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1. Introduction

Construction of DNA template sequences to
generate fluorescent gold nanoclusters for the
sensitive detection of DNA methyltransferase
activity bioassayt

Fangyu Zhou, @2 Hui Chen,? Tingting Fan,? Zixia Guo,’
Xiangyan Dong® and Feng Liu*®°

Abnormal DNA methylation mediated by DNA methyltransferases is one of the most common epigenetic
modifications, and abnormal DNA methyltransferase activity is often responsible for serious diseases such
as cancer. For rapid, sensitive and efficient detection of DNA methyltransferase activity, a bioassay system
using gold nanoclusters (DNA-AUNCs) as output has been developed. In this study, dumbbell DNA
substrate is recognized and methylated by methyltransferase followed by cleavage by endonuclease (Glal).
In the presence of terminal deoxynucleotidyl transferase (TdT), the poly-A DNA product eventually
becomes the template for the reduction of gold nanoclusters and then generated with a strong
fluorescence signal. The assay is highly sensitive and requires no amplification or complex material
synthesis steps. The detection limit is 0.077 U mL™. The bioassay showed good detection efficiency in both
human serum, cell lysates and human-derived cells. Moreover, it can be used for screening and evaluation
of M.Sssl MTase inhibitors and hence has great potential use in disease diagnosis and drug discovery. The
method was universal and allowed for other biological target detection by simply replacing the sequence
of the substrate DNA recognition site; thus the proposed assay has a broad scope of application in both
bioassay and drug screening.

diseases, e.g. increased expression of DNA methyltransferase
in lung cancer is associated with tumor cell growth and

DNA methylation mediated by DNA methyltransferases is a
common epigenetic modification.””* Methylation is the
process in which a methyl group is transferred from
S-adenosylmethionine (SAM) to adenine or cytosine remnants
through the action of DNA methyltransferases.>* Methylated
gene sequences affect the ability of transcription factor
binding. Abnormal DNA methyltransferase activity is the
main  cause of abnormal DNA  methylation.>®
Methyltransferase expression is much higher in cancer cells
than in normal cells. In the early stages of cancerous lesions,
intracellular methyltransferases also showed abnormal
activity. Several studies have shown that increased levels of
methyltransferases accompany the progression of many major
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spread.”® In addition, DNA methyltransferases have been
found to be overexpressed in many breast cancer cell lines
such as MCF-7.%° As an important regulatory protein in
epigenetics, methyltransferases provide new ideas for drug
screening and disease treatment.'®' Inhibitors of
methyltransferases can affect the correct expression or silence
of genes by affecting the activity of methyltransferases for
therapeutic purposes.'>'® Therefore, the study of detecting
methyltransferase activity and the screening and development
of methyltransferase inhibitors is of great importance in the
diagnosis and treatment of related diseases.'*"®

Common methods for detecting DNA methyltransferases
include high-performance liquid chromatography (HPLC)"
and enzyme-linked immunosorbent assay (ELISA)."” Low
sensitivity and the complexity of the experimental procedure
are disadvantages of these methods. Therefore, DNA
methyltransferase activity is now often detected through the
construction of biosensors."®>" To achieve lower detection
limits, the lack of proper signal amplification also makes it
difficult to detect low levels of DNA methyltransferase in real
samples. To overcome this problem, different nucleic acid
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amplification strategies are rationally introduced to improve
the performance of DNA methyltransferase assays. Nucleic
acid amplification steps are often added to the assay:
isothermic amplification of nucleic acids®>** (RCA,** HCR*),
amplification using nicking endonucleases,**>° amplification
using the CRISPR/Cas system,’® the use of quantum dots
(QDs) for increased sensitivity,*'** etc. The disadvantage of
this is that the procedure is complex and the background
signal tends to interfere with test results. It is therefore
desirable to construct a bioassay system that can sensitively
detect DNA methyltransferase activity without amplification
of nucleic acid sequences. The construction of a biosensing
strategy utilising metal nanoclusters as signal outputs is
aligned with the objectives of the present study of
methyltransferase activity. Metal nanoclusters are a class of
nanomaterials composed of a few to several hundred metal
atoms stacked together.*** The synthesis process involves
the reduction of metal ions on biological ligands (proteins or
DNA) in the presence of a reducing agent. Due to their small
size, they have molecule-like properties and can emit
fluorescence signals. Silver and copper nanoclusters are
currently used for biosensing detection®**” and bioimaging
applications.?®?° Gold nanoclusters are of interest due to
their simplicity of synthesis and low cytotoxicity compared to
other metal nanoclusters. Gold nanoclusters using DNA as a
template have high potential application value as signal
outputs in biosensors because of the ready availability of raw
materials and simple synthesis procedure.’” Based on
previous studies," DNA methyltransferase activity was
detected by quenching the fluorescence signal of gold
nanoclusters. In this work, the method can more directly
detect the activity of methyltransferase.

In this study, a bioassay system for the detection of DNA
methyltransferase and other Dbiological targets was
successfully constructed using fluorescent gold nanoclusters
as the signal output. In this assay strategy we generate the
required template chains for gold nanoclusters by using
endonuclease  (Glal)**> and terminal deoxynucleotidyl
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Scheme 1 Comparison of methods for the detection of DNA
methyltransferase activity.
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transferase (TdT)."* Following a simple reduction reaction,
gold nanoclusters with fluorescence signals can be generated.
This system is unable to detect the fluorescence signal from
gold nanoclusters prior to detection and when the target is
not present in the system. This method eliminates the need
for an additional nucleic acid sequence amplification step to
form new nucleic acid sequences to amplify the background
signals due to the lower background baseline and fewer
interfering signals received. Using this bioassay system, the
activity of methyltransferase extracted from human cells was
successfully detected. The bioassay system can also be used
to screen inhibitors of DNA methyltransferases and assess
the ability to inhibit the target's activity. Meanwhile, T4 PNK
and EcoRI were used as targets to verify the generalisability of
the bioassay system.

2. Experimental methods
2.1 Strategy for detecting M.SssI MTase

In this system (as shown in Scheme 1), a dumbbell DNA
methylated by DNA methyltransferase is recognised by
endonuclease (Glal) and cleaved into two hairpin DNAs. dATP
can be added to the hydroxyl terminus of hairpin DNA to
form a poly-A sequence by terminal deoxynucleotidyl
transferase (TdT), which becomes the template DNA strand
for gold nanocluster reduction. The gold ions are then
reduced to fluorescent gold nanoclusters in the presence of a
reducing agent (sodium citrate). If there is no
methyltransferase in the system, the dumbbell DNA cannot
be cleaved by Glal into hairpin DNA with hydroxyl
terminations and TdT cannot act to close the dumbbell DNA,
thereby preventing the formation of the DNA template
strand. Gold nanoclusters with fluorescence could not be
formed within the system.

2.2 Reagents and materials

All the oligonucleotides used in this study were synthesized
and HPLC-purified by Sangon Biotechnology Co., Ltd.
(Shanghai, China), and the sequences are listed in Table S1.}
T4 DNA ligase, Exol exonuclease, ExoIll exonuclease, M.SssI
MTase, and T4 PNK were obtained from New England Biolabs
(Beijing, China). 5-Azacytidine (5-Aza) was obtained from
Sigma-Aldrich and used as received. DNA endonuclease (Glal)
and 10 SEBuffer Y (330 mM Tris-acetate (Tris-Ac), 660 mM
potassium acetate (KAc), and 100 mM magnesium acetate
(Mg(Ac);), 10 mM DTT, pH 7.9) were obtained from
SibEnzyme Ltd. (Ak, Novosibirsk, Russia). All chemical
reagents were of analytical grade and used without further
purification. Fluorescence spectra were recorded by using a
microplate reader (Tecan Infinite M1000 Pro, Ménnedorf,
Switzerland). Transmission electron microscopy (TEM)
measurements were obtained using a Tecnai G2 Spirit 120 kV
instrument, and the samples used in TEM were prepared by
dropping sample solutions onto carbon-coated copper grids
followed by drying at room temperature. Native
polyacrylamide gel electrophoresis (PAGE) was imaged using
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a Molecular Imager Pharos FXTM Plus system (BioRad,
Hercules, CA, USA). Human blood samples were collected
from the Shenzhen Second People’'s Hospital (Shenzhen,
China) following the study protocol approved by the
Institutional Review Board (IRB, No. 2020014). MCF-10A cell
line and MCF-7 cell line were provided by the Chinese
Academy of Sciences Cell Bank (Shanghai, China).

2.3 Preparation of enclosed dumbbell DNA M.SssI MTase
substrate

A total volume of 50 puL contains 10 uM of DNA dumbbell
sequence, 1x T4 DNA ligase buffer, 400 U of T4 DNA ligase, 1
uL of Exol (20 U uL™) and 1 uL of Exolll (100 U pL™). The
DNA dumbbell DNA sequence is now mixed with T4 DNA
ligase buffer and incubated at 95 °C for 5 min. After the
solution has cooled to room temperature, T4 DNA ligase is
added to the reaction overnight. After this, 12 U of Exol and
60 U of Exolll were added to the reaction solution. The above
solution was incubated at 37 °C for 1 h to ensure complete
digestion of the leftover unreacted substrate. Finally, the
mixture was heated at 80 °C for 20 min to stop this reaction.
The solution obtained containing the closed dumbbell-
shaped DNA probe can be used directly for subsequent
experiments or stored at —20 °C.

2.4 Detection of M.SssI MTase activity

Methylation and endonucleation reactions. 2 pL of the
prepared dumbbell DNA probe solution was taken and added
to a total volume of 20 pL containing different concentrations
of M.SssI MTase, 160 uM SAM, 2.5 U Glal, 2 uL of 10x SEB
buffer and distilled water for 2 h at 37 °C.

Formation of template chain reaction. TdT-catalyzed
extension reaction: a total volume of 30 uL of the reaction
system, 10 pL of the above reaction solution, 2 pL of dATP
(100 mM), 3 pL of 10x TdT buffer, 3 pL of cobalt chloride
(2.5 mM) and 20 U TdT, was incubated at 37 °C for 90 min.
After complete reaction the mixture was heated to 80 °C for
20 min.

Fluorescence collection. 10 mmol L™ sodium citrate as a
reducing agent at pH 6 and 20 pL of 1 mmol L™ HAuCl, were
added to the above solution to make a final volume of 300 pL
and reacted at 90 °C for 30 min.

2.5 Selectivity assay of M.SssI MTase activity

In order to investigate the selectivity of the assay system, we
investigated whether the bioassay system is specific and
sensitive for the detection of M.SssI MTase. BSA, Taq DNA
ligase, T4 PNK, Dam MTase and M.SssI MTase were added to
the system as targets for the assay. The assay process is
consistent with that used to detect methyltransferase activity.

2.6 Inhibition assay of M.SssI MTase activity

Inhibitor screening pre-experiment. The biosensor was
used to screen for target inhibitors in order to investigate the
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application of the biosensor. The first step was to verify
whether 5-Aza and 5-Aza-dc had an effect on substances other
than methyltransferase in the assay; the inhibitor was added
to the reaction system together with Glal after the reaction of
DNA methyltransferase.

Inhibitor screening. 2 uL of the prepared dumbbell probe
solution was added with different concentrations of 5-Aza or
5-Aza-dc, 10 U ml™" M.SssI MTase, 160 uM SAM, 2.5 U Glal, 2
pL of 10x SEB buffer and distilled water to a total volume of
20 uL at 37 °C for 2 h. 10 pL of the above reaction solution
was added to 2 pL of the dumbbell probe solution. The above
reaction solution was added to a reaction system containing
2 uL of dATP (100 mM), 3 uL of 10x TdT buffer, 3 uL of
cobalt chloride (2.5 mM) and 20 U of TdT to 30 pL and
incubated at 37 °C for 90 min. The solution was tested for
fluorescence signal values and the relative activity of

methyltransferase ~was calculated by recording the
fluorescence spectra according to eqn (2-1):
Fi—F
RA% — 17 F0) 10004 (1)
(Fe= Fo)

where F,, F,, and F; are the fluorescence intensities in the
absence of DNA M.SssI MTase, in the presence of M.SssI
MTase, and in the presence of both DNA M.SssI MTase and
inhibitor, respectively. The ICs, value of the inhibitor was
obtained from the curve-fitting equation.

2.7 Detecting DNA methyltransferase activity in complex
systems

Serum interference assay. 10% of the volume of healthy
human serum is added to a group containing different
concentrations of methyltransferase and the assay is then
performed as described above for methyltransferase activity.

Cell lysate interference assay. MCF-7 cell lysate was added
to groups containing different concentrations of
methyltransferase, and the assay was performed as described
above for methyltransferase activity.

2.8 M.SssI MTase recovery assay from human serum sample
and cell lysates

To investigate the recovery of the established bioassay system
in a complex assay environment 10% by volume of healthy
human serum or 1% cell lysate was added to experimental
groups containing different concentrations of DNA
methyltransferase. This was followed by the steps described
above for the detection of methyltransferase activity and the
spiked recoveries were calculated from eqn (2-2) as follows:

Recovery (0/0) = (Cmean found/Cadded) % 100% (2_2)

2.9 Detection of human-derived intracellular
methyltransferases

MCF-10A cell line and MCF-7 cell line were cultured in a
sterile environment. Nuclear extracts were collected using a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nuclear protein extraction kit. The resulting supernatant was
stored at —-80 °C until use. The cell lysate containing
methyltransferase (Dnmt 1) was obtained after the above
steps.

Methylation and endonucleation reactions. 2 pL of the
prepared dumbbell probe solution was added to the 1%
extracted cell lysate, 160 uM SAM, 2.5 U Glal, 2 pL of 10x SEB
buffer and distilled water to a total volume of 20 pL for 2 h at
37 °C. The subsequent steps are the same as for the assay of
methyltransferase activity.

2.10 Demonstrating the universality of the assay system

For the T4 PNK assay. 2 pL of DNA probe, 2 uL of T4 PNK
buffer and various concentrations of T4 PNK were added to a
total volume of 20 pL at 37 °C for 2 h. 10 pL of the above
reaction solution was added to a solution containing 2 pL of
dATP (100 mM), 3 pL of 10x TdT buffer, and 3 pL of cobalt
chloride (2.5 mM). After the reaction was completed, the
mixture was heated to 80 °C for 20 min.

The solution was added to 10 mmol L™ sodium citrate at
pH 6 and 20 pL of 1 mmol L' HAuCl, to a final volume of

A B
' p—
'a JZObp
—
- _
2 -3 M
C D

FL (a.u.)
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300 uL and incubated at 90 °C for 30 min. The fluorescence
signal was measured using an enzyme marker.

For EcoRI detection. The DNA sequence for EcoRI
detection is now ligated into a closed dumbbell loop probe
molecule by T4 DNA ligase (the loop formation procedure is
the same as above). Afterwards, 2 puL of DNA probe, 2 uL of
EcoRI buffer and different concentrations of EcoRI were
added to a total volume of 20 uL and the reaction was carried
out at 37 °C for 2 h. The rest of the procedure was carried
out as described above. The rest of the reaction was carried
out at 37 °C for 2 h. The final fluorescence signal was
detected on an enzyme marker.

2.11 Native polyacrylamide gel electrophoresis (PAGE)
analysis

Native polyacrylamide gel electrophoresis (PAGE) was used to
characterize nucleotides based on their electrophoretic
mobility and molecular weight. The reaction products were
analyzed using 12% PAGE in 1x TBE buffer (40 mM Tris, 20
mM acetic acid, 1 mM EDTA, pH 8.3) at a 120 V constant
voltage for 50 min.
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Fig. 1 Validating the feasibility of the biosensing strategy. (A) PAGE to verify the feasibility of the assay schemes, where lane M represents the DNA
marker, lane 1 represents the dumbbell loop DNA probe, lane 2 represents the hairpin DNA generated by Glal cleavage, and lane 3 represents the
reduced gold nanocluster DNA template strand generated by TdT tailing. (B) Fluorescence spectroscopy to verify the feasibility of the assay
protocol. (C) TEM characterization of gold nanoclusters. (D) Fluorescence excitation and emission spectra of gold nanoclusters.
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2.12 Characterisation of gold nanoclusters (DNA-AuNCs)

The prepared solution of DNA-AuNCs was uniformly dropped
onto a copper grid and photographed under a transmission
electron microscope (TEM) for measurement. The reduced
solution was tested for fluorescence signal values on a
microplate reader.

2.13 Demonstrating the generality of the bioassay system

To demonstrate the generality of the bioassay system, T4
PNK and EcoRI were selected as targets for the assay. The
exact methods are given in the ESL}

3. Results and discussion

3.1 Characterization strategies for the determination of M.
SssI MTase activity

First, the feasibility of the test system was analyzed. The
feasibility of the proposed bioassay system scheme was
demonstrated using native polyacrylamide gel electrophoresis
(PAGE) (Fig. 1A): lane 1 is the DNA probe formation of the
dumbbell DNA in the presence of T4 DNA ligase and, using
Exol and Exolll, removal of DNA that had not been joined
into a closed dumbbell. Lane 2 shows where the dumbbell
DNA was added to the methyl group in the presence of
methyltransferase, which was then later recognized and
cleaved by Glal. In comparison, the migration rate of the
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DNA in lane 2 is faster than that in lane 1, showing that the
dumbbell DNA is cleaved into a hairpin structure. This was
followed by a TdT-catalyzed elongation reaction of the
cleavage product with the addition of dATP at the hairpin
tails sequentially to elongate a poly-A sequence, as can be
seen from lane 3, where the rate of migration of the DNA
band is altered because of the addition of tails at the ends.
Hence this shows that the dumbbell DNA is eventually
cleaved and a segment with a poly-A sequence is added in
the presence of TdT.

The feasibility of this scheme was verified by fluorescence
signal spectroscopy: Fig. 1B shows that only when M.SsslI
MTase, dumbbell DNA probe, Glal, TdT and dATP are present
in the assay system. In the absence of any of M.SssI MTase,
dumbbell DNA probe, Glal, TdT and dATP, no significant
fluorescence signal was detected at 485 nm, and no gold
nanoclusters could be generated.

Gold nanoclusters with stable fluorescence were
synthesized and characterized by heat-assisted reduction.
The gold nanoclusters with stable fluorescence were
characterized by transmission electron microscopy (TEM)
and the results are shown in Fig. 1C. The gold nanoclusters
were spherical, uniform in size, and well dispersed with an
average particle size of about 3 nm. The maximum excitation
wavelength of the gold nanoclusters formed by the reduction
reaction was 285 nm and the maximum emission wavelength
was 485 nm (Fig. 1D).

8000
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- — SUML 400 U]
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Fig. 2 The selectivity and sensitivity of the bioassay system. (A) Selectivity of the bioassay system. (B) Fluorescence signal response values of gold
nanoclusters generated by M.Sssl MTase in the range of 0-400 U ml™ using this bioassay system. (C) A line graph of the fluorescence signal
response of M.Sssl MTase in the range 0-400 U ml™ using this bioassay system. (D) Linearity of the concentration of M.Sss| MTase versus

fluorescence values for 0.1-100 U mL™* with this bioassay system.
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From the above validation and characterization results, it
can be concluded that the proposed biosensing strategy can
detect the activity of methyltransferase.

3.2 Selectivity of M.SssI MTase assay

To verify the target specificity and selectivity of the proposed
method, 0.1 g I™* BSA, 10 U ml™ T4 PNK, 10 U ml™" Taq,
10 U ml™" Dam MTase enzyme was added to the system
instead of a target. Dam MTase is a common DNA adenine
methyltransferase that adds methyl groups to adenine
residues in the DNA sequence to modify methylation in the
genome. The selectivity of the assay was further evaluated by
adding 10 U mL™" Dam MTase as an interfering agent to the
assay system. The selectivity of the bioassay system was
evaluated by recording the value of the fluorescence signal
generated by the gold nanoclusters. According to the result in
Fig. 2A, the final gold nanoclusters were generated and
produced a stable and intense fluorescence signal only when
M.SssI MTase was present in the system. Thus the proposed
method has good specificity.

3.3 Sensitivity of the M.SssI MTase assay

The best detection conditions for this bioassay were obtained
through optimization experiments (Fig. S17). After that, to
verify the sensitivity of the bioassay system, different
concentrations of M.SssI MTase were added to the system and
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the signal values of the fluorescence spectra of the generated
gold nanoclusters were recorded. A linear relationship between
the signal values and the targets can be seen by fitting a
standard curve. The fluorescence signal spectrum as shown in
Fig. 2B, the fluorescence signal of the generated gold
nanoclusters increased with the increase of methyltransferase.
Within this bioassay system (Fig. 2C and D), M.SssI MTase had
a good linear relationship with the fluorescence signal value of
the gold nanoclusters within 0.1-100 U mL ™. The equation is F
=57.91 x C + 467.8, R*> = 0.9834 (where F is the fluorescence
signal value of the gold nanoclusters at 485 nm within the
system and C is the concentration of the added
methyltransferase), and then by evaluating the mean response
of the blank control plus 3 times the standard deviation, the
detection limit of the bioassay system was found to be
0.077 U ml™". This was followed by a comparison of the
sensitivity and linear detection range of biosensors that detect
the same targets. As shown in Table S2,} the proposed bioassay
system using fluorescent gold nanoclusters as the signal output
has a wider linear range as well as a lower detection limit.
Therefore, the method has great application value.

3.4 Detection of M.SssI MTase activity in complex biological
sample

To verify that the bioassay system detects the target in a
complex biological environment, 10% human serum or 1%
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Interference resistance of the assay system assessed in 10% serum. (A) Serum interference assay. (B) Fluorescence signal response values of

gold nanoclusters generated by M.Sssl MTase in the range of 0-100 U ml™ in the assay system containing 10% serum. (C) Line graph of the
fluorescence signal response values for M.Sssl MTase in the range 0-100 U ml™? in the assay system containing 10% serum. (D) Linearity of the
concentration of 0.1-50 U mL™ M.Sssl MTase versus fluorescence values.
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cell lysate was added to the system. As shown in Fig. 3A, the
addition of 10% human serum to the system gave almost the
same results as in the buffer solution. The sensitivity of the
bioassay system after the addition of serum was also
determined and as shown in Fig. 3B, the fluorescence signal
generated in the system containing 10% human serum
increased with the concentration of the target. Subsequently,
by fitting the standard curves (Fig. 3C and D), it can be seen
that there is a good linear relationship between the target
concentration and the fluorescence value of the generated
gold nanoclusters within 0.1-50 U ml™ with the equation F =
56.54 X C + 454.2, R*> = 0.9751 (where F is the value of the
fluorescence signal of the gold nanoclusters generated in the
system with the addition of 10% human serum and C is the
amount of methyltransferase added to the system) and its
detection limit was 0.079 U ml™*, which was similar to that in
the buffer solution. Recovery experiments were then
performed. 10% human serum was added to the system
along with various concentrations of methyltransferase and
the recoveries were measured as shown in Table S3.f The
target recovery in 10% serum ranged from 97.98% to
105.20%. The results of the study indicate that the bioassay
system has good resistance to serum interference.

The bioassay was further tested for interference
resistance by adding 10%, 5% and 1% cell lysate to the
system as shown in Fig. S21 and 4A. When 1% cell lysate
was added to the system, the detection efficiency was also
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almost identical to that in the buffer. As can be seen in
Fig. 4B and C, within the bioassay system containing 1%
cell lysate, the fluorescence signal of the generated gold
nanoclusters increased with increasing concentration of M.
SssI MTase. As shown in Fig. 4D, there is a good linear
relationship between the concentration of methyltransferase
in the range of 1-50 U mL™" and the fluorescence signal
values of the gold nanoclusters. The linear equation was F =
24.53 x C + 770.8, R* = 0.9354. The detection limit of the
system was 0.109 U ml™ in the presence of 1% cell lysate,
which is almost identical to the detection efficiency in
buffer solution. Subsequent recovery experiment results
(Table S41) showed that the bioassay system achieved
recoveries between 99.48% and 114.60% in 1% cell lysate.
All of the above experiments show that the proposed assay
has good immunity to interference.

3.5 Detection of methyltransferase activity in human-derived
cells (Dnmt 1) using this assay system

To further demonstrate the generality and wide application
of the bioassay, the methyltransferase activity assay was
performed on human-derived cell samples. MCF-7 cells
(human breast cancer cells) and MCF-10A cells (normal
human breast epithelial cells) were used for the assay. Based
on the fluorescence signal of the test results (Fig. S31), it can
be seen that the methyltransferase activity extracted from
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MCF-7 cells was significantly higher than that extracted from
MCF-10A cells, which served as a control group. This may be
because the expression level of methyltransferase in cancer
cells is usually higher than that in normal cells.>** The
results of this experiment therefore also suggest that the
bioassay protocol can be applied to the detection of
methyltransferase activity in human-derived cells.

3.6 Analysis of the inhibitory activity of M.SssI MTase
inhibitors

The screening of inhibitors is of great importance for drug
development and also plays a crucial role in the treatment of
serious diseases. This part of the study therefore assesses the
ability of the bioassay system to screen for target inhibitors.
5-Azacytidine (5-Aza) and 5-aza-2-deoxycytidine (5-Aza-dC)
were selected as model inhibitors of the target. Before
screening the inhibitors, it was first ruled out whether the
inhibitors had any effect on enzymes other than
methyltransferases. The following experiment was designed:
the inhibitor was added after the system had completed the

A
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methylation process. As shown in Fig. S4A and B, both 5-Aza
and 5-Aza-dC had no effect on the experimental steps other
than methylation, and their fluorescence signal values were
similar to those generated in the other assay steps. This was
followed by inhibitor screening experiments, using ICsq
values as a basis for assessing whether the bioassay system
had the capacity to screen for target inhibitors. Using this
bioassay system, an ICs, value of 2.23 puM for 5-Aza was
obtained as shown in Fig. 5A, consistent with the results
reported in the literature (5.24 uM,* 3.33 uM,*® 3.6 uM (ref.
47)), and an ICs, value of 1.09 uM was obtained for 5-Aza-dC
(Fig. 5B), which is similar to results reported in the literature
(115 uM,*® 1.3 uM,” 1.58 uM (ref. 49)). The above
experiments demonstrate the utility of this bioassay system
for screening target inhibitors, which can be applied in drug
screening and other applications.

3.7 Generality of the proposed sensing system

To further validate the generality of the assay, other common
nucleases that play an important role in many biological
processes were tested using the assay system: T4 PNK and
EcoRI. By simply replacing the recognition site on the
dumbbell loop with the recognition sequence of the new
target, the target activity can be detected according to the
previously proposed assay.

3.8 Detection of T4 PNK with this assay

T4 PNK is an important DNA repair enzyme that repairs the
phosphorylated 3’ end to the -OH end. The detection process
for T4 PNK is shown in Fig. 6A. The DNA sequence with the
recognition site is identified and cleaved by T4 PNK,
releasing the DNA sequence with the —-OH. The hydroxyl-
terminated DNA sequence is identified by TdT, resulting in
the attachment of dATP to the end of the DNA sequence. The
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Fig. 6 (A) Detection of T4 PNk schematic. (B) Detection of T4 PNK viability. (C) Fluorescence spectrum of T4 PNK enzyme activity assay. (D) Line

graph of the fluorescence signal of T4 PNK in the range of 0-0.5 U mL™ using this assay system. The inset shows linearity of the fluorescence

signal for T4 PNK in the range 0.01-0.5 U mL™ using this assay system.
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extended sequence is the DNA template required for the
reduction of gold nanoclusters. The gold nanoclusters are
then reduced by sodium citrate to form gold nanoclusters
with a fluorescence signal.

The feasibility of the assay was first verified as shown in
Fig. 6B. When T4 PNK is present in the system, gold
nanoclusters are generated and a strong fluorescence signal
is generated, and when T4 PNK is not present in the system,
no significant fluorescence signal is available in the system.
This demonstrates the feasibility of the assay.

Subsequently, it can be seen from the fluorescence spectra
(Fig. 6C and D) that the fluorescence signal of gold
nanoclusters increased with the concentration of T4 PNK in
the system when T4 PNK was present in the system. The
linear equation of F = 1552 x C + 607.5, R*> = 0.9036 was
calculated to give a detection limit of 3.03 x 10 U mL™" for
the detection of T4 PNK enzyme activity.

3.9 Detection of EcoRI with this assay

The restriction endonuclease EcoRI is a common tool for
molecular shearing and is involved in many important
physiological processes. EcoRI recognizes specific sequences
and upon shearing releases hydroxyl-terminated DNA
sequences. The assay to detect EcoRI is shown in Fig. 7A. The
bases in the complementary part of the dumbbell DNA are
replaced by the EcoRI recognition sequence. When EcoRI is
added to the system, the dumbbell DNA is recognized and
cleaved into two hydroxyl-terminated hairpin DNAs. The
hairpin DNA is recognized and processed by TdT, which adds
a poly-A sequence to the hydroxyl terminus of the hairpin
DNA, forming a stencil strand that is eventually reduced by
sodium citrate to form gold nanoclusters with a fluorescence
signal. The feasibility of the detection scheme was
demonstrated by the fluorescence signal shown in Fig. 7B:
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when EcoRI was not present in the system there was almost
no fluorescence signal in the system, while when EcoRI was
present in the system there was a strong fluorescence signal
at 485 nm, demonstrating the feasibility of the detection
scheme.

The fluorescence spectra (Fig. 7C) show that the
fluorescence signal of the gold nanoclusters increased with
the concentration of EcoRI. The linear equation (Fig. 7D) F =
160.1 x C + 968.1, R* = 0.9504, was calculated to give a
detection limit of 2.8 x 10> U mL™" for the detection of EcoRI
enzyme activity.

4. Conclusions

In this study, a bioassay system for the sensitive detection
of methyltransferase and other target activities was
successfully developed by constructing DNA template
sequences to generate gold nanoclusters. The activity of the
targets can be specifically and sensitively detected by
fluorescence signals. The bioassay has a good linear range
and a limit of detection of 0.077 U mL™" for
methyltransferases and is selective in that it does not
fluoresce for enzymes or proteins other than the target. The
bioassay also demonstrates high interference resistance and
sensitive detection of target activity in complex biological
environments. The proposed bioassay system has a wide
range of  applications including  detection of
methyltransferase (Dnmt 1) activity derived from human-
derived cells and screening of methyltransferase inhibitors.
The proposed assay has been shown to be well generalised
and can be used for rapid and easy detection of various
endonucleases. All materials used to construct the bioassay
system are readily available. Thus, there are promising
applications for screening and detection of various disease
targets as well as for the development of appropriate drugs.
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Fig. 7 Detection of EcoRl schematic. (A) Schematic diagram of the EcoRI detection strategy using this scheme. (B) Detection of EcoRl viability. (C)
Fluorescence spectrum of EcoRIl enzyme activity assay. (D) Line graph of the fluorescence signal of EcoRl in the range of 0-5 U mL™ using this
assay system. The inset shows linearity of the fluorescence signal for EcoRl in the range 0.1-50 U mL™ using this assay system.
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