Open Access Article. Published on 28 March 2023. Downloaded on 12/6/2025 9:08:42 AM.

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

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2023, 13, 9864

Received 25th January 2023
Accepted 16th March 2023

DOI: 10.1039/d3ra00536d

Reconfigurable DNA triplex structure for pH
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The DNA triplex is a special DNA structure often used as a logic gate substrate due to its high stability,
programmability, and pH responsiveness. However, multiple triplex structures with different C—G-C*
proportions must be introduced into existing triplex logic gates due to the numerous logic calculations
involved. This requirement complicates circuit design and results in many reaction by-products, greatly
restricting the construction of large-scale logic circuits. Thus, we designed a new reconfigurable DNA
triplex structure (RDTS) and constructed the pH-responsive logic gates through its conformational
change that uses two types of logic calculations, '"AND" and ‘OR’. The use of these logic calculations
necessitates fewer substrates, further enhancing the extensibility of the logic circuit. This result is
expected to promote the development of the triplex in molecular computing and facilitate the
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1 Introduction

In recent years, DNA nanotechnology' has developed rapidly
and become the most dynamic frontier discipline in molecular
biology. It has been widely used in fields of DNA computing,>™*
nanomachines,”” biosensing®® and so on. Among them, DNA
computing is a new computing model based on the principle of
biochemical reaction, which has the characteristics of high
parallelism, mass storage capacity, and extremely low energy
consumption etc. It shows great advantages in optimizing
storage methods'*™* and solving non-traditional computing
problems.”** The DNA logic gate, which has functions like
logical analysis, judgment and multi-input recognition, is
regarded as the basis of DNA computing.'*** It has shown great
potential practicability in the fields of analytical detection and
disease diagnosis."*** The existing logic gates usually use DNA
duplex as the substrate and DNA strand displacement as the
tool,**** combine with materials like proteins,”** small mole-
cules,”* jions*-** and so on to build logic circuits with logic
calculations and signal amplification functions, and then
promote the completion of large-scale computing networks.****
Among them, it is worth noting that DNA strand displacement
is an important brick for the construction of logic gates. DNA
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completion of large-scale computing networks.

strand displacement is a kind of molecular dynamics process
which indicates the hybridized DNA duplex is replaced by
another DNA strand through partial or complete base pairing.

In addition, special DNA structures such as G-quad-
ruplexes,®>*¢ i-motif*** and triplex**** can also be used as
substrates of logic gates. Among them, DNA triplex is a structure
formed through the connection between the Hoogsteen inter-
actions and a cytosine-rich triplex forming oligonucleotide
(TFO) on the basis of DNA duplex.** In the nearly acidic case,
triplex forms C—G-C' hydrogen bond through cytosine
protonation. Due to the strong dependence of the hydrogen
bond on H' in the solution, the triplex has unique pH respon-
siveness. pH has a significant impact on life activities, and the
change of H' concentration is an important reference index for
pathological monitoring and environmental detection.*>*
Therefore, it is significant to construct molecular devices such
as logic circuits,***® biosensors*** and nanoswitches**>* that
can rapidly respond to pH changes.

Above all, researchers have constructed a variety of different
C—G—C" triplex structures based on the pH responsiveness of
the triplex. It was combined with programmable activated
toehold® to construct the detachable logic circuit for self-
assembly of spherical nucleic acids, with optochemical mate-
rials® to construct the switching circuit for logic calculation and
probability calculation and with micro-gels® to complete the
multi-mode chemical reaction circuit for controlling the
swelling of soft matter. These logic circuits improve the
response ability to external pH changes and expand the appli-
cability of the circuit by using the triplex structure. However, in
order to complete diverse logical calculations, a great deal of
different C—G—C" ratio of triplex structures usually need to be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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introduced, which increases the difficulty of circuit design. And
due to the high similarity of the triplex sequence in the reac-
tions, it is easy to produce many kinds of by-products. These
problems make the construction of large-scale logic circuit faces
great challenges.>**’

Therefore, we design a new reconfigurable DNA triplex
structure (RDTS), which uses pH to control conformational
change and complete two logic gates named as ‘AND’ and ‘OR’.
Firstly, we verified the sequence specificity and pH responsive-
ness of triplex. It is proved that triplex can quickly respond to
external pH changes. Secondly, we constructed a reconfigurable
triplex structure in which cytosine protonated and TFO adhered
closely to it under acid condition. Cytosine deprotonation and
TFO separation in the structure were performed under alkaline
conditions, and RDTS formation was confirmed by a step-by-
step assembly. Finally, we construct a pH responsive logic
gate based on RDTS. A stable triplex structure is formed which
appears as ‘AND’ gate at pH 5 and triplex can change its
conformation and perform as ‘OR’ gate at pH 8. The triplex
structure we designed has the characteristics of reconfigur-
ability, high stability and programmability, and the logic gates
based on it can produce different logical operations under two
kinds of pH. The logic gates can use fewer substrates to
complete two kinds of logic calculations which increases the
extensibility and flexibility of the logic circuit. It is expected to
build large-scale logic circuits responding to different pH
ranges and provide more ideas for promoting the research of
DNA triplex in the fields of DNA computing and biosensing.

2 Experimental section
2.1 Materials

All DNA sequences were purchased from Sangon Biotech
(Shanghai) Co, Ltd. The unmodified DNA strand was purified by
PAGE, and the DNA strand modified by fluorescence group
(Cy5) and quenched group (BHQ-2) was purified by HPLC.
Dissolve all DNA strands in ultra-pure water as a reserve solu-
tion. Nanodrop 2000 spectrophotometer (Thermo Fisher
Scientific Inc, Waltham, MA, USA) was used for quantification,
and the absorption intensity was measured at A = 260 nm.
Other chemicals are analytically grade and do not require
further purification for use.

2.2 Annealing

All DNA structures were dispersed in a 20 uL 1x TAE/Mg>*
buffer (pH 5, 12.5 mM Mg>") at a 1: 1 molar ratio under acidic
conditions. Under alkaline conditions, they were also dispersed
in 20 uL 1x TAE/Mg>" buffer (pH 8, 12.5 mM Mg?*) at 1 : 1 molar
ratio. These structures were annealed by polymerase chain
reaction (PCR) thermal cycling machine (95 °C for 5 min; 65 °C
for 30 min; 50 °C for 30 min; 37 °C for 30 min; 25 °C for 30 min).
During pH adjustment, the buffer was adjusted to pH 5 using
acetic acid and to pH 8 using NaOH.

In the reconfigurable DNA triplex structure assembly
module, after annealing the RDTS, the input and substrate were
mixed at a molar ratio of 2: 1 and reacted at room temperature
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for 30 min. In the pH responsive logic gates module, after
annealing of state 1 or state 2, the input (IN1, IN2) and the
substrate were mixed at a molar ratio of 1.2 : 1 under both acid-
base conditions, and the reaction was carried out at room
temperature for 30 min.

2.3 Native PAGE characterization

DNA strands (3 uM) were dispersed in 20 uL 1x TAE/Mg>" buffer
(pH 5, 12.5 mM Mg”*) at a 1: 1 molar ratio and mixed with 50%
glycerol under acidic conditions. The samples run on 12%
PAGE at a constant voltage of 95 V for 240 min at 4 °C. DNA
strands (1.5 pM) were dispersed in 20 pL 1x TAE/Mg>" buffer
(pH 8, 12.5 mM Mg>") at 1:1 molar ratio and mixed with 50%
glycerol under alkaline conditions. The samples run on 12%
PAGE at a constant voltage of 85 V for 210 min at 25 °C. After the
polyacrylamide gel electrophoresis was completed, the gel was
placed in stains-all staining solution for 1 hour for staining.
After fading by light, Canon scanner was used to image the gel.

It's worth noting that the native PAGE run at 4 °C for acidic
conditions and 25 °C for alkaline conditions. The DNA triplex is
stable under acidic conditions. And the electrophoresis appa-
ratus generates extra heat during polyacrylamide gel electro-
phoresis. These heat causes the temperature of the
electrophoretic solution to rise, and higher temperature will
greatly affect the stability of the triplex, which can affect our
PAGE analysis results under acidic conditions.?® Therefore, we
can resist the heat from the electrophoresis apparatus by
adjusting the reaction temperature to 4 °C and make the PAGE
analysis results under acidic conditions more worthy of anal-
ysis. But the heat generated by the machine has little effect the
stability of the DNA duplex and strands under alkaline condi-
tions. The experimental temperature can be set to 25 °C under
alkaline conditions.

2.4 Fluorescence kinetic measurements and normalization
method

Fluorescence kinetic measurements were performed using
TECAN Spark 10 M Multifunctional microplate detector. In both
acidic and alkaline conditions, 0.1 uM DNA strands were
dispersed into 50 uL 1x TAE/Mg>" buffer (pH 5, 12.5 mM Mg>")
or 50 uL 1x TAE/Mg>" buffer (pH 8, 12.5 mM Mg*) ata 1:1
molar ratio, respectively. In corresponding fitted pH-dependent
curve, 0.3 tM DNA strands were used. All reactions were per-
formed at 25 °C. All fluorescence measurements were shown as
mean and standard deviation (n = 3) to ensure the certainty of
reactions.

In the fluorescence normalization method, the minimum
value of the reaction is normalized to 0, and the maximum value
is normalized to 1, which represents the fluorescence curve with
the logic output of 1 (AF/MaxAF). It should be specifically
pointed out that we set the threshold for the pH responsive logic
gate at 0.4. We set the threshold as 0.4, when the logic gate
output whose normalized fluorescence value is lower than 0.4,
its logic output means 0; otherwise, it means 1. To ensure that
the half-completion time of each curve is constant, it is required
to normalize each curve with logic output of 1 separately for the
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OR gate because there are multiple reactions with logic output
of 1. Next, we need to explain how to select the curve as
normalization. The curve of an OR gate that has a logic output
of 0 is considerably different from the curve that has a logic
output value of 1. During the experiment, there was almost no
increase in its fluorescence. So we don't select the curve that has
a logic output of 0 for normalization. We cannot utilize the
curve that has the maximum value of three curves whose logic
output are 1 for normalization. Herein, we select the curve
whose three logic outputs are 1 in OR gate and whose lower
output value for normalization. The curve we chose for
normalization makes a fair comparison between the 1 curve and
the 0 curve.

3 Results and discussion
3.1 Verification of DNA triplex properties

Verifying the sequence specificity of TFO is an important
prerequisite for DNA triplex design. DNA triplex usually consists
of cytosine-rich TFO and a DNA duplex by Hoogsteen interac-
tions (Fig. 1A). And strands of random sequences cannot
interact with duplex (Fig. S1t). Therefore, we need to prove the
sequence specificity. We tested whether strand RL2 (DNA
Control, 39 nt) whose domain c** contains random sequences
and strand L2 (TFO, 39 nt) whose domain c** contains cytosine-
rich sequences could create DNA triplex with DNA duplex.
According to the result of PAGE experiment, under acidic
conditions (Fig. 1B, left), TFO can form DNA triplex (lane 2) with
DNA duplex that parallel to the contrast lane (lane 6). DNA
control and DNA duplex are divided into two clear bands (lane
4) which shows that the strand of random sequence cannot
form the triplex. This property was further verified by fluores-
cence kinetic experiments (Fig. S2f). As a result, we have
confirmed the triplex sequence specificity.
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Fig.1 (A) Scheme of DNA triplex assembly and separation in response
to pH changes. The modified fluorescence groups in the figure are
respectively Cy5 (red), BHQ-2 (black) and quenched Cy5 (gray). (B)
PAGE analysis of DNA triplex at pH 5 (left) and pH 8 (right).
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The verification of the pH responsiveness of triplex is a key
part in the design of triplex structure. The cytosine in the DNA
triplex will be protonated in the near acidic situation, and then
generate the C—G—C" hydrogen bond between the DNA duplex
and the TFO, which is assembled into the DNA triplex, was the
result. So the pH responsiveness of DNA triplex is caused by the
dependence of the C—G—C" structure hydrogen bond on H' in
solution. Therefore, the higher the C—G—C" hydrogen bond
content of triplex, the stronger the dependence of its structure
on H'. In this research, the DNA triplex containing 40%
C—G—C" was used, which formed triplex at pH 5 and dissoci-
ated at pH 8. We verified through PAGE that under pH 5
(Fig. 1B, left), the duplex can be bonded with L2 to form DNA
triplex. However, at pH 8 (Fig. 1B, right), the duplex failed to
form triplex with either L2 (lane 2) or RL2 (lane 4).

In addition, we have demonstrated the pH responsiveness of
the triplex by cyclic pH-jump experiments (Fig. 2A) and corre-
sponding fitted pH-dependent curve (Fig. 2B). In corresponding
pH-dependent curve demonstrated the progressive separation
of DNA triplex can be by gradually increasing the pH value of the
solution. And in cyclic pH-jump experiment, adding 0.88 M
acetic acid to pH 5, and then adding 0.9 M NaOH to pH 8 after
30 min. Five such pH jumps were made (the trend diagram of
triplex with pH in Fig S3+).

The results are in line with expectations. DNA duplex and
TFO can form Hoogsteen hydrogen bonds under acidic condi-
tions and fluorescence and quencher will quickly pull into the
Fluorescence Resonance Energy Transfer (FRET) that leads to
a decline in fluorescence value. DNA triplex is separated and
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Fig. 2 (A) Corresponding fitted pH-dependent curve. The black dots
represent normalized fluorescence measurements at pH, and the red
curve is the fitting curve. (B) Normalized fluorescence kinetic
measurements of DNA triplex cyclic pH-jump experiments. The
experiments were performed at 25 °C.
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FRET cannot be generated at pH 8, so the fluorescence
increases. Finally, we experimentally demonstrated the pH
responsiveness and sequence specificity of DNA triplex and
determined the C—G—C" ratio and pH response range of RDTS
based on these properties.

3.2 Assembly of reconfigurable DNA triplex structures

The assembly of reconfigurable DNA triplex structures are
central to building the pH responsive logic gates. Here, strand O
and DNA triplex were connected by Watson-Crick hydrogen
bond to construct the reconfigurable triplex structure. First, we
designed the assembly method of RDTS under both acidic and
alkaline conditions. Because of strand O's presence, the struc-
ture was relatively stable at both pH values. It was different that
after input (23 nt) is added, cytosine protonation occurs
between strand L2 and duplex under acidic conditions (Fig. 3A),
but strand L2 will not separate from RDTS. In the alkaline case
(Fig. 3B), cytosine in RDTS is deprotonated. Strand L2 cannot be
closely connected to RDTS and forms duplex with strand input,
then RDTS is detached. The RDTS is reconfigurable because its
transformation of conformation after pH changes. We then
verified the assembly of RDTS by polyacrylamide gel at different
pH values. The strand O was added into RDTS respectively at pH
5 (Fig. S41) and pH 8 (Fig. S5T). It can be observed that the
corresponding lanes formed large structures under both
conditions, strand O was successfully attached to DNA triplex.
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Fig. 3 (A and B) Scheme of the RDTS assembled under acidic
condition and alkaline condition. (C and D) Fluorescence kinetics
measurements of RDTS assembled at pH 5 (C) and at pH 8 (D). Strands
L2, O, and input are added at the arrow marks in the figure.
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So the assembly of RDTS was realized. Strand input needs to be
added to verify the assembly of the RDTS.

It can be observed that the corresponding lane had a larger
structure at pH 5, indicating that input combines with RDTS.
There were two lanes observed which were parallel to the two
contrast lanes set, proving that the conformation of the struc-
ture changed at this time and the structure separated when
responding to the same input.

The results were also verified by fluorescence kinetic
measurements. Whether in acidic or alkaline conditions (as
shown in Fig. 3C and D), the fluorescence value decreased after
the addition of L2 to DNA duplex. However, the fluorescence
value fluctuated and recovered immediately at pH 5 after strand
O was added. The fluorescence value will decrease significantly
at pH 8. When strand O was attached to L2 and duplex, it can
pull the distance between them and the fluorescence value will
also decrease. Finally, we added two times the concentration of
strand input in two cases respectively. It can be observed that
RDTS is stable in the acid case and L2 will not break out of the
structure. So the fluorescence value does not change much.
RDTS underwent a conformational transformation under alka-
line conditions, L2 and IN2 formed duplex which fluorescence
value would increase rapidly. The reconfigurable DNA triplex
structure was successfully established in response to pH
changes. This phenomenon also inspired the construction of
the following pH responsive logic gates.

3.3 Construction of pH responsive logic gates

RDTS has stable structure under acid and is not affected by
input. For basic conformational conversion, input can separate
the structure. We designed the pH responsive logic gates that
complete two kinds of logic calculations through one kind of
structure (Fig. 4). First, the structural state of RDTS under acid
and alkaline conditions was set as state 1 and state 2 respec-
tively. After adding strand IN1 in the alkaline case, both cases
will undergo strand displacement reaction with strand O. After
the reaction is completed, IN1 will be attached to strand L1.
However, the difference is that strand O is not completely
separated from state 1 after bonding in acid, the quenching
group is not far away from the two fluorescence groups, so the
fluorescence value in the solution will not change when IN1 is
input alone. But, due to the absence of C—G—C" hydrogen bond
in state 2 under alkaline conditions, once IN1 is fully bonded to
strand L1, strand O and L2 will be detached from state 2,
making fluorescence Cy5 modified on L1 far away from
quenching group BHQ-2 modified on strand O which leads to
the increase of fluorescence value. This change of fluorescence
is also shown on the side of IN2 input alone, after IN2 input, the
fluorescence value remains unchanged in the acid condition.
While in the alkaline condition, L2 will form duplex with IN2
and break away from the original structure, and the fluores-
cence value increases.

However, when IN1 and IN2 are input at the same time in
two cases, both will undergo strand displacement reaction with
strand O which make the strand O originally attached to the
original structure out of state 1 or state 2, the quenching group

RSC Adv, 2023, 13, 9864-9870 | 9867
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Fig.4 Scheme of pH responsive logic gates. The logic gate substrate is state 1 at pH 5, showing as ‘AND’ gate; the logic gate substrate transforms
into state 2 at pH 8, presenting itself as ‘'OR’ gate. The corresponding reactions of the two logic gates are also shown in this figure, the truth tables

of 'AND’ gate and ‘OR’ gate are given.

BHQ-2 will be completely far away from the fluorescence group
Cy5 modified in strand L1 and strand L2, and the fluorescence
value will rise. The above changes in fluorescence values with
the introduction of input conform to the ‘AND’ gate in the case
of acid, and to the ‘OR’ gate in the case of alkaline.

Then, we verified the structures involved in the logic gate in
the two cases by PAGE experiment. First, IN1, IN2, IN1 + IN2
were mixed with state 1 or state 2 at room temperature for 0.5 h.
Through the experimental results, it was observed that under
the acid condition (Fig. 5A), when IN1 and IN2 were respectively
inputted, a larger structure than state 1 was generated, and no
loss of strand O was caused. In addition to a larger structure
than state 1, strand O replaced by the reaction can also be
observed in the IN1 + IN2 strip. These two products can corre-
spond to the contrast lanes. It has been verified that after IN1
and IN2 are input at the same time, strand O can shed the DNA
triplex structure. As for the verification of the structure under
alkaline conditions, it also conforms to the experimental
expectation (Fig. 5B), and the structures generated by the reac-
tion can all be in line with the contrast lanes. In summary, we
have realized the verification of the structures involved in the
PH responsive logic gate.

Finally, we further verified the calculations of pH responsive
logic gate through the fluorescence kinetic experiment. It shows
that under acidic conditions (Fig. 5C), after adding 1.2 times of
IN1, IN2 and IN1 + IN2 to state 1, two fluorescence curves of
input IN1 and IN2 can be observed without obvious fluores-
cence rise effect. The normalized fluorescence value is lower
than the threshold value 0.4, the output was 0 at this time. Due
to the high stability of the structure under acidic conditions,
there is a certain Seesaw reaction'” when strand IN2 replaces

9868 | RSC Adv, 2023, 13, 9864-9870

strand O, and O will stick back, so the fluorescence value will be
slightly reduced. After inputting the fluorescence curve of IN1 +
IN2, a relatively obvious fluorescence rising effect can be seen,
which is higher than the threshold value, the output is ‘1’. These
conform to the logic calculations of ‘AND’ gate. Meanwhile,
added 1.2 times of IN1, IN2 and IN1 + IN2 to state 2 respectively
under alkaline conditions (Fig. 5D). And it can be observed that
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Fig.5 (A and B) PAGE analysis of pH responsive logic gates: '"AND’ gate
(pH 5) and ‘OR’ gate (pH 8). (C and D) Fluorescence kinetics
measurements of pH responsive logic gates: '"AND’ gate (pH 5) and ‘OR’
gate (pH 8). We take normalized fluorescence intensity 0.4 as the
threshold value.
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the fluorescence curves all increase significantly, they are all
greater than the threshold value which logic output means ‘1’.
While the fluorescence value of substrate without input is
unchanged which logic output is ‘0’. These conform to logic
expression of ‘OR’ gate. We also switch between states 1 and 2,
the logic calculations are consistent with the change which
further demonstrates the flexibility of pH responsive logic gates
(Fig. S6 and S77). The results show that RDTS can be trans-
formed into state 1 and state 2 with the change of external pH
and two logical expressions of ‘AND’ and ‘OR’ can be generated.
These can expand the application scenario of the logic circuit
based on DNA triplex and realize more complex logic
operations.

In conclusion, the pH responsive logic gate designed by us
presents as ‘AND’ gate at pH 5 and ‘OR’ gate at pH 8 which has
been verified by PAGE and fluorescence kinetic experiment. The
construction of pH responsive logic gate provides more possi-
bilities for the achievement of pH responsive large logic circuits.

4 Conclusions

Herein, we have designed the reconfigurable DNA triplex
structure and determined the pH response range of RDTS and
composition of C—G—C" hydrogen bond by testing the pH
responsiveness and sequence specificity of triplex. Using the
conformational transformation of RDTS in both pH 5 and pH 8
and adding the strands input to it can produce different fluo-
rescence effects, and this phenomenon can identify the recon-
figurability of RDTS. Finally, through the conversion of RDTS
controlled by pH, the pH responsive logic gate presented as
‘AND’ gate at pH 5 and ‘OR’ gate at pH 8 was constructed to
make the application of RDTS in the field of logic circuits come
true. Different from general triplex logic circuits, reconfigurable
DNA triplex logic gates can accomplish two kinds of logic
calculations and the same logic expression with fewer
substrates. In the construction of large-scale logic circuits, the
design rules can be further simplified and the generation of by-
products can be reduced.

Besides, the RDTS we designed is universality which can be
combined with antibodies to construct a nanodevice for infor-
mation exchange between proteins and with microgel to control
the swelling behavior of microgel. It can also anchor on the
surface of cell membrane to construct biosensors for moni-
toring cell physiological status. Therefore, not only can the
triplex we designed apply to complete pH responsive logic gate,
but have a wide application future in the fields of drug delivery
and biosensing.
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