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ABSTRACT: DNA methylation is catalyzed by a family of DNA methyltransferases that
play crucial roles in various biological processes. Therefore, an ultrasensitive
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methyltransferase assay is highly desirable in biomedical research and clinical diagnosis. - ?
However, conventional assays for the detection of DNA methyltransferase activity often [ i/
involve radioactive labeling, costly equipment, and laborious operation. In this study, an

ultrasensitive and label-free method for detecting DNA adenine methyltransferase A

(Dam) and CpG methyltransferase (M.SssI) was developed using the nanopore
technique coupled with DNA cascade signal amplification reactions. A hairpin DNA
(Hp) comprising of the methylation-responsive sequences was skillfully designed. In the ] oo Aot o] Ao At
presence of Dam methyltransferase, the corresponding recognition site of hairpin Hy, was
methylated and specifically cleaved by Dpnl endonuclease, thus forming a DNA fragment
that induces the catalytic hairpin assembly and hybridization chain reaction (CHA—
HCR). The generated products could be absorbed onto the Zr*'-coated nanopore,
resulting in an ion current rectification signal change. Considering the high sensitivity of the nanopore and excellent specificity
toward the recognition of methyltransferase/endonuclease, our developed method could detect both Dam and M.Sssl
methyltransferases in the same sensing platform. Furthermore, the designed nanopore sensor could realize the multiplex detection
of Dam and M.SssI methyltransferases after integration with the cascaded INHIBIT—AND logic gate. This ultrasensitive
methyltransferase assay holds great promise in the field of cancer diagnosis.
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response. For instance, Gao’s group = developed an electro-

DNA methylation is catalyzed by a family of DNA
methyltransferases that participate in crucial epigenetic and
biological processes in both eukaryotes and prokaryotes."”
DNA methyltransferase specifically recognizes adenine/cyto-
sine sites and transfers the methyl group from S-adenosylme-
thionine (SAM) to the target DNA sequences.” Abnormal
DNA methylation status has been correlated to the disruption
of DNA methyltransferase activities, which can lead to genetic
diseases and cancers.” Therefore, DNA methyltransferases
have been recognized as key biomarkers for early clinical
diagnosis.

To date, various approaches have been proposed for
detecting DNA methyltransferase activity, including high-
performance liquid chromatography,” high-performance capil-
lary electrophoresis,” polymerase chain reaction,” immuno-
chemical approaches,® gel electrophoresis,” and radioactive
assay.'’ However, most of the detection methods involve
sophisticated detection equipment,”’ radio-labeled sub-
strates,'’ specific antibodies,” and laborious operation.”
Recently, several alternative methods have been established,
such as fluorescent,""'? colorimetric,"® electrochemical,'*
photoelectrochemical,'”'® and chemiluminescent methods.'”
Among them, electrochemical approach has been commonly
used for DNA methylation assay due to its advantages of
simple operation, microminiaturization, low cost, and fast
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chemical method for M.SssI methyltransferase detection and
inhibitor screening. Barton’s group'’ reported a multiplex,
electrochemical chip for detecting bacterial and human
methyltransferase activity. However, most electrochemical
methods required tedious surface modification of the DNA
probes on the electrode surfaces. To improve the sensitivity of
electrochemical methods, a number of isothermal enzymatic
amplification strategies have been developed, including
exonuclease-assisted amplification,*
based signal amplification (SDA),”® hybridization chain
reaction (HCR),”" and rolling circle amplification (RCA).**
Unfortunately, the signal amplification-based electrochemical

strand-displacement-

sensors often encounter the problems of local steric hindrance
and limited reaction area. This in turn affects the activity of the
biomolecules and the amplification efficiency of the electro-
chemical sensors. Therefore, it is of utmost importance to
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Figure 1. (A) Schematic illustration of the PEI/Zr*-functionalized nanopore. (a) Bare nanopore, (b) PEI-modified nanopore, (c) PEI and Zr*-
modified nanopore. (B) Current—voltage characteristic curve of each surface modification step. Scanning electron microscopy (SEM) images of the

base (C) and tip (D) sides of the nanopore.

establish a novel sensing platform for a homogeneous
methyltransferase assay.

As one of the biomimetic nanodevices, nanopore sensor has
attracted widespread attention and been widely devel-
oped.””~** The unique three-dimensional (3D) nanostructure
and abundant functional groups enable the nanopore sensor to
detect analytes with high sensitivity and excellent selectiv-
ity.”>*° For instance, Xia’s group”"”” developed a nanopore
sensing device for detecting DNA and ATP and realized the
ultrasensitive detection of DNA by assembling a super-
sandwich structure in the nanopores with a limit of detection
(LOD) of 10 fM. Sun’s group’ fabricated a new
phosphorodiamidate morpholino oligonucleotide-modified
nanopore sensing platform for the identification of miRNAs
with a LOD of 10 fM in serum samples and 1 fM in phosphate-
buffered saline. However, the sensing reaction of the
aforementioned nanopore sensor is mainly initiated at the
interface between nanopore and solution, which belongs to
heterogeneous reaction. Compared with homogeneous reac-
tion, heterogeneous reaction is relatively inefficient and
difficult to control, which limits the improvement of the
detection sensitivity and stability of nanopore sensing
technology. Due to the existence of steric hindrance, the
modification and assembly of the DNA probe onto the
nanopore surface requires a lot of time, which also limits the
development and application of nanopore sensors. Recently,
Wang’s group”®** and our group®® established a novel
homogeneous nanopore sensing technology for the detection
of melamine/adamantanamine/miRNA. In this sensing mode,
the assembly of probe and signal amplification was completed
in solution, and then the product was adsorbed to the inner
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wall of the nanopore through an external electric field to
change the nanopore surface charge and output the ion
rectification signal. The new sensing mode is homogeneous
and immobilization-free, which has a broad detection range
and high selectivity. However, these nanopore sensors have not
been deployed to detect DNA methyltransferase activity.
Therefore, we aimed to develop a novel nanopore sensor for
detecting methyltransferase activity.

Herein, a simple and novel nanopore sensor in combination
with cascade signal amplification was constructed to detect
methyltransferase activity and screen methyltransferase inhib-
itors. Considering the specific recognition of methyltransfer-
ase/endonuclease, the concatenated catalyzed hairpin DNA
(Hp) assembly and hybridization chain reaction (CHA—HCR)
was triggered and the assembled product (double-stranded
DNA (dsDNA)) was adsorbed onto the surface of the
nanopore modified with Zr*. The corresponding surface
charge of the nanopore sensor was changed, which could be
detected by ion current rectification (ICR). Thus, the
homogeneous nanopore sensing platform could serve as an
ultrasensitive and rapid detection method for the methyl-
transferase assays (Dam and M.SssI methyltransferase).
Moreover, the proposed nanopore sensor could be used to
construct different logic gates. It was found that Dam and
M.SssI methyltransferase could be differentiated and detected
through the use of combinational logic gates (AND and
INHIBIT).

B EXPERIMENTAL SECTION

Conical Nanochannel Fabrication. A single conical
nanochannel was prepared on a 12 um poly(ethylene

https://doi.org/10.1021/acs.analchem.1c05332
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Figure 2. (A) Scheme of the CHA—HCR cascade amplification system. (B) Ilustration of the sensing strategy based on Zr**-coated nanopore for
the initiator sequence (T). (C) Current—voltage curves of the Zr**-coated nanopore in the presence of GO (1), GO + 10 aM T (2), GO + 500 nM
H,—-H, (3), and GO + 500 nM H,—H, + 10 nM T (4). Transmembrane current measurement was conducted after 1 h. (D) Variations in
current@ + 1V with the time of the CHA—HCR system in the presence of GO + 500 nM H,—H, (a) and GO + 500 nM H;—H, + 10 nM T (b).
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Figure 3. (A) Scheme for the CHA—HCR-motivated Dam methyltransferase assay. (B) Current—voltage curves of the CHA—HCR system after
adding Hy, (a), Hp + Dam methyltransferase (b), Hy, + Dpnl (c), and Hp + Dam methyltransferase + Dpnl (d). The final concentrations of Dam
methyltransferase and Dpnl were 1.0 and 40 U/mL, respectively. (C) PAGE analysis of the CHA—HCR-motivated Dam methyltransferase
detection: (1) H,, (2) H,, (3) H;, (4) H,, (5) H,—H,, (6) H,—H,, Hy, (7) H,—H,, Hp, and Dam methyltransferase, (8) H,—H,, Hp, and Dpnl,
(9) H,—H,, Hp, Dam methyltransferase, and Dpnl, and (10) H,—H, and T. (D) Current—voltage curves of the CHA—HCR system incubated with
various concentrations of Dam methyltransferase. (E) Linear calibration curve of the CHA—HCR-motivated Dam methyltransferase assay, as
plotted by ionic current change (I — I;) versus Dam methyltransferase concentration.

terephthalate) (PET) membrane using the track-etch
technique. Prior to chemical etching, all sides of the PET
membrane were subjected to UV irradiation at 365 nm for 1 h.
The PET membrane was sandwiched between two chambers
of a custom-built etching cell, in which one chamber
comprised of 6 M NaOH (etching solution) and another
one of 1 M HCOOH + 1 M KCl (stopping solution) at 60 °C.
The etching process was monitored by a platinum electrode
pair with a 1 — V voltage across the membrane. The etching
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was terminated when the current achieved the desired value,
and the membrane was immersed in the water quickly to
remove salt residues. Multitrack (1 X 10° tracks/cm?) PET
membranes were also etched by the same operating procedure.
The tip and base diameters of the nanopore were measured
using a field emission scanning electron microscope. As
demonstrated in Figure 1C,D, the tip diameter of the nanopore
was 85 nm, while the base diameter of the nanopore was 1.14
um (Figure 1C,D). After chemical etching, the hydroxy and
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carboxyl groups were generated on the surface of the
nanopore. The membrane was modified with polyethylenei-
mine (PEI) by immersing it in 1% PEI for 10 h and
electrostatic attraction onto the nanopore surface. Next, the tip
side of the nanopore was incubated with zirconium acetate (8
wt % aqueous solution) for 30 min.

Dam Methyltransferase Assay. Dam methyltransferase
assay was conducted in S0 pL of Dam methyltransferase
reaction buffer (supplied by NEB). Two microliters Hy, (2
uM) were mixed with § uL of SAM (1600 uM), 40 U/mL
Dpnl, S uL of Cutsmart Buffer (10x), and various
concentrations of Dam methyltransferase, followed by
incubation for 2 h at 37 °C. The Dam/Dpnl-treated solution
was subsequently added with hairpin DNA H,—H, (500 nM
each) to initiate the homogeneous CHA—HCR reaction at 37
°C for 1 h. Next, 100 L of graphene oxide (GO) (500 pg/
mL) were placed in the centrifuge tube and reacted for 30 min.
Afterward, the Tris—HCI buffer was used to dilute the resulting
solution to 1 mL. Lastly, the product solution was transferred
onto the tip side of the nanopore, and the current—voltage
curves were obtained by scanning voltages (range: —1.0 to
+1.0 V). Similarly, the process of M.SssI methyltransferase
assay is illustrated in the Supporting Information.

B RESULTS AND DISCUSSION

Surface Modification of the Nanopore. At the initial
stage, the —COOH and —OH groups were produced on the
nanopore surface due to the chemical etching of the nanopore
in the PET membrane. When the nanopore was exposed to a
neutral solution, the deprotonated carboxyl and hydroxy
groups could cause the nanopore surface to be negatively
charged (Figure 1A(a)). Next, the transmembrane ionic
current was measured to confirm the surface modification
process. The ion current rectification (ICR) curves are
displayed in Figure 1B. As discussed above, the bare conical
nanopore was negatively charged, and a downward shape was
observed in the ICR curve (Figure 1B(a)). After modifying the
positively charged PEI, the ICR curve showed an upward shape
(Figure 1B(b)). This is because the protonation of the amino
groups in PEI causes the nanopore surface to become
positively charged. Subsequently, the positively charged Zr*
was absorbed onto the nanopore surface and enhanced the
ICR signal of the nanopore due to the accumulation of positive
charges (Figure 1B(c)).

Realization of CHA—HCR Cascade Amplification
Strategy. As illustrated in Figure 2A, an autonomous
CHA—HCR cascade reaction was developed for signal
amplification. The CHA—-HCR circuit was composed of
CHA (H,—H,) and HCR (H;—H,). The initiator sequence
(T) was specifically designed and could trigger the CHA—
HCR reaction. The initiator sequence (T) first hybridized with
the hairpin probe H, and opened the hairpin structure. The
complex T—H, exposed the domain a—b—c*, which served as
a toehold to bind with the probe H,. The entropy-driven T-
catalyzed hairpin assembly triggered the hybridization between
H, and H, for multiple cycles, thus resulting in the continuous
production of H,—H, duplex. The fragment c*—d* of H, was
exposed and might serve as a new primer to motivate the
subsequent HCR process. The exposed fragment c*—d*
hybridized with H; and opened Hj to expose the fragment
e—c* to bind with H,. The opened H, exposed the fragment
c*—d* and motivated the next cycle of HCR. Thus, the HCR
reaction could be successively accelerated from the CHA
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reaction, which in turn assembled the dsDNA nanowires in the
solution.

The CHA—HCR system was used in the nanopore sensin
platform (Figure 2B). According to the previous literature,”
graphene oxide (GO) could absorb the single-stranded DNA
(ssDNA) and hairpin DNA but not double-stranded DNA.
Thus, GO was utilized to remove the excess single-stranded
DNA (ssDNA) and hairpin DNA, which had not yet folded
into a duplex conformation. In the absence of the initiator
sequence (T), the hairpins H;—H, could coexist metastably
and be absorbed onto the GO surface, leading to no free DNA
probes in the solution. Hence, the DNA probes could not be
absorbed onto the Zr*'-coated nanopore and the surface
charge of the nanopore remained unchanged. As shown in
Figure 2C (curve 3), the corresponding ICR signal did not
change before adding the initiator sequence (T). In the
presence of the initiator sequence (T), the initiator sequence
(T) could trigger the CHA—HCR reaction and produce
numerous dsDNA nanowires, which were easily detached from
the GO surface and absorbed onto the nanopore surface. As a
result, the positive charge of the nanopore surface was
neutralized by dsDNA nanowires. GO acted as an absorbent
material to remove the excess and unreacted DNA probes,
which could reduce the background signal caused by the
nonspecific adsorption of DNA probes. As shown in Figure 2C
(curve 4), a significant change in the ICR signal could be
obtained due to the CHA—HCR reaction. The ICR signal
reached rock bottom after 1 h (Figure 2D, curve b). As
expected, the initiator sequence (T) could trigger the CHA—
HCR system and be detected by the ICR signal, suggesting
that the homogeneous CHA—HCR system could be applied
for methyltransferase activity detection and methyltransferase
inhibition. Polyacrylamide gel electrophoresis (PAGE) was
also used to clarify the mechanism of the CHA—HCR reaction.
Obviously, the initiator sequence (T) could trigger both CHA
and CHA—HCR reactions (Figure S1).

Application of the CHA—-HCR System for Dam
Methyltransferase Assay. By virtue of the high signal
amplification and widespread application of the CHA—HCR
reaction, the proposed cascade amplification system was
applied to detect Dam methyltransferase and its inhibitors.
Figure 3A delineates the principle of the CHA—HCR-involved
Dam methyltransferase assay. Hairpin Hp was designed with
symmetric tetranucleotide 5'-G-A-T-C-3’ that can be recog-
nized by Dpnl and Dam methyltransferase. The recognizable
sequences were embedded in the stem region of Hp. The
triggered sequences were locked in the loop region and partial
stem region of Hp and could be released to initiate the CHA—
HCR system in the presence of Dpnl/Dam methyltransferase.
Without Dam methyltransferase, the endonuclease Dpnl could
not cleave the nicking domain of Hy, owing to the absence of
the 5'-G-A-T-C-3’ methylation site. Hence, the hairpin Hp was
intact and CHA—HCR-triggered sequences were still locked in
Hp, substrate. The subsequent CHA—HCR was prohibited and
the nanopore surface charge remained unchanged. Dam
methyltransferase catalyzed the transfer of a methyl group
from SAM to the N6 position of an adenine residue within the
Hyp, recognition site, thus producing the methylated sequence
5’-G-mA-T-C-3'. Subsequently, Dpnl could cleave the nicking
domain of Hyp, release the triggered sequence (Tp) to initiate
the CHA—HCR system, and change the nanopore surface
charge as described above. The ionic current measurement was
conducted to demonstrate the feasibility of the CHA—HCR-

https://doi.org/10.1021/acs.analchem.1c05332
Anal. Chem. 2022, 94, 4407-4416


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c05332/suppl_file/ac1c05332_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c05332/suppl_file/ac1c05332_si_001.pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c05332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

a a
A 090 % :
C i N ® ‘.b ¥ 7> > > > >
[ HM: d. HM. TD /{/a i ) ) ) ) )
d ) ° 4 S o
NO M.Sss] € 2 CHA-HCR & | o8
s > @ v z N st
=2 —S  Hpall o o { b4 A
O—g a_. pa s A ! // ! ) ! Y ) '
E }' | S N N S )
v 4 4 4 4
5, 3, 5’ 37
a a a
] ] ()]
%%, 0*%%, 0°%%,
: ng H sz : an
d h' d ') [ 4 d‘o._.o
CHA-HCR
G—C e  G—C-—CH, =sssssp  G—C-CH, -
CE:S M.Sssl 3HC—§_—G§ Hpall 3HC_§j—G
5’ 39 5’ 3’ 5’ 3’
B 1204 —=—H, C 120 ——oumL ‘
o H,+M.sss| E { —¢—0.0001 U/mL ! 1U/mL b
1004 , " | v 1004 —+—0.0002 UimL : o
- H,+Hpall ¥ v~ 0.0004 U/mL : 2V
< 50 v HytMsssiHpall | ¥ < 804 — 0001UmL ! 4
et : c —<«—0.002 UImL g,
€ 60- : ~ 604 —»0.004 U/mL ' /3w
g ' E —e—0.01 U/mL i 0U/mL g
3 : L 404 —+—0.02UmL g
© 3 +—0.04 U/ML ;
' 204 —s—01UmML H
I O - o000 o —
-20 +— . T T T -20 +— : t T T
1.0 -0.5 0.0 05 1.0 1.0 -0.5 0.0 0.5 1.0
Transmembrane potential (V) Transmembrane potential (V)
80+ E 1209 —»—No MTase E v
*—1U Dam !
07 1004 4+ 10U Dam ! 7
60- z v—1UM.Sssl ¥
< s0- £ |
£ € 1
o 40- 6 5
= 304 g :
207 Noise Level :
1w SN :
04 1
T T T T T T T -20 T T T T T
40 35 30 -25 -20 -5 -1.0 -1.0 05 0.0 0.5 1.0

logCyy.sssp (U/mL)

Transmembrane potential (V)
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after adding Hy; (a), Hy + M.SssI methyltransferase (b), Hy + Hpall (c), and Hp, + M.SssI methyltransferase + Hpall (d). Final concentrations of
M.SssI methyltransferase and Hpall were 1 and 20 U/mL, respectively. (C) Current—voltage curves of the CHA—HCR system incubated with
varying concentrations of M.SssI methyltransferase. (D) The corresponding linear calibration curves of the CHA—HCR-motivated M.SssI
methyltransferase assay, as plotted by ionic current change (I — I,) versus M.SssI methyltransferase concentration. (E) Current—voltage curves of
the CHA—HCR system after exposure to blank, M.SssI methyltransferase (1 U/mL), and Dam methyltransferase (1 and 10 U/mL).

motivated Dam methyltransferase assay (Figure 3B). As
expected, no obvious ionic current change was observed
between Dpnl-treated Hp and untreated Hp since the
methylation of Hy, did not occur without Dam methyltransfer-
ase. The Dpnl endonuclease could not cleave the unmethylated
sequences and no CHA—HCR reaction occurred, leading to no
change in the surface charge of the nanopore (curves a and c in
Figure 3B). In the presence of Dpnl and Dam methyltransfer-
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ase, the signal amplification was remarkably decreased (Figure
3B, curve d), implying the methylation of Hp and the
subsequent cleavage of the methylated Hp (Figure 3A).
Additionally, in the absence of Dpnl endonuclease, a negligible
ionic current change was observed, demonstrating that the
cleavage of the methylated Hp was accomplished by Dpnl

endonuclease (curve b in Figure 3B).
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Moreover, PAGE was performed to characterize the CHA—
HCR-motivated Dam methyltransferase assay (Figure 3C).
Lanes 1—4 show the belt locations of H;, H,, H;, and H,,
respectively. No new band was observed in the mixture of H,—
H, (lane 5) and the mixture of H;—H, and Hp (lane 6),
indicating that the hairpins could coexist in the system. When
Dam methyltransferase was introduced into the mixture of
H,—H, and Hp, no new band appeared in lane 7, as the
biosensing system might lack the corresponding endonuclease.
Similarly, when only Dpnl endonuclease was introduced into
the mixture of H,—H, and Hp, no new band was observed,
implying that Dpnl could not cleave the unmethylated Hy, and
thus the CHA—HCR biosensing system was not initiated.
However, a large number of new bands appeared when Dam
methyltransferase and Dpnl were simultaneously added into
the biosensing system (lane 9). This phenomenon was the
same as that of the initiator sequence (T)-triggered CHA—
HCR system (lane 10), indicating only the methylated Hp
could be cleaved by Dpnl endonuclease and motivate the
CHA—-HCR reaction. These gel electrophoresis results were
consistent with the previous ionic current measurement
(Figure 3B), verifying that the CHA—HCR system could
accurately detect Dpnl and Dam methyltransferase activities.

Analytical Performance of Dam Methyltransferase
Assay. The Dpnl concentration and reaction time were
optimized to achieve the best performance for the methyl-
transferase assay (Figure SS). The optimal Dpnl concentration
and methylation/cleavage time were 40 U/mL and 2 h,
respectively. The sensing performance of Dam methyltransfer-
ase was further evaluated by monitoring the current—voltage
curves of the CHA—HCR system after adding various
concentrations of Dam methyltransferase. As shown in Figure
3D, the ICR curve of Zr**-coated nanopore gradually flattened
with the increasing Dam methyltransferase concentrations,
since the positive charge of the nanopore surface was
neutralized by the dsDNA nanowires. Hence, the calibration
curve method could be applied to determine the concentration
of Dam methyltransferase.

The ion current change (I, — I) was used to characterize the
ion current change value at +1.0 V. The ion current change
generally increased at Dam methyltransferase concentration
range of 0.0004—1.0 U/mL. I and I, represent the
corresponding ionic currents after exposure to a solution
containing Dam methyltransferase and control solution (0 U/
mL Dam methyltransferase), respectively. As shown in Figure
3E, a series of ion current changes (I, — I) was gained. A good
linear relationship between Iy — I and the logarithm of Dam
methyltransferase (range: 0.0004—0.4 U/mL) was derived
from the following linear regression equation: I, — I (nA) =
96.7524 + 26.5693 log Cp,., (R* = 0.9927). The noise signal
was calculated by repeatedly measuring the blank solutions
without Dam methyltransferase seven times. A dotted line in
Figure 3E indicates the value of a threefold noise. The LOD
was calculated as 0.001 U/mL since the signal of 0.001 U/mL
exceeded the background noise by 3 times. The LOD was
relatively lower than that reported for most Dam methyl-
transferase sensors (Table S2).

Evaluation of the Selectivity of Dam Methyltransfer-
ase Activity and Its Inhibitors. The selectivity of Dam
methyltransferase activity assay was further evaluated by
introducing M.SssI methyltransferase as an interfering
methyltransferase control. M.SssI methyltransferase could
transfer a methyl group from SAM to the cytosine residues
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within the 5'-G-C-3’ recognition site. As demonstrated in
Figure S2A,B, a significant ion current change was detected at
1 U/mL Dam methyltransferase, while a negligible ion current
change was obtained by introducing a 10-fold concentration of
M.SssI methyltransferase. Hence, the proposed CHA—HCR
system shows excellent performance in distinguishing Dam
methyltransferase from other methyltransferases owing to the
unique recognition sequences of methyltransferase/endonu-
clease.

Previous research had shown that abnormal methylation
level was associated with a wide variety of human diseases.
Therefore, methyltransferase inhibitor screening holds a great
promise for early cancer diagnosis. Herein, gentamycin sulfate
(an antibiotic) and S-fluorouracil (an anticancer drug) were
selected as the model inhibitors on Dam methyltransferase.
Upon the addition of gentamycin sulfate and S-fluorouracil, a
significant ion current change was observed (Figure S2C),
indicating that these Dam methyltransferase inhibitors might
inhibit the methylation of Hp. Between these two inhibitors, $-
fluorouracil exhibited more effective inhibitory effects
compared with gentamycin sulfate. In addition, the concen-
tration-dependent inhibitory effect of S-fluorouracil was further
investigated (Figure S2D). The ion current change of the
sensing system reduced gradually with the increasing
concentrations of S-fluorouracil (range: 0—5 pM), and the
IC, value of S-fluorouracil reached as high as 3 uM. These
results indicated that our CHA—HCR-motivated strategy for
screening methyltransferase inhibitors could be extended to
assess the inhibitory effects of different therapeutic agents on
Dam methyltransferase activity.

Analytical Performance of M.Sssl Methyltransferase
Assay. The established CHA—HCR-motivated methyltrans-
ferase assay was applied to detect M.SssI methyltransferase
activity by changing the hairpin sequence. Hy; was designed
with symmetric tetranucleotide 5’-C-C-G-G-3' in the stem
region, which could be recognized by Hpall and M.Sssl
methyltransferase (Figure 4A). As a result, the trigger
sequences could also be released to initiate the CHA—HCR
system through Hpall endonuclease. Different from Dam
methyltransferase/Dpnl system, the CpG dinucleotide site of
5’-C-C-G-G-3' was not methylated without M.SssI methyl-
transferase. Hpall could cleave the hairpin Hy;, thereby
releasing the triggered sequence (Ty) to initiate the CHA—
HCR system and changing the nanopore surface charge as
described before (curve c in Figure 4B). On the contrary,
M.SssI methyltransferase catalyzed the methylation of CpG
dinucleotides, and Hpall could not cleave the methylated H,,,
thus blocking the CHA—HCR reaction. As a result, the
nanopore surface charge and the ion current signal remained
unchanged (curve d in Figure 4B). Similar to Dam
methyltransferase assay, the analytical performance of M.SssI
methyltransferase assay was also investigated by measuring the
current—voltage curves for various concentrations of M.SssI
methyltransferase and a constant concentration of Hpall
endonuclease. With increasing M.SssI methyltransferase
concentrations, the ICR curve showed a gradual upward
trend (Figure 4C), since M.SssI methyltransferase catalyzed
the methylation of Hy; and Hpall cleavage was prohibited. The
calibration curve method was employed to determine the
concentrations of M.SssI methyltransferase. The ion current
change (I — I)) was used to characterize the ion current change
value at +1.0 V. The ion current change generally increased
with increasing M.SssI methyltransferase concentrations
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Figure S. (A) Schematic of the multiplexed analysis of Dam and M.SssI methyltransferases in samples I and II. (B) Truth table of the cascaded

INH—-AND logic gates.

(range: 0.0001—1.0 U/mL). I and I, are the corresponding
ionic currents after exposure to M.SssI methyltransferase-
containing solution and control solution (0 U/mL M.Sssl
methyltransferase), respectively. Figure 4D shows a good linear
correlation between I — I, and the logarithm of M.SssI
methyltransferase (range: 0.0001—0.1 U/mL). The equation
for the linear correlation was as follows: I, — I (nA) = 96.8447
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+ 22.5185log Cprse (R* = 0.9957). Furthermore, the LOD
was 0.0001 U/mL, since the signal caused by 0.0001 U/mL
exceeded the background noise by 3 times. The LOD of
M.SssI methyltransferase assay was lower than that of
previously reported methods (Table S3). The selectivity of
M.SssI methyltransferase assay was also examined using Dam
methyltransferase as an interfering methyltransferase control.
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Notably, a significant signal increase was observed for 1 U/mL
M.SssI methyltransferase when compared to no methyltrans-
ferase as well as 1 and 10 U/mL Dam methyltransferase
(Figure 4E). This might be attributed to the fact that M.Sssl
methyltransferase completely methylated the hairpin Hy; and
prevented H,; from being cleaved by Hpall endonuclease.
Hence, the CHA—HCR system could not be motivated and
the surface charge of the nanopore remained unchanged.
These results indicated that M.SssI methyltransferase could be
distinguished from other methyltransferases in the CHA-—
HCR-motivated methyltransferase assay due to the specific
recognition sequences of Hy,.

Multiplexed Analysis of Dam and M.Sssl Methyl-
transferases under Cascaded INH-AND Logic Control.
The proposed CHA—HCR-motivated methyltransferase assay
was applied to build logic circuits. As shown in Figure S3, an
analog AND gate was constructed using the biosensing system,
where Dam methyltransferase and Dpnl endonuclease were
required to trigger the CHA—HCR reaction. To evaluate the
application of the CHA—HCR-motivated methyltransferase
assay in intelligent analyte detection, the INHIBIT logic gate
was also constructed (Figure S4).

The integration of AND and INHIBIT logic gates served as
a promising method for detecting multiple DNA methyl-
transferases (Dam and M.SssI). Based on the ionic current
signal output, the presence of Dam methyltransferase or M.SssI
methyltransferase could be logically judged. As shown in
Figure SA, different samples were inputted to the CHA—HCR
biosensing system (Hp/Hy/H,_,). The detection system was
divided into two separate samples, namely, sample I and
sample II. Next, Dpnl and Hpall were added into the two
biosensing systems (sample I and sample 1I), respectively. If no
obvious signal changes were detected in both samples, then the
sample was considered to consist of M.SssI methyltransferase
but not Dam methyltransferase (see item a in Figure SA). This
was because Dpnl could not cleave Hy, in the absence of Dam
methyltransferase, whereas Hpall could not cleave Hy, in the
presence of M.SssI methyltransferase. The CHA—HCR
reaction could not be initiated under these situations. If
there was an obvious signal change in sample II but not in
sample I, no methyltransferases were detected in the sample
(see item b in Figure SA). This was because Dpnl could not
cleave Hp, in the absence of Dam methyltransferase, whereas
Hpall could cleave Hy; in the absence of M.Sssl
methyltransferase. Thus, the CHA—HCR reaction was not
motivated in sample I, but instead motivated in sample II. If an
obvious signal change was only observed in sample I, then the
sample was considered to consist of both Dam and M.Sssl
methyltransferases (see item c in Figure SA). This was because
Dpnl could cleave Hp, in the presence of Dam methyltransfer-
ase, while Hpall could not cleave Hy; in the presence of M.Sssl
methyltransferase. Thus, the CHA—HCR reaction was
motivated in sample I but not in sample II. If obvious signal
changes were observed in both samples, it indicated that the
sample contained only Dam methyltransferase (see item d in
Figure SA). This was because Dpnl could cleave Hp, in the
presence of Dam methyltransferase, while Hpall could cleave
H,; in the absence of M.SssI methyltransferase. As a result, the
CHA—HCR reaction was initiated in both samples. The truth
table of the multiplexed analysis of Dam and M.SssI
methyltransferases is shown in Figure 5B, and the correspond-
ing ionic current changes are presented in Figure S6. Based on
the aforementioned analysis, the nanopore sensor was proved
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to be excellent for detecting multiple DNA methyltransferases
under the cascaded AND and INHIBIT logic gate controls,
which could hold great promise in early cancer diagnosis.

B CONCLUSIONS

A label-free nanofluidic device was developed based on a
CHA—-HCR cascade circuit for the intelligent detection of
DNA methyltransferases as well as the evaluation of its
inhibitors. Our method was carried out in the homogeneous
solution phase under isothermal conditions, which eliminated
the complex process of DNA probe modification on the
nanopore surface. The sensing mode was simple, label-free,
and rapid. The proposed method also had a broad detection
range and high selectivity. The LOD of 0.001 U/mL was
obtained for Dam methyltransferase and 0.0001 U/mL for
M.SssI methyltransferase, which was lower than that of most of
the existing methyltransferase sensors. Furthermore, the
proposed CHA—HCR-motivated methyltransferase assay was
used to construct INHIBIT—AND logic circuits, which served
as a supporting method to confirm the presence of Dam or
M.SssI methyltransferase. This nanopore sensor offers a novel
and interesting means for the accurate detection of multiple
DNA methyltransferases, which in turn contributes to early
diagnosis and drug screening.
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