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ABSTRACT: DNA methylation catalyzed by DNA methyltransfezaplays an

important role in many biological processes inahgdigene transcription, genomic
imprinting and cellular differentiation. Herein,n@vel and effective electrochemical
method for the assay of DNA methyltransferase 1(DONIM activity has been
successfully developed by using uracil-specificig®a reagent (USER) induced
G-quadruplex formation. Briefly, double stranded ANontaining the recognition
sequence of DNMT1 is immobilized on the electroimong them, one strand (DNA
S1) contains G-rich sequence and a cytosine bdsks thie supplement strand (DNA

S2) cotains C-rich sequence and a methylated eyosihrough the activity of
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DNMT1, the hemimethylated CG recognition sequencthe® double stranded DNA
are methylated and DNA S2 strand is cleaved andven after the subsequently
treatment with EpiTect fast bisulfite conversiotskand USER, leaving the DNA S1
to form the G-quadruplex-hemin DNAzyme for signammification. Under
optimal-conditions, the method shows wide linearge of 0.1-40 U-mt with a
detection limit of 0.06 U-mt Furthermore, the inhibition assay study demotesra
that SGI-1027 can inhibit the DNMT 1 activity withe IC50 values of @M in the
presence of 16QuM S-adenosylmethionine. Since this method can tidtaman
DNMT1 activity effectively and has successfully bespplied in complex biological
samples, it may have great potential in the apiptioa in DNA methylation related
clinical practices and biochemical researches.

Kewords: Electrochemical biosensor; DNMT1; USER; G-quadkxp

1. Introduction

DNA methylation plays an important role in many mai cellular processes
including gene regulation, X chromosome inactivatamd development in mammals
[1-3]. In human beings, DNA methyltransferase 1 @WN) is characterized as a
maintenance methyltransferase and prefers to hetmytate DNA at 5CG-3 sites [4,
5] . It is proved to be upregulated in tumors asdoaiated with the progression of
patients with pancreatic cancer [6, 7]. So it i€essary to develop an effective
method for the detection of DNMTL1 for early cande&gnosis and understanding of

the carcinogenesis mechanism.



Traditional methods for the assay of DNA methylgf@nase activity frequently
employed the radioactive-labeling strategy and imeabased detection [8-10].
However, most of them either are involved the u$eramlioactive materials or
labor-intensive. To overcome the shortcomings efttaditional methods, much effort
has been made to detect DNA methyltransferaseitgctigsing colorimetric[11-14],
fluorescent [15-19], and electrochemical methods0-423]. Among them,
electrochemical methods exhibit unique merits ghhsensitivity and simplicity of
operation, which have attracted much attentionhi@ tield of DNA methylation
detection. However, most of available electrochammethods are applicable in the
detection of methyltransferase activity in prokanyocells. The assay of human
DNMT1 involves the exposure of electrode surfacegreater amounts of protein
material due to the larger size and lower actiofythese proteins, as compared to
bacterial methyltransferases. These proteins camd Wo DNA substrate with
specificity or non-specificity. And the binding caot be reversed by washing with
buffer, which will hinder the cleavage of DNA sutade catalyzed by methylation
sensitive restriction endonuclease, resulting iweak signal [25]. Therefore, it is
highly required to develop a novel method for sivesidetection of human DNMT1.

In this work, we have developed a novel electroadbainmethod to detect
DNMT1 activity based on the USER induced G-quadsypbrmation [26-30]. Firstly,
double stranded DNA (dsDNA) containing recognitisaquence of DNMTL1 is
immobilized on the electrode. Among them, DNA Shtems G-rich sequence and a

cytosine base, while the DNA S2 cotains C-rich sege and a methylated cytosine.



After being treated with DNMT1, the hemimethylat€& recognition sequence is
methylated by DNMT1. Upon the treatment of EpiTest bisulfite conversion kits
[15], cytosine bases of the dsDNA are converteduracil bases, the methylated
cytosine base on the DNA S1 cannot convert. Morpontantly, most of proteins
binding to the DNA substrate are removed afterttneat with EpiTect fast bisulfite
conversion kits, which makes it easy for the treathrof DNA subsequently[31, 32].
When USER, which contains uracil DNA glycosylasal &dNA glycosylase-lyase
endonuclease VIII, is dropped on the electrodeciuf@NA glycosylase (UDG)
catalyzes the excision of dU forming an abasic, siteanwhile endonuclease VIIi
breaks the phosphodiester bond of the abasic siteedeases the DNA S2. However,
the methylated cytosine base on the DNA S1 strandat convert to uracil bases and
is averted from cleavage. Then, upon addition ohihethe G-rich sequences form
G-quadruplex-hemin DNAzyme, which would catalyzergxé&lation reaction to
generate amplified signal readout. In the abserfc®NMT1, the unmethylated
cytosine base on the DNA S1 is converted to ulzasles and cleaved, preventing the
formation of G-quadruplex. Therefore, a novel biss® has been developed to detect
DNMT1 activity and screen the inhibitors in eukaigacells. This method can be
used to determine DNMT1 activity with the detectiamit of 0.06 U-mL* and has
been successfully applied in complex biological gls, which may be a potential
and powerful tool for clinical diagnostics and drdgvelopment for cancer in the

future.

2. Experimental



2.1. Reagents and materials

All the HPLC-purified oligonucleotide sequencesraveynthesized by Shanghai
Sangon Biotechnology Co. Ltd. (Shanghai, China) atwted in the TE buffer at
-20°C in the refrigerator. The base sequencessai@laws:
DNA S1: B-TGGGTAGGGCGGGTTGGGTTTTTT-SH:3
DNA S2: 3-CCCAACCC"GCCCTACCCA-3.
Ammonium acetate, andmercaptohexanol (MCH), etlgyldiamine tetraacetic acid
(EDTA) and tris (2-carboxyethyl) phosphine hydrawide (TCEP) were purchased
from Sigma-Aldrich. S-adenosylmethionine (SAM), USBIEonsists of a mixture of
uracil DNA glycosylase (UDG), DNA glycosylase-lyasedonuclease VIII and 10x
UDG reaction buffer (200 mM Tris-HCI, 10 mM EDTAQQ mM NacCl, pH 8.2) were
obtained from New England Biolabs Inc. EpiTect fasiulfite conversion kits were
purchased from QIAGEN Co. Ltd (Shanghai, China). ENImedium was purchased
from Sangon Biotechnology Co. Ltd (Shanghai, ChiRa}al calf serum was obtained
from Sangon Biotechnology Co. Ltd (Shanghai, Chihajclear protein extraction kit
was purchased from Sangon Biotechnology Co. Ltdaii§hai, China). Hemin,
hydroquinone(HQ), kD, and EDTA were purchased from Sangon Biotechnogy
Ltd. (Shanghai, China). The buffer solutions usethis work included TE buffer (10
mM Tris-HCl and 1 mM EDTA, pH 8.0), DNA hybridizaim buffer (10 mM Tris-HCI,
1.0 mM EDTA, and 1.0 M NaCl, pH 7.4), DNA immobéition buffer (10 mM
Tris-HCI, 1 mM EDTA, 10 mM TCEP and 0.1 M NacCl, pt4) and electrochemistry

determination buffer (0.1 M PBS containing 1.0 mMOdand 0.2 mM HQ, pH 7.4).



0.1 M PBS (pH 7.4) was prepared by dissolving ORagib,PO, ,2.2 g NaHPO, and
8.5 g NaCl in 1000 ml doubly distilled water. Fdirexperiments, aqueous solutions
purified by Milli-Qplus 185 ultrapure waters systdBarnstead, Bedford, MA) was
used. All other chemicals not mentioned here wéamnalytical reagent grade.
2.2. Instrumentation

All electrochemical measurements were performed @HI660D electrochemical
workstation (Shanghai Chenhua Instruments Co.,, [Gthina) with a conventional
three electrode system composed of platinum wirguadiary, Ag/AgCl electrode as
reference, and a 3 mm-diameter gold electrode akimgpelectrode.
2.3. Céll cultureand DNMT1 extraction

MCF-7 cells and Hela cells were cultured in DMEMdien containing 10% fetal
calf serum and maintained in a humidified atmospheith 5% CQ at 37 °C. All
cells were collected in the exponential phase ofvfn and harvested from adherent
cell culture by trypsinization, followed by washimagth cold PBS and then a nuclear
protein extraction kit. The cells were incubatedZ® min on ice and then centrifuged
at 12 000 rpm (14463 g) for 10 min at 4 °C. Finalhe supernatant was exchanged
by a size exclusion spin column into DNMTL1 activityffer. Cell lysate was flash
frozen and stored at -80 °C before use.
2.4. DNA immobilization and hybridization

The gold electrode pretreatment involved the foitmysteps[33]. First, the gold

electrode ¢=3 mm) was polished with alumina powder {B4) of various particle

sizes (1.0, 0.3 and 0.@6n) on silk till a mirror-like smoothness. Then, thlectrode



was soaked in piranha solution B : V(30% HO,)=3 . 1] for 10 min to
eliminate the adsorbed organic matter, and rinkedotighly with deionized water,
followed by immersed into 50% nitric acid for 30 miThen, the electrode was
sonicated in ethanol and deionized water for 5 sejparately. After being dried with
nitrogen blowing, the electrode was swept in 0.5)#0, by cyclic voltammetry (CV)
from O to 1.6 V until stable signal was obtained.

For probe immobilization, 10L of probe immobilization buffer containing 2.0/
thiol-capped DNA S1 was dripped on gold electrogidage and maintained for 12 h
at humid conditions[34]. Then, the modified eledgowas rinsed three times with
DNA immobilization buffer. After that, the electredwas treated with 1QL of
Tris-HCI (10 mM) containing 1 mM MCH and kept fo5 Imin to hold a good
orientation of probe DNA for its good recognitiorbildy. The hybridization
experiments were carried out by dripping 1Q of DNA hybridization buffer
containing 1.QuM of DNA S2 on the electrode surface at 37 °C fdr. After that, the
hybridized electrode was rinsed three times withriajyzation buffer to remove the
unhybridized target DNA and dried with nitrogenwing.

2.5. DNA methylation and bisulfite treatment

The hemimethylation DNA S1/DNA S2 was performed mykttion at 37 °C for 2
h in 50 mM Tris-HCI buffer (pH 7.8) containing 1604 SAM, 1 mM EDTA, 1 mM
dithiothreitol (DTT), 5 % glycerol and various camtrations of DNMT1 (from O to
40 unit-mLY[35]. Then the electrode was rinsed three timeth WD mM PBS (pH

7.4) and immersed in 5QL bisulfite reaction buffer containing 3dL bisulfite



solution, 10uL RNase-free water, and . DNA protect buffer at 60 °C for 30 min.
After that, the electrode was rinsed three timeshwi0O mM PBS and used
immediately or stored at -4 °C.
2.6. Digestion by USER and formation of G-quadruplex-based DNAzyme

50 uL 1xUSER reaction buffer (50 mM Potassium acetafemM Tris-acetate, 10
mM Magnesium acetate, 1Q@-mL*BSA, pH 7.9) and a known concentration of
USER (2.0 U-mL) or cell lysate were added to the gold electrodetaining a
duplex DNA substrate. The mixture was incubate@7atC for 30 min to allow the
base cleavage reaction to take place. After thatetectrode was rinsed with 0.1 M
PBS to remove the cleaved DNA. Then, @ll0hemin solution (25 mM HEPES, 50
mM KCI, 200 mM NaCl, 12.5 mM MgG) was added on to the electrode surface at
37 °C for 3 h. Due to the guanine-rich sequenceBMA S1, G-quadruplex-based
DNAzyme was formed.
2.7. Inhibition of DNMT1 activity

To study the inhibition effect of SGI-1027 on DNMTHhctivity, the
hemimethylation DNA S1/DNA S2 methylation was penfied at 37 °C for 2 h in 50
mM Tris-HCI buffer (pH7.8) containing 16@M SAM, 1mM EDTA, 1 mM
dithiothreitol (DTT), 5% glycerol and 60 U-mLDNMT1 and various concentrations
of inhibitors. The inhibition efficiency (%) was @&wated as follows: Inhibition=l,/
I3-1:x100%[36]. | was obtained after the S1/S2 hybrids treated Wishlfite and
USER. k was obtained after the S1/S2 hybrids treated WIRHMT1, bisulfite and

USER. } was the inhibited current of B,-hydroquinone system in the presence of



inhibitor.
2.8. Electrochemical measurements

Differential pulse voltammetry (DPV) was performieda certain volume of 0.1 M
PBS (pH 7.4) containing 1.0 mM.B, and 0.2 mM HQ with the scan range from -0.1
to 0.2 V. Electrochemical impedance spectra (EI®s werformed in 5.0 mM
[Fe(CN)]*/* solution containing 0.1 M KCI with the frequenaywrh 10 to 16 Hz.
The electrochemical measurements were all caruéataroom temperature.
3. Resultsand disscussion

3.1. Principle of the biosensor
Pleaseinsert Scheme 1 here.

The mechanism of the sensing system is depictextheme 1. In this design, a
signal probe (DNA S1'/5TGGGTAGGGCGGGTTGGG
TTTTTT-SH-3) is self-assembled on the electrode via Au-S bampg@rimarily, which
consists of G-rich sequence and an only cytosirse.bafter hybridization with its
complement ssDNA (DNA S2:"&£CCAACCC"GCCCTACCCA-3) which cotains
C-rich sequence and a methylated cytosine, the ldosfpanded DNA (dsDNA)
containing recognition sequence of DNMT1 is fornoedthe electrode surface. After
addition of DNMT1, the hemimethylated CG recogmti®equence is methylated by
DNMT1. Upon the treatment of EpiTect fast bisulfitenversion kits, multiple
unmethylated cytosine bases of the DNA S2 are atenvéo uracil bases, which are
cleaved and released to the solution when USERippetl on the gold electrode.

However, methylated cytosine bases on the DNA Sihatabe converted to uracil



bases. Thus, only the DNA S1 remains on the eleetsurface. After addition of
hemin in the system, hemin can intercalate into @euadruplex structure.
Subsequently, a hemin/G-quadruplex DNAzyme is fatnvehich may significantly
improve the catalysis of 0, by oxidation of hydroquinone, resulting in an cis
reduction peak current of benzoquinone for theyas§®NMT1 activity. However, in
the absence of DNMT1, the unmethylated cytosine lsdighe DNA S1 is converted
into uracil base when treated with EpiTect fasulfit® conversion kits, which is then
cut and released to the solution after treated WHER. Therefore, DNA S1 cannot
bind hemin to form G-quadruplex. This electrocheahimethod offers a general and
guantitative approach for sensitive detection ofNDINL activity.

3.2. Characterization of the modification process of the electrode
Pleaseinsert Figure 1 here.

In order to characterize the successfully prepamatif the modified electrodes,
EIS is performed on different modified electrodrssi0 mM [Fe(CNY*/* solution
containing 0.1 M KCI. As shown in Figure 1, EIStbe bare electrode is nearly a
straight line (curve a). A small semicircle is ab&al after self-assembly of
thiol-terminated capture DNA S1 (curve b), whicladcterizes the immobilization of
the DNA S1 on the electrode surface. When DNA SByisridized with DNA S1, a
big semicircle is observed (curve c). Afterwardse diameter of the semicircle
evidently decreases when the DNA S2/DNA S1 is ¢éceatith DNMT1, bisulfite, and
USER (curve d). It can be ascribed to the digesgéfiect of USER towards uracil

bases of the DNA. There is a small semicircle (ewy in the absence of DNMT1,
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demonstrating that DNA S2/DNA S1 are all digestgdhe USER.

3.3. Detection feasibility of DNA methylation
Pleaseinsert Figure 2 here.

DPV is selected to investigate the electrochenbehlaviors of different electrodes.
As shown in Figure 2, in the presence of DNMT1,ignificant current signal is
observed indicating the occurrence of the methyfatif DNA S1/DNA S2 (curve e).
However, in the absence of DNMTL, there is muchelowurrent signal (curve b).
The reason is clear, because in the absence of ONMiE methylation of DNA
S1/DNA S2 does not occur. Therefore, no G-quadruptaucture is formed, thus no
electrochemical signal amplification can be achieveurthermore, in the absence of
DNA S2 (curve a), sodium bisulfite (curve c¢) or USE(curve d), small
electrochemical signals are observed, which cledeiymonstrate that DNA S2, sodium
bisulfite and USER are necessary to achieve sggmfly amplified signals. Therefore,
the above results indicate the feasibility of tmethod for the detection of DNMT1
activity.

3.4. Optimization of assay conditions

The electrochemical performance of the sensor woadnfluenced by several
factors, such as the concentration of the USER tlamdncubation time of hemin. To
obtain the best analytical performance, the effetthe concentrations of USER are
investigated. As can be seen from Figure S1 A, wighincreasing concentrations of
USER, the current intensity increases and reachraspamum at two units peail.

Thus, two units peiiL of USER are chosen for the following experiments.
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In addition, the current increases significantlyhathe hemin incubation time from
1 to 3 h. Then, the current decreases slightly fBotm 3.5 h. The result indicates that
excessive incubation time might hinder electromgfar from benzoquinone to the
electrode. So, 3 h is adopted as the optimal hémubation time (Figure S1B).

3.5. Assay of DNMT1 activity
Pleaseinsert Figure 3 here.

Under the optimized conditions, the activity of DNIMis investigated by DPV in
0.1 M PBS containing 1.0 mM4, and 0.2 mM HQ. As can be seen in Figure 3, the
reduction peak current increases with the incrgagBINMT1 concentration ranged
between 0.1-40 U-mk The linear relationship between the logarithmDNMT1
concentration and the reduction peak current iainbtl as I {A) = 6.325 IgK(U-mL™)
+7.589 (R=0.993) and the detection limit is 0.06 U-tI(S/N=3). This result
demonstrates that the biosensor has a good ségditivDNMT1 determination.

3.6. Reproducibility and selectivity of the DNM T 1 biosensor
Pleaseinsert Figure 4 here.

In order to test the reproducibility of this DNMThiosensor, five parallel
electrodes incubated with 1 U-PiIDNMT1 are prepared for this determination. The
prepared electrodes demonstrate similar electroaérsignals and an acceptable
relative standard deviation (RSD) of 4.2 %, indiogtthe good reproducibility of the
DNMT1 biosensor.

To investigate the selectivity of the method, DanTage is selected as an
interference enzyme to estimate the selectivitthisf method. Due to the specific site

recognition of DNMT1 toward its substrate, the noethcan easily discriminate
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DNMT1 from Dam MTase. As shown in Figure 4, sigrdint peak current is observed
in the presence of DNMTL1. In contrast, no distipeak current is observed in the
presence of Dam MTase. These results demonstriagdhie amplified strategy for
DNMT1 activity exhibited a good selectivity.

3.7. Analysis of complex biological samples
Pleaseinsert Figure5 here.

To further demonstrate the potential of the presemdthod for practical
applications, the sensor is applied for direct ciede of DNMTL1 in human serum.
Each recovery of serum is determined by compatwegrésults obtained before and
after the addition of standard DNMT1 to the serwamples. The results are listed in
Table S1. The recoveries of DNMT1 in five sample® all found to be
98.2%-107.0%, which validates the reliability amdgticality of this method.

The DNMT1 activity in cell lysates is subsequerglaluated by the biosensor. As
illustrated in Figure 5, the DPV peak currents @ase monotonically with the number
of MCF-7 cells and Hela cells[35]. While the DPVagecurrent of 1&normal cells
(HEK-293) is nearly the same as that for the blaaktrol. This result is in
accordance with the fact that, with increasing calilmber, more DNAs are
methylated by DNMT1. Thus, more hemin/G-quadrup@XAzyme are formed,
resulting in a strong peak current. Which is in sistent with the conclusion that
DNMT1 is overexpressed in most human tumors.

3.8. Influence of inhibitorson DNMT1 activity
Pleaseinsert Figure 6 here.

The DNMT1 plays an important role in eukaryotesudhhe pharmacological
13



inhibitors of DNMT1 have promising applications fantibiotics and anticancer
therapeutics. To further demonstrate the applinatioour method in the screening of
the DNMT1 inhibitors, we have used SGI-1027, a walbwn DNMTL1 inhibitor to
study the influence of an inhibitor on DNMT1 detent which can inhibit DNMT1
by competing with SAM in the methylation reactigs shown in Figure 6, with the
increasement of the inhibitor concentration, thekpeurrents are gradually decreased.
The SGI-1027 is found to inhibit 50% DNMT1 activityith 6 uM, which is
consistent with previous reports.

Pleaseinsert Table 1 here
4. Conclusions

In conclusion, we have developed a novel and affechethod for the detection of
DNMT1 activity based on USER digestion induced Gdyuplex formation utilizing
electrochemical technique in eukaryotic cells, Wwhagoids the interference of protein
binding to DNA substrate with specificity or nonegjficity in other electrochemical
methods. Taking advantage of the G-quadruplex-hé&NAzyme, the method could
detect DNMT1 activity sensitively with a lower detien limit of 0.06 U-mL* (Table
1)[37]. Moreover, the method has successfully bagplied in complex biological
samples and been used to screen the inhibitor. n"Gihe attractive analytical
characteristics, the method may be a potential @owlerful tool for early cancer
detection and treatment in the future.
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Figure 1. EIS of bare gold electrode (a), the electrode nediiivith DNA S1 (b), the
electrode modified with DNA S2 /DNA S1 (c), the niftel electrode treated with
DNMT1, sodium bisulfite, USER (d), and the modifieléctrode treated with sodium

bisulfite and USER (e).
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Figure 2. DPV curves for DNA S1 modified gold electrode tezhsuccessively with
DNMT1, sodium bisulfite and USER (a), DNA S1/DNA S®brids modified
electrode treated successively with sodium bisulind USER (b), the S1/S2 hybrids
treated successively with  DNMT1 and USER (c), th#&/S2 hybrids treated
successively with DNMT1 and sodium bisulfite (dhet S1/S2 hybrids treated
successively with DNMT1, sodium bisulfite and USER in 0.1 M PBS (pH 7.4)
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containing 1.0 mM kO, and 0.2 mM HQ.
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Figure 3. DPV curves for different concentrations of DNMTU- L) 0.1(a), 0.2
(b), 0.5(c), 1(d), 2(e), 5(f), 10(g), 20(h), andKenL (i) in 0.1 M PBS containing 1.0
mM H,O, and 0.2 mM HQ. The inset is the calibration curkZzeror bars indicate

standard deviation of three independent experiments
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Fig.4. Comparison of the DPV peak currents in the presericl.0 U-m[ DNMT1
and 10 U-mL Dam MTase respectively, in which blank indicates ¢ondition in the
absence of Dam MTase as well as DNMT1. The erros bepresent the standard

deviation of three measurements.
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Fig.5. (A), (B) DPVs obtained in detecting Hela cells aMICF-7 cells (O,
10,100,1000,10000 cells). The inset is relationdlgpveen the signal response and

Hela cells, MCF-7 respectively, with error barsresgenting standard deviation (n=3).
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Fig.6. The inhibition effect of SGI-1027 on DNMT1 actiyit

Table 1. A comparison of the method with previously repdroaes.

Strategy DetectionDetection limit Linear range Referen
method  (U-mL?Y) (U-mL? ce
Coupling AuNPs -DNA  DPV 0.3 1-40 [37]
Complexes with Ru(lll)
HRP mimicking DNAzyme DPV 0.06 0.1-40 This
work
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Highlights:

A novel electrochemical method for the assay of DNA methyltransferase 1(DNMTL1) activity
and itsinhibitor screening is devel oped.

G-quadruplex is used for signal amplification skillfully.

DNMT1 activity is detected effectively in complex biological samples.

This method may have potential applicationsin clinical practice.



