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enhancement of the detection of endonuclease
activity and inhibition†
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EcoRI is an important biomacromolecule in live cells and protects bacterial cells against foreign DNA. In this

work, we developed a simple and convenient G-triplex (G3) (50-TGGGAAGGGAGGGAATTCCCT-30)-based
colorimetric assay for the rapid and selective detection of EcoRI activity and inhibition. The sequence

specifically responds to EcoRI in the presence of K+ and hemin to form a G-triplex/hemin complex.

Taking advantage of G-triplex, EcoRI activity was investigated under the optimized conditions. The

absorption intensity ratio displayed a linear relationship against the concentration of EcoRI in the range

0 to 100 U mL�1, and the detection limit was 5.7 U mL�1. Furthermore, G3 showed good selectivity, and

the ability to be used to screen for EcoRI inhibitors, indicating its potential in detection and analysis

applications.
1. Introduction

Endonucleases play many signicant roles in biological
processes, with examples of these roles including DNA repli-
cation, DNA repair, DNA recombination, genotyping, and
enzymatic amplication.1–5 They can hydrolyze phosphodiester
linkages with high specicity. In addition, endonucleases are
also versatile targets in the development of drugs.6–10 Inhibiting
enzymes is one of the most important ways to control metabolic
reactions and regulate biological processes.11–13 Therefore, effi-
cient enzyme inhibitors are oen potential drug candidates for
anticancer and antiparasite chemotherapy. So it is signicant
and desirable to develop approaches for detecting endonu-
clease activity and inhibition in molecular biology and drug
development processes. Numerous analytical methods for
endonuclease activity and inhibition have been established,
with examples of these methods including polyacrylamide gel
electrophoresis,14 chromatography, enzyme-linked immuno-
sorbent assays,14–17 and uorescence.18–20 However, these
approaches oen are time consuming, laborious, and expen-
sive, and yield results not amenable to being evaluated using
the naked eye.

G-Quadruplex (G4), which comprises four tandem G-tracts,
has been widely used in oncology,21 recognition probes,22,23
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biosensors,24 and nanotechnology25,26 due to the diversity of its
forms and exibility of its conformational switch. G-quadruplex
has certain limitations in high background signal and the
hybridized section is not easily unwound aer cleaved by
EcoRI.27,28 For example, undesired intermolecular G-quadruplex
structures may form, and these structures may show high
background interference. Recent reports found that G-triplex
(G3) is a promising replacement for G-quadruplex. Compared
to G-quadruplex, G-triplex generally needs fewer G-tracts and
results in lower background interference, making it more suit-
able for use in biosensing development.29–32 Gao et al. demon-
strated a G-triplex switch that can be triggered by changing the
pH, and exhibiting good on-off reversibility upon reversing the
change in pH.33 Zhou et al. developed a stable G-triplex-based
light-up uorescent probe that was successfully applied for
miRNA detection.34 Wen et al. devised a dual-functional
peptide-PNA (peptide nucleic acid) conjugate that was shown
to impact the tracking activity of motor proteins on DNA with
superior selectivity and potency.35

In this work, the EcoRI restriction endonuclease was chosen
as a model enzyme. We developed a new G-triplex-based
colorimetric assay for the rapid, sensitive and selective detec-
tion of EcoRI activity and inhibition. The working principle is
shown in Scheme 1. We rationally designed a dsDNA substrate.
This substrate was constructed from the self-hybridization of
two identical ssDNA sequences. The ssDNA contained three
functionally distinct regions: an enzyme recognition region
(black in Scheme 1), G-triplex sequence region (blue), and
blocking region (red). Without EcoRI, the G-triplex was blocked
by the corresponding blocking region in the dsDNA substrate
and no G-triplex structure was formed. The color of a chromo-
genic TMB/H2O2 liquid to which K+ and hemin were added
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Illustration of the colorimetric assay used for studying EcoRI activity and inhibition based on G-triplex.
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became pale blue. However, in the presence of EcoRI, the
dsDNA substrate cleaved into two parts. The thermostability of
the cleaved dsDNA was markedly decreased and the cleaved
dsDNA was separated into several ssDNA parts. Since the
blocked G-triplex sequence was released, addition of K+ and
hemin led to formation of a G-triplex/hemin complex. The color
of the chromogenic TMB/H2O2 liquid to which this complex was
added became obviously blue, attributed to the enhanced
catalytic ability of the complex. Thus, the EcoRI activity could be
assessed by simply inspecting the color of the reaction solution.
2. Experimental section
2.1. Materials and instruments

The oligonucleotides used in this work were synthesized using
TaKaRa Clontech to have the sequences

G3, 50-TGGGAAGGGAGGGAATTCCCT-30, G4a, 50-
GGGTAGGGCGGGTTGGGAATTCCCA-30, and

G4b, 50-GGGTAGGGCGGGTTGGGAATTCCCACCCG-30.
EcoRI endonuclease (Lot: 10092924), BamHI endonuclease

(Lot: 10086715), T4 polynucleotide kinase (Lot: 10088982),
endonuclease IV (Lot: 10088353), and Nt.BstNBI (Lot: 10068267)
were obtained from New England Biolabs Inc. Hemin (C34H32-
ClN4O4Fe, Lot: H2028150) was purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. 5-Fluorouracil (Lot:
GC22BA0009) was obtained from Sangon Biotechnology Inc.
(Shanghai, China). 3,30,5,50-Tetramethylbenzidine (C16H20N2,
TMB, Lot: SLCF1838) was obtained from Sigma-Aldrich. Tris–
HCl buffer (1 M, pH ¼ 7.4, Lot: 20200708) was purchased from
Solarbio. Other reagents were of analytical grade and obtained
from standard reagent suppliers. All solutions were prepared
using Milli-Q water with a resistivity of 18.2 MU cm�1.
Absorption spectra were recorded using a Purkinje TU-1901
spectrophotometer.

Buffer A used in this work was composed of 50 mMNaCl and
20 mM Tris–HCl buffer, pH 7.4. DNA for the reaction was
prepared by combining 10 mL of oligonucleotides (100 mM) with
90 mL of buffer A, annealing the resulting solution at 90 �C for 10
© 2021 The Author(s). Published by the Royal Society of Chemistry
minutes and then cooling it to room temperature, and nally
storing the cooled solution at 4 �C.
2.2. Practicability

G3 was designed to assess the feasibility of the protocol. Aer
being subjected to annealing, 10 mL of DNA was added into
a 100 mL system containing 10 mL of NE buffer (10�, 100 mM
Tris–HCl, 50 mM NaCl, 10 mMMgCl2, 0.025% Triton X-100, pH
7.5), 1 mL of EcoRI (20 000 U mL�1) and 79 mL of ultra-pure
water. The reaction mixture was subjected to gentle shaking
at 37 �C for 3 h, and then 50 mL of hemin (1 mM) and 50 mL of K+

(100 mM) were introduced into the mixture. The resulting
mixture was incubated at 25 �C for 1 h. Then, 50 mL of TMB with
150 mL ultra-pure water were added into the incubated mixture
and then together mixed for 20 min. All control samples were
the same as the above samples but without EcoRI. Absorption
spectra at 650 nm were recorded.
2.3. Optimization of reaction conditions

To acquire the best analytical performances, a series of experi-
mental parameters including the amounts of DNA, hemin and
TMB, and the incubation time of EcoRI were examined and
optimized.
2.4. Investigation of selectivity

The anti-interference capability of the proposed method was
investigated. Here, various enzymes were tested, including
EcoRI endonuclease, T4 polynucleotide kinase, BamHI endo-
nuclease, endonuclease IV, and Nt.BstNBI. The concentration of
each of these enzymes was 100 U mL�1.
2.5. Assay of EcoRI activity and inhibition

Under the above optimum conditions, various concentrations
of EcoRI (from 0 to 100 U mL�1) and the inhibitor 5-uorouracil
(from 0 to 0.3 mM) were tested.
RSC Adv., 2021, 11, 28008–28013 | 28009
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Fig. 1 Absorption spectra of G3 (0.25 mM) in the absence and pres-
ence of EcoRI (200 UmL�1). Inset: photograph of colorimetric tubes of
the above two solutions.
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3. Results and discussion
3.1. Practicability

To demonstrate the feasibility of the proposed method, the
response of G3 to EcoRI was rst evaluated spectroscopically. In
the absence of EcoRI, G3 displayed weak absorption of light
centered at a wavelength of 650 nm. Aer addition of EcoRI, the
absorption at 650 nm was signicantly enhanced (Fig. 1). The
change in the spectrum was a result of the formation of the G-
triplex/hemin complex, as illustrated in Scheme 1. A CD spec-
troscopy analysis was also carried out (Fig. S1†); in the presence
of K+, the reaction products were indicated from the CD results
to be folded into a G-triplex form, and the structure of G-triplex
was also stable when it was bound to hemin.
Fig. 3 Responses of G3 (2.5 mM) to the presence of various enzymes
(100 UmL�1) including EcoRI endonuclease, T4 polynucleotide kinase,
BamHI endonuclease, endonuclease IV, and Nt.BstNBI.
3.2. Optimization of experimental conditions

Next, several factors were optimized including the G3 concen-
tration (0.25 to 5.0 mM), reaction time with EcoRI (30 to 240
minutes), concentration of hemin (0.125 to 1.5 mM) and that of
TMB (40 to 80 mL). The signal-to-noise (S/N) ratio A/A0 was used
Fig. 2 (A) Absorption spectra (main figure) and photograph (inset) of var
Plot of peak absorbance intensity versus concentration of EcoRI. A linea

28010 | RSC Adv., 2021, 11, 28008–28013
to assess the impacts of various parameters, where A and A0 are
the absorption intensities of G3 with and without EcoRI,
respectively. The performances including the G3 concentration
(0.25 to 5.0 mM), the reaction time of EcoRI (30 to 240 min),
concentration of hemin (0.125 to 1.5 mM) and TMB (40 to 80 mL)
were investigated when the concentration of EcoRI was 200 U
mL�1. The optimal concentration of DNA was 2.5 mM (Fig. S2†),
and the reaction time with EcoRI was made to be 3 hours to
ensure a complete response (Fig. S3†). Also, the optimized
concentration of hemin was 0.5 mM (Fig. S4†), and a TMB
volume of 50 mL was considered to be appropriate (Fig. S5†).
3.3. Evaluation of endonuclease activity

Under the optimal conditions, the reaction kinetics was inves-
tigated by performing absorption spectroscopy. Upon gradually
increasing the concentration of EcoRI, the absorption intensity
centered at 650 nm increased (Fig. 2A), and the color changed
from light blue to dark. The A/A0 values for various EcoRI
concentrations (0 UmL�1, 10 UmL�1, 20 UmL�1, 40 UmL�1, 60
ious solutions of different concentrations of EcoRI (0–100 U mL�1). (B)
r relationship was observed.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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U mL�1, 80 U mL�1, and 100 U mL�1) were determined and are
shown in Fig. 2B. The limit of detection (LOD) value was
calculated to be 5.7 U mL�1 on the basis of S/N ¼ 3.
Fig. 5 Responses of G4a, G4b and G3 (2.5 mM) to EcoRI under the
same conditions.
3.4. Selectivity of G3

The specicity of G3 toward EcoRI was evaluated. G3 was
incubated with various enzymes including EcoRI endonuclease,
T4 polynucleotide kinase, BamHI endonuclease, endonuclease
IV, and Nt.BstNBI. Only EcoRI induced a dramatic absorption
enhancement, while others triggered limited changes (Fig. 3).
This set of results demonstrated that G3 can respond to EcoRI
with high specicity.

3.5. EcoRI endonuclease inhibition assay

The inhibitors of endonucleases are potential candidates for
many antimicrobial and antiviral drugs.11 Therefore, it is
essential to develop methods for assaying endonuclease inhi-
bition. According to previous reports, 5-uorouracil has been
used extensively in the treatment of solid tumors for many
years,36 and is an inhibitor of EcoRI endonuclease.37–39 Hence,
the inhibitory effect of 5-uorouracil was investigated in the
current work. As is shown in Fig. 4, the activity of EcoRI endo-
nuclease decreased as the concentration of 5-uorouracil was
increased, illustrating that G3 can be used to screen inhibitors
of endonuclease.
3.6. Traditional G-quadruplex strategies

To prove that our proposed G-triplex-based strategy is better
than the traditional G-quadruplex strategy in sensitivity,
a comparison between the traditional G-quadruplex method
and the G-triplex method was made. As shown in Fig. 5, appli-
cations of the two G-quadruplex-based designs only caused
minor absorption changes, far less than that caused by appli-
cation of the G-triplex-based design. Application of the G4a
substrate may have induced the generation of a high back-
ground (noise) caused by the unhybridized G3 section, hence
Fig. 4 Plot of the inhibitory effect of 5-fluorouracil (0, 0.05 mM, 0.1 mM,
0.2 mM, 0.3 mM) on the activity of EcoRI (100 U mL�1).

© 2021 The Author(s). Published by the Royal Society of Chemistry
decreasing the signal-to-background ratio. Application of the
G4b substrate may not have induced the generation of a back-
ground as high as that induced by G4a—but the hybridized
section was not easily unwound aer being cleaved by EcoRI
enzyme and hindered the formation of G-quadruplex, with this
hindrance also decreasing the signal-to-background ratio.
However, application of the G3 substrate apparently was able to
reduce the background and the applied G3 was apparently
easily unwound as a result of EcoRI enzyme cleavage. Com-
pare with G-quadruplex, G-triplex contains only three G-
tracts,34,40–43 making it easier to form G-triplex/hemin complex
aer reacting with the target and reduce the background in the
absence of target. Therefore, use of the shorter G-rich G-triplex
was deemed to be preferred to the use of the traditional G-
quadruplex strategy for sensitively detecting EcoRI activity and
inhibition.
4. Conclusions

In summary, a simple and colorimetric strategy based on a new
G-triplex for the determination of EcoRI activity and inhibition
levels was established. The approach exhibited high sensitivity
and specicity toward EcoRI endonuclease. By comparison, G-
triplex showed less complementary hybridization of G-rich
sequences than did G-quadruplex, which resulted in obvious
signal changes. The G-triplex strategies showed easy responses
and rapid reactions, indicating their great potential in being
applied to biochemical detection and analysis.
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