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Abstract: Nucleolytic enzymes are associated with various diseases, and several methods
have been developed for their detection. DNase expression is modulated in such diseases
as acute myocardial infarction, transient myocardial ischemia, oral cancer, stomach cancer,
and malignant lymphoma, and DNase | is used in cystic fiboroma therapy. RNase is
used to treat mesothelial cancer because of its antiproliferative, cytotoxic, and antineoplastic
activities. Angiogenin, an angiogenic factor, is a member of the RNase A family.
Angiogenin inhibitors are being developed as anticancer drugs. In this review, we describe
fluorometric and electrochemical techniques for detecting DNase and RNase in disease.
Oligonucleotides having fluorescence resonance energy transfer (FRET)-causing
chromophores are non-fluorescent by themselves, yet become fluorescent upon cleavage
by DNase or RNase. These oligonucleotides serve as a powerful tool to detect activities of
these enzymes and provide a basis for drug discovery. In electrochemical techniques,
ferrocenyl oligonucleotides with or without a ribonucleoside unit are used for the detection
of RNase or DNase. This technique has been used to monitor blood or serum samples in
several diseases associated with DNase and RNase and is unaffected by interferents in
these sample types.

Keywords: nuclease; DNase 1; RNase A; oligonucleotide; disease marker;
electrochemistry; fluorescence resonance energy transfer (FRET); nanocluster
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1. Introduction

Nucleases cleave or digest the phosphodiester bonds of DNA [1], RNA [2], and/or DNA-RNA
hybrids [3]. They prevent replication errors and eliminate fragmentation of RNA or DNA, which may
induce programmed cell death [1-3]. Nucleases prevent invasion or infection by viruses carrying
single- or double-stranded nucleic acids, and they are expressed in the saliva, sudoriferous glands, and
skin [1-3]. These enzymes are called deoxyribonuclease (DNase) or ribonuclease (RNase) for their
respective substrates [1,2,4]. In the laboratory, DNase | is required to remove DNA from samples used
in mMRNA expression assays, whereas RNase A is used to remove RNA from samples used for DNA
analysis. DNase and RNase are important for modifying and metabolizing nucleic acid chains and can
be used as disease markers [4—13]. We provide a summary review of the detection methods for DNase
and RNase as disease markers (Table 1).

Table 1. Analytical performance of DNase and RNase detection platforms.

No. Sensing Platform Target Detection Limit Linear Range [Reference]
1 Single radial enzyme diffusion method DNase | 15.6 ng/mL 15.6-500 mg/mL [8]
2 Fluorometric detection with dsDNA coupled with picogreen DNase | 5 pg 1-100 pg [14]
3 DNaseAlert® DNase | 0.005 unit 0.005-0.5 unit [15]

DNase | 40 unit/L 40-500 unit/L
4 FRET dsDNA probe . . [16]
Exonuclease 2.0 unit/L 2.0-400 unit/L
5 Fes0,°MIP nanoparticle DNase | - - [17]
Immunochemical detection using 794 bp PCR product . .
6 . o DNase Il 0.05 unit/mL 0.025-4 unit/mL [18]
labeled fluorescein and biotin
7 Graphene-based fluorescence assay DNase | 1.75 unit/mL 1.75-70 unit/mL [19]

Electrochemical detection based single stranded break in
8 ) DNase | 0.6 ng/mL 0.6-1000 ng/mL [20]
homogeneous solution

Electrochemical detection based single stranded break with

9 DNase | 0.2 ng/mL - [21]
DNA modified electrode
Electrochemical detection using FCODN in homogeneous

10 wuti S1 nuclease 0.25 unit/pL - [22]
solution

Electrochemical detection using FCODN modified electrode

11 ) DNase | 10 unit/uL 10*-10"? unit/uL [23]
(Au-S linkage)
Electrochemical detection using FCODN modified electrode

12 o ) DNase | 107° unit/uL 107°-10"* unit/uL [24]
(cytosine oligonucleotide)

Potentiometric sensing using polycation sensitive membrane  S1 nuclease 0.32 unit/mL

13 ) [25]
electrode DNase | 0.45 unit/mL 1-10 unit/mL
14 ds DNA template formation Cu nanoparticle S1 nuclease 0.3 unit/mL 1-50 unit/mL [26]
15 DNA template gold/silver nanocluster DNase Il 3ng/mL 0.013-60 pg/mL [27]
16 positively charged QDs-based FRET probe MNase 1.6 unit/L 8-90 unit/L [28]
17 RNaseAlert® RNase A 0.25 pg 0.25-2.0 pg [15]
18 FRET dsDNA-RNA probe RNase H 28 pM 30-120 pM [29]
19 Electrochemical detection using mRNA modified electrode RNase A 0.2 pg 0.2-10 pg [30]

Electrochemical detection using FCODN modified electrode
20 . . . RNase A 10 pg/mL 1 pg/mL—1 pg/mL [31]
(cytosine oligonucleotide)

» ) ) 1078 unit 9.2 x10°-9.2 x10™*
21 RNA modified magnetic nanoparticle RNase A . [32]
(4 pg/mL) unit
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2. Characteristics of Nucleases
2.1. Characteristics of DNase

DNase | is a typical DNase that cleaves the 3'-phosphate from single- or double-stranded DNA in
the presence of Mg?* to generate 5'-phosphate and 3'-hydroxy termini [1]. DNase I cleaves single- and
double-stranded DNA with some preference for 5'-pyridimidine purine-pyrimidine sequences. In 1957,
DNase | was recognized as a useful marker of Staphylococcus infection in human and animal skin [4].
Staphylococcus aureus is ubiquitous and is associated with food poisoning, pneumonia, and blood
poisoning. Detection of S. aureus is important, but distinguishing this pathogen from the common
nontoxic, coagulase-negative staphylococci is difficult. DNase produced by S. aureus may be a useful
marker for this pathogen. For detection, sample bacteria are cultured on selective media containing
DNA,; the presence of S. aureus is indicated by the absence of white turbidity upon addition of
hydrochloride. S. aureus cultured on agar containing DNA and toluidine blue turns the medium
burgundy. These behaviors are associated with DNase activity.

DNase can also be used as a marker of disease. For instance, accumulation of DNA or DNA-protein
complexes in the blood causes several autoimmune diseases [5,6]. This accumulation on blood vessel
walls, glomeruli, or joints leads to glomerular nephritis, arthritis, or anthema [7]. Individuals with these
diseases have been found to express lower levels of DNase | than do normal individuals. In contrast,
DNase | activity in blood is higher in patients with breast or oral cancer and lower in patients with
lymphatic malignancies or stomach cancer [8]. Increased DNase | activity is a marker of acute
myocardial infarction and transient myocardial ischemia. Transarterial chemoembolization is an
effective cure for liver cancer, but survival rates are low in patients with blood DNase activity below
21% within 24 h after treatment [9]. DNase is used to monitor treatment response and is used to treat
cystic fibroma (CF), in which patients accumulate DNA in the blood. DNase | treatment promotes
DNA metabolism [10].

2.2. Characteristic of RNase

RNase A is a typical RNase (13,686 Da; 124 amino acids) and was the third protein to be defined
by X-ray structure analysis [33,34]; it was chemically synthesized by Merrifield [35], who demonstrated
its biological and chemical synthesis. RNase A is an endonuclease that cleaves single-stranded RNA at
cytosine (C) or uracil (U) residues, producing 3'-phosphate termini. RNase A has antiproliferative,
cytotoxic, and tumor-inhibiting activities and the homologous ranpirnase (ONCONASE™) has been
developed as an antineoplastic drug for mesothelial and cutaneous cancers [11,12,36]. In contrast, the
RNase angiogenin mediates vascularization to repair damaged blood vessels and during cancer
development [37]. Since angiogenin inhibitors block vascularization, it is a candidate anti-cancer drug.
Thus, RNase A is an important target for drug discovery. RNase is also a candidate disease marker for
ovarian tumors and thyroid and pancreatic cancer [4,5].
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3. Detection of DNase
3.1. Fluorometric DNase Detection

Fluorometric nuclease detecting methods are summarized in Figure 1. DNase | generates short DNA
fragments by cleavage. Thus, DNase | can be detected as DNA fragmentation on gel electrophoresis.
DNase | activity can also be monitored spectrophotometrically, due to the hyperchromic effect of the
absorption region based on nucleotide bases [38]. PicoGreen fluoresces upon binding to double-stranded
DNA and is used for fluorometric monitoring of short DNA fragments generated by DNase |
(Figure 1A) [13]. Single radial enzyme diffusion (SRED) has also been developed for detection of
DNase activity [8]. SRED is performed in agarose gel containing DNA and ethidium bromide (EtBr).
Samples are spotted on the agarose gel; shortened EtBr-stained DNA fragments diffuse in the gel with
DNase activity, and emit light. DNase | activity is estimated from the light-emitting area. Mammalian
DNase | was classified by SRED into three types: pancreas, parotid, and their mixture [14].

Figure 1. Fluorometric nuclease detection methods: (A) fluorescence intensity of non-covalent
DNA-binding ligand; (B) recovery of self-quenched covalent fluorescent dye-DNA conjugate;
(C) dequenching of FRET probes; (D) dequenching of hairpin-type FRET probes partially
modified by phosphorothioate; and (E) de-hybridization of duplexes carrying FRET dyes
after digestion with DNase, RNase, Exonuclease 1, or RNase H.
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DNase | detection sensitivity was improved by using a fluorescent dye-DNA covalent conjugate
(Figure 1B) [39]. Fluorescence of this covalent conjugate was quenched and its fluorescent was
recovered by degradation or digestion with DNase I. This method can detect picogram amounts
of DNase I.

DNase | antibodies have been developed and used for enzyme-linked immunosorbent assay
detection [40]. This is a convenient and sensitive method for measuring DNase content, though it does
not necessarily reflect DNase activity.

Sophisticated methods have been developed for fluorescence resonance energy transfer (FRET)
with oligonucleotides carrying a fluorophore and a quencher (Figure 1C) [15]. Fluorescence is quenched
until DNase is added; then, the oligonucleotide is cleaved, releasing the chromophores; fluorescence
intensity thus represents DNase activity. The oligonucleotides to be used are commercially available as
DNaseAlert™ [15]. The detection limit of this probe is 5 <1072 U or 10 pg after 30 min at 37 <C and
is thus rapid and highly sensitive. The FRET probe was also improved by the introduction of hairpin
DNA sequences and partial displacement of phosphate with phosphorothioate (Figure 1D) [16]. These
types of probes withstand the cellular environments, and sensitive detection of DNase | was realized
with detection limit of 40 U/L. This probe was modified for Exonuclease | monitoring and provides
intracellular fluorescence imaging. Simultaneous fluorescence imaging of DNase | and Endonuclease |
activities was achieved by using two fluorophores (Figure 1).

Body fluids contain interferents that disrupt fluorescence detection. To remove them, DNase
I-cleaved oligonucleotide fragments are purified before fluorescence detection [17]. Alternatively,
DNase | is detected by using biotin- and fluorescein-modified PCR products immobilized on
streptavidin-coated plates [18].

Real-time fluorescence detection has been developed with graphene oxide (GO) and
fluorescence-modified oligonucleotides (Figure 2) [19]. Dye fluorescence is quenched by adsorption
on GO and is restored by desorption. When fluorescence-modified double-stranded oligonucleotides
were mixed with GO, the oligonucleotide was spontaneously adsorbed and its fluorescence was
quenched. DNase | digestion released the labeled oligonucleotides to fluoresce. The detection limit of
this method is 1.75 U/mL in real time.

Figure 2. DNase | detection based on dequenching of fluorescence dye-labeled DNA
duplexes on a GO surface.

3.2. Electrochemical DNase Detection

Electrochemical nuclease detection methods are summarized in Figure 3. These methods are fast,
easy to run, and require only compact instrumentation, thus allowing on-site diagnostics with a



Sensors 2014, 14 12442

powerful detection tool. Electrochemical techniques are not affected by sample impurities. Nucleic
bases undergo an electrochemical redox reaction and the reduction peak at —1.4 V as a reference for
potential of standard calomel electrode (SCE) (vs. SCE) was observed for damaged DNA carrying
exposed nucleic bases under adsorptive transfer stripping alternating voltammetry (AdTS AC
voltammetry) [20,21]. Fojta and co-workers detected DNAse | by immobilizing plasmid DNA on an
electrode (Figure 3A) [41]. Electrochemical nuclease detection with ferrocene oligonucleotide has
been reported in homogenous solution (Figure 3B) [22]. Ferrocene is an electrochemically active
signaling molecule that was immobilized with oligonucleotide to produce FCODN. In general, the
observed current depends on the diffusion rate of the electrochemically active material; a larger
current intensity is obtained with a smaller diffusion constant. Nuclease treatment with FCODN
increased current intensity based on the ferrocene moiety with decreasing molecular weight as
digestion progressed. Under differential pulse voltammetry, S1 nuclease, which is an endonuclease that
degrades single-stranded regions of duplex DNA, was detected as an increasing peak current at
0.14 V vs. Ag/AgCl with the detection limit of 0.25 U/uL [23].

Figure 3. Electrochemical nuclease detection based on (A) direct redox of nucleobases
exposed by nuclease digestion; (B) diffusion of ferrocene after fragmentation by nuclease;
(C) loss of the ferrocene moiety from the electrode by digestion of the nuclease substrate;
and (D) direct detection of nucleobases after nuclease digestion and hydrolysis.
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DNase can be detected by FCODN-immobilized electrodes, which provide real-time monitoring
(Figure 3C). FCODN is immobilized on the electrode by Au-S linkages [23] (Figure 4A) or by reaction
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of cytosine moieties with amino moieties on the electrode surface (Figure 4B) [24]. DNase | addition
causes cleavage of the ferrocene-oligonucleotide fragment and release from the electrode. Thus,
the decrease in ferrocene causes a drop in the current, thus reflecting DNase | activity. DNase |
was detected by a decrease in peak current at 0.18 V vs. Ag/AgCl under Osteryoung square wave
voltammetry with a detection limit of 1 < 10™* U/uL with an Au-S electrode or 1 < 107> U/uL with a
cytosine-amino moiety linkage. These differences are derived from the orientation of the oligonucleotide
on the electrode. Enzyme reactivity on a substrate-immobilized surface is depends on the orientation,
mobility, and density of substrate on the electrode. DNase activity in blood may serve as a marker for
breast cancer, oral cancer, or acute myocardial infarction. It is measured using an FCODN-immobilized
electrode in the absence or presence of EDTA [23]. The presence of DNase I is indicated by a decrease
in current in the presence of EDTA, which inactivates the enzyme. The accuracy of fluorometric
and optical DNase | detection is limited by the turbidity of the blood sample; in contrast, the
electrochemical technique is unaffected by sample turbidity.

Figure 4. Nuclease detection by a ferrocene-modified oligonucleotide immobilized to an
electrode through an Au-S linkage (a) and reaction of a cytosine oligonucleotide with
activated ester-immobilized electrode (b). Current intensities at both electrodes decrease
upon digestion with DNase 1.
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DNase | can be detected by complexing DNA with a polycationic polymer (Figure 5). DNA is a
polyanionic polymer that complexes with polycationic polymers, thus neutralizing its charge; however,
digestion with DNase | destabilizes the polymer complex and misbalances the charge, generating an
electromotive force that can be detected electrochemically. In one example of this technique, DNase |
and S1 nuclease were detected at 4.5 <10~ U/pL and 3.2 <10 U/, respectively, with protamine as
a polycationic polymer and a polycation-sensitive membrane electrode [25].

Fluorometric S1 nuclease detection was also achieved by detecting fluorescent copper nanoparticles
formed in the presence of a double-stranded DNA template [26]. S1 nuclease was detected from a
decrease in the fluorescence at 560 nm with a detection limit of 0.3 U/mL. Both methods can detect
DNase | or S1 nuclease with high sensitivity in homogeneous solution.
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Figure 5. Nuclease detection with a polycation-sensitive membrane electrode based on the
electromotive force (EMF) difference in the complexed polycationic polymer and DNA
before and after digestion with DNase I.
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DNase | can be detected with fluorescent DNA-template gold/silver nanoclusters (DNA-Au/Ag
NCs) (Figure 6A) [42]. When gold/silver nanoclusters were prepared in the presence of DNA template,
fluorescence emission varied with size, which was influenced by the length of the DNA. When DNase |
was treated with gold/silver nanoclusters, DNA was digested and the nanoclusters formed aggregates.
DNase | was detected in saliva and serum samples and showed a linear correlation from 13 ng/mL
to 60 pg/mL with a detection limit of 3 ng/mL. Quantitative detection of micrococcal nuclease
(MNase) has been performed by electrostatic interaction-based fluorescence resonance energy transfer
(FRET) between positively charged QDs and negatively charged dye-labeled single-stranded DNA
(Figure 6B) [27]. This technique detects MNase concentrations over a range of 8 x 10°° to
9.0 <102 unit mL"*, with a limit of detection of 1.6 <10~ unit-mL .

Figure 6. (A) DNase | detection of aggregated fluorescent DNA-covered nanoparticles
after digestion with DNase |; (B) DNase | detection by electrostatic interaction-based FRET
between positively charged QDs and negatively charged dye-labeled single-stranded DNA.

®) ORI
S SO Y + 9‘ *
Qb MNase QD
+ \_/ + ;
Lysozyme K FRET Lysozyme k

hv hy



Sensors 2014, 14 12445

4. RNase Detection
4.1. Fluorometric RNase Detection

RNase A is an endonuclease analogous to DNase I. Uridine 3'-(p-nitrophenylphosphate) or uridine
3'-nitorophenylphosphate-(5-bromo-4-chloroindol-3-yl)-phosphate has been used for spectrophotometric
detection of RNase [28]. However, RNase A has low k../Kn, values for these substrates. Rains and
co-workers [29] identified AUAA or ACAA as a good substrate sequence for RNase A. A FRET probe
labeled with two chromophores (6-FAM-dArUdAdA-6-TAMRA) was synthesized to detect RNase A
activity (Figure 7A,B). FAM fluorescence was quenched by TAMRA and increased 180-fold after
cleavage of the ribouridine (rU) site by RNase. This probe exhibited a kea/Km of 3.6 x10° Mt s}
10-fold greater than previous reports. Angiogenin, an RNase A associated with cancer, exhibited a
kea!/ Km OF 3.3 10" M 5%, similar to the value for RNase A. This probe was used in an inhibition
assay with 3'-UMP and 5'-ADP [29]. Digestion of 0.6 uM fluorescence probe with 0.57 pM RNase A
was performed in the presence of 3'-UMP and 5-ADP, yielding inhibition constants, Kis, of 60 uM and
8.4 uM for 3'-UMP and 5'-ADP, respectively. Thus, the probe can be used to detect RNase activity and
as a screening reagent for angiogenin. Another type of fluorescence probe is composed of a duplex
between a fluorescein-modified RNA strand and a dabcyl-DNA strand [30]. Although fluorescence is
quenched by dabcyl through FRET, it is recovered after treatment with RNase H, which cleaves the
RNA strand in the DNA-RNA hybrid (Figure 7C). FRET probes containing ribonucleotides make it
possible to monitor RNase H, even in the cell.

Figure 7. (A) Chemical structure of the FRET probe for RNase A detection; (B) RNase A
and (C) RNase H detection with FRET probes.
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4.2. Electrochemical RNase Detection

Electrochemical methods, such as those involving ferrocenyl naphthalene diimide (FND) coupled to
an mMRNA-bound electrode, are used to detect RNase (Figure 8) [43]. FND has been developed as an
electrochemical DNA duplex indicator [31,44], but FND also bound to mRNA with relatively low
affinity, which could be due to the higher order structures containing double stranded regions within
the MRNA. FND can be absorbed into mRNA-immobilized electrode, which allows FND concentration
on the mRNA-immobilized electrode (Figure 8a). When the electrode was treated with RNase A, the
amount of mRNA on the electrode decreased. RNase A activity is represented by the decreasing
current with a linear range of 0.2-10 ng/mL and a detection limit of 0.2 pg. RNase A detection was
performed by electrode-immobilized FCODN containing dArCdAdA and continuous cytosines (Cs)
(Figure 8b) [32]. This FcODN was immobilized on the electrode through reaction of its continuous
Cs with activated ester moieties coating the electrode surface. When the rC of FCODN on the
electrode was cleaved by RNase A, FCODN fragments containing ferrocene were released, reducing
the current, which is detected as RNase A activity. This electrode provides quantitative detection of
RNase A from 1 <107 g/mL to 1 < 10°° g/mL by Osteryoung square wave voltammetry. Guanidine
thiocyanate and EDTA inhibit the activity of RNaseA and DNase I, respectively; the specificity of the
FcCODN-immobilized electrode for these enzymes is derived from these properties.

Figure 8. RNase detection with mRNA immobilized on a glassy carbon electrode (a) or
ferrocene oligonucleotide with a ribonucleoside unit immobilized via continuous cytosine
and the activated ester electrode (b). Current intensities decrease with RNase A activity.
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Wang’s group described a sensitive method for detection of RNase A by using substrate
oligonucleotides immobilized on magnetic beads. After digestion with RNase A and acid dipurinization,
the guanine bases were separated from the magnetic beads and detected by stripping chronopotentiometric
measurements with a graphite pencil electrode (Figure 9). RNase A activity is estimated by the current
peak at 0.8 V vs. Ag/AgCl from the guanine base. The authors were thus able to detect 4 x 10 ** g/mL
RNase A using the lowest potential based on a guanine base [45].
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Figure 9. RNase digestion and dipurinization is followed by stripping chronopotentiometric
measurements with a graphite pencil electrode to produce a guanine redox peak.
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5. Conclusions

DNase and RNase can be detected by fluorometric and electrochemical techniques with several
kinds of synthetic oligonucleotide substrates. Drug discovery will be facilitated by high-throughput
screening of DNase and RNase drugs with a fluorometric technique in a microtiter format; in addition,
electrochemical techniques are useful for detecting enzymes associated with disease. These techniques
are especially good at producing data even in the presence of interfering substances. Table 2 shows the
latest reports of DNase and RNase detection; nanoparticles were used in No. 2, 5, and 6 in Table 2.
Finally, the development of improved nuclease probes will help clarify the function of DNase and

RNase and the mechanism of their involvement in disease.

Table 2. Analytical performance in platforms of DNase and RNase detection (2012—-2013).

. Detection i [Reference]
No. Sensing Platform Target . Linear Range
Limit (year)
DNase | 40 unit/L 40-500 unit/L [16]
1 FRET dsDNA probe . .
Exonuclease 2.0 unit/L 2.0-400 unit/L (2013)
. [17]
2 Fes0,@MIP nanoparticle DNase | - -
:0,@ p (2013)
: , [19]
3  Graphene-based fluorescence assay DNase | 1.75 unit/mL 1.75-70 unit/mL (2012)
4 Potentiometric sensing using polycation S1 nuclease 0.32 unit/mL - [25]
sensitive membrane electrode DNase | 0.45 unit/mL 1-10 unit/mL (2013)
ds DNA template formation Cu . . [26]
5 . S1 nuclease 0.3 unit/mL 1-50 unit/mL
nanoparticle (2013)
Positively charged QDs-based ) . [27]
6 MNase 1.6 unit/L 8-90 unit/L
FRET probe (2013)
Electrochemical detection using [31]
7  FcODN maodified electrode RNase A 10 pg/mL 1 pg/mL—1 pg/mL (2013)

(cytosine oligonucleotide)

Author Contributions

Shinobu Sato and Shigeori Takenaka reviewed the literature, designed figures, and wrote the paper.



Sensors 2014, 14 12448

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Baranovskii, G.; Buneva, V.N.; Nevinsky, G.A. Human Deoxyribonucleases. Biochem. Moscow
2004, 69, 100-110.

2. Rains, R.T. Ribonuclease A. Chem. Rev. 1998, 98, 1045-1065.

3. Nishino, T.; Morikawa, K. Structure and function of nucleases in DNA repair: Shape, grip and
blade of the DNA scissors. Oncogene 2002, 21, 8022-9032.

4. Basso, D.; Fabris, C.; Meani, A.; Favero, G.D.; Panucci, A.; Vianello, D.; Piccoli, A.; Naccarato, R.
Serum deoxyribonuclease and ribonuclease in pancreatic cancer and chronic pancreatitis. Tumori
1985, 71, 529-532.

5. Shklyaeva, O.A.; Mironova, N.L.; Malkova, E.M.; Taranov, O.S.; Ryabchikova, E.I.; Zenkova, M.A.;
Vlasov, A.V.V. Cancer-suppressive effect of RNase A and DNase I. Dokl. Biochem. Biophys. 2008,
420, 108-111.

6. Macanovic, M.; Lachmann, P.J. Measurement of deoxyribonuclease | (DNase) in the serum and
urine of systemic lupus erythematosus (SLE)-prone NZB/NZW mice by a new radial enzyme
diffusion assay. Clin. Exp. Immunol. 1997, 108, 220-226.

7. Yasutomo, K.; Horiuchi, T.; Kagami, S.; Tsukamoto, H.; Hashimura, C.; Urushihara, M.; Kuroda, Y.
Mutation of DNASE1 in people with systemic lupus erythematosus. Nat. Genet. 2001, 28,
313-314.

8. Nadano, D.; Yasuda, T.; Kishi, K. Measurement of deoxyribonuclease | activity in human tissues
and body fluids by a single radial enzyme-diffusion method. Clin. Chem. 1993, 39, 448-452.

9. Morikawa, N.; Kawai, Y.; Arakawa, K.; Kumamoto, T.; Miyamori, I.; Akao, H.; Kitayama, M.;
Kajinami, K.; Lee, J.-D.; Takeshita, H.; et al. Serum deoxyribonuclease | activity can be used as a
novel marker of transient myocardial ischaemia: Results in vasospastic angina pectoris induced by
provocation test. Eur. Heart J. 2007, 28, 2992-2997.

10. Shak, S.; Capon, D.J.; Hellmiss, R.; Marsters, S.A.; Baker, C.L. Recombinant human DNase |
reduces the viscosity of cystic fibrosis sputum. Proc. Natl. Acad. Sci. USA 1990, 87, 9188-9192.

11. Michaelis, M.; Cinatl, J.; Anand, P.; Rothweiler, F.; Kotchetkov, R.; von Deimling, A,
Doerr, H.W.; Shogen, K.; Cinatl, J., Jr. Onconase induces caspase-independent cell death in
chemoresistant neuroblastoma cells. Cancer Lett. 2007, 250, 107-116.

12. Ardelt, W.; Mikulski, S.M.; Shogen, K. Amino acid sequence of an anti-tumor protein from Rana
pipiens oocytes and early embryos. Homology to pancreatic ribonucleases. J. Biol. Chem. 1991,
266, 245-251.

13. Choi, S.J.; Szoka, F.C., Jr. Fluorometric determination of deoxyribonuclease | activity with
PicoGreen. Anal. Biochem. 2000, 281, 95-97.



Sensors 2014, 14 12449

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

217.

28.

29.

Takeshita, H.; Mogi, K.; Yasuda, T.; Nakajima, T.; Nakashima, Y.; Mori, S.; Hoshino, T.;
Kishi, K. Mammalian deoxyribonucleases | are classified into three types: Pancreas, parotid, and
pancreas—parotid (mixed), based on differences in their tissue concentrations. Biochem. Biophys.
Res. Commun. 2000, 269, 481-484.

DNaseAlert™ QC System. Available online: http://www.lifetechnologies.com/order/catalog/
product/AM1970 (accessed on 2 April 2014).

Su, X.; Zhang, C.; Zhu, X.; Fang, S.; Weng, R.; Xiao, X.; Zhao, M. Simultaneous fluorescence
imaging of the activities of DNases and 3'exonucleases in living cells with chimeric
oligonucleotide probes. Anal. Chem. 2013, 85, 9939-9946.

Liu, Y.; Wang, S.; Zhang, C.; Su, X.; Huang, S.; Zhao, M. Enhancing the Selectivity of Enzyme
Detection by Using Tailor-Made Nanoparticles. Anal. Chem. 2013, 85, 4853-4857.

Cherepanova, A.; Tamkovich, S.; Pyshnyi, D; Kharkova, M.; Vlassov, V.; Laktionov, P.
Immunochemical assay for deoxyribonuclease activity in body fluids. J. Immunol. Methods 2007,
325, 96-103.

Zhou, Z.; Zhu, C.; Ren, J.; Dong, S. A graphene-based real-time fluorescent assay of
deoxyribonuclease | activity and inhibition. Anal. Chim. Acta 2012, 740, 88-92.

Palecek, E. The polarographic behaviour of double-helical DNA containing single-strand breaks.
Biochim. Biophis. Acta 1967, 145, 410-417.

Palecek, E. From polarography of DNA to microanalysis with nucleic acid-modified electrodes.
Electroanaysis 1996, 8, 7-14.

Hillier, S.C.; Frost, C.G.; Jenkins, A.T.; Braven, H.T.; Keay, R.W.; Flower, S.E.; Clarkson, J.M.
An electrochemical study of enzymatic oligonucleotide digestion. Bioelectrochem 2004, 63,
307-310.

Sato, S.; Fujita, K.; Kanazawa, M.; Mukumoto, K.; Ohtsuka, K.; Waki, M.; Takenaka, S.
Electrochemical assay for deoxyribonuclease | activity. Anal. Biochem. 2008, 381, 233-239.

Sato, S.; Fujita, K.; Kanazawa, M.; Mukumoto, K.; Ohtsuka, K.; Takenaka, S. Reliable
ferrocenyloligonucleotide-immobilized electrodes and their application to electrochemical DNase |
assay. Anal. Chim. Acta 2009, 645, 30-35.

Ding, J.; Qin, W. Potentiometric sensing of nuclease activities and oxidative damage of
single-stranded DNA using a polycation-sensitive membrane electrode. Biosens. Bioelectron.
2013, 47, 559-565.

Hu, R.; Liu, Y.R.; Kong, R.M.; Donovan, M.J.; Zhang, X.B.; Tan, W.; Shen, G.L.; Yu, R.Q.
Double-strand DNA-templated formation of copper nanoparticles as fluorescent probe for label
free nuclease enzyme detection. Biosens. Bioelectron. 2013, 42, 31-35.

Qiu, T.; Zhao, D.; Zhou, G.; Liang, Y.; He, Z.; Peng, X.; Zhou, L. A positively charged
QDs-based FRET probe for micrococcal nuclease detection. Analyst 2010, 135, 2394-2399.
Thompson, J.E.; Raines, R.T. Value of general Acid-base catalysis to ribonuclease A. J. Am.
Chem. Soc. 1994, 116, 5467-5468.

Kelemen, B.R.; Klink, T.A., Behlke, M.A.; Eubanks, S.R.; Leland, P.A.; Raines, R.T.
Hypersensitive substrate for ribonucleases. Nucleic Acids Res. 1999, 27, 3696-3701.



Sensors 2014, 14 12450

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44,

45.

Potenza, N.; Salvatore, V.; Migliozzi, A.; Martone, V.; Nobile, V.; Russo, A. Hybridase activity of
human ribonuclease-1 revealed by a real-time fluorometric assay. Nucleic Acids Res. 2006, 34,
2906-2913.

Sato, S.; Takenaka, S. Linker effect of ferrocenylnaphthalene diimide ligands in the interaction
with double stranded DNA. J. Organomet. Chem. 2008, 693, 1177-1185.

Sato, S.; Takenaka, S. Electrochemical RNase A Detection Using an Electrode with Immobilized
Ferrocenyl Deoxyribooligonucleotide Containing Cytidine Residue. Electroanalysis 2013, 25,
1652-1658.

Ladner, J.E.; Wladkowski, B.D.; Svensson, L.A.; Sjolin, L.; Gilliland, G.L. X-ray structure of a
ribonuclease A-uridine vanadate complex at 1.3 A resolution. Acta Crystallogr. D Biol.
Crystallogr. 1997, 53, 290-301.

Kunitz, M. Crystalline ribonuclease. J. Gen. Physiol. 1940, 24, 15-32.

Gutte, B.; Merrifield, R.B. The Synthesis of Ribonuclease A. J. Biol. Chem. 1971, 246,
1922-1941.

Darzynkiewicz, Z.; Carter, S.P.; Mikulski, S.M.; Ardelt, W.J.; Shogen, K. Cytostatic and cytotoxic
effects of Pannon (P-30 Protein), a novel anticancer agent. Cell Tissue Kinet. 1998, 21, 169-182.
Vallee, B.L.; Riordan, J.F. Organogenesis and angiogenin. Cell. Mol. Life Sci. 1997, 53, 803-815.
Warshaw, M.M.; Tinoco, I., Jr. Optical properties of sixteen dinucleoside phosphates. J. Mol. Biol.
1966, 20, 29-38.

Trubetskoy, V.S.; Hagstrom, J.E.; Budker, V.G. Self-Quenched Covalent Fluorescent Dye-Nucleic
Acid Conjugates as Polymeric Substrates for Enzymatic Nuclease Assays. Anal. Biochem. 2002,
300, 22-26.

Puccetti, A.; Madaio, M.P.; Bellese, G.; Migliorini, P. Anti-DNA antibodies bind to DNase I.
J. Exp. Med. 1995, 181, 1797-1804.

Fojta, M.; Kubicarova, T.; Palecek, E. Cleavage of Supercoiled DNA by Deoxyribonuclease | in
Solution and at the Electrode Surface. Electroanalysis 1999, 11, 1005-1012.

Dou, Y.; Yang, X. Novel high-sensitive fluorescent detection of deoxyribonuclease | based on
DNA-templated gold/silver nanoclusters. Anal. Chim. Acta 2013, 784, 53-58.

Kanazawa, M.; Sato, S.; Ohtsuka, K.; Takenaka, S. Ferrocenylnaphthalene diimide-based
electrochemical ribonuclease assay. Anal. Sci. 2007, 23, 1415-14109.

Takenaka, S.; Yamashita, K.; Takagi, M.; Uto, Y.; Kondo, H. DNA sensing on a DNA
probe-modified electrode using ferrocenylnaphthalene diimide as the electrochemically active
ligand. Anal. Chem. 2000, 72, 1334-1341.

Ye, Y.; Wen, W.; Xiang, Y.; Qi, X.; La Belle, J.T.; Chen, J.J.L.; Wang, J. Direct Electrochemical
Monitoring of RNase Activity. Electroanalysis 2008, 20, 919-922.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



