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It is generally acknowledged that G-quadruplexes (G4s) acquire peroxidase activity upon interaction with
hemin. Hemin has been demonstrated to bind selectively to the 3’'-terminal G-tetrad of parallel G4s via
end-stacking; however, the relationships between different terminal G-tetrads and the catalytic functions
of G4/hemin DNAzymes are not fully understood. Herein, the oligonucleotide d(AGGGGA) and its three
analogues, d(AGP'GB'GGA), d(AGP'GGGP'A) and dAGP'GGP'GA) (GB"  indicates 8-bromo-2'-
deoxyguanosine), were designed. These oligonucleotides form three parallel G4s and one antiparallel G4
without loop regions. The scaffolds had terminal G-tetrads that were either anti-deoxyguanosines (anti-
dGs) or syn-deoxyguanosines (syn-dGs) at different proportions. The results showed that the parallel G4
DNAzymes exhibited 2 to 5-fold higher peroxidase activities than the antiparallel G4 DNAzyme, which is
due to the absence of the 3'-terminal G-tetrad in the antiparallel G4. Furthermore, the 3'-terminal G-
tetrad consisting of four anti-dGs in parallel G4s was more energetically favorable and thus more
preferable for hemin stacking compared with that consisting of four syn-dGs. We further investigated the
influence of 3’ and 5’ deoxyadenosine (dA) caps on the enzymatic performance by adding 3'-3' or 5'-5
phosphodiester bonds to AG4A. Our data demonstrated that 3’ dA caps are versatile residues in
promoting the interaction of G4s with hemin. Thus, by increasing the number of 3’ dA caps, the
DNAzyme of 3'A5'-5GG3'-3'GG5-5'A3 with two 5'-terminal G-tetrads can exhibit significantly high
catalytic activity, which is comparable to that of 5A%'-3'GG5-5GG3'-3'A5 with two 3'-terminal G-
tetrads. This study may provide insights into the catalytic mechanism of G4-based DNAzymes and
strategies for promoting their catalytic activities.
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Introduction

G-quadruplex (G4)/hemin DNAzymes are artificial enzymes or
catalysts that have been extensively studied in various fields
such as bioanalysis, molecular machines, and DNA sensors.'™
They offer many advantages over natural enzymes. For example,
unlike proteins, G4/hemin DNAzymes are low cost and can be
facilely manipulated without complicated preparation and
purification. And they are more stable than protein enzymes or
ribozymes due to the high thermostability of G4s.>” In addition,
split G4s that are divided into or assembled from different parts
can also interact with hemin to form DNAzymes.*” Recently, it
has been reported that the G4/hemin DNAzyme can be used as
a catalytic center for nucleoapzyme structures.® These results
further increase the flexibility of sensor design and improve the
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catalytic function of DNAzymes. A number of research studies
have investigated the effect of G4 topologies on the catalytic
activity of G4/hemin DNAzymes. For example, Nakayama and
Sintim reported that hemin is more inclined to bind to parallel
or hybrid G4s and the addition of hemin to antiparallel G4s
results in a band shift in the CD spectra.® Shangguan and
colleagues found that G4/hemin DNAzymes containing parallel
G4s exhibit high peroxidase activity.’ These results were also
confirmed by Kong et al., who investigated the catalytic activi-
ties of G4/hemin DNAzymes formed from various G-rich DNA
strands, including d[(G,T,);G,] and d(G;T/G5T,GsT;G3) (1, i, ], k
= 1-4)."* Moreover, the effects of interior regions such as loop
lengths and species’™ and exterior regions such as flanking
residues of G4s”'>'® on the peroxidase activity of G4/hemin
DNAzymes have also been investigated. Studies have shown
that the complexation of G4s with hemin usually takes place at
the terminals, known as end-stacking.””** Scheme 1A shows the
catalytic mechanism facilitated by G4/hemin DNAzyme for
oxidation of 2, 2’-azinobis(3-ethylbenzothiozoline-6-sulfonic
acid)diammonium salt (ABTS) by H,0,, according to previous
reports.’***** In this catalytic process, the formation of an

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 (A) Proposed catalytic cycle facilitated by G4/hemin DNAzyme for oxidation of ABTS by H,O.. (B) Left: Transformation between anti-

and syn-dGs (white rectangle: anti- and black rectangle: syn-) and right: G-tetrad. (C) Parallel (left) and antiparallel (right) G4s.

outersphere porphyrin-hydrogen peroxide complex is the rate-
determining step.”> However, research that elaborates on the
properties of terminal G-tetrads in catalysis has not been
carried out (Scheme 1B).

From a molecular point of view, the difference between G4s
lies in the direction of deoxyguanosine (dG) strands, which
depends on the configuration of glycosidic bonds: anti-confor-
mation (anti-dGs) or syn-conformation (syn-dGs) (Scheme 1B,
left). In parallel G4 structures, all dGs adopt the anti-confor-
mation, while in antiparallel G4 structures, dGs unavoidably
adopt the syn-conformation (Scheme 1C).>*** Previous studies
have demonstrated that the presence of various loops (such as
diagonal or edgewise loops) at the top or bottom of the terminal
G-tetrad has been shown to hamper hemin from accessing
some parts of the antiparallel G4,'>** thereby causing difficulty
in forming a DNAzyme complex. Modified dGs, such as 8-
methyl-2’-dG (G™") or 8-bromo-2/-dG (G®"), may facilitate the
formation of syn-dGs, which can promote the generation of
different G4 topologies without affecting other structural
properties.”*?° It has been demonstrated that the insertion of
two G residues in d(TGGGGT) can alter the dG pattern in
terminal G-tetrads or can lead to an unprecedented antiparallel
four-stranded G4 structure.’* These research studies have
provided a theoretical basis for the design of four-stranded G4
containing specific terminal G-tetrads without the steric effect
of loop regions.

Furthermore, 3'-terminal G-tetrads have been shown to
exhibit prominent hemin-binding capabilities, while 5'-
terminal G-tetrads have very weak interactions with hemin in
parallel G4s.>*"* It is known that the sequences of nucleic acids
are composed of nucleotides that are linked by 5’-3' phospho-
diester bonds. However, the inversion of polarity site (IPS) has
been introduced into the G4-assembling DNA sequences to
allow the formation of 3’-3’ or 5’-5' phosphodiester bonds.**¢
For example, previous studies have reported that two oligo-
deoxyribonucleotides, 3'TGG5-5'GGT3’' and 3'TG5'-5'GGGT3’,
could assemble into stable four-stranded G4s containing two 3’-
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terminal G-tetrads.**** Additionally, 3’-deoxyadenosine flanking
residues (termed 3’ dA caps) at the 3’ end of G4s have been
shown to serve as an acid-base catalyst that can promote the
peroxidase activity.'**>** Recently, Virgilio et al. reported that
two DNAzymes of 3’AGG5’-5'GGA3’ and 3'AGGG5'-5'GGGA3’
exhibited much higher peroxidase activities than those of
d(AG,4A) and d(AGeA) (AG,A and AGgA) respectively, due to two
3'-terminal G-tetrads with eight 3’ dA caps formed in both
inverted G4s.*”

The aforementioned results give the theoretical basis for the
investigation of correlations among catalytic activities, terminal
G-tetrads and functional residues using these four-layered
intermolecular G4s. In this work, the G-rich DNA strand AG,A
was used as the primary sequence. Three AG,A analogues,
including d(AG®'G®'GGA) (F12), d(AG®'GGG®A) (F14) and
d(AG®'GG®'GA) (F13), were used to investigate whether the
conformation of dGs can affect the catalytic activity of G4/
hemin DNAzymes. These four-stranded G4s that have anti-
and syn-dGs at different proportions in the terminal G-tetrads
were achieved by inserting two G® molecules into GGGG-
fragments. Five oligodeoxyribonucleotides, including 3’AG5'-
5'GGGA3’ (AGS55), 3'AGG5-5'GGA3’ (AG55), 5'A3'-3'GG5'-
5'GG3’-3'A5’ (A33G55), 3'A5'-5'GG3'-3'GG5'-5'A3" (A55G33) and
5'AGG3’-3'GGA5’ (AG33) were used to further explore the effect
of 3’ dA caps at 3'- or 5'-terminal G-tetrads on the performance
of G4/hemin DNAzymes. This can be helpful for the design of
other G4s to achieve high peroxidase activity. Therefore, this
work may be used as a guideline for the design of highly effi-
cient G4/hemin DNAzymes and may promote the development
of other biological and chemical detection techniques.

Materials and methods
Sample preparation

The sequences of oligodeoxynucleotides studied here are shown
in Table 1. The oligodeoxynucleotides (HPLC grade) TTT
(d(G5TG;TG3TG3)), AG,A, F12, F14, F13, AGS55, AG55, A33G55,
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Table 1 Sequences of oligodeoxynucleotides studied here

DNA Sequence (5’ to 3') MW

TTT GGGTGGGTGGGTGGG 4800.8
AG,A AGGGGA 1881.3
F12 AG®'G®'GGA 2039.1
F14 AG®'GGGP'A 2039.1
F13 AGP'GG®'GA 2039.1
AGS55 3'AG5’-5'GGGA3' 1881.3
AG55 3'AGG5'-5'GGA3' 1881.3
A33G55 5'A3'-3'GG5'-5'GG3/-3'A5' 1881.3
A55G33 3'A5-5'GG3/-3'GG5'-5'A3 1881.3
AG33 5'AGG3’-3'GGA5' 1881.3

A55G33 and AG33 were purchased from TaKaRa Biotechnology
Co., Ltd. (Dalian, China). Stock solutions of the oligonucleo-
tides were prepared by directly dissolving the lyophilized
powder in Milli-Q water to approximately 200 pM and were
stored at —20 °C. The accurate concentration of the oligonu-
cleotides was obtained from their UV absorbances at 260 nm at
90 °C using molar absorptivities provided by the manufacturers.
Hemin and N-methyl mesoporphyrin IX (NMM) were purchased
from Sigma Aldrich (Shanghai, China), Frontier Scientific Inc.
(Logan, USA) and Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Their chemical structures are depicted in
Scheme S1.f The substrates, including 2,2’-azinobis(3-
ethylbenzothiozoline)-6-sulfonic acid (ABTS), 3,3',5,5-tetrame-
thylbenzidine (TMB), B-nicotinamide adenine dinucleotide
(NADH), amplex red (AR) and tyramine hydrochloride
(tyramine-HCI), were obtained from Sigma.

For the assembly of G4s, 60 uM of each oligomer was placed
in 50 mM 2-(N-morpholino)ethanesulfonic acid monohydrate
(MES) or N-2-hydroxyethylpiperazine-N-2'-ethanesulfonic acid
(HEPES) buffer containing different counter ions (100 mM Na*
or K" ions). The solution pH ranged from 4 to 9 modulated by
hydrochloric acid or ammonia-water. DNA samples were heated
in a 90 °C water bath for 15 min and slowly cooled to room
temperature (about 10 h), followed by equilibration at 4 °C for
more than four days.

Circular dichroism spectroscopy

The circular dichroism (CD) spectra of DNA samples in different
buffers were obtained on a Chirascan-plus CD spectrometer
(Applied Photophysics Ltd, Surrey, UK) using a 1 cm path length
Hellma cell. The spectra were recorded from 320 to 220 or
200 nm at 1 nm intervals and were the averages of two scans.
Each scan was measured at a 50 nm min~ ' scanning speed, with
a 1 s response time and 1 nm bandwidth. The background
spectra of the buffer alone were subtracted from all the
respective spectra of DNA samples. Samples were measured at 4
uM of each DNA strand in 20 mM MES buffer containing 10 mM
KCl or NaCl (pH 5 or 7.4) in the presence or absence of 2 uM
hemin.

Catalytic oxidation measurements

The peroxidase activity of G4/hemin DNAzymes was measured
by monitoring the absorbance change at 420 nm for ABTS,
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652 nm for TMB and 340 nm for NADH or the fluorescence
change at 586 nm for AR (1, = 560 nm) and 410 nm for
tyramine-HCI (A, = 316 nm) which reflect the oxidation rate of
ABTS, TMB, NADH, AR and tyramine by H,0, accompanied by
the generation of the colored oxidized product ABTS™", TMB""
and NAD' or a highly fluorescent resorufin and tyramine dimer
according to previous reports.*>**** Absorbance versus time
profiles were obtained by using a UV-1280 UV-vis spectropho-
tometer (SHIMADZU, Kyoto, Japan) for 180 s with a 1 cm quartz
cuvette, and fluorescence versus time profiles were measured by
using an F-4600 Fluorescence spectrometer (Hitachi, Tokyo,
Japan) for 300 s. The G4-hemin complexes were prepared by
incubating various preformed G4s (1.2 pM of each DNA strand)
with hemin (0.6 pM) containing 0.05% Triton X-100 (w/v) and
1% DMSO (v/v) in 20 mM MES or HEPES buffer supplemented
with 10 mM KCl or NaCl (pH values ranging from 4 to 9) for 1 h
at 25 °C, and reactions were initiated by the addition of each
substrate (1.2 mM ABTS, 0.6 mM TMB, 120 uM NADH, 15 uM AR
or 240 pM tyramine-HCI, respectively) and 0.8-1.2 mM H,0,.
The concentration of substrates was optimized based on
previous results.*»*»** The initial rates (V,,) were obtained based
on the slopes of the initial linear portion (the first 10 s) of the
increase in the absorbance and the ¢ wvalue (about
36 000 M * cm ™! for ABTS"" at 420 nm, 39 000 M~ ' em™* for
TMB" at 652 nm and 6220 M~ " cm ™" for NADH" at 340 nm) or
the initial linear portion (the first 30 s) of the enhancement in
fluorescence. All kinetic measurements were performed at least
three times.

Absorption titration measurements

DNA samples of various preformed G4s were titrated into
freshly diluted hemin (2.5 uM) containing 0.05% Triton X-100
(w/v) and 1% DMSO (v/v) in 20 mM MES buffer (pH 5) supple-
mented with 20 mM KCl. The absorption spectra were
measured from 300 to 700 nm to record different sample
addition points by using a UV-3600PLUS220/230VC UV-vis
spectrophotometer (SHIMADZU, Kyoto, Japan). The titration
would be continued until no further enhancement of the
absorption at the Soret band was observed after successive
additions of DNA solutions. In titration experiments, all DNA
strands were considered to participate in the formation of four-
stranded G4s after adequate incubation time. Thus, the
concentration of titrated G4 was a quarter of that of the titrated
DNA strands, which was calibrated based on the change in
solution volume during the titration process. The equilibrium
binding constant (K4) of hemin to the G4s was calculated based
on the absorbance enhancement at 404 nm and was determined
by using GraphPad Prism 5 software for the non-linear regres-
sion with one site specific binding, according to previous
reports.’*** The absorption titration process was repeated at
least two times for each sample.

The decay kinetic measurement

For decay kinetic measurements, the preformed G4s (5 uM of
each DNA strand) were incubated with hemin (4 M) containing
0.05% Triton X-100 (w/v) and 1% DMSO (v/v) in 20 mM MES

This journal is © The Royal Society of Chemistry 2020
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buffer (pH 5) supplemented with 10 mM KClI for 1 h at 25 °C,
and reactions were initiated by the addition of 0.5 or 3.5 mM
H,0,. The decay kinetics of the G4-hemin complexes was
measured by monitoring the absorbance change at 404 nm, and
absorbance versus time profiles were obtained using a UV-
3600PLUS220/230VC UV-vis spectrophotometer at 404 nm for
300 s with a 1 cm quartz cuvette. The initial degradation
velocities were obtained based on the slopes of the initial linear
portion (the first 20 s) in the plot of absorbance versus reaction
time. All decay kinetic measurements were performed at least
three times.

Fluorescence spectroscopy

An F-4600 Fluorescence spectrometer was employed to record
the fluorescence spectra. The excitation wavelength was fixed at
399 nm for NMM. The spectra were recorded from 550 to
750 nm for NMM at 1 nm intervals and were measured at least
three times. NMM was added to the DNA samples before
measurement of the fluorescence spectra. Samples were
measured at 2.4 pM of each DNA strand in 20 mM MES buffer
(pH 5 or 7.4) containing 10 mM KCI with 1.8 pM NMM.

Native gel electrophoresis

A 12% poly/acrylamide gel was used for the native electropho-
resis analysis and run at 4 °C. 50 mM MES (pH 5) buffer solu-
tions were used to prepare the gel. The running buffers were
further supplemented with 60 mM KCI. Each sample used for
native gel electrophoresis contained 10 uM DNA strands and
60 mM KCl at pH 5. Gel electrophoresis was performed for
about 4 h at 100 V. The results were observed using silver
staining.

UV heating experiments

Absorbance versus temperature heating curves were measured
on a PerkinElmer Lambda 25 UV-spectrophotometer equipped
with a Peltier temperature programmer at 295 nm according to
previous reports.*>** Each sample used for UV heating experi-
ments contained 8 uM DNA strands and 20 mM Nacl at pH 5.
The temperature of the bath was increased at a rate of
0.5 °C min ' leaving DNA samples to equilibrate for 0.5 min at
each temperature. The absorption cell was sealed to prevent
evaporation, and the bubble generated during the experiment
was removed by stirring.

Results and discussion

Influence of glycosidic bond configurations in terminal G-
tetrads on the catalytic activity of G4/hemin DNAzymes

Four short G-rich DNA strands, including AG,A, F12, F14 and
F13, were designed, and the effect of syn- and anti-dGs in
terminal G-tetrads on the catalytic activities of G4/hemin
DNAzymes was investigated. Previously, four four-stranded
G4s assembled with d(TG,T), d(TG*G**GGT), d(TG""~
GGG®™T) and d(TG°™GG®™GT) have been determined by
NMR and CD spectroscopy.***” And the four structures are
similar to the four-stranded G4s formed by AG,A, F12, F14 and

This journal is © The Royal Society of Chemistry 2020
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F13, respectively. Thus, we performed native polyacrylamide gel
electrophoresis (native PAGE) and CD experiments to confirm
their assemblies. The native PAGE experiment showed that all
four short DNA sequences (typically 6 nt long), including AG,A,
F12, F14, and F13, only displayed an obvious band at around 20
bp, indicating the assembly of four-stranded G4s (Fig. S1AY).
The CD spectrum of AG,A in KCI buffer, pH 5, showed a nega-
tive band at ~245 nm and a positive band at ~265 nm (Fig. 1A),
which is suggestive of the formation of a parallel G4.*** In
contrast, the CD spectrum of F12 showed two positive bands at
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Fig.1 (A) CD spectra of four DNA strands, AG4A, F12, F14 and F13, in
KCl at pH 5 in the absence of hemin and after incubating with hemin
for12 hat4°C. (B) Vg values of AG4A, F12, F14 and F13 in KClat pH 5 or
7.4 in the presence of 0.6 uM hemin, 1.2 mM ABTS and 1.2 mM H,0..
(C) Fluorescence intensities at 610 nm of 1.8 uM NMM after titration
with AG4A, F12, F14 or F13 (2.4 pM each) in KCl at pH 5 or 7.4. BG
(background): 0.6 uM hemin or 1.8 pM NMM in the corresponding
buffer.
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Scheme 2 Parallel G4s assembled with (A) AG4A, (B) F12, and (C) F14,
and their 3’ and 5 terminal G-tetrads that generate four of the same
grooves. (D) An antiparallel G4 formed with F13 with terminal G-tetrads
containing syn-dG:syn-dG:anti-dG:anti-dG that generates a wide (W),
a narrow (N) and two middle (M) grooves. Blue and red ellipses
represent guanines and adenines, respectively. 3'- and 5'-terminal dGs
are represented by ® and @, respectively.

~260 and ~295 nm and a negative band at ~240 nm, while that
of F14 displayed two positive bands at ~250 and ~295 nm and
two negative bands at around ~230 and ~270 nm. These results
indicate that two types of parallel G4s were assembled with F12
and F14, which contain a syn-dG-tetrad (G-tetrad containing
four syn-dGs) at the 5’ end and two syn-dG-tetrads at both ends,
respectively.*® As expected, the CD spectrum of F13 in the same
buffer exhibited two positive bands at ~240 and ~295 nm and
a strong negative band at ~265 nm, indicating that the anti-
parallel G4 was formed.*** These observations are also in line
with previous reports, which have shown that the species of
short flanking residues have a low effect on the G-tetrad stack-
ing modes of four-stranded G4s.>**> Similar results were also
observed for the strands annealed in KCI buffer at pH 7.4
(Fig. S1B, ESIt). The CD signals of all G4s were nearly
unchanged after being complexed with hemin, compared with
those of uncomplexed G4s (Fig. 1A), which suggests that in the
presence of hemin, the four-stranded G4s could maintain their
topologies. As shown in Scheme 2A-C, three parallel four-
stranded G4s were formed, which include [AG,A], with anti-
dG-tetrads (G-tetrad containing four anti-dGs) at both ends,
[F12], with an anti-dG-tetrad at the 3’ end and a syn-dG-tetrad at
the 5 end, and [F14], with syn-dG-tetrads at both ends. An
antiparallel four-stranded G4 was also formed by [F13], with the
G-tetrad containing syn-dG:syn-dG:anti-dG:anti-dG at each end
(Scheme 2D).

The catalytic activities of the DNAzymes were further inves-
tigated using H,0, as an oxidant to trigger the peroxidase-
mimicking oxidation of ABTS. The activities were evaluated
through the change of absorbance at 420 nm of the green-
colored oxidation product ABTS™ as a function of time
(Fig. S1C, ESIY), from which the catalytic performance indicated
by the initial rates (V) could be obtained. As illustrated in
Fig. 1B, the V, values of AG,4A, F12, F14 and F13 in KCl solution
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were 298.1, 311.5, 220.7, and 101.8 nM s~ " at pH 5, respectively,
and were 93.2, 98.4, 45.2 and 22.5 nM s~ ' at pH 7.4, respectively.
These V, values remained relatively stable at a pH range of 4 to
6, while they started to decrease at a pH of ~6 and reached
a minimum value at a pH of ~7.4 (Fig. S1D, ESI}). Based on
these observations, we may conclude that the four G4/hemin
DNAzymes (stabilized by K") exhibit high peroxidase activities
under slightly acidic conditions, while they exhibit low peroxi-
dase activities under near-neutral pH conditions. The activities
can be ranked as follows: AG,A = F12 > F14 > F13. In addition,
NMM is a fluorogenic analogue of hemin that exhibits strong
fluorescence enhancements after binding to G4s.*** To assess
the fluorescence responses of NMM in the presence of various
G4s, we performed fluorescence experiments by measuring the
fluorescence intensity at 610 nm of four G4-NMM complexes
(Fig. S1E, ESIt). The results illustrated in Fig. 1C show that in
the presence of various types of G4s, the fluorescence intensity
at 610 nm of NMM was obviously enhanced and was in the
following order: AG,A = F12 > F14 > F13 at both pH 5 and 7.4.
This is consistent with the order of catalytic activities, and is
line with previous reports, which have shown that a complex of
NMM and parallel G4s can largely enhance fluorescence
intensity.>*

Absorption titration experiments were carried out in KCI at
PH 5 to determine the binding affinity of hemin and four G4s.
According to Fig. 2A-D, during titration, all G4s induced a red
shift of the Soret band (from 398 to 404 nm) and two isosbestic
points at 386 and 422 nm, indicating that G4/hemin DNAzymes
were formed."™?° All G4s exhibited a similar pattern of absor-
bance enhancements, but the Soret bands of G4s formed by
AG4A, F12 and F14 were larger than that formed by F13 (anti-
parallel G4). This indicates that the three parallel G4s ([AG4A],,
[F12], and [F14],) had a stronger hemin binding interaction or
complex formation with hemin occured at a faster rate (Table
S1, ESIT). The insets of Fig. 2A and B show that the K, values for
the binding of [AG,A], and [F12], to hemin were similar (about 7
uM), indicating that the effect of dG conformations in the 5'-
terminal G-tetrads on the complexation between parallel G4s
and hemin is limited. The Ky value of [F14], was about 10 uM,
which is greater than that of [AG,A], and [F12], (Fig. 2C, inset),
suggesting relatively weak binding affinity between [F14], and
hemin. It is also evident that F14-based DNAzyme had relatively
low catalytic activity, while implying that the 3'-terminal syn-dG-
tetrads are unfavorable for hemin binding. It has been proposed
that the flat outer faces of the terminal nucleobase planes®**
and the hydrophilicity of hemin-binding sites****” could affect
the interactions of G4 with hemin. Compared with the 3'-
terminal syn-dG-tetrad, the 3’-terminal anti-dG-tetrad in parallel
G4s is more energetically favorable due to its high hydropho-
bicity and structural flexibility (the hydrophilic sugar is located
on the outside of the base plane),***® and therefore may better
enhance the binding to the hydrophobic porphyrin ring of
hemin. According to the inset of Fig. 2D, the « value of [F13],
was about 0.4 (which is far lower than 1), and its K4 value was
21.4 uM, which indicates that the terminal G-tetrads containing
a small number of 3’ dGs and with low symmetry, are not
conducive to the formation of stable G4-hemin complexes. The

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Absorption titration of 2.5 uM hemin with G4s formed by (A) AG4A, (B) F12, (C) F14, and (D) F13 in KCl at pH 5. The insets show plots of
a values (fraction of bound hemin) versus G4 concentration. The « value of [AG4Al4 is equal to 1. (E) Initial degradation rate of four DNAzymes
exposed to 0.5 mM H,0,. (F) Vq values of AG4A, F12, F14 and F13 in NaCl at pH 5 in the presence of 1.2 mM ABTS and 1.2 mM H,O,.

hemin-binding affinities can be ranked as follows: 3'-terminal
anti-dG-tetrad > 3'-terminal syn-dG-tetrad > the G-tetrad of
antiparallel G4s > 5'-terminal G-tetrads (non-binding sites). In
addition, previous studies have demonstrated that the catalytic
activity of G4/hemin DNAzymes in the ABTS-H,0, system is
also affected by the formation rate of a highly reactive inter-
mediate porph-Fe'™V=0"" (compound 1) and can be evaluated
through the degradation rate of hemin by G4-hemin complexes
in the presence of H,0,.'*** The decay kinetic experiments were
further performed by which the reduction of absorbance at
404 nm was measured as a function of time when the samples
were exposed to 0.5 mM H,O, (Fig. S2A, ESIT). The data depicted
in Fig. 2E show that the initial degradation rates of AG,A, F12
and F14 were higher than that of F13. These results show that
the 3'-terminal dG-tetrad could also accelerate the formation of
a compound 1-like intermediate.

Based on these data, we may conclude that the catalytic
activity can be dramatically affected by the properties of the
terminal G-tetrads. The parallel G4 DNAzymes exhibited
peroxidase activities 2 to 5 times higher than that of the

This journal is © The Royal Society of Chemistry 2020

antiparallel G4 DNAzyme, due to the presence of the 3'-terminal
G-tetrad in the parallel G4s and the absence of the 3'-terminal
G-tetrad in the antiparallel G4.

Because Na' can effectively stabilize antiparallel G4s,%*% we
further examined its effect on the catalytic activity of the four
DNAzymes. The CD results revealed that all G4s could maintain
their structures in NaCl solution at pH 5 (Fig. S2B, ESIf).
Catalytic oxidation measurements were also performed at
420 nm (Fig. S2C, ESIt). Fig. 2F shows that the V, values of
AG,A, F12 and F14 decreased to 190.5, 195.4 and 178.2 nM s %,
respectively, due to the instability of parallel G4s in NaCl solu-
tion."™'¢ In contrast, the V,, value of F13 increased to 120.4 nM
s~ !, which remains lower than those of AG,A, F12 and F14.

Effect of 3’ dA caps at 3'- or 5'-terminal G-tetrads on the
catalytic activity of DNAzymes

In this part, we aimed at exploring how the species of dA caps
affect the catalytic activity of DNAzymes by studying various G4s
that contain identical terminal G-tetrads but different terminal
dAs. Two G-rich DNA strands, AGS55 and AG55, were initially

Chem. Sci., 2020, 11, 6896-6906 | 6901
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Scheme 3 Proposed G4 structures formed by (A) AGS55, (B) AG55, (C) A33G55, (D) A55G33, and (E) AG33. The structures contain two 3'- or 5'-
terminal G-tetrads. The dGs with dubious conformations are shown in gray. 5'-5' pIPS and 3'-3' pIPS indicate inversion of polarity sites of 5’'-5’

and 3'-3' phosphodiester bonds, respectively.

designed. The strands may be able to improve the catalytic
activity of G4/hemin DNAzymes since they could form four-
stranded G4s containing two 3'-terminal G-tetrads with 3’ dA
caps. As illustrated in Scheme 3A and B, the G4 formed by
AGSS55 is a two-layer antiparallel G4 containing two 3'-terminal
G-tetrads at each end, while that formed by AG55 is a dimer of
two-layer parallel G4s connected by 5'-terminal G-tetrads. To
confirm the role of 3’ dA caps in enhancing the catalytic activity,
we designed a new G-rich strand, A33G55, which can form a G4

containing two 3'-terminal G-tetrads with 5’ dA caps (Scheme
3C). To explore whether adding 3’ dA caps can increase the
enzymatic performance of DNAzymes with 5'-terminal G-
tetrads, two strands, A55G33 and AG33, were further
designed. And they can assemble into four-stranded G4s con-
taining 5’-terminal G-tetrads with 3’ and 5’ dA caps, respectively
(Scheme 3D and E).

Native PAGE experiments showed that the migrating band at
around 20 bp was predominant in four short DNA sequences,
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Fig. 3

(A) CD spectra of the five DNA strands in KCL, pH 5. (B) Fluorescence intensities at 610 nm of 1.8 uM NMM after titration with various DNA

strands: AGS55, AG55, A33G55, A55G33, and AG33 (each at a concentration of 2.4 uM in KCl at pH 5 or 7.4). (C) V, values of AGS55, AG55,
A33G55, A55G33, and AG33 in KCl or NaCl solutions, pH 5, in the presence of 0.6 uM hemin, 1.2 mM ABTS and 1.2 mM H,0O,. (D) Changes of V,

values of AG4A, AGS55, AG55, A33G55 and A55G33 in KCl at various pH
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including AGS55, AG55, A33G55 and A55G33, suggesting the
formation of four-stranded G4s, while AG33 displayed an
additional band below 20 bp, which indicates the low yield of
[AG33], (Fig. S3At). The different assemblies of the G4s were
further demonstrated by CD experiments. As shown in Fig. 34,
the CD spectrum of AGS55 exhibited a positive band at ~260 nm
and a positive band at ~240 nm, which suggests that this G4 has
a similar conformation to that of 3'TG5-5'GGGT3’ in KCl
solution, pH 5.%° By contrast, AG55 exhibited a negative band at
~270 nm and two positive bands at ~250 and ~295 nm, while
AG33 exhibited two positive bands at ~250 and ~295 nm and
two negative bands at ~230 and ~270 nm. These results are
consistent with those obtained using the two types of G4s
containing two 3'-terminal G-tetrads and two 5'-terminal G-
tetrads, which were assembled using 3'TGG5’-5'GGT3’ and
5'"TGG3’-3'GGT5’, respectively.** Compared with those of AG55
and AG33, the CD spectra of A33G55 and A55G33 showed slight
movements for the positive band at ~250 nm and the negative
band at ~270 nm, which may be caused by the terminal inverted
dA residues. Similar movements were also observed when the
two samples were in NaCl solution, pH 5 (Fig. S3B, ESIt). The
differences of the CD spectra may be attributed to additional
IPSs, which facilitate the formation of the syn-conformation of
the glycosidic bond between adjacent dGs in G4s.>*** Fluores-
cence experiments of five G4-NMM complexes were first per-
formed (Fig. S3C, ESIt). According to Fig. 3B, after being titrated
with five different G4s (stabilized by K'), the fluorescence
intensity at 610 nm of NMM was enhanced to different
magnitudes in the following order: AG55 > AGS55 > A33G55 >
A55G33 >> AG33. This indicates that the different terminal G-
tetrads and dA caps can affect the complexation of NMM with
G4s.

View Article Online

Chemical Science

We further evaluated the catalytic activities of the G4/hemin
DNAzymes under various conditions. We first studied the
effects of ion species on the catalytic activity of five G4/hemin
DNAzymes by determining the change of absorbance at
420 nm of the product ABTS"" as a function of time. The results
showed that all DNAzymes other than the AG33-based DNAzyme
had high product formation rates (Fig. S3D, ESIY}). As illustrated
in Fig. 3C, the V, values of AGS55 and AG55 were 2 to 4 times
higher than those of AG4A in both KCl and NaCl solutions, pH 5,
which is likely due to the presence of two 3'-terminal G-tetrads
and eight adjacent 3’-dAs. In the absence of adjacent 3'-dAs, the
V, values of A33G55 (465.4 nM s~ ' in KCl and 368.2 nM s~ ' in
NaCl) were also larger than those of AG4A (298.1 nM s ' in KCl
and 190.5 nM s~ in NaCl); however, they were dramatically
lower than those of AG55 (925.4nM s ' in KCl and 833.2 nM s~
in NaCl). These results confirm the enhancement of catalytic
activities caused by 3'-terminal G-tetrads and adjacent 3’-dAs. As
expected, the AG33-based DNAzyme loses nearly all its catalytic
activity due to the blocking of 3’-terminal G-tetrads. Interest-
ingly, the A55G33-based DNAzyme, which contains two 5'-
terminal G-tetrads, and the A33G55-based DNAzyme had
similar catalytic activities in both KCl and NacCl (Fig. 3C), which
suggests that increasing the number of 3’ dA caps at both ends
of G4s can promote the interaction with hemin. The catalytic
activities of the five DNAzymes were also measured at various
pH values. As depicted in Fig. 3D, all DNAzymes exhibited
higher enzymatic performance at slightly acidic pH values, and
AGS55- and AG55-based DNAzymes had 2-10 times higher
activities than the AG,A-based DNAzyme when the pH was
changed from 4 to 8. According to the UV heating experiments,
the melting temperatures (T;,,) for three G4s can be ranked as
follows: (88 °C) [AG55], > (63 °C) [AG,A], > (51 °C) [AGS55],,
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Fig. 4 Absorption titration of 2.5 uM hemin with G4s formed by (A) AGS55, (B) AG55, (C) A33G55, (D) A55G33, and (E) AG33 in KCL, pH 5. Inset:
Change of «a as a function of G4 concentration. (F) Initial degradation rate of five DNAzymes exposed to 0.5 mM H,0,.
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which were similar to those of [3'TGG5'-5'GGT3'],, [TG,T]4, and
[3'TG5'-5'GGGT3'],, respectively (Fig. S3E, ESI{).**** These
results indicate that the addition of extra specific hemin-
binding sites in G4 with relatively poor stability can increase
its catalytic activity. The concentration-dependent catalytic
activities of DNA:hemin complexes were also examined (Fig. S4
and S5, ESIT). The results shown in Fig. S4D+ indicate that there
is a good linear relationship between the DNA concentration
and V, values of AG4A, AGS55 and AG55 when the DNA
concentration was changed from 0 to 1 pM in KCl, pH 5.5.
Furthermore, the AGS55- and AG,A-based DNAzymes had stable
peroxidase activities when the hemin concentration was
changed from 0.125 to 1 uM in KCl, pH 5.5 (Fig. S5C, ESIf).
These results indicate that the catalysis of DNAzymes is
dependent on the DNA concentration, and the amount of
hemin used has a low effect on the enzymatic performance.
The absorption titration experiments were also carried out in
KCl at pH 5 to investigate the relations between hemin and two
types of terminal G-tetrads/dA caps. As shown in Fig. 4A-C, the
Gd4s, including [AGS55],, [AG55], and [A33G55],, induced a red
shift of the Soret band from 398 nm to 404 nm and the iso-
sbestic points, suggesting that there are strong interactions
between the G4s of these samples with hemin. The insets of
Fig. 4A-C also reveal K4 values of around 2 pM, and the
enhancement of « values was different from that of [AG,A],. The
a value of [A33G55], increased to about 2 but remained smaller
than that of [AGS55], and [AG55], (about 3). This indicates that
increasing the number of 3'-terminal G-tetrads can facilitate the
complexation between G4s and hemin, and 3’ dA caps can help
promote the interactions between them. According to Fig. 4E,
the [AG33], did not induce the enhancement of absorbance at
404 nm but rather reduced it, and its Ky value was not
measurable, which confirms that the binding affinity between
hemin and 5'-terminal G-tetrads is weak. The « value of
[A55G33], increased to 0.5, and its K4 value was 0.7 uM, which is
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the smallest among those of all G4s (Fig. 4D). The results clearly
show that 3’ dA caps can promote the binding of 5'-terminal G-
tetrads and hemin. The decay kinetic experiments showed that
during the exposure to 3.5 mM H,0, for one min, the percent
degradation of hemin was ~70% when in complexes with
[AGS55], and [AG55]4, was ~60% when in complexes with
[A33G55], and [A55G33],, and was 20% when in a complex with
[AG33], (data can be found in Fig. S6A-E, ESIT). The decay
kinetic experiments were further performed by which the
reduction of absorbance at 404 nm was measured as a function
of time when the samples were exposed to 0.5 mM H,O,
(Fig. S6F, ESIT). The data depicted in Fig. 4F show that the order
of the initial degradation rate is in accordance with the order of
catalytic performances. These results show that increasing the
number of 3'-terminal G-tetrads or 3’ dA caps in G4s could
significantly improve their catalytic activities, by not only
enhancing hemin-binding efficiencies, but also accelerating the
formation of the compound 1-like intermediate.

Catalytic activity of DNAzymes in different buffer solutions or
in the presence of different substrates

The adenine-containing DNAzymes exhibited the best catalytic
ability in MES buffer at slightly acidic pH values, which was
different from a previous report in which G4-based DNAzymes
were observed to have higher enzymatic performance at slightly
alkaline pH values.?* We assumed that the difference is mainly
caused by the presence of an acid-base adenine catalyst. To
verify this assumption, we further measured the catalytic
oxidation in HEPES buffer at various pH values. The results
showed that the V, values of AG,A, F12, F14, F13, AGS55 and
AG55 obviously decreased in HEPES buffer at pH values larger
than 6 and that of AG33 remained low at all pH values (data can
be found in Fig. S7, ESI}). In contrast, the TTT-based DNAzyme
(d(GsTG3TG3TG3)) exhibited high catalytic activities in both
MES and HEPES bulffers at slightly alkaline pH values due to the
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Fig.5 Vg values of AG4A, F12, F14, F13, AGS55, AG55, A33G55, A55G33, and AG33 in KCl solution at pH 5 and 7.4 in the presence of 0.6 pM hemin
and various substrates: (A) 0.6 mM TMB and 1.2 mM H,O; (top), and 120 uM NADH and 1.2 mM H,0O, (bottom); (B) 15 uM AR and 0.8 mM H,0O,

(top), and 240 uM tyramine-HCl and 0.8 mM H,O, (bottom). AF is the
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absence of adenine in the ABTS-H,0, catalytic system; thus,
this confirms our hypothesis (Fig. S8, ESIT).

Previous studies have demonstrated that the types of
substrates can also affect the catalytic activity of DNAzymes.*
Thus, four additional substrates, including 3,3',5,5'-tetrame-
thylbenzidine (TMB), B-nicotinamide adenine dinucleotide
(NADH), amplex red (AR) and tyramine hydrochloride
(tyramine-HCI), were employed in the evaluation of peroxidase
activity of the above DNAzymes (data can be found in Fig. S9
and S10, ESIt). Similarly to the results obtained using the ABTS-
H,0, system, both UV-vis and fluorescence measurements
showed that the catalytic activities of the DNAzymes can be
ranked as follows: AG55 > AGS55 > A33G55 = A55G33 > AG,A =
F12 > F14 > F13 > AG33 (Fig. 5). This indicates that the inter-
actions between various substrates and G4s are non-specific,
and the improved enzymatic performance is mainly due to
binding of hemin to G4s. In addition, in the presence of two
fluorogenic substrates, AR and tyramine-HCl, which are more
stable at near neutral pH values,*»* all DNAzymes exhibited
higher catalytic activities at pH 7.4 than at pH 5 (Fig. 5A and B).
Thus, the optimized conditions of DNAzymes are not only
dependent on the properties of G4s but also have a lot to do with
the nature of the substrates.

Conclusions

In summary, in addition to some known factors that affect the
catalytic activity of G4/hemin DNAzymes, such as ion species,
substrates, pH values and G4 topologies,*®** our results
demonstrated that anti- and syn-dG arrangements in the
terminal G-tetrads of G4s also have effects. We found that the 3'-
terminal anti-dG-tetrad of G4s is more preferable for hemin-
stacking than the 3'-terminal syn-dG-tetrad. This can be
explained with the fact that anti-dG conformations are more
energetically favorable and the base plane in anti-dG-tetrads
provides a more hydrophobic environment for hemin with the
protection of lateral sugar rings. Moreover, besides the steric
effect of different loops,*® we discovered that the asymmetry of
the terminal G-tetrads comprising two 3’ anti-dGs and two 5’
syn-dGs also leads to weak catalytic performance of the anti-
parallel G4s. We further found that the G4s containing two 3'-
terminal G-tetrads with 3’ dA caps have the best DNAzyme
performance, and the catalytic activities could also be enhanced
by increasing the number of 3’ dA caps by introducing one or
more 5'-5' phosphodiester bonds in short G4-assembling DNA
strands. Thus, this study can be used to investigate the mech-
anism of catalysis by G4/hemin DNAzymes and to develop some
specific end-stacking ligands of G4s, e.g. by studying their direct
interactions with these designed four-stranded G4s. It is worth
noting that some chemical reactions have high selectivity to the
terminal G-tetrads of G4s; for example, phthalocyanine deriva-
tives could induce a specific photocleavage of the terminal G-
tetrad adjacent to the 5’ end of the G-rich strand.®® Thus,
based on this work, regulating these reactions, as well as
enzymatic activities in vivo, by changing the properties of
terminal G-tetrads can be an interesting approach. It may also
be helpful for anticancer drug design,*® structural

This journal is © The Royal Society of Chemistry 2020
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stabilization,®” specific recognition,®® etc. Furthermore, these
adenine-containing DNAzymes could exhibit higher catalytic
abilities under slightly acidic conditions, which may be bene-
ficial for the detection of some acidic analytes (such as caffeic
acid® and uric acid”) or for biomedical applications in some
acidic environments (such as in lysosomes or acidic
microenvironments).”*”>
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