cuits that could recognize the DNA strand were constructed
based on the above reaction (Supplementary Figures S16
and S17).

Activation of the DNA polymerase by enzymatic nicking di-
gestion based on CLTAS

Apart from the displacement reaction, digestion by the
nicking enzyme also achieved disassembly of the duplex
structure. We surmised that this strategy could be applied
to the triplex aptamer structure by incorporating the recog-
nition sequence of the nicking enzyme into the triplex arm.
Here, Nt.BsmAI was employed to disrupt the triplex struc-
ture. The conserved sequence, 5'-GTCTCNN-3' (N being
a variable nucleotide), of Nt.BsmAI was inserted into one
arm of AN and the bases of "'NN’ was replaced by "TT’ (Fig-
ure 8A). There was a six-base overlap between the triplex
and the enzyme recognition site. In this manner, not only
the requirement of the formation of the triplex structure but
also the recognition site of the nicking enzyme was satisfied.
Due to the action of Nt.BsmAI, one triplex arm was cleaved
and the triplex structure became unstable. This, in turn, led
to the release of strand EN from the unstable complex and
resulted in the disassembly of the triplex structure. There-
fore, Taq polymerase was released and activated.

In order to achieve enzymatic digestion-induced activa-
tion of DNA polymerase, two control experiments were
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Figure 6. (A) DNA sequence of fully matched Target and the strand with a single-base mismatch. (B) Fluorescence analysis of the inhibitory effect of the
CLTAS with a fully matched Target or a single-base mismatch strand. (C) Native PAGE (12%) analysis under white light after staining (top) and UV light
without staining (bottom). A/Target or A/Mi (i = 3, 4, 5, 8, 10) is a sample consisting of DNA polymerase and corresponding complexes, respectively.

[Taq] = 25 U/ml, [A/Target] ((A/Mi]) = 50 nM.
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Figure 7. (A) Schematic of polymerase release from triplex-forming ap-
tamer via strand displacement reaction. (B) Fluorescence results of
displacement-induced activation of DNA polymerase. (C) Native PAGE
(12%) results under white light after staining (top) and UV light without
staining (bottom). A/Target, A/Target + C are samples without or with
complementary strand C in the presence of DNA polymerase. Positive
control (PC) is a sample containing DNA polymerase. [Taq] = 25 U/ml,
[A/Target] = 50 nM, [C] = 50 nM.

performed to test the feasibility of the design: one ver-
ified whether the designed CLTAS preserved an affinity
towards Taq polymerase, and the other verified whether
the designed CLTAS could be digested by Nt.BsmAI. We
confirmed that the designed CLTAS was able to inhibit
the DNA polymerase (Supplementary Figure S13). Besides,

we also designed a control structure, ANC/EN, that con-
tained only a double helix structure, to confirm that the in-
hibitory effect was indeed caused by the triple-helix aptamer
structure (Supplementary Figure S13). Previous studies had
shown that triplex formation would effectively inhibit spe-
cific protein—-DNA interactions and thus suppress the enzy-
matic digestion and modification (26). Thereby, we verified
whether the designed CLTAS could be cleaved under the
action of Nt.BsmAI. As opposed to previous studies, the
aptamer structure in our design was cleaved by the nicking
enzyme and the digestion also worked well in a polymerase
reaction buffer (Supplementary Figure S14). The successful
operation of the nicking enzyme may be attributed to the
following two reasons. One possible reason might be that
Nt.BsmAI belongs to a type of endonuclease that cleaves
only one DNA strand of the substrate, while those enzymes
inhibited by triplex structures, such as EcoRI (26) are re-
striction endonucleases that cleave both the two strands of
the substrate. The other possible reason might be that the
CLTAS had a hairpin structure different from those linear
triplex structures.

A fluorescence experiment and gel electrophoresis were
performed to explore Taq polymerase activation by the
nicking enzyme. The CLTAS treated with Nt.BsmAI gave
rise to an intense fluorescence signal which was comparable
to that of the positive control, while fluorescence inte nsity
remained unchanged in the absence of the nicking enzyme
(Figure 8B), indicating that the nicking enzyme had acti-
vated DNA polymerase. Furthermore, the gel results also
confirmed the effectiveness of the nicking enzyme-induced
switching of DNA polymerase activity (Figure 8C). In ad-
dition, a YES logic circuit that could recognize the nicking
enzyme was established based on the above reaction (Sup-
plementary Figure S17).

In general, similar to the double-helix aptamer struc-
ture, the triple-helix structure could also activate Taq poly-
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Figure 8. (A) Schematic showing release of polymerase from the triplex-forming aptamer via enzymatic nicking digestion. (B) Fluorescence results of the
digestion-induced activation of DNA polymerase. (C) Native PAGE (12%) results under white light after staining (top) and UV light without staining
(bottom). AN/EN, AN/EN + e are samples without or with nicking enzyme in the presence of DNA polymerase. [Taq] = 25 U/ml, [AN/EN] = 50 nM,

[Nt.BsmAI] = 0.1 U/pl.

merase when the appropriate nicking enzyme was selected
to change the conformation.

CONCLUSIONS

In our study, a triplex-based approach was presented to
regulate the activity of DNA polymerase. This strategy in-
corporates the aptamer sequence into a clamp-like triplex
structure. In order to achieve good inhibition capability,
CLTASs with different arm lengths and base compositions
were explored. The CLTAS recognized its target through
the interaction of Watson—Crick and Hoogsteen, which
provided enhanced affinity and greater discrimination effi-
ciency. To demonstrate this process, we utilized the CLTAS
to identify a single-base mismatch in the target strand. Al-
though the conformation of the CLTAS is different from
that of duplex structures, it can be altered by applying a
similar operation to the double helix structure. In order to
demonstrate this, allostery of the CLTAS, which was real-
ized by a strand displacement reaction and nicking enzyme
digestion, was employed to regulate the activity of Taq poly-
merase.

Until now, the triplex structure has been used to function
as aptasensors. However, the design in our strategy is com-
pletely distinct from those aptasensors that are based on the
triple helix molecular switch, which detects target molecules
by releasing the aptamer, thereby causing a conformational
change (24). The triple helical structure here serves as a part
of the aptamer structure. Our design is also different from
those aptasensors that employs triple helical structures to
fix the aptamer to improve its structural stability (50), be-
cause the triple helical structure (50) is used only as an auxil-
iary element of the aptamer structure. Moreover, there have

been efforts to regulate the activity of polymerases and ri-
bozymes (51,52) via the triplex clamp. However, the reg-
ulatory mechanism of polymerase activity (51,52) is dis-
tinct from ours, the former achieves the inhibition by block-
ing protein—-DNA interactions through the triplex structure,
while our strategy is realized by facilitating the binding of
polymerase with the triplex structure. Compared with the
method using acyclic (L)-threoninol nucleic acid (aTNA)
and the artificial nucleic acids (51), the sequence of CLTAS
is free of artificial nucleic acids, which makes the synthesis of
the sequence convenient. Moreover, these two approaches
could couple well to set up more complex control systems
such as AND logic by recovering polymerase activity with
the proposed approach and obtaining available substrates
with the method (51).

In summary, the proposed strategy in our work, which
combines the advantages of both aptamer and triplex struc-
tures, exhibits excellent specificity and discrimination effi-
ciency resulting in an ability to distinguish single-base mis-
matches. On one hand, the CLTAS demonstrates a stronger
inhibition ability than that of its corresponding duplex due
to its high affinity. On the other hand, the inhibitory ca-
pability of the CLTAS can be adjusted by altering the rela-
tive content of T-A-T/C—G-C+ triplets, by varying the arm
length or by incorporating a triplex intercalator (31). Thus,
it provides a flexible, programmable, and controllable way
to regulate the activity of DNA polymerase. In addition,
the CLTAS could be used in conjunction with other poly-
merases provided they have stem—loop aptamers amenable
to triplex-mediated switching, thus broadening the utility
of the method. As demonstrated in supplementary infor-
mation S7, the CLTAS strategy expands the toolbox of
DNA nanotechnology and shows potential in the areas



of biosensing, biocomputing and programmable nanoma-
chines.
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