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ndonucleases, a family of nucleases
E that can hydrolyze the internal phos-

phodiester bonds in DNA or RNA, are
among the most important enzymes in mo-
lecular biology.' 3 The specific actions of
these enzymes are essential in a variety of
fields ranging from biotechnology to phar-
macology, and catalyze processes involving
replication, recombination, DNA repair, mo-
lecular cloning, genotyping, and
mapping.*~8 Recent attempts to attach re-
striction endonucleases to nanostructures
have been undertaken due to the well-
established ability of the endonucleases to
cleave DNA at specific recognition sites.”'?
Therefore, assays of enzyme activities and
evaluations of the kinetic parameters are of
great importance in the fields of clinical di-
agnostics, drug discovery, and nanoscience.
Historically, the detection methods have in-
cluded gel electrophoresis, high-
performance liquid chromatography
(HPLQ), filter binding, and enzyme-linked
immunosorbent assay (ELISA), etc.>"'6
However, these protocols are discontinu-
ous, time-intensive, DNA-consuming, labo-
rious, and usually require isotope labeling.
Many of these limitations are now being ad-
dressed by the development of fluores-
cence assays based on fluorescence
quenching or fluorescence resonance en-
ergy transfer (FRET)."”” %' For example, a
“molecular break lights” application based
on an intramolecular fluorescence-
quenching technique has been developed
for the highly sensitive and convenient as-
say of restriction endonucleases using a
single-stranded oligonucleotide as the
substrate.'”'® An alternative approach has
been described recently for real-time moni-
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ABSTRACT An enzyme responsive nanoparticle system that uses a DNA—gold nanoparticle (AuNP) assembly

as the substrate has been developed for the simple, sensitive, and universal monitoring of restriction

endonucleases in real time. This new assay takes advantage of the palindromic recognition sequence of the

restriction nucleases and the unique optical properties of AuNPs and is simpler than the procedure previously
described by by Xu et al. (Angew. Chem. Int. Ed. Engl. 2007, 46, 3468 —3470). Because it involves only one type of
ssDNA modified AuNPs, this assay can be directed toward most of the endonucleases by simply changing the

recognition sequence found within the linker DNA. In addition, the endonuclease activity could be quantitatively

analyzed by the value of the reciprocal of hydrolysis half time (t;,~"). Furthermore, our new design could also be

applied to the assay of methyltransferase activity since the methylation of DNA inhibits its cleavage by the

corresponding restriction endonuclease, and thus, this new methodology can be easily adapted to high-
throughput screening of methyltransferase inhibitors.
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toring of endonuclease activity using the
hairpin fluorescence molecular beacon
(MB)-based DNA probes.?*2! Although each
technique has its own advantage, they are
compromised by the requirement for
double-labeled DNA probes, limited chemi-
cal stability, and interferences by external
nonspecific events. Thus, the search for a
sensitive, simple, and economical assay for
nucleases is ongoing.

The photostability, ease of synthesis,
and ability to conjugate to biological mol-
ecules make nanoparticle-based materials
attractive alternatives to the fluorescent or
radiolabeled enzyme substrates of tradi-
tional enzymatic assays. Recently, gold
nanoparticles (AuNPs) have been success-
fully employed as a colorimetric probe for
the detection of nucleic acids, 222*
enzymes,? 3 proteins,'*2 metal ions, 373
small molecules,>3° and for screening of
DNA binders**~#? based on their unique
size- and distance-dependent optical

palindromic DNA - methyltransferase
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properties. The major advantage of AuNP-based assays
is that the molecular recognition events can be trans-
formed into color changes which can be observed by
the naked eye. Moreover, these assays provide much
higher sensitivity because of the extremely high extinc-
tion coefficients of AUNPs. Xu et al. recently reported a
colorimetric assay for the detection of DNase | endonu-
clease activity and inhibition using DNA-functionalized
AuNPs 2 In this previously published method, the dis-
persion of the aggregates of AuNPs interconnected by
a DNA duplex leads to significant color changes when
the endonuclease degrades the DNA duplex. Although
highly selective and more sensitive than conventional
methods, this visual inspection assay is limited by the
need to prepare probes by functionalizing two separate
batches of AuNPs with two different thiol-modified oli-
gonucleotide strands. And for each of the enzymes, two
specific DNA-functionalized AuNPs must be redesigned
and synthesized, which makes the assay complex, ex-
pensive, and time-consuming. Herein, we demon-
strated a new concept that overcomes this limitation
by achieving enzyme-responsive nanoparticle systems
that are not only sensitive and reliable, but also univer-
sal, simple, and economical in operation.

Our strategy was inspired by the phenomenon
that the majority of restriction endonucleases are
type Il restriction enzymes (there are currently 3805
biochemically or genetically characterized restriction
enzymes in REBASE, of which 3698 are type Il restric-
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Scheme 1. (A) Schematic representation of the assay for endonuclease and methyl-
transferase activity and inhibition. (B) Sequences of DNA probe, DNA-1, and DNA-2.
DNA-1,2 contain the recognition sites of Dpn II/Dam MTase and EcoR I/EcoR | MTase,
respectively. The arrows show the cleavage sites, and the letters in red indicate the

tion enzymes).** The recognition sites of
type Il endonucleases are typically short,
palindromic sequences of double-stranded
DNA. As shown in Scheme 1, our system is
composed of two elements: only a single
type of DNA-functional AuNP probe and an
appropriate oligonucleotide linker that can
hybridize with the probe DNA. The linker
was designed to contain a self-
complementary region, which can form a
duplex structure with a base-pair overlap
containing the recognition sites and over-
hanging 3’-ends. The overhanging portion
was complementary to the oligonucleotide
probe, and DNA—AuNPs assembly formed
based on the hybridization of oligonucle-
otide linkers with the probe DNA immobi-
lized on surface of the AuNPs. The thus de-
signed AuNPs assembly could be used as
the substrate for the endonuclease detec-
tion, as disassembly of AuNPs can be
achieved by incubation with an endonu-
clease that cleaves double-stranded DNA
in a site-specific manner. Significantly, it is
expected that this approach can be di-
rected toward most endonucleases by sim-
ply changing the recognition sequence
found within the linker DNA. Furthermore,
this system enables us to assay DNA methyltrans-
ferase activity and screen its inhibitors since the me-
thylation of DNA inhibits its cleavage by its corre-
sponding restriction endonucleases.

RESULTS AND DISCUSSION

Preparation of DNA—AuNPs Assembly Substrate. Dpn |l re-
striction endonuclease was used as a model system in
the current studies. As shown in Scheme 1B, the linker
DNA-1 was designed to contain an 18-mer base-pair
overlap which could form a stable duplex with 12-mer
dangling ends in the enzymatic buffer solution. The
single restriction site 5'-GATC-3' was incorporated into
the duplex region and the dangling ends at the 3'-
termini were complementary to the 12-mer probe se-
quences. AuNPs (13 nm) were functionalized with 5’'-
thiol-(As)-CACGAGTTGACA-3' (probe DNA), and the
thus prepared nanoparticles had an average of 80~100
oligonucleotides per particle. In a typical procedure,
the solution of DNA-modified AuNPs was mixed with
the linker DNA so that both sticky ends of the linker
DNA duplex could bind to the complementary strands
attached to the AuNPs in a tail-to-tail hybridization. The
thus synthesized AuNP assembly was then used as the
substrate to assay endonuclease and DNA methyltrans-
ferase activity.

Assay for Restriction Endonuclease Activity. In the UV —vis
spectrum of an initial suspension of DNA—AuUNPs as-
sembly, a broad absorption spectrum (540—750 nm) re-
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Figure 1. UV—vis spectra of DNA—AuNP assembly (AuNPs,
2 nM) taken at 2 min intervals for 30 min after the addition
of Dpn Il endonuclease (10 units). Inset, the color change of
the nanoassembly in the absence (left) and presence (right)
of Dpn Il endonuclease (10 units, 30 min).

400

sults from the cross-linked network of nanoparticles,
which is visualized as purple/blue (Figure 1). Upon ad-
dition of Dpn Il restriction endonuclease, a decreased
absorbance intensity at 700 nm and an increase of the
plasmon band at 520 nm were both observed. As the
endonuclease degraded the DNA—duplex interconnec-
tions, nanoparticles were released, regenerating a red
color due to the dispersed nanoparticles (Figure 1, in-
set). On the other hand, the DNA—AuNPs assembly was
not degraded by the enzyme when a linker DNA
(DNA-2) that lacks the recognition site for Dpn Il was in-
troduced (Figure S1), thus demonstrating the selectiv-
ity of the DNA—AUNPs assembly for its specific
endonuclease.

To demonstrate the application of the DNA—AuUNPs
assembly for monitoring the nuclease activity in real-
time, the ratios of absorbance of 524 and 700 nm (As,4/
Az00) Were studied as a function of nuclease concentra-
tion. With a high ratio associated with red-

generated and an increased absorbance of the plas-
mon band at 520 nm was observed (data not shown).
Similar hydrolysis curves were also obtained with var-
ied amounts of EcoR | (Figure 2C). Note that it took rela-
tively longer for the DNA—AuNPs assembly to start to
be dispersed by the EcoR | enzyme than by Dpn Il, and
the hydrolysis curves based on the modified
DNA—AuNPs assemblies were different from those ob-
tained when the directly used oligonucleotides served
as the substrates.'” These differences in enzymatic activ-
ity could simply reflect the distinctions in the enzymes
and/or the chemical assay buffers.

As the presence of AuNPs could distinctly affect the
enzymatic reactions, we hypothesized that the enzyme-
responsive AUNP system mainly consisted of two steps:
(a) the binding of the enzyme to its recognition sites
and (b) the enzymatic hydrolysis to release the nano-
particles. Recent work by Seferos et al.** demonstrated
that the enzyme-nanoparticle binding is not inhibited
when DNA—AuUNPs are used, and the kinetics of the sys-
tem might be limited by the release of nanoparticle.
Therefore, traditional methods for obtaining the veloc-
ity of the enzymatic reaction could not be applied in our
AuNPs systems. Interestingly, as shown in Figure 2B,D,
the plots of the reciprocal of hydrolysis half time (t;,,™")
versus nuclease concentration showed good linear rela-
tionships (R? = 0.995, 0.991, respectively) for both en-
zymes. Furthermore, a good linear correlation (R?* =
0.989) could also be obtained with another endonu-
clease, DNase |, by analyzing previous hydrolysis data.>
Thus, we demonstrated that the nucleases activities
could be quantitatively analyzed by using the plot of

colored dispersed particles and a low ratio 0.06}
associated with blue-colored aggregates, the 8 10p A B
ratiometric method allowed the determination 5, 08¢ _ o.04l
of aggregation states independently of sample < 06} e
conditions, and increased the sensitivity of E 04f vé
the assay. Figure 2A shows the time curves of & 4 ,[ s e |7 o 0.02)
the digestion reactions of the DNA—AuNPs as- £ ool . D :t
sembly with various concentrations of Dpn II. R il 0.00f , , , ,
The hydrolysis half time (t; 5, the time at which 0 5 100 150 200 0 20 40 60 80
50% of the aggregates are hydrolyzed) de- Time. (min) [Dpn 1] (unit mi”)
creased as the amount of the Dpn Il restric- 10f ¢
tion endonuclease increased, since a higher 3
concentration of enzyme cleaves substrate fh 08
more rapidly at the same initial concentration <§ 0.6f "_E
of DNA. 3 o4l £
To address the universal approach for re- TEv * ZSunitsmL” -
striction endonucleases, detection of enzyme & 0.2 e
activity of the restriction endonuclease EcoR | 0.0} X 180 units "

was also studied. The specific substrate DNA-2
for EcoR | was obtained by simply replacing
the recognition sequence with 5'-GAATTC-3’
within the linker DNA (Scheme 1B). Upon addi-
tion of the EcoR | enzyme, the red color was re-
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Figure 2. Normalized dissociation curves for the DNA—AuNP aggregates (5 nM) at

different concentrations of Dpn Il (A) and EcoR | (C). The data were recorded at 2 min

intervals; the reciprocal of hydrolysis half time (t;/,~") versus concentrations of Dpn
11 (B) and EcoR | (D).
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Figure 3. (A) The gel electrophoresis images of DNA-1 with and without
Dam MTase in the presence of Dpn Il: (1) DNA-1 alone; (2) DNA-1 with Dpn
II; (3) DNA-1, Dam MTase, and Dpn Il. (B) Color changes of the DNA—AuNPs
assembly with and without DNA methylation in the presence of Dpn Il: (1)
DNA—AuNP only; (2) DNA—AuUNP and Dpn I; (3) DNA—AuNP, Dam MTase,
and Dpn Il. (C) The hydrolysis curves for the DNA—AuNP assembly with vari-
ous Dam MTase concentrations at fixed Dpn Il concentration (10 units). (D)
The ratio of absorbance at 524/700 nm versus Dam MTase concentrations
under the same concentration condition as in panel C.

t12~ ! versus enzyme concentrations in this kind of
enzyme-responsive nanoparticle system.

Assay for DNA Methyltransferase Activity. DNA methyla-
tion is an epigenetic process which is carried out by
DNA methyltranferases (MTases) that catalyze the trans-
fer of a methyl group from S-adenosyl-L-methionine
(SAM) to adenine or cytosine residues in DNA. It occurs
in both prokaryotes and eukaryotes, and plays a critical
role in the control of gene expression, maintenance of
genomic integrity, virulence, and cancer origin.*~*" As
such, methyltransferases represent an exciting and
novel family of targets, and the pharmacological inhibi-
tion of DNA MTases provides a broad spectrum of
therapeutic applications, including but not limited to
antibiotics, antiviral drugs, and anticancer
therapeutics.*®>° Here we show that our simple
DNA—AuUNPs assembly can also be utilized to assay
DNA MTase activity and to screen MTase inhibitors,
based on the general principle that the cleavage of me-
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Figure 4. (A) Inhibition efficiency of Dam MTase by EB and EGX™. The ICso
values were obtained from the fitting curve. (B) Dissociation curves for the
DNA—AuNPs aggregates (2 nM) in the absence and presence of EB (2 nM),
subjected to washing with enzyme buffer at a Dpn Il concentration of 25 unit

m
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thylated DNA by restriction endonuclease is blocked
by the methylation at the specific palindromic se-
quence in duplex DNA. DNA-1 and Dam methylase
were chosen as the model DNA and methyltransferase,
respectively (Scheme 1). The suspension of DNA-
1—AuNPs assembly was first treated with Dam MTase,
which catalyzed the methylation reaction at the recog-
nition sequence to yield the methylation duplex DNA
5'-GAmTC-3'. The suspension was subsequently centri-
fuged and treated with Dpn Il endonuclease, which rec-
ognizes the same sites and can specifically cleave
DNA-1, but not methylated DNA-1. In this case, the me-
thylated DNA was not cleaved (as observed by electro-
phoreses shown in Figure 3A), and the AuNPs assembly
could not be dispersed (Figure 3B). A series of stan-
dard Dam MTase solutions were prepared at a fixed
DNA—AuNPs and Dpn Il nuclease concentrations, and
the ratios of absorbance of 524 and 700 nm (As24/A700)
was used for the quantitative detection of the Dam
MTase activity. With a high ratio associated with dis-
persed particles and a low ratio associated with aggre-
gates, the results indicate that the methylation of
DNA-1 inhibited its cleavage by Dpn Il nuclease (Fig-
ure 3C). The value of Asyi/A;700 gradually decreased with
the increasing concentrations of methylase (Figure
3D), which shows that the higher concentration of me-
thylase is beneficial to the methylation of DNA sub-
strate. Furthermore, the concept of universal assay can
also be applied because the methylation of DNA inhib-
its its cleavage by its corresponding restriction endonu-
cleases. For example, EcoR | methylase has a specific
recognition site 5'-GAATTC-3" and its substrate DNA-2
can be obtained by simply replacing the recognition se-
quence within the linker DNA. As observed in the case
of Dam MTase, the DNA-2—AuNPs assembly could be
used to assay the EcoR | methylase activity through the
inhibition of its cognate EcoR | nucleases (Figure S2).
Assay of the Inhibition of DNA MTase Activity. This simple
and sensitive assay was also applied to screen for in-
hibitors of DNA MTase. Transferring of the methyl
group to the DNA residue was blocked in the pres-
ence of inhibitor, and consequently, the
DNA—duplex interconnections were degraded and
particles were dispersed (Scheme 1A). The inhibition
effect can be quantitatively analyzed by using the ra-
tios of absorbance Asy4/A;00. Increasing the inhibitor
concentration lowers the content of methylation,
and therefore, the ratios of absorbance Asys/A;qo in-
creased. Dam MTase was used as a model system
and two small molecules, cyclopentaquinoline car-
boxylic acid (EGX™) and ethidium bromide (EB) (Fig-
ure S3 for the structures), were selected for our stud-
ies. EGX' is a promising small molecule recently
discovered by Mashhoon et al.>® which could effi-
ciently inhibit Dam MTase activity, and EB is a typi-
cal DNA intercalator which has never been reported
as a DNA MTase inhibitor. The 1Cso value, the inhibi-
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tor concentration required to reduce enzyme activ-
ity by 50%, was obtained from the plot of relative ac-
tivity (RA) versus inhibitor concentration (Figure
4A). EGX™ and EB were found to inhibit Dam MTase
with ICso values of 8.58 = 1.13 and 2.79 = 0.61 puM,
respectively. The ICs, for EGX™ is in good agreement
with the reported literature value of 9.7 uM deter-
mined by other methods.>°

Since there were two enzymes involved in the sys-
tem, it was necessary to eliminate the effect of small
molecules on the endonuclease before studying the ef-
fect of small molecules on the activity of DNA MTase.
In the traditional restriction-protection based assays, ex-
tra control experiments must be carried out. Our assay
has a technological advantage in terms of simplicity: by
using the DNA—AuNPs assembly as the substrate, the
interferences can easily be eliminated through repeated
centrifuging and washing steps. For example, as shown
in Figure 4B, upon addition of EB to the DNA—AuUNPs
suspension, the gold nanoparticle assembly was dis-
persed very slowly by Dpn Il endonuclease; with wash-
ing, centrifugation, and resuspension, the aggregate
could be dispersed at a rate similar to a preparation not
treated with EB. We believe that this unique property

METHODS

Materials. Tetrachloroauric acid (HAuCl4 - 3H20) and sodium
citrate (Na3CgHsO- - 2H,0) were purchased from Alfa Aesar Co.
Ltd. Cyclopentaquinoline carboxylic acid was obtained from
ChemBridge Co. (San Diego, CA). All other chemicals were pur-
chased from Sigma-Aldrich Co. Ltd. and used without further pu-
rification. Dam and EcoR | methylase, Dpn Il and EcoR | endonu-
clease, and SAM were purchased from New England Biolabs Inc.
DNA oligonucleotides were purchased from Sangon (Shanghai,
China) and used without further purification, and their concen-
tration were determined by measuring the absorbance at 260
nm after melting. Extinction coefficients were estimated by the
nearest-neighbor method.

The sequences are as follows.

Probe: HS-(CH,)6—5'-AAA AAA CAC GAG TTG ACA-3’

DNA-1: 5'-GTA TGA GGA TCC TCA TAC TGT CAA CTC
GTG-3'

DNA-2: 5'-GTA TGA GAA TTC TCA TAC TGT CAA CTC
GTG-3'

Preparation and Functionalization of AuNPs. The 13-nm AuNPs were
prepared using a standard citrate method.>’ The DNA—AuNPs
were prepared according to the previously reported method.>*>3
Before DNA loading, the thiol functionality on the probe oligo-
nucleotides was deprotected by treatment with 1.5 equiv of
TCEP for 1 h at pH 5.2 at room temperature. AuNPs were func-
tionalized by derivatizing aqueous Au colloid with deprotected
thiol-oligonucleotides (final concentration, 3.6 .M for oligonu-
cleotides and 10 nM for AuNPs, respectively). The resulting solu-
tion was then incubated at room temperature for 24 h. The solu-
tion was incubated for an additional 24 h at room temperature
after the NaCl concentration of the solution was increased to 100
mM. These DNA—AuNPs were purified three times by centrifuga-
tion (30000g for 45 min) in 10 mM phosphate buffer (pH 7.0),
and the nanoparticles were stored in the same buffer at 4 °C.

Preparation of DNA—AuNP Assembly. After combining of DNA-1
(or DNA-2) and the probe DNA—AuNPs in hybridization buffer
(phosphate buffer (10 mM, pH 7.5) containing 300 mM NacCl), the
mixture was heated to 90 °C and held at this temperature for
10 min. The solution was cooled slowly to room temperature,

www.acsnano.org

of the AuNPs makes it an ideal probe for assaying sub-
stances which require multiple separation steps.

CONCLUSION

In summary, we have demonstrated a unique de-
sign of an enzyme-responsive nanoparticle system for
monitoring restriction endonuclease/methyltransferase
activities and inhibitions using DNA—AuNPs assemblies
as the substrates. The unique optical properties of
AuNPs and the palindromic recognition sequence of
the nucleases make this novel assay not only sensitive
and reliable, but also universally applicable in its opera-
tion and easily adaptable to high-throughput screen-
ing. In addition, the assay presented here is simpler in
format than that presented by Xu et al.*° It involves only
a single type of ssDNA-modified AuNPs, which offers
the advantages of simplicity and cost efficiency. Fur-
thermore, for the first time, the endonuclease activity
has been quantitatively analyzed by the value of the re-
ciprocal of hydrolysis half time (t;,,~"). These findings
may contribute to the future application of
nanoparticle-based technologies to therapeutic agents
and to the development of chemical tools for the con-
trolled assembly and manipulation of nanostructures.

which resulted in aggregation of the particles and the concomi-
tant red-to-purple color change. The aggregates were centri-
fuged briefly with a benchtop microcentrifuge and precipitated
to the bottom of the microcentrifuge tube. The aggregates were
washed with nuclease buffer and then resuspended in 1 mL nu-
clease buffer. This solution can be used to assay the enzymatic
activity.

Assay of Endonuclease Activity. Since the standard enzymatic buff-
ers contain dithiothreitol (DTT), which was found to precipitate
gold nanoparticles,* for the present work we prepared buffers
without DTT. The DNA—AuNPs assembly was first suspended in
the enzymatic buffer at a final concentration of 2 nM (50 mM
MES, 50 mM Nacl, 10 mM MgCl,, pH 6.0 for Dpn Il endonuclease;
50 mM tris-HCI, 100 mM NaCl, 10 mM MgCl,, pH 7.5 for EcoR | en-
donuclease). Different amounts of endonuclease were then
added to the suspension of the DNA—AuNPs assembly, and the
UV—vis spectra of the AuNPs were monitored every 2 min at 37
°C using a UV—vis spectrometer (Cary 300, Varian Inc., Palo Alto,
CA). The hydrolysis curves were obtained from the spectra and
the hydrolysis half time was calculated from the corresponding
hydrolysis curves.

Assay of Methylation Activity by Gel Electrophoresis. The reaction mix-
ture consisted of 5.0 uM DNA-1, 1X methylase buffer (50 mM
HEPES, 50 mM NaCl, T mM EDTA, pH 7.5), 80 uM SAM, and 10
units of Dam MTase. In the gel electrophoresis assays, the 10-pL
sample was incubated at 37 °C for 3 h and then a 40 pL buffer
(50 mM MES, 50 mM Nacl, 10 mM MgCl,, pH 6.0) and 10 units of
Dpn Il endonuclease were added and incubated at 37 °C for an-
other 3 h. Subsequently, the samples were applied to a polyacry-
lamide gel (20%) to separate the cleaved products from the sub-
strate. The electrophoresis was carried in 1X TBE (pH 8.0) at
100 V constant voltage for 3 h. The gels were silver-stained.

Assay of DNA Methyltransferase Activity. The methylation experi-
ment was performed in 50 pL methylase buffer (50 mM HEPES,
50 mM NaCl, T mM EDTA, pH 7.5 for Dam MTase; 50 mM Tris -
HCl, 50 mM NaCl, 10 mM EDTA, pH 8.0 for EcoR | methylase) con-
taining 80 wM SAM, 5 nM DNA—AuNP assembly and a varying
amount of DNA MTase at 37 °C for 90 min. The suspension was
then centrifuged and the precipitates were resuspended with
200 pL endonuclease buffer. Then 10 units of corresponding en-
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donuclease was added and incubated at 37 °C, and the hydroly-
sis was monitored by UV—vis spectroscopy.

Inhibition of Dam MTase Activity. Inhibitors (0—10 uM) were pre-
incubated at varying concentrations with DNA-1-AuNP assem-
bly (5 nM) in the methylase buffer (50 mM HEPES, 50 mM Nacl,
1 mM EDTA, pH 7.5) at 37 °C for 15 min. Then Dam MTase (8
units) and SAM (80 wM) were added, and the resulting suspen-
sion were incubated at 37 °C for 90 min. The suspension was
then centrifuged and the precipitate was resuspended with 200
pL of endonuclease buffer. Dpn Il endonuclease (10 units) was
added and the mixture was incubated for 30 min at 37 °C. The
value of Asyi/Az00 Was recorded using the UV—vis spectrometer.
The relative activity (Racqiviy) Of Dam MTase in the presence of in-
hibitors could be determined by monitoring concentration
changes of methylated DNA by Asyi/A;7q0 Using the following
equation:

R, — R;
Ractivity = m100%

in which Ry, R; and R; are the value of As,4/A;q0 of the AUNPs
without Dam, with Dam, and with Dam in the presence of
inhibitors, respectively. The inhibition efficiency was calculated
from the plot of relative Dam activity versus inhibitor
concentrations.

Acknowledgment. Financial support was provided by NSFC
(20831003, 90813001, and 20833006) and Funds from the Chi-
nese Academy of Sciences and Jilin Province.

Supporting Information Available: Supporting figures and
structures. This material is available free of charge via the Inter-
net at http://pubs.acs.org.

REFERENCES AND NOTES

1. Roberts R. J,; Halford S. E. Type Il Restriction Enzymes. In
Nucleases, 2nd ed.; Linn, S., Lloyd, R. S., Roberts, R. J., Eds.;
Cold Spring Harbor Press: New York, 1993; pp 35—38.

2. Rangarajan, E. S.; Shankar, V. Sugar Non-Specific
Endonucleases. FEMS Microbiol. Rev. 2001, 25, 583-613.

3. Pingoud, A, Jeltsch, A. Structure and Function of Type Il
Restriction Endonucleases. Nucleic Acids Res. 2001, 29,
3705-3727.

4. Lieber, M. R. The FEN-1 Family of Structure-Specific
Nucleases in Eukaryotic DNA Replication, Recombination
and Repair. BioEssays 1997, 19, 233-240.

5. West, S. C. Molecular Views of Recombination Proteins and
Their Control. Nat. Rev. Mol. Cell Biol. 2003, 4, 435-445.

6. Marti, T. M.; Fleck, O. DNA Repair Nucleases. Cell. Mol. Life
Sci. 2004, 61, 336-354.

7. Grindley, N. D.; Whiteson, K. L.; Rice, P. A. Mechanisms of
Site-Specific Recombination. Annu. Rev. Biochem. 2006, 75,
567-605.

8. Norberg, P.; Bergstrom, T, Liljeqvist, J. A. Genotyping of
Clinical Herpes Simplex Virus Type 1 Isolates by Use of
Restriction Enzymes. J. Clin. Microbiol. 2006, 44,
4511-4514.

9. Kanaras, A. G,; Wang, Z. X,; Bates, A. D.; Cosstick, R.; Brust,
M. Towards Multistep Nanostructure Synthesis:
Programmed Enzymatic Self-Assembly of DNA/Gold
Systems. Angew. Chem., Int. Ed. Engl. 2003, 42, 191-194.

10. Kanaras, A. G.; Wang, Z. X.; Hussain, |.; Brust, M.; Cosstick,
R.; Bates, A. D. Site-Specific Ligation of DNA-Modified Gold
Nanoparticles Activated by the Restriction Enzyme Styl.
Small 2007, 3, 67-70.

11. Kanaras, A. G.; Wang, Z; Brust, M.; Cosstick, R.; Bates, A. D.
Enzymatic Disassembly of DNA—Gold Nanostructures.
Small 2007, 3, 590-594.

12. Ghadiali, J. E.; Stevens, M. M. Enzyme-Responsive
Nanoparticle Systems. Adv. Mater. 2008, 20, 4359-4363.

13. McLaughlin, L. W.; Benseler, F.; Graeser, E.; Piel, N.;
Scholtissek, S. Effects of Functional Group Changes in the
EcoRI Recognition Site on the Cleavage Reaction

VOL.3 = NO.5 = SONG ET AL.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Catalyzed by the Endonuclease. Biochemistry 1987, 26,
7238-7245.

Spitzer, S.; Eckstein, F. Inhibition of Deoxyribonucleases by
Phosphorothioate Groups in Oligodeoxyribonucleotides.
Nucleic Acids Res. 1988, 16, 11691-11704.

. Jeltsch, A; Fritz, A,; Alves, J.; Wolfes, H.; Pingoud, A. A Fast

and Accurate Enzyme-Linked Immunosorbent Assay for
the Determination of the DNA Cleavage Activity of
Restriction Endonucleases. Anal. Biochem. 1993, 213, 234-
240.

Hiramatsu, K.; Miura, H.; Kamei, S.; lwasaki, K,; Kawakita, M.
Development of a Sensitive and Accurate Enzyme-

Linked Immunosorbent Assay (ELISA) System that Can
Replace HPLC Analysis for the Determination of N1, N12-
Diacetylspermine in Human Urine. J. Biochem. 1998, 124,
231-236.

Biggins, J. B,; Prudent, J. R,; Marshall, D. J.; Ruppen, M.;
Thorson, J. S. A Continuous Assay for DNA Cleavage: The
Application of “Break Lights” to Enediynes, Iron-
Dependent Agents, and Nucleases. Proc. Natl. Acad. Sci.
U.S.A. 2000, 97, 13537-13542.

Li, J; Yan, H.,; Wang, K; Tan, W.; Zhou, X. Hairpin
Fluorescence DNA Probe for Real-Time Monitoring of DNA
Methylation. Anal. Chem. 2007, 79, 1050-1056.
Eisenschmidt, K.; Lanio, T.; Jeltsch, A; Pingoud, A. A
Fluorimetric Assay for On-Line Detection of DNA Cleavage
by Restriction Endonucleases. J. Biotechnol. 2002, 96,
185-191.

Li, J. J; Geyer, R.; Tan, W. Using Molecular Beacons as a
Sensitive Fluorescence Assay for Enzymatic Cleavage of
Single-Stranded DNA. Nucleic Acids Res. 2000, 28, E52.

Ma, C. B,; Tang, Z. W.; Wang, K. M,; Tan, W. H,; Yang, X. H.;
Li, W.; Li, Z. H.; Lv, X. Y. Real-Time Monitoring of Restriction
Endonuclease Activity Using Molecular Beacon. Anal.
Biochem. 2007, 363, 294-296.

Elghanian, R; Storhoff, J. J,; Mucic, R. C; Letsinger, R. L.;
Mirkin, C. A. Selective Colorimetric Detection of
Polynucleotides Based on the Distance-Dependent Optical
Properties of Gold Nanoparticles. Science 1997, 277,
1078-1081.

Storhoff, J. J.; Elghanian, R.; Mucic, R. C.; Mirkin, C. A,
Letsinger, R. L. One-Pot Colorimetric Differentiation of
Polynucleotides with Single Base Imperfections Using
Gold Nanoparticle Probes. J. Am. Chem. Soc. 1998, 120,
1959-1964.

Storhoff, J. J.; Lucas, A. D.; Garimella, V.; Bao, Y. P.; Muller,
U. R. Homogeneous Detection of Unamplified Genomic
DNA Sequences Based on Colorimetric Scatter of Gold
Nanoparticle Probes. Nat. Biotechnol. 2004, 22, 883-887.
Guarise, C,; Pasquato, L.; De Filippis, V.; Scrimin, P. Gold
Nanoparticles-Based Protease Assay. Proc. Natl. Acad. Sci.
U.S.A. 2006, 703, 3978-3982.

Wang, Z. X; Levy, R;; Fernig, D. G; Brust, M. Kinase-
Catalyzed Modification of Gold Nanoparticles: A New
Approach to Colorimetric Kinase Activity Screening. J. Am.
Chem. Soc. 2006, 128, 2214-2215.

Choi, Y.; Ho, N. H,; Tung, C. H. Sensing Phosphatase
Activity by Using Gold Nanoparticles. Angew. Chem., Int.
Ed. Engl. 2007, 46, 707-709.

Liu, R. R, Liew, R. S,; Zhou, H.; Xing, B. G. A Simple and
Specific Assay for Real-Time Colorimetric Visualization of
Beta-Lactamase Activity by Using Gold Nanoparticles.
Angew. Chem., Int. Ed. Engl. 2007, 46, 8799-8803.
Laromaine, A; Koh, L. L; Murugesan, M.; Ulijn, R. V.;
Stevens, M. M. Protease-Triggered Dispersion of
Nanoparticle Assemblies. J. Am. Chem. Soc. 2007, 129,
4156-4157.

Xu, X.Y.; Han, M. S; Mirkin, C. A. A Gold-Nanoparticle-
Based Real-Time Colorimetric Screening Method for
Endonuclease Activity and Inhibition. Angew. Chem., Int.
Ed. Engl. 2007, 46, 3468-3470.

Hazarika, P.; Ceyhan, B.; Niemeyer, C. M. Sensitive
Detection of Proteins Using Difunctional DNA—Gold
Nanoparticles. Small 2005, 1, 844-848.

Huang, C. C; Huang, Y. F.; Cao, Z. H.; Tan, W. H,; Chang,

www.acsnano.org



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

H. T. Aptamer-Modified Gold Nanoparticles for
Colorimetric Determination of Platelet-Derived Growth
Factors and Their Receptors. Anal. Chem. 2005, 77, 5735-
5741.

Liu, J. W,; Lu, Y. A Colorimetric Lead Biosensor Using
DNAzyme-Directed Assembly of Gold Nanoparticles. J. Am.
Chem. Soc. 2003, 125, 6642-6643.

Liu, J; Lu, Y. Accelerated Color Change of Gold
Nanoparticles Assembled by DNAzymes for Simple and
Fast Colorimetric Pb®" Detection. J. Am. Chem. Soc. 2004,
126, 12298-12305.

Lee, J. S.; Han, M. S.; Mirkin, C. A. Colorimetric Detection of
Mercuric lon (Hg?*) in Aqueous Media Using DNA-
Functionalized Gold Nanoparticles. Angew. Chem., Int. Ed.
Engl. 2007, 46, 4093-4096.

Darbha, G. K;; Singh, A. K;; Rai, U. S.; Yu, E; Yu, H.; Chandra
Ray, P. Selective Detection of Mercury (ll) lon Using
Nonlinear Optical Properties of Gold Nanoparticles. J. Am.
Chem. Soc. 2008, 130, 8038-8043.

Liu, J; Lu, Y. Adenosine-Dependent Assembly of
Aptazyme-Functionalized Gold Nanoparticles and Its
Application as a Colorimetric Biosensor. Anal. Chem. 2004,
76,1627-1632.

Liu, J.; Lu, Y. Fast Colorimetric Sensing of Adenosine and
Cocaine Based on a General Sensor Design Involving
Aptamers and Nanoparticles. Angew. Chem., Int. Ed. 2005,
45, 90-94.

Lee, J. S.; Ulmann, P. A,; Han, M. S.; Mirkin, C. A. A
DNA—Gold Nanoparticle-Based Colorimetric Competition
Assay for the Detection of Cysteine. Nano Lett. 2008, 8,
529-533.

Han, M. S,; Lytton-Jean, A. K. R.; Mirkin, C. A. A Gold
Nanoparticle Based Approach for Screening Triplex DNA
Binders. J. Am. Chem. Soc. 2006, 128, 4954-4955.

Han, M. S,; Lytton-Jean, A. K. R.; Oh, B. K.; Heo, J,; Mirkin,
C. A. Colorimetric Screening of DNA-Binding Molecules
with Gold Nanoparticle Probes. Angew. Chem., Int. Ed.
2006, 45, 1807-1810.

Song, G. T.; Chen, C; Qu, X. G.; Miyoshi, D; Ren, J. S.;
Sugimoto, N. Small-Molecule-Directed Assembly: A Gold
Nanoparticle-Based Strategy for Screening of Homo-
Adenine DNA Duplex Binders. Adv. Mater. 2008, 20, 706—
710.

Roberts, R. J,; Vincze, T.; Posfai, J.; Macelis, D.
REBASE—Enzymes and Genes for DNA Restriction and
Modification. Nucleic Acids Res. 2007, 35, D269—270.
Seferos, D. S.; Prigodich, A. E; Giljohann, D. A,; Patel, P. C,;
Mirkin, C. A. Polyvalent DNA Nanoparticle Conjugates
Stabilize Nucleic Acids. Nano Lett. 2009, 9, 308-311.
Heithoff, D. M,; Sinsheimer, R. L,; Low, D. A.; Mahan, M. J.
An Essential Role for DNA Adenine Methylation in
Bacterial Virulence. Science 1999, 284, 967-970.
Robertson, K. D. DNA Methylation, Methyltransferases, and
Cancer. Oncogene 2001, 20, 3139-3155.

Shames, D. S.; Minna, J. D.; Gazdar, A. F. DNA Methylation
in Health, Disease, and Cancer. Curr. Mol. Med. 2007, 7, 85—
102.

Goffin, J.; Eisenhauer, E. DNA Methyltransferase
Inhibitors—State of the Art. Ann. Oncol. 2002, 13,
1699-1716.

Brueckner, B.; Lyko, F. DNA Methyltransferase Inhibitors:
Old and New Drugs for an Epigenetic Cancer Therapy.
Trends Pharmacol. Sci. 2004, 25, 551-554.

Mashhoon, N.; Pruss, C.; Carroll, M.; Johnson, P. H.; Reich,
N. O. Selective Inhibitors of Bacterial DNA Adenine
Methyltransferases. J. Biomol. Screen. 2006, 11, 497-510.
Jin,R. C; Wu, G. S,; Li, Z,; Mirkin, C. A,; Schatz, G. C. What
Controls the Melting Properties of DNA-Linked Gold
Nanoparticle Assemblies. J. Am. Chem. Soc. 2003, 125,
1643-1654.

Akamatsu, K.; Kimura, M.; Shibata, Y.; Nakano, S.; Miyoshi,
D.; Nawafune, H.; Sugimoto, N. A DNA Duplex with
Extremely Enhanced Thermal Stability Based on
Controlled Immobilization on Gold Nanoparticles. Nano
Lett. 2006, 6, 491-495.

www.acsnano.org

53. Liu, J; Ly, Y. Preparation of Aptamer-Linked Gold

Nanoparticle Purple Aggregates for Colorimetric Sensing
of Analytes. Nat. Protoc. 2006, 1, 246-252.

. Claridge, S. A,; Mastroianni, A. J,; Au, Y. B,; Liang, H. W.;

Micheel, C. M,; Frechet, J. M; Alivisatos, A. P. Enzymatic
Ligation Creates Discrete Multinanoparticle Building
Blocks for Self-Assembly. J. Am. Chem. Soc. 2008, 130,
9598-9605.

VOL.3 = NO.5 = 1183-1189 = 2009 A@%

e

)

=4

1189



