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ARTICLE INFO ABSTRACT
Keywords: DNA methylation results in a variety of human diseases and the DNA methylation process is
DNA methyltransferase mediated by DNA methyltransferases, which have therefore become potential targets for disease

Gold nanoclusters
Fluorescence
Turn-off strategy

treatment. In this study, a turn-off nanogold biological probe system was successfully created for
determining the activity of DNA methyltransferases (M.SssI MTase). A dumbbell-shaped DNA
probe with a site-recognizable region of M. SssI MTase and a fluorescent signal probe based on a
DNA-templated gold nanocluster (DNA-AuNC) probe combined for the quantitative detection of
M. SssI MTase. This dumbbell-shaped DNA probe was methylated by M. SssI MTase, and the
dumbbell-shaped DNA probe with a methyl group was recognized by an endonuclease (Glal) and
cleaved into hairpin DNA. The dGTP was added to the 3-OH terminus of hairpin DNA fragments
in the presence of terminal deoxynucleotidyl transferase (TdT), and the hairpin DNA was
extended with a G-rich sequence that can be used as an inactivation probe. When the inactivation
probe was combined with the signal probe, the fluorescent signal disappeared due to the
photoinduced electron transfer effect. Methyltransferase activity was then detected based on the
turn-off principle of the fluorescence signal from the DNA-AuNCs. The bioprobe enabled sensitive
detection of M. SssI MTase with a detection limit of 0.178 U mL™! and good specificity. The
bioprobe demonstrated good detection efficiency in both human serum and cell lysates, and its
unique fluorescence turn-off mechanism provided good resistance to interference, thus increasing
its potential application in complex biological samples. Moreover, it is suitable for screening and
assessing the inhibitory activity of M. SssI MTase inhibitors, and therefore has significant po-
tential for disease diagnosis and drug discovery.

1. Introduction

DNA methylation is a common enzymatic reaction in cells that is associated with the regulation of numerous important physio-
logical functions in living organisms [1,2]. Methylation is the process in which a methyl group is transferred from S-adenosylme-
thionine (SAM) to adenine or cytosine remnants through the action of DNA methyltransferases [3,4]. Abnormal DNA methylation can
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cause abnormalities in nucleic acid conformation and thus affect gene expression [2,5], leading to serious human diseases, such as
cancer [6-9]. Abnormal activity of DNA methyltransferases directly leads to incorrect DNA methylation. Thus, unusual DNA meth-
yltransferase activity can be used as an indicator for detection of disease at an early stage [10,11]. It has been widely documented that
DNA methyltransferases can be used as markers for early clinical diagnosis and are important targets for clinical treatment [12,13].
Screening for inhibitors of DNA methyltransferases is also part of the development of novel cancer drugs. Therefore, it is important to
develop an efficient and sensitive bioassay system for determining methyltransferase activity.

In recent years, the detection of methyltransferases has been roughly divided into two categories. The first method depends on the
amplification processes of rolling circle amplification (RCA) [14,15], hybridization chain reaction (HCR) [16,17], and strand
displacement amplification (SDA) [18-21], which aim to amplify the signal, improve the detection efficiency, and achieve lower
detection limits. The second method is based on novel materials, such as nanoparticles [22,23] and quantum dots [24,25], which are
used as signal outputs for molecular detection. However, this amplification method may cause nonspecific amplification of nucleic acid
fragments, which may increase the background signal of the assay and be detrimental to subsequent detection. As new materials, metal
nanoclusters are attracting increasing interest because of their stable physical properties, good biocompatibility [26-29], and simple
synthesis method [30-32]. Among these, gold nanoclusters are used in bioimaging [33,34], biomolecular detection [35,36], and
treatment of diseases [37]. DNA templates that produce metal nanoclusters with fluorescent signals as the ultimate signal output of
biosensing systems have been increasingly used in biosensing [38-41]. There is also growing interest in gold nanoclusters templated by
DNA.

A closed dumbbell-shaped DNA probe with a methyltransferase (M.SssI MTase) is often used to study the modified genomes of
methyltransferases in higher eukaryotes because it can mimic the pattern of the genome [42,43]. It is also used to study the function of
cytosine methylation in higher eukaryotic organisms and to compensate for the difficulty in obtaining methyltransferases in humans
[44]. Therefore, it was used as a model enzyme in here. In this study, a bioprobe system for turn-off fluorescence was developed based
on the properties of DNA-templated gold nanoclusters (DNA-AuNCs). DNA-AuNC probes with stable fluorescence were synthesized as
signal probes using a simple heat reduction reaction. A M. SssI MTase recognition site was released from the system by the action of a
methyltransferase and an endonuclease with a 3-hydroxyl group (3'-OH) at the hairpin end. Using terminal deoxynucleotidyl trans-
ferase (TdT) [45-50], a G-rich sequence was added to the end of the hairpin DNA as a quenching probe. The DNA-AuNC probe bound to
the quenched probe through complementary base pairing, and the fluorescent signal burst because of photoinduced electron transfer
due to the proximity of the signal probe to guanine, thus completing the detection of methyltransferase activity [51,52]. In summary,
bioprobes, such as M. SssI MTase, provide a sensitive and selective method for identifying methyltransferases. They can also be used for
the sensitive detection of more complex biological samples, including human serum and cancer cell lysates. Importantly, it can screen
for inhibitors; therefore, the bioprobe assay system has significant potential for biomedical investigations and clinical diagnostics.

2. Experimental methods
2.1. Reagents

All the oligonucleotides used in this study were synthesized and HPLC-purified from Sangon Biotechnology Co., Ltd. (Shanghai,
China), and all the sequences were shown in Table S1. T4 DNA ligase. Exol exonuclease, ExolII exonuclease and M. SssI MTase were
bought from New England Biolabs (Beijing, China). DNA endonuclease (Glal) with 10 x SEBuffer Y (660 mM potassium acetate, 330
mM Tris-acetate, and 100 mM magnesium acetate, 10 mM DTT, pH 7.9) were bought from SibEnzyme Ltd. (Ak, Novosibirsk, Russia).
T4 PNK were bought from Takara Bio. (Dalian, China). 5-Azacytidine (5-Aza) was bought from Sigma-Aldrich. The chemical reagents
used in this study were analytical grade.

2.2. Materials

Native polyacrylamide gel electrophoresis (PAGE) was shown by a Molecular Imager Pharos FX™ Plus system (BioRad, Hercules,
CA, USA). Transmission electron microscopy (TEM) studies were made using a Tecnai G2 Spirit 120 kV. Acquisition of fluorescence
spectral data by microplate reader (Tecan Infinite M1000 Pro, Mannedorf, Switzerland).

2.3. Preparation of gold nanocluster probes (DNA-AuNCs)

Based on a previously reported method used with slight modifications, gold nanocluster probes were produced using poly(A)-DNA
as the template and sodium citrate as the reducing agent [53,54]. An aqueous solution (0.5 mL) containing 20 pL of 1 mM HAuCl4, 20
pL of 10 pM poly-A DNA probe, and 10 mM sodium citrate (SC) (pH 6) was made for the reaction to take place in. Next, the solution was
incubated at 90 °C for 30 min.

2.4. Preparation of enclosed the dumbbell-shaped DNA probe

First, 30 pL reaction mixture containing 3 pL 10 x T4 DNA ligase buffer and 10 uM of DNA solution was heated at 95 °C for 5 min.
To ensure that a dumbbell-shaped structure could be formed, the solution was slowly cooled to room temperature. Next, 240 U of T4
DNA ligase was added to the mixture and the reaction was incubated overnight at room temperature. Subsequently, 12 U Exol and 60 U
ExolIl were added to the reaction mixture. This solution was incubated at 37 °C for 1 h to ensure complete digestion of the leftover
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unreacted substrate. Finally, the mixture was heated at 80 °C for 20 min to terminate the reaction. The solution containing the closed
dumbbell-shaped DNA probe can be used directly for subsequent experiments or stored at —20 °C until use.

2.5. Assay for M.SssI MTase activity

In 20 pL of reaction mixture containing 1 pM dumbbell probe, 1 x SEBuffer Y, 10 U Glal, 160 pM SAM, and various concentrations
of M. SssI MTase, the methylation and cleavage reactions were performed. The mixture was incubated at 37 °C for 2 h, then the
temperature was increased to 80 °C for 20 min to terminate the reaction. Ten microliters of the above reaction solution was removed,
and 3 pL of 10 x TdT buffer, 2 pL of dGTP, and 3 pL CoCl, (2.5 mM) was added and mixed well. Then, 0.75 pL (15U) of TdT was added
to obtain a total volume of 30 pL and incubated at 37 °C for 1 h. The mixture solution was then heated at 80 °C for 20 min to inactivate
the TdT polymerase. The above solutions were combined with DNA-AuNC probes and incubated at 37 °C for 30 min. Subsequently, the
fluorescence of the mixed solutions was measured.

2.6. Selectivity assay for M.SssI MTase activity

To study the selectivity of the bioprobe detection system and whether it is specific and sensitive for the assay of M. SssI MTase,
bovine serum albumin (BSA), Taq DNA ligase, T4 polynucleotide kinase (T4 PNK), Dam MTase and M. SssI MTase were added as
targets of the assay system. The remainder of the procedure was with the same as that for the methyltransferase assay.

2.7. Inhibition assay of M.SssI MTase activity

5-azacytidine (5-Aza) incubated at various concentrations with dumbbell-shaped DNA probes and 1 x SEBuffer Y, and later with
160 pM SAM, 100 U mL ™! M. SssI MTase, and 10 U of Glal were incorporated into the mixed solution and incubated for 2 h at 37 °C.
Subsequent experiments were performed as previously described. The relative activity (RA) of M. SssI MTase was quantified using
Equation (1):

:(ngF") % 100% )
1

Where Fy is the fluorescence intensity in the absence of M. SssI MTase, F; is the fluorescence intensity with M. SssI MTase included, and
Fj is the fluorescence intensity when both M. SssI MTase and the inhibitor are present in the system.

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

The M. SssI MTase recovery analysis and assay in biological samples were the same as the normal assay for M. SssI MTase activity,
but with the addition of 1% human serum sample or 5% cell lysate in the methylation step. The remainder of the procedure was the
same as described above. The mean recovery rate was calculated using Equation (2):

Recovery (%) = (Cmean found / Cadded) x 100% (&)
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Scheme 1. Schematic showing the bioprobe assay of M. SssI MTase activity.
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2.9. Native polyacrylamide gel electrophoresis (PAGE) analysis

The DNA products were analyzed using 12% PAGE. The electrophoresis buffer was 1 x TBE buffer (40 mM Tris, 20 mM acetic acid,
and 1 mM ethylenediaminetetraacetic acid [EDTA], pH 8.3). Electrophoresis was maintained at a constant voltage of 110 V for 55 min.
The cells were imaged using a Molecular Imager Pharos FX™ Plus system (Bio-Rad, Hercules, CA, USA).

3. Results and discussion
3.1. Experimental principles and feasibility

First, the feasibility of the detection system was analyzed (Scheme 1). We synthesized DNA-AuNC probes with fluorescent signals
were synthesized. Therefater, M. SssI MTase was selected as the detection target and designed a dumbbell-shaped DNA with the
sequence of 5-ACGT-3,” which can be recognized by M. SssI MTase and transfer the methyl group from SAM to the dumbbell-shaped
DNA probe. After methylation, dumbbell-shaped DNA is recognized by the endonuclease Glal and cleaved into two hairpin structures
containing hydroxyl tails. The hairpin structure released by this process is extended by terminal deoxynucleotidyl transferase and
dGTP to form a structure with a G-rich sequence. Subsequently, DNA-AuNC probes with fluorescent signals were quenched by hy-
bridization to a G-rich sequence. Based on the principle of photoinduced electron transfer, the fluorescence signals of the DNA-AuNC
probe changed when a G-rich sequence was close to the DNA-AuNC probe. Methyltransferase activity can be detected based on the
variation in fluorescence emission.

The feasibility of the proposed bioprobe for the determination of methyltransferase activity was verified using 12% PAGE. As
shown in the PAGE diagram (Fig. 1A), lane 1 shows a dumbbell-shaped DNA probe formed in the presence of T4ADNA ligase, and lane 2
shows a dumbbell-shaped DNA probe recognized and cleaved by Glal after the addition of a methyl group in the presence of M. SssI
MTase. This comparison led to the conclusion that with the migration rate of nucleic acid molecules in lane 1, the subsequent DNA in
lane 2 migrates at a faster rate than that in lane 1. This demonstrated that the dumbbell-shaped DNA was cleaved into a hairpin
structure with a hydroxyl group. The hairpin DNA was extended using the TdT cleavage product. The addition of dGTP at the end of the
hairpin extends the G-rich sequence, and as seen in lane 3, DNA band migration is slowed by end lengthening. As a result, it was
demonstrated that the dumbbell-shaped DNA probe is eventually cleaved and a segment with a G-rich sequence is added by TdT. These
native PAGE experiments demonstrated the viability of the bioprobe.

Fluorescence control experiments were conducted to validate the feasibility of this bioprobe. Control experiments were conducted
to determine whether the dumbbell-shaped DNA probe or other enzymes interfered with the fluorescence signal. Within the four sets of
control experiments, the fluorescence signal of the bioprobe system decreased when M. SssI MTase, Glal, TdT, or dumbbell-shaped
DNA probes were added. According to the fluorescence spectra (Fig. 1B), the fluorescence signal within the system significantly
diminished in the presence of the target. In contrast, the fluorescence signal from the gold nanoclusters in the sensing systems was not
obviously diminished when M. SssI MTase, Glal, TdT, or dumbbell-shaped DNA probes were absent in the sensing system. This pro-
vided a closer validation of the feasibility of this bioprobe for the detection of methyltransferases.

3.2. Characteristic of DNA-AuNCs probe

DNA-AuNC probes with stable fluorescence were synthesized using the above method and were characterized as fluorescent signal
probes. As shown in Fig. 2A, DNA-AuNCs had a maximum excitation wavelength of 280 nm and a maximum emission wavelength of
485 nm. The shapes of the prepared DNA-AuNCs were characterized by TEM, which indicated that the DNA-AuNCs were both spherical
and well dispersed, with particle sizes averaging approximately 5 nm (Fig. 2B). We also verified that during the formation of gold
nanoclusters, gold nanoclusters with a fluorescent signal could only be formed when a DNA sequence containing poly-A was present in
the buffer (Fig. S1).
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Fig. 1. The feasibility of the bioprobe system was verified by fluorescence and polyacrylamide gel electrophoresis experiments. (A). Demonstrating
the feasibility of this strategy by 12% PAGE: Lane M, the DNA ladder marker; Lanel, the dumbbell-shaped DNA probe; Lane2 , the dumbbell-shaped
DNA probe + M. SssI + Glal; Lane3, the dumbbell-shaped DNA probe + M. SssI + Glal + TdT. (B). Fluorescence assay for different sensing systems.
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Fig. 2. The characteristic of DNA-AuNCs. (A) Fluorescence excitation spectra data and fluorescence emission spectra data of DNA-AuNCs. (B) TEM
images of DNA-AuNCs.

3.3. Optimization of conditions for the proposed bioprobe detection system

After verifying the feasibility of the gold nanocluster fluorescent bioprobe system, the optimal conditions for bioprobe detection
were determined. In addition, the amount and time of the enzyme required for the bioprobe assay were optimized. The details are as
follows: (a) optimization of the methylation/cleavage reaction time, (b) optimization of the concentration of Glal, (c) Optimization of
TdT amount, and (d) optimization of the reaction time of TdT catalysis. (e) Optimization of incubation times for binding of DNA-AuNCs
probes to G-rich sequences.

The optimum reaction conditions for this bioprobe detection system were determined experimentally: (a) methylation/cleavage
reaction time of 2 h (Fig. 3A); (b) Glal concentration of 10 U (Fig. 3B); (c¢) TdT amount of 15 U (Fig. 3C); and (d) TdT-catalyzed
extension reaction time of 1 h (Fig. 3D). (e) The DNA-AuNCs probe binding to the G-rich sequence incubation time of 30 min (Fig.
S2) The response results were evaluated using the ratio of FO-F (fluorescence intensity in the absence of M. SssI MTase in the sys-
tem-fluorescence intensity in the presence of M. SssI MTase in the system).
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Fig. 3. Optimization of the experimental conditions (A) Optimization of methylation/cleavage reaction time. (B) Optimization of the concentration
of Glal. (C) Optimization of TdT-catalyzed extension reaction time. (D) Optimization of TdT amount. The error bars show the standard deviation
based on three parallel measurements.
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3.4. Sensitivity of bioprobe detection systems for the assay of M.SssI MTase

The experiments described above clearly show that the bioprobe detection strategy can be used to detect M. SssI MTase activity.
Based on the best experimental conditions that have been obtained, the sensitivity of the bioprobe detection system was assessed by
measuring the change in the fluorescence signal against M. SssI MTase. With increasing concentrations of M. SssI MTase, an increasing
number of dumbbell-shaped DNA probes are cleaved by methyltransferases and endonucleases. The hairpin DNA formed by the above
process was used for the subsequent extension reaction catalyzed by TdT. As shown in Fig. 4A, the fluorescence intensity of the gold
nanoclusters at 485 nm varied with the concentration of M. SssI MTase, and it can be concluded that the fluorescence gradually
decreased with increasing concentration of the target. By fitting the equation (Fig. 4B), there was a clear linear relationship between
the gold nanocluster fluorescence intensity and M. SssI MTase concentration, especially in the range 0.5-40 U mL™. The linear
regression equation was Fo-F = 14.23C + 339.50, as shown by the correlation coefficient (r?) of 0.9769. Where Fy and F are the
fluorescence intensities at 485 nm in the absence and presence of M. SssI MTase, respectively. And C is the concentration of M. SssI
MTase. The limit of detection was calculated as 0.178 U mL™! by assessing the mean response of the blank control with a 3-fold
standard deviation. Thus, this method enables the sensitive detection of methyltransferases. The response results were evaluated
using the Fo—F (fluorescence intensity in the absence of M. SssI MTase in the system-fluorescence intensity in the presence of M. Sssl
MTase in the system).

3.5. Detection of M.SssI MTase activity in human serum and cell lysate

To study the application of this detection system to complex biological samples, four different concentrations of M. SssI MTase (10,
20, 40, and 100 U mL™!) were added to the assay system containing 1% human serum. As the enzyme concentration increased, the
value of Fo-F also gradually increased. The bioprobe showed almost identical detection efficiency in the complex assay biological
samples compared to the buffer (Fig. 5A). This indicated that the proposed approach can be applied to complex biological samples.
Thus, M. SssI MTase could be detected properly in a buffer system containing 1% human serum. The fitted standard curve shows that
the target concentration of the bioprobe ranged 0.5-40 U mL~! (Fig. 5B). The concentration exhibited a good linear relationship with
the fluorescence signal value of the gold nanoclusters. The equation is Fo—F = 12.47C + 382.70, r*> = 0.9746, and the detection limit is
0.199 U mL™!. This result was consistent with the detection of the bioprobe in the buffer solution. Therefore, the proposed method can
be used for complex systems involving human serum samples. We also tested a bioprobe for recovery of the assay in 1% human serum.
Table 1 presents the results of the study. The recovery of this method ranged from 92.58 to 110.58%. Additionally, a bioprobe was used
to detect methyltransferase activity in cancer cell lysates (MCF-7 cells). As shown in Fig. S3, compared to the sample in the buffer, the
bioprobe maintained virtually the same detection efficiency in the system with the addition of 5% cell lysate. Thus, the detection
efficiency of our method was stable in complex biological samples.

3.6. Selectivity of bioprobe detection systems for the assay of M.SssI MTase

With the aim of validating the selectivity of the approach for this bioprobe detection system, the following studies were undertaken
to verify the specificity of the proposed strategy. As Fig. 6A shows, using the same assay procedure, four detection systems were added
with 0.1 g L™} BSA, 100 U mL ™! Taq DNA ligase, 100 U mL~! T* PNK, 100 U mL~! Dam MTase and 100 U mL~! M. SssI MTase. The
results of the response are evaluated by the Fo—F (fluorescence intensity in the absence of M. SssI MTase in the system - fluorescence
intensity in the presence of M. SssI MTase in the system). M. SssI MTase specifically recognizes and labels the dumbbell-shaped DNA
probe. The fluorescence was quenched only when M. SssI MTase was present in the system. These results demonstrate the specificity of
the bioprobe detection system.
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Fig. 4. Sensitivity of the M. SssI MTase bioprobe detection system. (A) The fluorescence spectra data of bioprobe assay systems using different
concentrations of M. SssI MTase. (B)Variation of M. SssI MTase concentration versus fluorescent signal values at 485 nm (Fo—F). And the inset shows
the linear relationship between the fluorescence intensity and the concentration of M. SssI MTase.
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Fig. 5. Application of detection strategies in complex environments. (A) Fluorescence intensities of various concentrations of M. SssI MTase in
buffer with 1% human serum samples in the proposed detection strategy. (B) The linear relationship between the fluorescence intensity (Fo—F) and
the concentration of M. SssI MTase in 1% human serum.

Table 1
Recovery experimental results in human serum samples.

Add (UmL-1) Found ( UmL-1) Recovery ( % ) RSD (% )
10 11.06 110.58% 1.46
20 22.05 110.25% 0.53
40 37.03 92.58% 1.13
12001 110
100
1000+ =
< 90
800 g 80-
. g
v 600 s
= 60 ¢
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504 d
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BSA Taq T4 PNK Dam M.Sssl 5-Aza concentration (uM)

Fig. 6. Selectivity of the M. SssI MTase sensing system and screening of M. SssI MTase inhibitor. (A) Fluorescence intensity of different assay system
with 100 UmL~! Taq DNA Ligase, 100 UmL ™! T* PNK, 0.1 g L ! BSA, 100 U mL~! Dam MTase and 100 U mL~! M. SssI MTase respectively. Fo and F
are the fluorescence intensities at 485 nm in the absence and presence of M. SssI MTase. (B) Inhibition of M. SssI MTase activity by 5-Aza, M. SssI
MTase was added at a concentration of 100 U mL ™.

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

DNA methylation is a common DNA modification that significantly affects gene expression. Aberrantly methylated DNA is closely
associated with the development and progression of tumors; therefore, the development of useful methyltransferase inhibitors that
hinder the activity of this enzyme has become a hot topic. 5-Aza acts as a model inhibitor [55]. The structure of 5-Aza is shown in
Fig. S4. M. SssI MTase inhibitors were assessed using the bioprobe described above with the addition of 5-Aza to the assay system.
Before conducting the inhibitor activity assays, we excluded the potential effects of the inhibitor on Glal and TdT. First, the effects of
these two experiments were excluded. In the first experiment, M. SssI MTase and Glal were treated with a dumbbell-shaped DNA probe,
followed by the addition of 5-Aza (Fig. S5A), the fluorescence intensity of this bioprobe system was not significantly different from the
original values, indicating that 5-Aza had no obvious effect on TdT activity. Next, 5-Aza and Glal (or Glal alone) were added after
treating the dumbbell-shaped DNA probe with M. SssI MTase. The results again indicated that the sensing systems with or without
5-Aza exhibited similar fluorescence outputs (Fig. S5B), indicating that 5-Aza also had no significant effect on Glal activity. The ability
of 5-Aza to inhibit M. SssI MTase was tested after eliminating the effects of the inhibitors on other enzymes. As shown in Fig. 6B the
value of the ICs (resulting in 50% inhibition of M. SssI MTase activity at 5-Aza concentrations) was calculated to be 3.76 pM. This
result is consistent with those reported in the literature [24], indicating that this bioprobe detection system can be used to screen for M.
SssI MTase inhibitors and evaluate their inhibitory capacity.
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4. Conclusions

In this study, a turn-off bioprobe system based on the properties of Au nanoclusters was designed. The bioprobe was highly sensitive
in detecting methyltransferase activity without any amplification process and had a detection limit of 0.178 U mL™". Its unique
principles make this method highly specific, and it does not respond to enzymes or proteins other than M. SssI MTase. Even in complex
biological environments (e.g., human serum and cell lysates), bioprobe systems are sensitive to target activity. Importantly, this
bioprobe system can be used to screen for methyltransferase inhibitors. In this study, the ICsg value of the methyltransferase inhibitor
5-Aza was 3.76 pM. The sensitive, highly adaptable, and uncomplicated bioprobe assay system designed in this study for the detection
of methyltransferase activity has a promising future in biomedical detection and drug screening, and presents a new method for the
early screening of human diseases.
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