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A novel amplified fluorescence graphene oxide (GO) sensing
platform for sensitive detection of T4 polynucleotide kinase
(PNK) activity and inhibition was developed based on the
Exonuclease III (Exolll) reaction. The efficient digestion
capacity of Exolll and the super quenching ability of GO
both contribute to the detection sensitivity.

Highly sensitive and selective detection of enzyme activities
plays important roles in many areas, such as
biological/biochemical research, new drug screening, clinical
diagnosis, and environmental monitoring. ' Polynucleotide
kinase (PNK) is one of the most important end-processing
enzymes, and has been extensively studied in recent years. *°
PNK can catalyze the phosphorylation of the 5'-hydroxyl
terminus via transferring the y-phosphate of ATP to nucleic acid
molecules. The phosphorylation process plays a critical role in
numerous nucleic acid-related bio-events, such as DNA
recombination, DNA replication, and DNA repairing during
strand interruption. * Accordingly, PNK has been also widely
used as an efficient tool in the field of molecular biology
research, '“'" and the development of assays for the information
of activity profile of PNK is therefore of fundamental importance.

To date, various bioassays to achieve the reliable detection of
PNK activity have been developed. The traditional assay methods
for PNK detection are mainly based on radioisotope **P-labeling,
polyacrylamide gel electrophoresis and autoradiography. '*'6
However, these methods have the shortcomings of time-
consuming, high cost and radio-labelling of substrates which are
harmful to human health.

To overcome these drawbacks, convenient and high sensitive
PNK assays have been reported in recent years, including
fluorescent assays, *'"*® colorimetric assays, 2’nanochannel
biosensors, 2® electrochemical methods, 2**° and bioluminescent
sensor. *'Among these methods, fluorescence-based strategies
attracted much attention due to their high sensitivity and
convenient manipulation. For example, Li and co-workers
recently developed a novel strategy for PNK activity and
inhibition assay by coupling the exonuclease enzyme reaction and
bimolecular beacon based signal amplification, which provides a
sensitive, facile and universal tool for the research of DNA
phosphorylation related process and the detection of many other
nucleic acid enzymes. **Although all these fluorophore-labelled
methods have been proved to have more advantages than
traditional ones for monitoring PNK activity, there are still some
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problems need to be resolved. First, design of specific dye-
labelled DNA molecular beacon or sequences with restriction
sites is complicate and time-consuming‘l&25 Second, sometimes
design is simple but it’s the lack of an amplification mechanism
that leads to low sensitivity.”>*® Thus, it is still highly desirable to
develop more convenient and sensitive methods to monitor the
PNK activity.

Exonuclease III (Exolll) is a double-strand-specific
exodeoxyribonuclease which can catalyze the stepwise removal
of mononucleotides from 3’ to 5" and has very low activity on
single-stranded DNA or 3’-overhang termini of double-stranded
DNA. ***% In contrast to the sequence-specific nicking
endonuclease, the enzymatic reaction of Exolll does not require
the specific recognition sequence. Therefore, Exolll can directly
digest any double-stranded DNA at the blunt or recessed 3' end,
which is anobvious advantage in the development of universal
signal amplification strategies for various bioassays. ***°

Graphene oxide (GO), is a two-dimensional (2D) carbon
nanomaterial with only one atom thickness, which was reported
to be a fluorescence superquencher with the long-range nanoscale
energy transfer property and has been successfully employed to
develop fluorescent sensing systems for various targets. *® Herein,
we describe a simple but effective GO sensing platform, using T4
PNK as a model analyte, for nucleotide kinase activity and
inhibition analysis based on Exolll-aided amplification in the
presence of ligase as well as the FRET between dye labelled
DNA and GO. To the best of our knowledge, this is the first time
to realize fluorescence signal amplification by Exolll-aided
enzymatic reaction in the presence of ligase as well as the FRET
between dye labelled DNA and GO for the detection of PNK
activity and inhibition.

Scheme 1 illustrates the general principle of the current sensing
platform for amplified fluorescence detection of T4 PNK activity.
In the absence of T4 PNK, the 5'-hydroxyl terminus of P2 cannot
be phosphorylated, and the subsequent ligation process mediated
by T4 DNA ligase will not proceed. Due to the low melting
temperature (Tm) values (estimated to be less than 25°C) for the
hybrids of P1 and P2 with P3, it is very hard to form the nicked
DNA duplex at the reaction temperature of 37°C.%7 Therefore, the
fluorescence of free P3 was quenched by GO, resulting in low
fluorescence intensity. However, in the presence of T4 PNK, the
phosphorylation process of P2 can be catalyzed and triggered the
subsequent ligation process to form the stable dsDNA, as well as
form the 3'-blunt termini recognition sequence for ExolIl. Due
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Scheme 1 Schematic illustrating the principle mechanism of the Exolll-
aided amplified fluorescence assay for T4 PNK.

to the different interaction intensity of ssDNA and dsDNA with
GO, dye-labelled dsDNA exhibits strong fluorescence. Then,
Exolll can catalyze the stepwise removal of mononucleotides
from the 3'-blunt terminus to 5' of signal probe P3 in the DNA
duplex, resulting in the release of the ligated ssDNA and the
fluorophore. The released ligated ssDNA can then hybridize with
another signal probe P3 and trigger the second cycle of digestion.
Therefore, the Exolll induces multiple enzymatic recycling
reaction of dsDNA resulting in the further improvement of
fluorescence signal, providing a high sensitivity for T4 PNK.

To estimate the optimum temperature of the ligation reaction,
the experiment about the effect of temperature on the fluorescent
response of the probe was measured. The result indicated that
there was no significant difference between 25°C and 37°C (Fig.
S1). To estimate the signal amplification function of the proposed
sensing system for screening T4 PNK activity, the target-
triggered fluorescence enhancement was measured in the
presence and absence of Exolll, respectively. As shown in Fig. 1,
the intensity without Exolll was very low for the background
fluorescence (curve e), and there was a negligible fluorescence
enhancement in the presence of Exolll (curve d), which was
attributed to the unstable duplex of the short P1 and P2 with P3 at
the reaction temperature of 37 ‘C. However, in the presence of
0.2 U mL"! T4 PNK, a 785 + 18% increase in the fluorescence
signal was readily achieved by introducing Exolll signal
amplification technology (curve a). In contrast, in the absence of
Exolll, only a 318 + 7% fluorescence signal enhancement was
observed under the same condition (curve b). In the same time, in
order to prove T4 DNA Ligase has no effect on the sensing
system for screening T4 PNK activity, the target-triggered
fluorescence enhancement was measured in the presence and

35 absence of T4 DNA Ligase. Both the fluorescence signal

2
S

@
3

“0 Q0o

Fluorescence intensity (a.u.)
2 o
5 3

N
S

k‘

520

540 560
A (nm)

580

Fig. 1 Fluorescence responses of the sensing system to 0.2 U mL™ target
T4 PNK in the presence (a), absence (b) of 0.1 U uL" of Exolll, and
absence of 1 U pL' T4 DNA Ligase (c) with corresponding backgrounds
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and background fluorescence in the absent of T4 DNA Ligase
were very low (curve c¢ and f). Therefore, the sensing
resultsdemonstrated that the proposed Exolll-aided signal
amplification sensing system could be applied in the amplifying
detection of TAPNK activity.

Fluorescence emission spectra were used to investigate the
fluorescence quenching of dye resulting from the interaction
between FAM- labelled P3 and GO. As shown in Fig. S2, the
fluorescence intensity gradually decreased with the increase of
GO concentration. Up to 95% fluorescence emission was
quenched upon the addition of 20 pg mL™ of GO within 5 min.
The result is attributed to the strong adsorption of the ssDNA on
the GO surface and the super fluorescence quenching ability of
GO originated from the effective FRET between dye and GO.
Therefore, 20 pg mL™' of GO was selected as the quencher for the
further T4 PNK assay.

In order to achieve the best sensing performance, the
concentrations of T4 DNA ligase and Exolll were optimized,
respectively. Firstly, we investigated the effect of T4 DNA ligase
concentration on the performance of the sensing system, the
experiment was performed by setting the T4 PNK and Exolll
concentrations at 0.2 U mL™ and 0.1 U pL™', respectively. The
result was shown in Fig. S3(A), as the T4 DNA ligase
concentration increased, the fluorescence response of signal-to-
background ratio (SBR) at 518 nm increased rapidly and reached
a maximum at the T4 DNA ligase concentration of 1 U pL™.
Therefore, 1 U L™ was chosen for the following experiment. The
effect of Exolll concentration was also investigated, and the
result indicated that when the concentration of Exolll reached 0.1
U uL™", the fluorescence performance of the sensing system
reached the maximum SBR (Fig. S3(B)). Therefore, 0.1 U pL™ of
Exolll was selected as the optimized concentration for the
sensing system.

To evaluate the sensitivity of the proposed method, we
measured the T4 PNK activity at various concentrations under the
optimized conditions. As shown in Fig. 2(A), the fluorescence
increased with the increase of T4 PNK concentration and reached
a plateau when the T4 PNK concentration increased to 5 U mL™.
Fig. 2(B) illustrates the relationship between the T4 PNK
concentration and the fluorescence intensity at 518 nm. In the
concentration range from 0 to 0.2 U mL™, the fluorescence
intensity exhibits a linear correlation to T4 PNK concentration.
The detection limit was estimated to be 0.003 U mL in terms of
the rule of three times standard deviation over the blank response,
which is superior or comparable to that of the previously reported
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Fig. 2(A) Fluorescence spectra responses of the sensing system in the
presence of different concentrations of T4 PNK. (B) The relationship of
the fluorescence enhancement with the T4 PNK concentration. Inset: The

90 responses of the sensing system to T4 PNK at low concentrations. Error

bars were estimated from three replicate measurements.
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Fig. 3(A) The inhibitory effect of ADP on T4 PNK activity. (B) The
inhibitory effect of (NH4),SO4 on T4 PNK activity. (C) The inhibitory
effect of Na,HPO4 on T4 PNK activity. (D) The inhibitory effect of
EDTA on T4 PNK activity. The concentration of T4 PNK was 0.5 U mL"
!, Error bars were estimated from three replicate measurements.

methods (Table S1). *?"** The results demonstrated that the
proposed sensing system can be successfully applied to detect the
T4 PNK activity.

Additionally, the inhibition effect on PNK was also
investigated by using adenosine diphosphate (ADP), ammonium
sulfate ((NH4),SO,), disodium phosphate (Na,HPO,) and
ethylenediaminetetraacetic acid sodium (EDTA) as four model
inhibitors, which have been confirmed that they could inhibit the
PNK activity by changing the affinity of the enzyme for its
substrates. To eliminate the possible disturbances on the ligation
reaction and enzymatic reaction of Exolll, the effects of the four
used inhibitors on the two reactions were also examined by using
P4, PS5 and P3, respectively. The -corresponding control
experiments suggested that their disturbances were almost
negligible when concentrations of ADP, (NH,),SO,, Na,HPO,
and EDTA, reached 10 mM, 30 mM, 40 mM and 40 mM
respectively, which ensured accurate assay of T4 PNK inhibition
(data not shown). As shown in Fig. 3(A), the fluorescence
intensity of samples dramatically decreased with the increasing
concentration of ADP in the phosphorylation reaction, and the 1
mM ADP caused a 50% fluorescence decrease. The inhibition
effect is probably due to that the phosphorylation reaction tended
to run in reverse in the presence of high concentrations of ADP
and 5'-phosphate DNA simultaneously. In addition, (NH4),SO,,
EDTA and Na,HPO, was further used to evaluate the inhibition
effect on T4 PNK activity, and the result was depicted in Fig.
3(B)(C)(D). As expected, the increasing concentration of
(NH,4),SO,, EDTA and Na,HPO, resulted in the decrease of
fluorescence intensity, and a 50% fluorescence intensity decrease
could be observed when the inhibiting concentration of
(NH,4),SO,, EDTA and Na,HPO, increased to about 13 mM, 15
mM and 20 mM which is consistent with the reported results. *!”
These results indicate that the developed sensing system could be
extended to evaluate of the effects of kinase inhibitors.

To investigate the selectivity of the fluorometric T4 PNK assay,
a number of proteins including methylase (Dam), alkaline
phosphatise (ALP), bovine serum albumin (BSA) and human
serum albumin (HSA) were tested. The concentration of each
enzyme was kept at 10 uM or 10 U mL™'. As shown in Fig. 4,
none of these proteins could induce the distinct increase in
fluorescence except T4 PNK. The result further confirmed that
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Fig. 4 The selectivity of the biosensor for T4 PNK compared with other
enzyme. The concentration of other enzyme was 10 uM, Dam was 10 U
mL" and the T4 PNK was 5 U mL".

the proposed biosensor exhibited excellent selectivity towards T4
PNK.

In order to investigate the possibility of the sensing platform in
complex biological samples, A549 cell extracts were added in the
buffer to simulate the intracellular environment for the detection
of T4 PNK activity. As shown in Fig. S4, in the diluted cell
extracts, the fluorescence intensity increased gradually with the
addition of T4 PNK from 0.02 to 5 U mL’'. These results
demonstrate that the proposed sensing system works well in
complex mixtures with other possible coexisting interfering
species, indicating that this method holds a potential application
for real sample analysis.

In summary, we have developed a novel amplified fluorescence
GO sensing system for sensitive detection of T4 PNK activity and
inhibition based on Exolll reaction. Contribute to the efficient
digestion capacity of Exolll and the super quenching ability of
GO, the proposed method provides a linear range from 0 to 0.2 U
mL™" and a low detection limit of 0.003 U mL™. In addition, this
strategy is simpler than the nicking endonucleases-based
molecular beacon probe due to that the Exolll does not require
specific enzymatic recognition sequence. Moreover, the proposed
method can be used to screen the inhibitors of PNK. The
proposed method may provide a new platform for monitoring the
DNA phosphorylation related process, drug discovery and clinical
diagnostics.
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A novel amplified fluorescence graphene oxide (GO) sensing system for sensitive detection of T4
polynucleotide kinase (PNK) activity and inhibition was developed based on the coupled ligation
reaction and Exonuclease III (Exolll)-aided fluorescence signal amplification.



