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A Gold-Nanoparticle-Based Real-Time Colorimetric Screening
Method for Endonuclease Activity and Inhibition**
Xiaoyang Xu, Min Su Han, and Chad A. Mirkin*

Nucleic acids act as the carriers of genetic information, and
most organisms contain a type of enzymes called endonu-
cleases,!! which can hydrolyze the phosphodiester linkages in
the nucleic acid backbone. These nucleases are important for
many processes involving the replication, repair, and recom-
bination of nucleic acids. Endonucleases such as DNA gyrase
and virus integrase play key roles in biological process such as
the topological altering of DNA and the insertion of proviral
DNA into host chromosomal DNA.”! Molecules that inhibit
endonucleases are therefore considered candidates for a
variety of antimicrobial and antiviral drugs. As such, methods
for the high-throughput screening of different nuclease
inhibitors have become a central part of the drug-develop-
ment process.”!

The most widely used assays include those based on the
use of chromogenic or fluorogenic substrates to produce a
spectrophotometric signal.l’l In many cases, however, it is
desirable to measure the reaction between an enzyme and a
well-defined nucleic acid substrate of interest, as opposed to a
fluorogenic or chromogenic derivative of that substrate.
Historically, endonuclease activity has been screened by
viscometry, radioactive labeling, and gel electrophoresis, in
addition to the more recent fluorescence-based approaches.”!
Most of these protocols are time consuming and do not
provide a measure of endonuclease activity in real time. Of
these methods, only fluorescence is appreciably used for high-
throughput screening, and the fluorescence-based approach
has just recently been implemented.

Herein, we report an operationally simple colorimetric
endonuclease-inhibition assay, which enables the real-time
monitoring of endonuclease activity and the simultaneous
determination of the efficiencies of endonuclease inhibitors
(e.g., DNA-binding molecules).” The new method relies on
polymeric aggregates of DNA-functionalized gold nanopar-
ticles (DNA-AuNPs) with DNA-duplex interconnects.
DNA-AuNPs have been used previously to detect DNA,
proteins, metal ions, and DNA-binding molecules.”) Others
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have used gold nanoparticles and electrochemical approaches
to evaluate enzymatic activity." To our knowledge, we report
the first example of the use of DNA-AuNPs as colorimetric
indicators to evaluate enzymatic activity and to screen
enzyme inhibitors. In principle, this method can be used to
screen libraries of inhibitors of endonucleases in a high-
throughput fashion by using either the naked eye or a simple
colorimetric reader.

Probes were prepared by functionalizing two separate
batches of 13-nm gold particles with two different thiol-
modified oligonucleotide strands, DNA-1 (5-CTCCCTAA-
TAACAATTTATAACTATTCCTA-A,;-SH-3") and DNA-2
(8- TAGGAATAGTTATAAATTGTTATTAGGGAG-A -
SH-3’). These functionalized particles are denoted DNA-
AuNP-1 and DNA-AuNP-2. DNA-1 and DNA-2 are com-
plementary to each other. Therefore, DNA-AuNP-1 and
DNA-AuNP-2 can hybridize to form a cross-linked network
of nanoparticles, which is purple in color owing to the red-
shifted plasmon band of the gold nanoparticles (13 nm). This
red-shifting is a well-understood process and is a highly
diagnostic feature of aggregate formation."!! These aggre-
gates can then be used as colorimetric indicators of endonu-
clease activity (Scheme 1). As the endonuclease degrades the
DNA-duplex interconnects, particles are released, regenerat-
ing a red color due to the dispersed nanoparticles. The color
can be observed with the naked eye, or the absorbance
(520 nm) can be measured by UV/Vis spectroscopy.

The DNA-AuNP aggregates were used to evaluate the
enzymatic activity of deoxyribonuclease (DNase)l. In a
typical experiment, DNase I, at a predetermined concentra-
tion (10, 15, 20, 30, or 40 unitsmL "), was added to a solution
of the aggregates. The color of the solution gradually changed
from purple to red. By measuring the absorbance at 520 nm,
we could quantitatively follow the nucleic acid hydrolysis
catalyzed by DNase I (Figure 1 a). The reaction rate increases
with increasing enzyme concentration and can be followed in
real time.

In addition to screening enzyme activity, one can easily
use the assay to evaluate the efficiency of inhibitors of
DNase I. In a typical screening experiment, DNase I (15
unitsmL ') was added to solutions of the DNA-AuNP
aggregates in the presence of one of the following DNA-
binding molecules (1 um): amsacrine (AMSA), anthraqui-
none-2-carboxylic acid (AQ2A), 9-aminoacridine (9-AA),
ellipticine (EIPT), daunorubicin (DNR), ethidium bromide
(EB), or 4',6-diamidino-2-phenylindole (DAPI). These DNA-
binding molecules are known to inhibit DNase 1.2l The
absorbance at 520 nm was monitored as a function of time
(sample scan rate =5 min~'; Figure 1b), and the color of the
solution was followed with the naked eye (Figure 2). The time
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Scheme 1. lllustration of the aggregation and dissociation of the DNA-AuNP probes used in the colorimetric screening of endonuclease inhibitors.
The probes consist of gold nanoparticles (spheres) functionalized with two complimentary oligonucleotides (blue and red ribbons). The individual
nanoparticles (red) aggregate into a cross-linked network of nanoparticles (blue) through the hybridization of their oligonucleotide chains. Upon

addition of DNase |, the aggregates remain intact longer in the presence of a strong endonuclease inhibitor.
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Figure 1. Normalized dissociation curves for the DNA-AuNP aggre-
gates a) at different DNase | concentrations, and b) in the absence
and presence of endonuclease inhibitors (1 um) at a DNase | concen-
tration of 15 unitsmL™". The change in the absorbance at 520 nm in
the UV/Vis spectra was monitored.
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Figure 2. Colors of solutions of the DNA-AuNP aggregates in the
absence (1: control) or presence of endonuclease inhibitors (2: AMSA,
3: AQ2A, 4: 9-AA, 5: EIPT, 6: DNR, 7: EB, 8: DAPI) at specific time
points after the addition of DNase I.

at which 50 % of the aggregates are hydrolyzed (Ty) can be
used as a measure of inhibition. The inhibitors decrease the
DNase I activity, and increase the 7y and, therefore, the
corresponding time required for a solution color change. The
inhibitors studied exhibit the following trend in Ty values:
DAPI > EB >DNR >9-AA, EIPT, AQ2A > AMSA (Fig-
ure 1b, Table 1). This order is consistent with the relative
binding affinities of the inhibitors to DNA, as determined by
measuring the melting temperature of the duplex DNA in the
presence of each DNA-binding molecule (Table 1). This
approach can also be used for the high-throughput screening
of endonuclease inhibitors through visual inspection, whereby
the relative degree of endonuclease inhibition can be differ-
entiated easily (Figure 2).

In conclusion, we have developed a new colorimetric
assay for screening endonuclease activity and determining the
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Table 1: Melting temperatures (T,) of duplex DNA in the presence of
endonuclease inhibitors and hydrolysis times (T,;) for the DNA-AuNP
aggregates in the presence of the inhibitors and DNase I.

Inhibitor T2 Q] T, [min]
control 61.0 6.8
AMSA 61.5 11.0
AQ2A 62.5 19.6
9-AA 62.5 24.6
EIPT 63.0 25.2
DNR 65.5 43.2
EB 65.5 48.8
DAPI 77.0 101.2

[a] Conditions: DNA duplex (2.0 um) in sodium phosphate buffer
(10 mm, pH 7.0) containing sodium chloride (100 mm), in the presence
of the inhibitor (5.0 um). [b] T is the time at which 50% of the
aggregates are hydrolyzed, as determined by monitoring the absorbance
at 520 nm in the UV/Vis spectra. See Experimental Section for
conditions.

relative inhibitory potencies of potential inhibitors by mon-
itoring the kinetics of DNA-AuNP aggregate dissociation.
This screening approach is simpler than other assays: it is easy
to monitor and provides a rapid qualitative indication of
relative inhibition capabilities. For high-throughput screen-
ing, a way of qualitatively measuring differences in endonu-
clease activity is extremely useful.!*’

Experimental Section

Preparation of DNA-AuNP aggregates: DNA-AuNP-1 and DNA-
AuNP-2 were prepared by functionalizing gold nanoparticles with
two complementary 3’-thiol-modified 30-mer oligonucleotides, DNA-
1 (5-CTCCCTAATAACAATTTATAACTATTCCTA-A10-SH-3)
and DNA-2 (5-TAGGAATAGTTATAAATTGTTATTAGGGAG-
A,,-SH-3"), using previously reported methods."*! After combining 1-
mL aliquots of the two probes DNA-AuNP-1 and DNA-AuNP-2
(each 3 nMm) in hybridization buffer (tris(hydroxymethyl)aminome-
thane (Tris)-HCI buffer (50 mMm, pH 7.0) containing MgCl, (2 mwm)),
the mixture was heated to 90°C and held at this temperature for
10 min. The solution was cooled to room temperature, which resulted
in hybridization of the particles and the concomitant diagnostic red-
to-purple color change.

Colorimetric screening assay: The as-prepared DNA-AuNP
aggregates were washed three times with DNase I buffer (sodium
phosphate buffer (10 mM, pH 7.0) containing MgCl, (0.75 mm)). They
were then resuspended in 1 mL of DNase I buffer. A 10-pL aliquot of
each of the endonuclease inhibitors (0.1 mm) was then added to a
solution (1 mL) of the aggregates and incubated for 10 min. The assay
was initiated by adding DNase I, and the hydrolysis was monitored by
UV/Vis spectroscopy (Cary 5000, Varian). The solution was contin-
uously stirred with a magnetic stir bar at room temperature to keep
the aggregates suspended.
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