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Introduction

DNA exonucleases are enzymes that digest the

phosphodiester bond of DNA sequence at 3’-termini or 5’-

termini. In the exonuclease family, 3’-5’ exonuclease plays

important roles in a variety of cellular and physiological

processes, such as DNA proofreading [1] and repair [2-4].

Both the over-expression and lack of 3’-5’ exonuclease

activity will cause serious diseases and lead to greater

susceptibility to cancers and other diseases under stress

conditions [5-7]. Thus, it is important to detect 3’-5’

exonuclease activity for the diagnosis and therapy of several

diseases. 

The detection method of 3’-5’ exonuclease activity involves

radioisotope-utilized gel electrophoresis [8]. However, these

techniques are highly labor intensive and associated with

safety problems [9]. Fluorescence-based methods have

been developed for the detection of DNA sequences and

enzyme activities, such as polymerase, ligase, and

endonucleases [10-13]. The reported fluorescence methods

require organic dyes to label DNA probes. However, these

organic dyes cause serious photo bleaching and lead to

irreproducible results [14].

Recently, noble metal nanoclusters have been developed

for use in biological labeling, biosensors, bioimaging, and

diagnostic applications. Specifically, oligonucleotide-templated

nanoclusters have attracted attention for utilization in

biological analysis due to their facile synthesis, photo

stability and photophysical properties [14]. For example,

DNA-templated Ag+ nanoclusters (DNA-AgNCs) have been

widely used to detect DNA sequence, small biomolecules,

enzymes, and proteins [15-17]. However, there are several

problems associated with the use of DNA-AgNCs for

applications: 1) Ag+ ions form an insoluble product with

many anions, such as Cl- or SO4

2-, that will terminate the

formation of DNA-AgNCs, 2) Mg2+ ions in the reaction

buffer also affect the formation of DNA-AgNCs [18], 3) the

synthesis of DNA-AgNCs takes one to several hours

involving the reduction of Ag+ ions with NaBH4 [16, 19, 20].

In contrast, the newly emerging DNA-templated copper

nanoclusters (DNA-CuNCs) show excellent potential for

use in rapid and simple mix-and-measure assays for the

detection of mismatched DNA and enzymes activities in a

duplex DNA [14, 21, 22]. DNA-CuNCs can be easily prepared

by the reduction of Cu2+ ions with ascorbic acid in the

presence of a duplex DNA within several minutes.

Moreover, Cu2+ ions are soluble in detection solutions and

thus do not precipitate, unlike Ag+ ions. In this study,
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In this study, DNA-templated copper nanoclusters (DNA-CuNCs) were used to detect

exonuclease III (Exo III) activity, which is important for the diagnosis and therapy of several

diseases. The results of this study showed that Exo III was affected by the concentrations of

magnesium ions and sodium ions, and its optimal conditions for cleavage were 5 mM Mg2+

and less than 25 mM Na+. With a blunt-end DNA, more than 98% of DNA was digested by

Exo III. As expected, with two or four cytosines in the terminal position of a 4-base

overhanging DNA such as 5’-GGCC-3’ and 5’-CCCC-3’, there was little cleavage by Exo III

compared with a blunt-end DNA. 

Keywords: Exonuclease III, biosensors, DNA-templated copper nanoclusters (DNA-CuNCs)



1468 Lee and Gang

J. Microbiol. Biotechnol.

exonuclease III (Exo III) activity was measured with

different DNA at different concentrations of Exo III by

using DNA-CuNCs. 

Materials and Methods

The oligonucleotides used in this work were purchased from

Bioneer (Korea) and were purified by PAGE. Copper nitrate

(Cu(NO3)2), sodium ascorbate, and nitric acid (HNO3) were

purchased from Sigma Aldrich (USA). Tris (hydroxymethyl)

aminomethane (TRIS) was purchased from USB (USA). Sodium

nitrate (NaNO3) and magnesium nitrate (Mg(NO3)2) were purchased

from Junsei Chemical (Japan). Exo III  was purchased from Takara

Biotechnology (Japan). All solutions were prepared with deionized

water from Millipore water systems (Millipore Synergy UV,

Mosheim, France).

Exo III Assay

Duplex DNA was prepared with upper and down strands DNA

(Table 1) in 10 mM Tris (pH 8.0) and 50 mM NaNO3. After

incubation at 85°C for 10 min, solutions were cooled down slowly

overnight. The Exo III assay was conducted by adding different

amounts of Exo III to 4 µM of duplex DNA in reaction buffer

(10 mM Tris-HNO3, 5 mM Mg(NO3)2, 50 mM NaNO3 at pH 8.0).

Other reactions were also conducted with 4 nucleotides overhanging

DNAs containing 5’-GGCC-3’ (cDNA-2) or 5’-CCCC-3’ (cDNA-3).

Effect of Sodium and Magnesium Ions on ExoIII Activity

To measure the effect of salt ions on Exo III activity, sodium

ions were used at concentrations from 0 to 200 mM in the reactions.

In addition, magnesium ions were used at concentrations from 0

to 10 mM in the reactions. Exo III activity was monitored by the

measurement of fluorescence intensity in the presence of salt ions.

Preparation of DNA-CuNCs

After the Exo III cleavage reaction, copper nitrate solution

(100 µM) and the freshly prepared sodium ascorbate solution

(100 mM) were added to the reaction mixture. Reaction mixtures

were vortexed and incubated in the dark for 10 min at room

temperature (~20oC). The fluorescence emission of the reaction

was measured at the excitation wavelength of 345 nm and emission

wavelength of 610 nm.

Instrumentation

Fluorescence emission was measured with a Spectra Max M2

Microplate Reader (Molecular Devices, USA). Fluorescence emission

spectra were scanned from 520 to 700 nm at an excitation

wavelength of 345 nm. In addition, fluorescence excitation spectra

were also collected from 300 to 400 nm at an emission wave length

of 610 nm.

Results and Discussion

Principle of Detection Strategy for Exo III Activity

The assay strategy for Exo III is depicted in Scheme 1.

This study used duplex DNA molecules with three

different types of DNA ends: tDNA:cDNA-1 (blunt-

endDNA), tDNA:cDNA-2 (5’-GGCC-3’ overhanging DNA),

and tDNA:cDNA-3 (5’-CCCC-3’ overhanging DNA) as

substrates for Exo III. A duplex DNA contained a 5’-

TTTAGAGT-3’ overhanging end for protection from Exo III

cleavage and the blunt end as a substrate for Exo III (shown

in Scheme 1). In addition, aduplex DNA contained an

adenine-thymidine (AT)-rich sequence for copper

nanocluster formation through interactions among copper

ion and A-T paired bases of duplex DNA. On the addition

of Cu2+ and ascorbic acid, DNA-templated Cu nanoclusters

formed through the reduction of Cu(II) to Cu(I) followed

Table 1. The oligonucleotides used in this study.

Name Sequence (5’ → 3’)

tDNA CAA TAT TTA TAT ATT ATA TTT AGA GT

cDNA-1 TAT AAT ATA TAA ATA TTG

cDNA-2 TAT AAT ATA TAA ATA TTG GGC C

cDNA-3 TAT AAT ATA TAA ATA TTG CCC C

Scheme 1. Schematic representation of the Exo III assay. 

Blunt-end DNA has blunt-end DNA at the 5’ end, but the 3’ end of DNA contains 8 bases overhanging the end. DNA was treated with Exo III, and

then DNA-CuNCs were synthesized for the fluorescence measurement (top). In the control, DNA-CuNCs were synthesized without Exo III

treatment (bottom).  
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by the disproportionation of Cu(I) into Cu(II) and Cu(0)

[24-26]. The formation of DNA-CuNCs resulted in strong

fluorescence emission. In contrast, Exo III treatment of duplex

DNA decreased the fluorescence intensity significantly.

Optimization of Assay Conditions

The fluorescence spectra shown in Fig. 1 were recorded

at wavelengths from 520 to 700 nm either in the presence (b)

or absence (a) of Exo III. The results indicated that Exo III

treatment of blunt-end DNA led to a significant decrease in

fluorescence intensity at 20 U/ml of Exo III. The fluorescence

intensity of Exo III-treated blunt-end DNA was 6.0% of that

in the absence of Exo III. 

As shown in Fig. 2A, Exo III assays were conducted with

different concentrations of blunt-end DNA. The fluorescence

intensity was high enough to detect ExoIII activity with

1.0 μM DNA under the different conditions compared to

that with 0 μM DNA as a background (Fo). The signal to

background ratio (S/B), ΔF/Fo (ΔF = F - Fo, F represents

fluorescence intensities at any DNA concentration) was 62.7.

In addition, fluorescence intensities were linear correlated

with DNA concentrations (R2 = 0.995 in Fig. 2B). These

results indicated that DNA-CuNCs were effective for

detecting Exo III activity with high sensitivity. 

Effect of Metal Ions on Exo III Activity

To determine the optimal concentration of Mg2+ for Exo III

activity, the hydrolytic cleavage of Exo III was performed

with different concentrations of magnesium ions (Fig. 3A).

The cleavage reaction of Exo III was activated as the

concentration of Mg2+ ions increased, and maximal activity

was reached at 5 mM Mg2+. According to the crystal

structure of Exo III [26], the β strands between Exo III and

RNase H are superimposed and positioned at active sites

that share the putative catalytic residues (RNase H Asp 70

and His 124 versus Exo III Asp 229 and His 259). In

addition, Exo III has a similar fold around the metal

binding site as RNase H and DNase I [26, 27]. Thus, Exo III

activation and inhibition by metal ions can be understood

based on the reaction mechanism of RNase H. By results

from the initial velocity of RNase H at different

concentrations of Mg2+, it maximally increased with 5 mM

Fig. 1. Fluorescence intensities of the KF-assay without Exo III

(a) and with 20 U/ml of Exo III (b). 

Fluorescence emission was scanned from 520 to 700 nm at excitation

wavelength of 345 nm. 

Fig. 2. (A) Fluorescence emission spectra at different

concentrations of blunt-end DNA from 0 to 1.4 μM. (B) Linear

correlation of ΔF with DNA concentrations used in this study.

ΔF = F-Fo. F represented fluorescence intensities at any DNA

concentration and Fo contained no DNA.  
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of Mg2+ ions but an inhibitory effect was observed at higher

Mg2+ concentrations, presumably due to the binding of

metal ions to the negatively-charged polynucleotide [28].

In addition, Exo III activity was measured at various

concentrations of Na+ ions in the presence of 5 mM of Mg2+

(Fig. 3B). 1-F/Fo (digestion fraction) was not affected by

the addition of Na+ ions up to 25 mM Na+. However, Exo III

activity decreased gradually at sodium ion concentrations

from 25 to 200 mM. It has been reported that increases in

the NaCl concentration decreases the Exo III activity

gradually over the whole range of enzyme concentrations

from 20 U at 120 U/μg DNA [9, 29]. In addition, RNase H

showed a lower binding affinity for magnesium ions at

higher Na+ concentration in reaction with 10 mM Mg2+ [28].

Performance of Exo III with Different types of DNA

Fig. 4A shows a plot of F/Fo against Exo III concentration

in the presence of blunt-end DNA, 5’-GGCC-3’ and 5’-

CCCC-3’ overhanging DNA. F and Fo are the fluorescence

intensities at any concentration of Exo III and at with no

Exo III, respectively. At low concentration of Exo III,

fluorescence intensities decreased rapidly in blunt-end

DNA. In 5’-GGCC-3’ and 5’-CCCC-3’ overhanging DNA,

however, little DNA digestion occurred with 5.0 U/ml of

Exo III according to digestion fraction (1-F/Fo), which was

less than 0.06. It was concluded that blunt-end DNA was a

better substrate for hydrolytic cleavage by Exo III than 5’-

Fig. 4. (A) F/Fo values were plotted against the different

concentrations of Exo III from 0 to 20 U/ml. The data from the

Exo III assay with blunt-end DNA (△), 5’-GGCC-3’

overhanging DNA (□ ), or 5’-CCCC-3’ overhanging DNA

(○). (B) F/Fo from Exo III assay (20 U/ml) with three

different types of DNA. 

Fig. 3. (A) Dependence of Exo III activity on Mg2+

concentrations from 0 to 10 mM. (B) The effect of Na+ ion on

Exo III activity was measured with sodium concentrations

from 0 to 200 mM by using 1-(F/Fo) (digestion fraction). 
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GGCC-3’ and 5’-CCCC-3’ overhanging DNA. By using

molecular beacon DNA with a polythymine loop as a

template for the formation of fluorescence copper

nanoparticles, Exo III activity was sensitively detected by

measuring fluorescence intensity for digestion of molecular

beacon probe [30].

In Fig. 4B, DNA cleavage by Exo III is indicated by F/Fo

in the presence of blunt-end DNA, and 5’-GGCC-3’ and 5’-

CCCC-3’ overhanging DNA at 20 U/ml Exo III. The results

indicated that more than 98% of duplex DNA was digested

in blunt-end DNA. For 5’-GGCC-3’ and 5’-CCCC-3’

overhanging DNA, the digestion fraction did not differ

between them at high concentration of Exo III. It has been

reported that a single cytosine in the terminal position of

4-base overhanging DNA requires a higher enzyme

concentration and longer incubation to achieve degradation

similar to that with 4-base overhanging DNA which contains

two adjacent cytosine nucleotides in the terminal position

[9, 31].

In conclusion, this study showed that Exo III activity was

dependent on the concentrations of magnesium ions and

sodium ions and the optimal conditions were 5 mM Mg2+

and less than 25 mM Na+. In addition, Exo III digested

more than 98% of blunt-end DNA. However, the treatment

of 5’-GGCC-3’ and 5’-CCCC-3’ overhanging DNA with Exo

III resulted in little cleavage compared to that with blunt-

end DNA. 
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