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Herein, using DNA adenine methylation (Dam) methyltransferase (MTase) as a model analyte, a novel
ﬂuorescence sensing strategy was developed for facile, rapid and highly sensitive detection of the
activity and inhibition of the target based on methylation-blocked enzymatic recycling ampliﬁcation. In
this sensing system, nicking endonuclease Nt.AlwI with the methylation-sensitive property was selected
to achieve signal ampliﬁcation. In addition, a DNA heteroduplex probe is specially designed to contain
the recognition sequences for both Dam MTase and Nt.AlwI. In the absence of Dam MTase, Nt.AlwI
cleaves the DNA heteroduplex at only the top strand. At the reaction temperature, the cleaved
heteroduplex is unstable and readily separates. The released bottom strand can hybridize with the
molecular beacons (MB) and subsequently trigger Nt.AlwI-mediated recycling cleavage of MBs,
providing a dramatically ampliﬁed ﬂuorescence signal. However, when the heteroduplex is methylated
by Dam MTase, the cleaving operation is blocked, resulting in an inconspicuous ﬂuorescence
enhancement. Unlike existing signal ampliﬁed assays which use at least two enzymes, only one is
involved in this ampliﬁed strategy. Under optimized conditions, the sensing system reveals a detection
limit of 0.05 U mL1 in a short assay time (65 min), which is much superior to all presently reported
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methods except for two electrochemical biosensors (0.04 U mL1). Furthermore, the application of the
assay in human serum and screening of Dam MTase inhibition were demonstrated with satisfactory
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results. Overall, the proposed sensing system shows great potential for further application in biological
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research, early clinical diagnosis and designed drug therapy.

Introduction
DNA methyltransferase (MTase) transfers the methyl group
from S-adenosyl methionine (SAM) to target adenine or cytosine
residues in the recognition sequences during DNA methylation,1 a process which plays a critical regulatory role in many
biological processes by altering gene expression.2–4 Aberrant
DNA methylation has been found to be a new cancer biomarker
in mammals and is associated with levels of bacterial virulence,2,3,5–7 DNA MTase has been treated as a potential target in
anticancer therapy and for new antimicrobial drugs.5,8,9 Thus,
evaluation of DNA MTase activity and inhibition has drawn an
explosion of attention over the past several decades. Classical
DNA MTase assays are performed with radioactive labeling, gel
electrophoresis and high performance liquid chromatography.10–13 Although they are well-established, these approaches
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are DNA-consuming, labor-intensive, require radiolabeled
substrates or are of insuﬃcient sensitivity. These intrinsic
drawbacks signicantly limit the broad application of these
methods.
Recently, several techniques including electrochemical
biosensors,14–17
electrogenerated
chemiluminescence
methods,18 bioluminescence detection,19 and strand displacement amplication (SDA)-based DNAzyme colorimetric assay20
have been developed to overcome these drawbacks. All of the
above approaches oﬀer high sensitivity, although they suﬀer
from a lengthy assay time (155–420 min). Some are also limited
by complex handling procedures as well as complicated designs
due to the inevitable introduction of at least two enzymes.16,20 To
further improve analytical performance, Li’s group described a
rapid gold nanoparticles (AuNPs)-based colorimetric assay for
DNA MTase activity with acceptable sensitivity.21 The detection
nished within 6 min. However, it takes several days to perform
the preparation and functionalization of AuNPs. In addition, the
nonspecic aggregation of the functionalized AuNPs in a
complex biological sample causes a false positive, limiting its
practical application. The features of simplicity and real-time
monitoring are advantageous, and a uorescence-based sensing
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strategy was developed for the detection of DNA MTase activity
within a relatively short assay time.22 Unfortunately, its lack of
sensitivity does not meet trace target analysis in real samples.
Recently, another uorescent assay for MTase activity was
reported with a low detection limit, but its disadvantage was its
long assay time.23 Accordingly, these are still a challenge in the
development of facile, rapid and highly sensitive methods for the
determination of DNA MTase activity.
Recently, to improve sensitivity, several signal amplication strategies have been developed for the detection of
enzyme activities,24,25 nuclear acids,26,27 proteins,28,29 small
molecules,30,31 and metal ions.32,33 Owing to the high sensitivity, simple design and rapid response time, more signicant research eﬀort has been devoted to constructing various
sensing platforms based on nicking endonuclease (NEase)
assisted amplication methods. Encouraged by these studies,
we report a novel biosensor for the analysis of MTase activity
on the basis of the unique technology reported in our recent
work.34 Though it is highly sensitive, this method suﬀers from
a complex reaction system due to the use of two endonucleases (one restriction endonuclease and one NEase). Herein,
using DNA adenine methylation (Dam) MTase as a model
analyte,35 we developed a facile and rapid approach for highly
sensitive uorescence detection of Dam MTase activity and
inhibition based on methylation-blocked enzymatic recycling
amplication. In the sensing strategy, only NEase Nt.AlwI is
employed to mediate signal amplication. This proposed
strategy combines low-background molecular beacon (MB)
and NEase-mediated recycling amplication, which signicantly improved the sensitivity of the biosensor. Furthermore,
to demonstrate the potential application of the proposed
biosensor in complex biological samples, a human serum
sample spiked with diﬀerent concentrations of Dam MTase
was measured.

Analyst
Apparatus
All uorescence measurements were carried out on a FluoroMax-4 uorescence spectrometer (Horiba Jobin Yvon, Edison,
NJ) at room temperature. Excitation and emission wavelengths
were set at 494 nm and 518 nm with the slit widths of 5 nm,
respectively. The emission spectra were obtained by scanning
the emission from 510 to 590 nm in steps of 1 nm.
Optimization of assay conditions
To achieve the best sensing performance of the system, we
optimized the molar ratio of Oligo A to B in the DNA heteroduplex (1:1, 1.3:1, 1.6:1 and 2:1) with a dened Oligo B
concentration of 17 nM, the DNA methylation time (0, 30, 45
and 60 min) and the nicking time (0, 15, 20, 25 and 30 min),
respectively.
Amplied assay of Dam MTase activity
To prepare the DNA heteroduplex, a mixture containing
1333 nM Oligo A and 833 nM Oligo B in the annealing buﬀer
(10 mM Tris-HCl, 50 mM NaCl, 1 mM EDTA, pH ¼ 7.8) was
heated to 90  C for 5 min and then 45  C for another 10 min. It
was stored at 4  C for further use.
The NEBuﬀer 2 (10 mM Tris-HCl, 50 mM NaCl, 10 mM
MgCl2, 1 mM dithiothreitol, pH ¼ 7.9) was used for both DNA
methylation reaction and nicking reaction. In a typical experiment, 50 mL of this buﬀer containing 1 mL of the DNA heteroduplex, 160 mM SAM and diﬀerent target concentrations was
rst incubated at 37  C for 45 min. Aer this, 5 U of Nt.AlwI and
100 nM MB were introduced into the resulting mixture. The
nicking reaction was allowed to proceed at 50  C for 20 min
prior to making the uorescence measurement.
Dam MTase activity inhibition evaluation

Experimental
Materials and chemicals
Dam MTase, Nt.AlwI and S-adenosylmethionine (SAM) were
obtained from New England Biolabs Inc. (Beijing, China). The
inhibitors, gentamycin, 5-uorouracil and benzyl penicillin
were purchased from Sangon Biotechnology Co., Ltd.
(Shanghai, China). All of the other chemicals were of analytical
reagent grade and used without further purication. The
ultrapure water with an electrical resistance larger than 18.2 MU
was obtained through a Milli-Q system (Millipore, Bedford,
MA). All oligonucleotides used in this study were synthesized by
Sangon Biotechnology Co., Ltd. (Shanghai, China) and
sequences were as follows:
Oligo A.
50 -GCGGGATCACGCTACAGCACC-30 Oligo B.
50 -GGTGCTGTAGCGTGATCCCGC-30 MB.
50 -FAM-TGAGCGGGATCACGCTA
CAGCACTTCGCTCA-DABCYL-30
The bolded and italic letters in MB, Oligo A and Oligo B
represent the recognition sequence for Nt.AlwI, and the stem of
the MB is italicised.
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To investigate whether inhibitors (gentamycin, 5-uorouracil
and benzyl penicillin) inuence Nt.AlwI, a control experiment
was carried out. Prior to the addition of 5 U of Nt.AlwI, inhibitors were introduced into 50 mL of the NEBuﬀer 2 containing
1 mL of the DNA heteroduplex, 100 nM MB and 160 mM SAM.
The solution was incubated at 50  C for 20 min prior to making
the uorescence measurement.
For Dam MTase inhibition experiments, the procedure was
similar to detection of its activity noted above, except that
diﬀerent concentrations of inhibitors were added together with
Dam MTase.

Results and discussion
Strategy of amplied Dam MTase assay
The principle of the amplied sensing system is illustrated in
Scheme 1. To clear our design, it is necessary to recall the
specic properties of Nt.AlwI. As one of the best-characterized
NEase, Nt.AlwI recognizes the double-stranded 50 -GGATC-30 site
(incorporating the recognition site 50 -GATC-30 for Dam MTase)
and only cleaves at the 4th nucleotide downstream from the
recognition site on the top strand. In addition, Nt.AlwI is
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Scheme 1 Schematic illustration of methylation-blocked enzymatic recycling
ampliﬁcation for the detection of Dam MTase activity. The recognition sequences
for Nt.AlwI in both the heteroduplex and MB are highlighted in red and the small
arrows (blue) represent the cleavage site for Nt.AlwI.

sensitive to Dam MTase-catalyzed methylation, namely this
cleavage reaction will be blocked aer the methylation of A
residues at the 50 -GGATC-30 site by Dam MTase.
Taking advantage of these novel merits, the DNA heteroduplex containing a recognition site for Nt.AlwI is prepared by the
hybridization of Oligo A and B, and MB is elaborately designed
to share the same sequence with Oligo A in most portions of the
loop and in part of the stem. When the NEase Nt.AlwI as well as
the MB is mixed with the DNA heteroduplex, it will bound to the
heteroduplex and split only Oligo A into two short fragments.
Due to the low melting temperature, the cleaved heteroduplex is
unstable and readily separated under the nicking reaction
temperature of 50  C. The released Oligo B will hybridize with
the MB and open its hairpin structure to form a stable duplex,
which contains the full recognition site for Nt.AlwI. Once the
MB is cleaved by Nt.AlwI, it is dissociated from the duplex,
restoring the uorescence signal. Then the released Oligo B can
form a new duplex with another MB and trigger the second cycle
of cleavage. In this way, the NEase can go through a cyclical MBcleaving operation by the repetition of hybridization, cleavage,
and release, which provides an amplied uorescence signal. In
contrast, in the presence of Dam MTase, the 50 -GATC-30 site in
the DNA heteroduplex can be methylated at the A residues,
which prevents Nt.AlwI from scissoring Oligo A. Then, the MBcleaving operation will be resisted, thereby inhibiting uorescence activation. Since Nt.AlwI is disabled to cleave the singlestranded DNA (such as MB), no uorescence is triggered. As a
consequence, Nt.AlwI-mediated recycling cleavage of MBs, as
indicated by the amplied uorescence, is dynamically blocked
by Dam MTase-catalyzed DNA methylation.
Feasibility and amplication capability of the proposed
strategy
To conrm the sensing mechanism of the proposed method,
several experiments were carried out. In the mixture containing
only DNA heteroduplex and MB, a very weak uorescence signal
was observed (Fig. 1, curve a). When the same mole concentration of Oligo B was mixed with the MB instead of the
heteroduplex, it caused an obviously enhanced uorescence
286 | Analyst, 2013, 138, 284–289
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Fig. 1 Fluorescence emission spectra of MB (100 nM) under diﬀerent conditions:
(a) MB + H; (b) MB + Oligo B (17 nM); (c) MB + H + Nt.AlwI (5 U); (d) MB + H +
Nt.AlwI (5 U) + Dam MTase (80 U mL1). H represents the DNA heteroduplex with
a ﬁxed Oligo B concentration of 17 nM and the 1.6 : 1 molar ratio of Oligo A to
Oligo B in all these experiments.

response (Fig. 1, curve b) owing to the open of the MB’s hairpin
structure. On the other hand, aer the addition of Nt.AlwI into
the mixture containing the DNA heteroduplex and MB, a strong
uorescence response (about 4-fold higher than that of curve b)
was yielded (Fig. 1, curve c), indicating that Nt.AlwI-mediated
recycling cleavage of MBs had occurred. However, when Dam
MTase was present, it seriously inhibited the increase of uorescence intensity (Fig. 1, curve d), which is only about 1/9 of
that without Dam MTase (curve c), suggesting that Dam MTasecatalyzed DNA methylation prevented Nt.AlwI-mediated
cleavage operation. Combining these ndings, we conclude that
our developed strategy provided substantial signal amplication for Dam MTase activity and inhibition assay.
Optimization of assay conditions
To achieve the best sensing performance, the eﬀect of the molar
ratio of Oligo A to B in the DNA heteroduplex was investigated.
The experiment was carried out with a xed Oligo B concentration of 17 nM, and the result is shown in Fig. 2A. The uorescence response to target gradually decreased with the
increasing concentration of Oligo A, indicating increasing
blocking of Nt.AlwI-mediated cleavage due to more formation
and subsequent methylation of the DNA heteroduplex. Nevertheless, the uorescence intensity in the absence of Dam MTase
also decreased as the ratio value increased. This unwished for
decrease mainly results from the competitive cleavage of Oligo A
against MBs. Although the target-induced uorescence
response still followed a decreasing trend with further increase
of the ratio value, the maximum uorescence decrement (F0/F)
was observed at the value of 1.6:1. Therefore, the molar ratio of
1.6:1 was used for the following assay. Additionally, to accelerate the reaction while insuring a reasonably high sensitivity,
the optimized time for DNA methylation and nicking reaction
were set as 45 min (Fig. 2B) and 20 min (Fig. 2C), respectively.
This total assay time (65 min) is much shorter than those of
most existing reports.14–20,23,36
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Fig. 3 (A) Fluorescence emission spectra upon addition of diﬀerent concentrations of Dam MTase: (a–k) 0, 0.08, 0.4, 2, 8, 14, 20, 26, 40, 80 and 120 U mL1,
respectively. (B) Corresponding ﬂuorescence peak intensities versus Dam MTase
concentrations. The inset shows the linearity of the ﬂuorescence response for the
sensing system against the low target concentrations. The error bar was calculated from three independent experiments.

Fig. 2 (A) The eﬀect of molar ratio of Oligo A to B in the DNA heteroduplex on
the sensing performance of the proposed methods. The DNA methylation time
and nicking time are each ﬁxed at 30 min. The descriptors F and F0 represent the
ﬂuorescence intensity in the presence and absence of target, respectively. (B) The
DNA methylation time-dependent ﬂuorescence response with a ﬁxed nicking
time of 30 min. (C) The nicking time-dependent ﬂuorescence response over
background ﬂuorescence with a ﬁxed DNA methylation time of 45 min. The Dam
MTase concentration in all ﬁgures is 80 U mL1.

Amplied assay of Dam MTase activity
Under optimized conditions, we demonstrated the ability of the
described strategy to detect target with high sensitivity. Fig. 3A
showed that the uorescence intensity decreased upon
increasing the Dam MTase concentration up to 120 U mL1,
indicating the methylation of the 50 -GATC-30 site caused the
dose-dependent inhibition of Nt.AlwI-mediated cleavage.
The change of uorescence intensity in responding to the
diﬀerent Dam MTase concentrations was depicted in Fig. 3B.
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A linear correlation (R2 ¼ 0.989) existed between the uorescence intensity and target concentration over the range of 0.08–
26 U mL1 (Fig. 3B, inset). Based on three times the standard
deviation of the background uorescence signal, the detection
limit was estimated to be 0.05 U mL1, which is lower than
those of all existing uorescence approaches. Furthermore, this
sensitivity is 5 and 8 times higher than those of the SDA-based
DNAzyme colorimetric method20 and hairpin-shaped DNAzymeassisted signal amplication,37 respectively. The low detection
limit is comparable to two electrochemical biosensors16,36 (both
0.04 U mL1), one of which coupled with terminal transferasemediated extension.16 It is worth noting that such a high
sensitivity was achieved within a total assay time of 65 min,
much shorter than those of the two electrochemical biosensors
(173 and 370 min, respectively). The detail of the comparisons is
shown in Table 1.
Detection of Dam MTase activity in human serum
A signicant challenge for enzyme activity analysis is the ability
to realize the detection of target in complex real samples. To test
the practicality of the proposed approach, human serum
(diluted 20 times with NEBuﬀer 2) samples spiked with Dam

Analyst, 2013, 138, 284–289 | 287

View Article Online

Analyst

Published on 19 October 2012. Downloaded on 17/12/2015 13:12:18.

Table 1

Paper

Comparison of analytical performance of diﬀerent methods for Dam MTase activity detection

Method

Detection limit
(U mL1)

Time (min)

Ref.

Methylation-blocked enzymatic recycling amplication-based uorescence biosensor
Hairpin-capture DNA probe-based electrochemical sensor
Gold nanoparticle-based electrochemical assay
Terminal transferase-mediated extension-based electrochemical assay
Methylation-resistant cleavage-based bioluminescence assay
SDA-based DNAzyme colorimetric assay
Gold nanoparticle-based colorimetric assay
Hairpin uorescence DNA probe
Carbon nanoparticle-based uorescent biosensor
Nicking enzyme-assisted signal amplication-based uorescence biosensor
Single wall carbon nanotubes-based electrochemical assay
Hairpin-shaped DNAzyme-based amplied uorescence assay

0.05
0.07
0.12
0.04
0.08
0.25
0.3
0.8
0.1
0.06
0.04
0.4

65
420
240
173
340
155
6
30
120
60
370
20

This work
14
15
16
19
20
21
22
23
34
36
37

It can been seen that there were no remarkable change in the
uorescence intensity in the absence and presence of inhibitors, suggesting these three drugs have no inuence on the
activity of Nt.AlwI when the concentrations were no more than
38, 1000 and 50 mM, respectively. This result ensured accurate
assay for target inhibition. Aerwards, the inhibition assays for
Dam MTase (24 U mL1) were carried out under the concentrations of the several inhibitors mentioned above. As depicted

Fig. 4 Results obtained from the testing of human serum samples spiked with
Dam MTase and Dam MTase in NEBuﬀer 2. Human serum was diluted in 1:20 ratio
with NEBuﬀer 2.

MTase were tested. As shown in Fig. 4, comparable responses
were found for Dam MTase in both NEBuﬀer 2 and diluted
human serum. It was observed that the uorescence intensity
decreased with the increase of target concentration. To our
surprise, the uorescence intensities of serum samples were
corresponding lower than those of NEBuﬀer 2 samples. This
can probably be described to interferences of serum for cleavage
mediated by Nt.AlwI. Moreover, a desirable reproducibility was
achieved based on our strategy. The relative standard deviations
of uorescence readouts were 2.4% and 2.7% of 8 U mL1 and
16 U mL1 Dam MTase spiked in serum, respectively. These
results indicated that the proposed strategy holds a great
promise in practical applications for DNA MTase detection with
great accuracy and reliability.
Dam MTase activity inhibition evaluation
We also demonstrated the capacity of the developed method for
screening the inhibition of Dam MTase using gentamycin,
5-uorouracil and benzyl penicillin as model inhibitors. Before
evaluating the inhibitory eﬀects of the drugs on the activity of
target MTase, we rst investigated whether these drugs had
inuence on Nt.AlwI activity, and the result is shown in Fig. S1.†
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Fig. 5 (A) Inﬂuence of gentamycin (38 mM), 5-ﬂuorouracil (1000 mM) and benzyl
penicillin (50 mM) on the activity of Dam MTase. (B) Inhibition of diﬀerent
concentrations of benzyl penicillin on Dam MTase activity. The benzyl penicillin
concentrations were 0, 5, 10, 20, 30, 40 and 50 mM, respectively.
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in Fig. 5A, the uorescence intensity increased with the addition
of all inhibitors, indicating a signicant inhibition of the
methylation on the 50 -GATC-30 site catalyzed by Dam MTase.
We also investigated the dose-dependent inhibition on Dam
MTase activity with diﬀerent concentration of benzyl penicillin
(Fig. 5B). With increased inhibitor concentration, the inhibition
is enhanced. The concentration causing a 50% uorescence
increase is 27 mM. These results demonstrated that the developed method has potential application in screening MTasetargeted drugs, which has signicant value to antibiotics and
anticancer therapeutics.
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Conclusions
We have developed a facile, rapid and highly sensitive strategy
for Dam MTase activity and inhibition assay based for the rst
time on methylation-blocked enzymatic recycling amplication.
In this assay, only one enzyme is brought, yet can aﬀord a
signicantly amplied signal. Within the short assay time (65
min), a detection limit of 0.05 U mL1 was obtained with a wide
linear range of 3 orders of magnitude. This sensitivity is higher
than those of all presently developed methods except for two
electrochemical biosensors. In addition, the suitable inhibitor
of target MTase can be readily screened and quantied via this
new approach. Moreover, the developed method was successfully applied to real sample (human serum) analysis with
satisfactory results. It is worth noting that the developed
strategy can be used as a universal tool for the detection of other
DNA MTases in both prokaryotes and eukaryotes with a minor
modication of the DNA heteroduplex and the change of corresponding NEase. Considering the high sensitivity and excellent performance for the detection of serum sample, as well as
straightforward design and rapid operation, the proposed
strategy holds great promise in the quantitative analysis of DNA
MTase activity even in complex real samples, and aﬀords
signicant information for biological, biomedical research and
early clinical diagnosis.
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