
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 7
/1

4/
20

25
 9

:1
4:

59
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A graphene oxid
aDepartment of Biomedical Science and Engi

Technology, Gwangju, 500-712, Korea. E-ma
bSchool of Life Sciences, Gwangju Institute o

712, Korea

† Electronic supplementary informa
10.1039/c7ra00388a

Cite this: RSC Adv., 2017, 7, 14917

Received 10th January 2017
Accepted 3rd March 2017

DOI: 10.1039/c7ra00388a

rsc.li/rsc-advances

This journal is © The Royal Society of C
e-based tool-kit capable of
characterizing and classifying exonuclease
activities†
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Enzyme kinetics and classification are key topics in modern biochemistry. Here, we have developed a simple,

rapid, and quantitative assay via a terminally capped DNA probe, reaction-specific-labeling and the

fluorescence-quenching capability of graphene-oxide. Our technique provides not only characterization of

kinetic information but also the immediate classification of an exonuclease without needing to design a set

of DNA substrates.
Nucleases play vital roles in DNA metabolism, such as DNA
replication, recombination, and repair.1 Exonucleases are a class
of nucleases that recognize DNA with a very high specicity and
digest DNA in a directional manner from either the 30 or 50 end.
Therefore, they are classied as either 50 / 30 or 30 / 50

exonucleases. In modern molecular biology and genetic engi-
neering, exonucleases have been extensively used as key tools for
genotyping, PCR, andmolecular DNA cloning. More importantly,
nuclease enzymes are biomarkers of cancer2 and diagnostic
targets for a variety of infectious diseases since they participate in
the nucleic acid metabolism between the host and pathogen.
Thus, bio-sensing platforms for characterization and classica-
tion of exonucleases have become needed.3

Various assays have been developed for the detection of
nuclease activity, exploiting different tactics, e.g., biochemical,4

colorimetric,5 electrochemical,6 and uorometric7 methods. The
electrophoretic gelmobility shi assay (EMSA)8 and enzyme-linked
immunosorbent assay (ELISA)9 are the current standards for
studying DNA or RNA nucleases. However, these sophisticated
methods involve multiple steps and are rather time-consuming. It
is, thus, important to develop rapid, reliable, and sensitive assays
with analytical capabilities that can make a large impact on a wide
range of applications, from the rapid detection of enzymes to
unravelling of enzymatic classications such as degradation
directionality which determine the type of exonucleases.

Graphene oxide (GO) is known to stably interact with single
stranded (ss)DNA on its surface via a p–stacking interaction
between the ribose rings of the nucleobases and the hexagons of
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the carbon atoms in GO.10 In contrast, GO does not strongly
adhere to double stranded (ds)DNA due to nucleobases that are
hidden in the DNA helical structure. GO also functions as an
efficient uorescent quencher when it is in physical contact
with organic uorophore molecules.11 These GO properties have
been extensively utilized for the detection of enzymes that
convert dsDNA to ssDNA during their functional activities, such
as helicases,12 polymerases,13 and nucleases.5,14

DNA is composed of two strands running in an antiparallel
fashion. Each strand of DNA is made by connecting the 50

phosphate (P) and 30-hydroxyl (OH) group of neighboring
nucleotides via phosphodiester polymeric bonds, resulting in
both termini of nucleic acids. Most exonucleases recognize
either the 50-P or the 30-OH group and degrade ssDNA along the
nucleic acid phosphodiester backbone in a 30 / 50 or 50 / 30

direction by directional movement, utilizing chemical energy
released from hydrolysis of the backbone. Since the direction-
ality of exonucleases is unique to their enzymatic function,
unknown exonucleases can be characterized by this feature. The
exonuclease directionality is also important because it acceler-
ates the conversion of dsDNA to ssDNA and enhances the
processivity of exonucleases compared to unspecic endonu-
clease activities.15 Thus, the direct detection of directionality is
valuable and frequently required.

Here, we report a simple, rapid, and sensitive technique that
not only detects the activity of exonucleases but also immedi-
ately reports the enzymatic directionality, which is essential
information for exonuclease classication. This reporting is
achieved by DNA end-capping via biotin-neutravidin and
a bulky uorophore bound to three of the four ends of the DNA.
This terminal protection physically prevents further degrada-
tion by exonucleases as shown in Scheme 1. The open uncapped
end is, thus, the only site that can initiate exonucleolytic
degradation, revealing the enzymatic directionality.
RSC Adv., 2017, 7, 14917–14922 | 14917
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Scheme 1 Schematic representation of exonuclease detection,
allowing not only for the determination of enzymatic activity but also
its classification using graphene oxide (GO)-based fluorometric
quenching combined with protection of three DNA termini. Either the
30 end of a Cy5-labelled DNA probe (denoted 30-dsDNA) or the 50 end
of a Cy3-labelled DNA probe (denoted as 50-dsDNA) is recognized and
degraded by terminal-specific exonucleases. Upon degradation, the
fluorescently labelled complimentary strand is released and adsorbed
onto the surface of GO, resulting in fluorescence quenching.

Fig. 1 Fluorescence emission spectrameasured fromCy5-labelled 30-
dsDNA at lex 670 nm (a) and Cy3-labelled 50-dsDNA at lex 570 nm (b)
after the treatment with various exonucleases in the presence of GO
for 30 min. The 30-dsDNA was degraded only by 30 / 50 exonucleases
(ExoIII and the exo-domain of Phi29 DNA polymerase), whereas the 50-
dsDNA was degraded only by 50 / 30 exonucleases (l-exo and T7-
exo), due to terminal-specific DNA modifications.
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Furthermore, this simple method can be used as a quantitative
kinetic tool for enzymatic activities and can be expanded to
analyse other exo-ribonucleases and screen their inhibitors.

To discriminate the directionality of exonucleases in real
time, we developed two types of uorescent DNA probes (30-
dsDNA and 50-dsDNA as shown in Scheme 1). Both DNA probes
(Table 1 in ESI†) were composed of hydrolysed (gradient black)
and non-hydrolysed strands (gold and green in le and right
panels of Scheme 1, respectively). One end of the non-
hydrolysed strand was blocked by a neutravidin antibody, and
the other end was protected by a chemical conjugation with
a bulky uorophore (Cy5 for 30-dsDNA and Cy3 for 50-dsDNA as
shown in the le and right panels, respectively). One open end
of the hydrolysed strand was accessible by exonucleases to
initiate enzymatic degradation but the other end was blocked
with a neutravidin antibody. Upon the addition of an exonu-
clease to a buffer containing GO and a DNA probe, the open end
of the hydrolysed strand is thus recognized and degraded by the
exonuclease, while the uorescent dye on the non-hydrolysed
strand (gold or green strand) is quenched due to the interac-
tion between GO and the non-hydrolysed strand released from
the dsDNA aer the degradation. The design of both DNA
probes was validated by gel assays (Fig. S1-3†), and neutravidin
conjugation did not affect the quenching capability (Fig. S4†).

For proof of concept, we tested two different types of
frequently used exonucleases. Exonuclease III (ExoIII) and
phi29 DNA polymerase (phi29 DNAP) bearing the exo domain
(Phi29-Exo) are 30 / 50 exonucleases, while lambda exonuclease
(l-Exo) and T7 exonuclease (T7-Exo) are 50 / 30 exonucleases.
The DNA construct and GO were incubated with one of the
exonucleases in the presence of Mg2+ for �10 min. During the
degradation, the hydrolysed strand is digested from the open
14918 | RSC Adv., 2017, 7, 14917–14922
end, and the uorescently labelled un-hydrolysed strand is
concomitantly released from the dsDNA construct, resulting in
uorescent quenching due to the adsorption of the strand onto
the surface of GO via a hydrophobic interaction. Thus, the
graphene-induced quenching of the uorescence spectra can
report the progression of enzymatic activity in real time.

First, we measured the uorescent spectrum of the Cy5-
labelled 30-DNA probe, and its uorescence emission peak
appeared at 670 nm (Fig. 1a, black curve). When GO was mixed
with the DNA probes in the absence of an enzyme, we found that
the uorescence intensity somewhat decreased (Fig. 1a, red
curve). This effect was previously reported and is due to a certain
amount of interaction between GO and dsDNA, presumably due
to thermodynamic spontaneous melting at the end of the DNA
duplex.16

To nd an optimal GO concentration, the concentration of the
DNA probes wasmaintained at 70 nM, and the GO concentration
was increased from 0 to 150 mg ml�1. The uorescence intensity
no longer changed at concentrations greater than 90 mg ml�1

(Fig. S5 and 6†). Thus, 90 mg ml�1 GO and 70 nM DNA probes
were used for all experiments, unless otherwise noted. When GO
was mixed with the 30-dsDNA probe without the addition of an
enzyme, we noticed that �20% quenching occurred, depending
on the type of DNA probe (red in Fig. 1a), which was also previ-
ously reported.17

The feasibility of our method is signied when the Cy5-labelled
30-dsDNA probe was added to a reaction buffer containing GO, a 30

/ 50 exonuclease and a cofactor, Mg2+ (Fig. 1a). The light and dark
green intensities obtained from the 30 / 50 exonucleases (Phi29-
Exo and ExoIII, respectively) were completely quenched, whereas
the light and dark blue intensities obtained from the 50 / 30

exonucleases (l-Exo and T7-Exo, respectively) did not decrease
signicantly (Fig. 1a). This result indicated that the 30-dsDNA was
degraded only by the 30 / 50 exonucleases but not by the 50 / 30

exonucleases, clearly demonstrating the orthogonality of the DNA
probes.

The emission peak of the Cy3-labelled 50-dsDNA emerged at
570 nm, consistent with the Cy3 uorescence emission (Fig. 1b).
When GO was mixed with the 50-dsDNA probe, the amount of
quenching was �48% (red in Fig. 1b). The uorescence
This journal is © The Royal Society of Chemistry 2017
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intensities did not change signicantly aer the treatment of
ExoIII or Phi29-Exo with the 50-dsDNA, but they decreased to the
basal level following treatment with l-Exo or T7-Exo. This result
suggested that each DNA probe exhibited selectivity toward its
corresponding type of exonucleases.

Since 30 / 50 and 50 / 30 exonucleases work independently
on digesting their respective dsDNA probes, we expected that
both DNA probes can be simultaneously used for the multiplex
detection of two types of exonucleases (Fig. 2a). To validate our
colorimetric approach, we utilized the different colour-labelling
scheme as follows: Cy5-labelled 30-dsDNA and Cy3-labelled 50-
dsDNA as shown in Fig. 1. This two-colour orthogonal detection
allows us to determine whether the sample to be tested contains
one or more types of exonucleases due to the high abundance of
nucleases in cells and/or potential contamination. This
combinatorial approach will, thus, shorten the time required
for measurement and provide more information with a higher
accuracy of exonuclease detection.

When ExoIII, as an example of 30 / 50 exonucleases, was
added into a buffer at a pH of 7.5 containing both 30-dsDNA and
50-dsDNA, the green uorescence intensity steadily remained
steady (with intrinsic quenching), whereas the red uorescence
intensity signicantly decreased to a basal level (Fig. 2a). Like-
wise, when T7 exonuclease, as an example of 50 / 30 exonu-
cleases, was added, the green intensity quenched while the red
intensity remained steady (Fig. 2b). In contrast, when both
ExoIII and the T7 exonuclease were added into the buffer con-
taining 30-dsDNA and 50-dsDNA, both the green and the red
uorescent intensities decreased substantially, demonstrating
that the simultaneous detection of two different types of 30 / 50

and 50 / 30 exonucleases is indeed possible (Fig. 2c).
Fig. 2 Colorimetric multiplexing detection for two different 30 / 50

and 50 / 30 exonucleases, acting orthogonally on two dsDNA probes
with terminal-specific protection. The green or red fluorescent signal
indicates the presence of a 30 / 50 (a) or 50 / 30 exonuclease (b),
respectively, whereas quenching of both signals indicates the pres-
ence of both nucleases (c).

This journal is © The Royal Society of Chemistry 2017
This decrease was not observed without an essential cofactor,
Mg2+, and was attributed to the degradation of dsDNA. It is
noteworthy that �15% of the red uorescence remained
compared to the green uorescence, suggesting that this multi-
plex method can be used to directly compare relative turnover
rates of two different exonucleases with a single measurement.
Based on these data, we propose the following colorimetric code
table: a green signal indicates a 30 / 50 exonuclease; a red signal
indicates a 30 / 50 exonuclease; and no uorescence signal or
a basal level denotes the presence of both 30 / 50 and 50 / 30

exonucleases. Thus, themethod offers a convenient classication
of exonucleases (Fig. 2a). In summary, this multicolour detection
improves not only the accuracy of the sensing capability but also
adds a multiplexing capability of enzymatic classication.

Because the uorimeter-based detection used in Fig. 1 and 2
reads one sample at a time, we used a multimode microplate
reader (Flexsation3 in Molecular Devices™) to test the simul-
taneous detection of a series of different samples in a high-
throughput 96-well platform. The uorescence intensities
were measured �30 min aer a 30 / 50 exonuclease was added
to a buffer containing GO, Cy5-labelled 30-dsDNA, and Mg2+.
Indeed, a remarkable difference in quenching was observed
from the comparison of different exonuclease treatments
(Fig. 3a). The decrease in uorescence intensity obtained from
a mixture containing Cy5-labelled 30-dsDNA, GO, Mg2+ and
either ExoIII or Phi29-Exo was signicant, which was similar to
the intensity of a control experiment measured from a mixture
of GO and Cy5-labelled non-hydrolysed ssDNA (i.e., a degrada-
tion-mimic product), implying that the complete degradation
was effected by the 30 / 50 exonucleases. However, the
decreases in uorescence intensities observed aer the treat-
ment with the 50 / 30 exonucleases l-Exo and T7-Exo were
insignicant (Fig. 3a), illustrating the robustness of the GO-
based assay. The average colour codes shown in the white-
gray-black scale, reported from the multiplex device clearly
showed that the GO-based nuclease assay could be applied to
a multiplexing high-throughput screening platform (top in
Fig. 3a).

To evaluate the performance of the Cy3-labelled 50-dsDNA, we
repeated the same experiments as shown in Fig. 3a. Following
treatment with 50 / 30 exonucleases, such as l-Exo and T7-Exo,
the uorescence intensities dramatically decreased to the basal
level, which was similar to the intensity obtained from a mixture
of GO and Cy5-labelled ssDNA. In contrast, no signicant
decrease in uorescence intensity was observed when the non-
corresponding 30 / 50 exonucleases ExoIII and phi29-Exo were
added to the probe solution containing 50-dsDNA (Fig. 3b). The
large differences in quenching shown in Fig. 3 provide high
reliability via the multiplex device in classifying the type of
nucleases based on their degradation directionality.

Many GO-based enzyme assays have been demonstrated, but
thus far, none have been able to provide quantitative enzymatic
kinetic parameters, such as Km (Michaelis–Menten constant) and
Vmax (reaction velocity), which are important characteristics in
enzymology. The determination of these values requires accurate
measurements of time-dependent enzymatic rates. However, GO-
based uorescence-quenching signals typically contain the
RSC Adv., 2017, 7, 14917–14922 | 14919
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Fig. 3 Quantification of GO-based fluorescence quenching after
treatment by various exonucleases. (a) Fluorescence intensities of
Cy5-labelled 30-dsDNA were visualized in a gray-scale image (top
panel) and were quantified (bottom panel) by a multi-well plate reader
(Flexstation™). (b) The same as in (a) except that Cy3-labelled 30-
dsDNA was used instead of the Cy5-labelled 30-dsDNA. The data
demonstrate that the 30-dsDNA is 30 / 50 exonuclease-specific,
whereas 50-dsDNA is 50 / 30 exonuclease-specific.

Fig. 4 A schematic of the exonuclease-induced fluorescence-
quenching assay. For accurate kinetic studies, intrinsic fluorescence
quenching (i) and binding time onto the GO surface (iii) must be
subtracted, and only degradation time (ii) should be considered for
enzyme kinetic determination.
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following three major time periods as shown in Fig. 4: (i) the
diffusion time, during which dsDNA is mixed with GO and stays
in its immediate vicinity; (ii) the enzyme turnover time, during
which the enzymes convert dsDNA to ssDNA; and (iii) the
adsorption time, during which ssDNA aer degradation binds to
the surface of GO.

The periods represented by (i) and (iii) are the main causes of
inaccuracy in determining enzymatic rates by GO-based assays.
The following approaches would reduce the non-enzymatic
diffusion-delays to improve kinetic measurements: (1) the
intrinsic non-enzymatic uorescence intensity decrease, which
results from the interaction between GO and dsDNA, should be
reduced; (2) the samples should be rapidly mixed to minimize the
diffusion delay for the enzyme to bind to its DNA substrate; and (3)
upon conformational conversion of the DNA probes, the diffusion
delay for ssDNA to adsorb onto GO should be minimized. To
overcome these drawbacks of the GO-based uorescence platform,
we developed a fast-responding GO-quenching assay utilizing
a pre-incubation followed by a rapid mixing process of all
components, such as the DNA probe, GO, Mg2+ and enzyme. The
pre-incubation of dsDNA with GO prior to the addition of an
enzyme allowed us to eliminate the intrinsic uorescence
quenching caused by the interaction between dsDNA and GO by
separating it, from the actual quenching produced by the enzyme
activity via the conversion from dsDNA to ssDNA.
14920 | RSC Adv., 2017, 7, 14917–14922
To determine the Michaelis–Menten kinetic curve by the
uorimeter, we rst mixed the 30-dsDNA with GO and incubated
the mixture for 1200 s to temporally separate and extract the
intrinsic quenching from the actual enzymatic uorescence
quenching (Fig. 5a). ExoIII was then introduced to the reaction
cuvette and rapidly mixed to minimize the diffusion time
required for the enzyme to bind to the DNA probe for initiation.
This experiment was repeated as a function of various concen-
trations of ExoIII, and the uorescence emission at �650 nm
was recorded over time.

Fig. 5a shows the real-time quenching proles of various
protein concentrations. The 30-dsDNA probe was premixed with
GO in the presence of Mg2+ at room temperature to remove the
intrinsic uorescence quenching of dsDNA by GO, and then,
ExoIII was added and quickly initiated by mixing all the compo-
nents. ExoIII converted dsDNA to ssDNA, and the displaced
uorophore-strand adsorbed onto the GO surface, resulting in
a decrease in uorescence due to GO-induced quenching.

Single exponential ts of the real-time uorescence quenching
curves revealed characteristic decay times, s, at various protein
concentrations (Fig. S7 and 8†). The decay rates were calculated
from the inverse of the decay time, s. The quenching rate vs.
protein concentration curve, with the DNA probe concentration
xed at�70 nM, displayed a hyperbolic shape, suggesting that the
quenching rate was elevated as a function of the protein concen-
tration due to more ssDNA adsorbing onto the GO surface. The
equilibrium dissociation constant was determined by plotting the
DNA-degradation-induced quenching as a function of the protein
concentration (Fig. 5b) and tting to the data toMichaelis–Menten
kinetics with a maximum quenching rate of �0.025 s�1, and a Km
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Fluorescence intensity vs. time curves for the real-time kinetic
analysis of ExoIII (a) and its Michaelis–Menten fit (b). (c, d) The same as
in a and b but for l-Exo. Only one quenching curve was plotted
between 0 and 1200 s for clarity. Error bars indicate the standard error
of the mean (SEM) from three independent experiments.
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value of �71.3 nM, which was in a good agreement with previous
reports that lay in a range between 32 and 140 nM.18

Next, we investigated the degradation activity of l-Exo as a test
case for 50 / 30 exonucleases. We observed enzyme uorescence
quenching as a function of the l-Exo concentration (Fig. 5c). The
inverse of the quenching decay time, s, vs. enzyme concentration
also revealed a hyperbolic relationship, and its excellent t to the
Michaelis–Menten curve returned a maximum quenching rate of
�0.034 s�1 and a Km value of �11.6 nM, comparable to the
previously measure value of �9.13 nM.19

In conclusion, we have developed an exonuclease-specic GO-
based uorometric assay allowing not only the characterization
of exonucleases but also immediate classication of the exonu-
clease type, without further designing a set of DNA substrates as
in other systems such as electrophoretic gel mobility shi assay
(EMSA).8 Fig. 5 recapitulates the detection limit of our method.
Namely, our method is capable of detecting exonucleases at
concentrations as low as 10�6 M (e.g., 5 nM in Fig. 5c and d)
which is comparable to other popular methods, such as SPR
(Surface Plasmon Resonance) and EMSA. Ourmethod is specially
designed for detecting various exonucleases regardless of their
directionality, but not for detecting endonucleases. Although this
work is not the rst demonstration for detecting nucleases via
GO, it provides additional information such as enzyme direc-
tionality and binding affinity of Km. Furthermore, our method
can be applied in diverse biological applications, e.g., drug
screening, enzymatic assay, and biosensors if combined with the
multi-well plate reader as demonstrated in Fig. 3.
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