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Phosphorothioated and phosphate-terminal
dumbbell (PP-TD) probe-based rapid detection of
polynucleotide kinase activity†
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Polynucleotide kinase (PNK), a bifunctional enzyme with 5’-kinase and 3’-phosphatase activities, plays an

important role in DNA repair and is associated with various diseases. Here, we developed a primer-free, sen-

sitive, and isothermal quantitative assay to detect PNK activity. In the presence of PNK, the 3’-phosphate

group of the substrate was digested with 3’-OH, initiating the amplification reaction. Elongated dsDNA binds

to the dsDNA-specific fluorescent dye EvaGreen, leading to a significant enhancement in fluorescence

intensity. The limit of detection (LOD) of this method was 7.7 × 10−7 U μL−1, which is comparable or even

superior to that of previously reported methods. This approach also showed good quantitative ability in

complex cell lysates, indicating potential for biological sample analysis. Additionally, this facile and sensitive

assay can be used to screen for PNK inhibitors. The proposed method provides a promising platform for

sensitive PNK activity monitoring and inhibition screening for drug discovery and clinical treatment.

Introduction

Polynucleotide kinase (PNK), a dual functional enzyme with 5′-
terminal kinase and 3′-terminal phosphatase activities, plays
an imperative role in DNA repair.1 Mutations in genes encod-
ing PNK have been proved to be associated with neurological
diseases,2,3 such as microcephaly with early onset seizures
(MCSZ).4–6 Given the significance of PNK, sensitive detection
of its activity and screening of its potential inhibitors are
crucial to identify biochemical interactions associated with
DNA phosphorylation and to discover novel drugs.

Various methods have been developed to detect PNK activity,
and conventional methods for accurate quantification, including
radioisotope 32P-labeling,7 autoradiography, immunoassay,8 and
polyacrylamide gel electrophoresis (PAGE), have been widely
used.9 However, these methods have several intrinsic drawbacks,
including radioactive hazards, laborious operation protocols, and
time consumption, limiting their comprehensive application. To
overcome these obstacles, alternative methods have been devel-
oped in recent years, including fluorescence,10–14

electrochemical,15–19 colorimetric analyses,20–22 and some other
methods.23 Among these, the fluorescence method is widely used
because of its ease of operation, increased sensitivity, and
efficiency.24,25 However, most fluorescence methods are hindered
by intricate primer design and inevitable background inter-
ference. Therefore, a simpler and more sensitive detection plat-
form for PNK activity is required.

In this work, we developed a small dumbbell probe for sen-
sitive and rapid detection of PNK activity. This dumbbell
probe has a phosphate group at the 3′-terminal and a phos-
phorothioate (PS) modification hairpin at the 5′-terminal and
is called a phosphorothioated and phosphate-terminal dumb-
bell (PP-TD) probe. PS modification reduces the thermal stabi-
lity of dsDNA and facilitates self-folding of terminal hairpins,26

achieving higher amplification efficiency at a constant temp-
erature.27 The phosphate group at 3′-terminal of probe can be
specifically hydrolyzed by PNK, which works as a “turn-on”
switch to initiate self-folding and extension amplification uti-
lizing DNA polymerase. Thus, without additional primers, the
PP-TD probe could be specifically switched on by PNK and
subsequently amplified into long concatemers isothermally
and quickly. Finally, the amplification products were success-
fully detected by adding EvaGreen, a label-free dsDNA-specific
fluorescent dye. The proposed assay could satisfactorily
monitor PNK activity in cell lysates and screen inhibitors. This
sensitive and selective PP-TD probe-based PNK detection assay
could be a powerful tool for biomedical research and clinical
diagnosis.
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Results and discussion
Design principle of the PP-TD probe for detecting PNK

Scheme 1 illustrates the working mechanism of the PP-TD
probe for detecting PNK activity. The PP-TD probe was modi-
fied with a phosphate group at its 3′-terminal. This group can
be hydrolyzed to a hydroxyl group in the presence of PNK, acti-
vating the PP-TD probe, thereby initiating the downstream
reaction. Subsequently, Bst 2.0 DNA polymerase binds to the 3′
terminus of the active PP-TD probe, extending the DNA
sequence to a stem-loop structure. As PS modification
increased the instability of the extended dsDNA amplification
products, the products could easily self-fold into two hairpin
structures, as indicated in Scheme 1. A new round of extension
can proceed in the presence of Bst 2.0 DNA polymerase with
strand displacement and isothermal amplification activity.
After several cycles, the PP-TD probe was amplified into a long
concatemer. EvaGreen was added to the reaction system and
embedded in extended repeat dsDNA to measure fluorescence.
However, only weak fluorescence was detected in the absence
of PNK, as the phosphate group at the 3′-terminal can block
the amplification process and the formation of extended
repeat dsDNA.

Feasibility research

In the developed detection method, PNK was used as a trigger
to activate the PP-TD probe. An “active PP-TD probe”, phos-
phorothioated-terminal dumbbell (P-TD) probe, whose phos-
phate group at the 3′-terminal was replaced by a hydroxyl
group, was chosen to verify and test whether the ssDNA probe
with PS-modified hairpin and palindromic structures at both

ends can initiate its self-folding and extension reaction in the
presence of Bst 2.0 DNA polymerase. As indicated in Fig. 1a,
the fluorescence intensity was positively correlated with the
concentration of the P-TD probe in an S-shaped curve, indicat-
ing that the dumbbell structure can realize self-folding and
extension reactions.

The feasibility of the PNK-activation principle was also
explored. The hydrolyzing reaction could not work in the
absence of either active PNK or ATP. Hence, the fluorescence
intensity under different conditions was compared to verify
feasibility of this PNK system, considering the presence or
absence of PNK and ATP and the addition of inactive PNK.
Fig. 1b shows that in the presence of both active PNK and ATP,
the PP-TD probe was activated due to the 3′-dephosphorylation
of PNK. This activation mechanism was further illustrated by
comparison with the P-TD probe, which indicated a similarly
high amplification efficiency at the same time. All results indi-
cate the need for specific 3′-dephosphorylation of PNK. Hence,
it is feasible to develop a strategy for initiating self-sequence
amplification by using the designed PP-TD probe.

The design of PP-TD probe

The structure of the PP-TD probe significantly affects its stabi-
lity and amplification efficiency. Firstly, the length of the loop
on the PP-TD probe was optimized (sequences are provided in
Table S1†). The fluorescence signal reached a maximum when

Scheme 1 Schematic illustration for the PP-TD probe based PNK
detection assay.

Fig. 1 Feasibility research of (a) self-folding and extension reaction and
(b) PNK-activating principle.

Fig. 2 Optimization of PP-TD probe sequence. (a) Fluorescence inten-
sity vs. length of the loop. (b) Fluorescence intensity vs. length of the
unpaired stem.
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the length of the loop was 4 nt (Fig. 2a). A longer loop may
have created increasing instability to the structure, leading to
failed self-folding. We changed the length of the unpaired frag-
ment on the stem (sequences with different bridge lengths are
provided in Table S1†). As shown in Fig. 2b, the maximum
fluorescence intensity reached a moderate bridge length of 10
nt. A bridge that is too short is likely to cause steric hindrance
during the enzyme degradation process, and a bridge that is
too long may not be conducive for maintaining the stability of
the palindromic structure.

Optimization of the reaction conditions

Since appropriate reaction conditions are critical for enzyme
degradation and amplification processes, the reaction con-
ditions were optimized to improve the performance of our
strategy. The concentration of the PP-TD probe was first exam-
ined, because it plays an essential role in dephosphorylation
and amplification. As shown in Fig. S1a,† an improved fluo-
rescence response was achieved at a concentration of 50 nM.
Thus, 50 nM was chosen as the optimal PP-TD probe concen-
tration. As an energy donor, ATP plays a key role in phosphoryl-
ation. With increasing ATP concentrations from 0 to 10 mM,
the fluorescence intensity reached a maximum at 1 mM
(Fig. S1b†). Therefore, 1 mM was chosen as the optimal
working concentration of ATP for phosphorylation. Low con-
centration of ATP cannot provide efficient energy for the phos-
phorylation reaction, whereas further addition of ATP inhibits
the reaction through competitive binding to PNK. DNA poly-
merase also plays a vital role in the system, considering that
the enzyme-catalyzed reaction rate is correlated with the
enzyme concentration. Amplification process of the proposed
method is also catalyzed by DNA polymerase. Therefore, we
screened the concentration of Bst 2.0 DNA polymerase in the
range of 2.5 to 40 U mL−1. As shown in Fig. S1c,† Bst 2.0 DNA
polymerase concentrations greater than 15 U mL−1 had insig-
nificant improvement in the fluorescence intensity; therefore,
15 U mL−1 was determined as the optimal concentration.

Selectivity of the PNK assay

Selectivity of the detection assays is critical in practical biologi-
cal detection systems; therefore, we verified the selectivity of
the proposed assay. Four enzymes which enzymes which
worked in DNA replication and repair were chosen as control
substitutes: T4 DNA ligase, Klenow fragment, Nb·BbvCl, and
RecA. As shown in Fig. 3, only PNK significantly enhanced the
fluorescence signal. These results suggest that this method
possesses satisfactory specificity for detecting PNK activity.

Quantitative detection of PNK

We estimated the sensitivity and quantitative ability of the pro-
posed approach under optimized conditions. Fig. 4 illustrates
the linear relationship between the fluorescence intensity at
525 nm and the logarithm of the PNK concentration. Linear
regression was calculated as FI = 149.4 lg C + 986.4 (R = 0.9935)
where FI is the fluorescence intensity and C is the concen-
tration of PNK. PNK can be quantified in the range of 1.0 ×

10−6 to 5.0 × 10−5 U μL−1. The LOD of PNK was estimated to be
7.7 × 10−7 U μL−1, which is 3.3 times the standard deviation of
the background. The LOD is comparable to or advanced to
fluorescence methods reported in recent years and the pro-
posed method requires a relatively short detection time
(Table S2†).

PNK activity detection in diluted cell extracts

To further examine the capability of the proposed assay in real
sample analysis, cell lysates (A549) were used to simulate the
intracellular environment. Different concentrations of PNK
were spiked into 100-fold diluted cell lysates. Fluorescence
intensity changed linearly with the logarithm of PNK concen-
tration in the range of 2.5 × 10−5 to 1.0 × 10−3 U μL−1, and the
values were close to those in the reaction buffer (Fig. S2†).

Linear regression was calculated as FI = 415.1 lg C − 2840.7
(R = 0.9904) and the results indicate that this assay has poten-
tial for use in biological sample detection.

Fig. 3 Selectivity of the proposed PNK detection assay.

Fig. 4 Concentration-dependent fluorescence response for detection
of PNK activity.
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PNK inhibitor screening assay

Since abnormal activity of PNK can induce serious neurologi-
cal diseases, screening for PNK inhibitors is of great signifi-
cance in drug discovery and clinical treatment. (NH4)2SO4 and
NaH2PO4 were used in inhibition assays. These inhibitors
influenced the phosphorylation by salt effects that possibly
changed the conformation of PNK into an inactive state,28

without interfering with the Bst 2.0 DNA polymerase activity.
As shown in Fig. 5, the fluorescence intensity decreased gradu-
ally as the concentration of the inhibitor increased. This is
because the depressed activity of PNK resulted in a decrease in
the probes that could be amplified by the system. The half-
maximal inhibition values (IC50) for (NH4)2SO4 and NaH2PO4

were 16.7 mM and 8.2 mM, respectively, which is consistent
with previous reports.29–32 These results demonstrated that the
proposed PP-TD probe is promising for PNK inhibitor selec-
tion in drug discovery.

Experimental
Apparatus

The fluorescence measurements were conducted with a
Synergy™ H1 full-function microplate reader (Berton Biotek).

Materials and reagents

The oligonucleotides were synthesized by Sangon Biotech Co.
(Shanghai, China) and Table S1† shows the sequences. T4
PNK, Bst 2.0 DNA polymerase, T4 DNA ligase, Nb.BbvCl, and
RecA were purchased from New England Biolabs (NEB, U.K.).
Adenosine triphosphate (ATP) was purchased from Sangon
Biotech (Shanghai, China). Klenow Fragment and deoxynu-
cleotide (dNTP) mixture were obtained from Takara Bio Inc.
(Dalian, China). EvaGreen® Dye, 20× in water was purchased
from Biotium (California, USA). Dulbecco’s minimum essen-
tial medium (DMEM), fetal bovine serum (FBS), and trypsin
were from GIBCO (Waltham, MA). A549 cell line was obtained
from Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China).

Detection of PNK

Certain concentration of PNK were incubated with PP-TD
probe in reaction buffer for 30 min at 37 °C, hydrolyzing the

phosphate group at the 3′-end to a hydroxyl group, followed by
inactivation of PNK via incubation at 95 °C for 5 min. Then, a
20 μL reaction mixture was set up, containing dNTP (10 mM),
Isothermal buffer (1×), Bst 2.0 DNA polymerase (0.4 U)
together with the reaction solution from the first step (diluted
5 times) and incubated at 60 °C for 1 h. Finally, 1× EvaGreen
were added into the reaction buffer as the indicator. After
10 min incubation at 25 °C, the fluorescence signal was
measured with excitation of 485 nm and emission of 525 nm
by spectro fluorophotometer.

Cell culture and activity detection of PNK in cell lysates

Lysates of Human lung adenocarcinoma cell lines (A549) was
chosen to simulate the complicated environment of real
samples.

Cell lines were cultured in DMEM with 10% FBS and were
incubated at 37 °C with 5% CO2. Then, trypsin was used for
cell digestion and cells were resuspended in DMEM. After cen-
trifuged at 1000 rpm for 3 min, the supernatant was discarded
and the cells were washed with phosphate buffer, resuspend-
ing in reaction buffer. After ultrasonication and centrifugation
(14 000 rpm, 30 min, 4 °C), the supernatant was used as cell
lysates in following experiments. PNK at a series of concen-
trations were spiked into the cell lysates and then were
detected using the same method as mentioned in Part
“Detection of PNK”.

Inhibition detection

In inhibition detection, two known inhibitors of PNK
((NH4)2SO4 and NaH2PO4) were used. Inhibitors at a series of
concentrations were introduced into the hydrolyze process.
The subsequent processes were consistent with mentioned in
Part “Detection of PNK”.

Conclusions

A novel assay was developed for PNK detection based on
PP-TD probes with high sensitivity and selectivity. This detec-
tion system requires no additional primers to initiate amplifi-
cation of DNA palindrome sequences, thus avoiding inter-
ference of complex by-products from primer interactions. This
also simplifies the process because the amplified product
itself works as a template for the next round of amplification.
Furthermore, this assay enabled detection of PNK activity in
cell lysis dilutions and has great potential for quick analysis
and on-site screening. Finally, the proposed assay can be
applied to screen for PNK inhibitors, providing a basis for
drug discovery and clinical treatment.

Author contributions

Xianfeng Jiang: conceptualization, data curation, formal ana-
lysis. Xudan Shen: writing original draft, methodology. Jadera
Talap: visualization. Dan Yang: data curation. Su Zeng:

Fig. 5 Inhibition effects of (a) (NH4)2SO4 and (b) Na2HPO4 on
phosphorylation.

Analyst Paper

This journal is © The Royal Society of Chemistry 2022 Analyst, 2022, 147, 4986–4990 | 4989

Pu
bl

is
he

d 
on

 0
4 

O
kt

ob
a 

20
22

. D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

3/
07

/2
02

5 
10

:3
1:

53
. 

View Article Online

https://doi.org/10.1039/d2an01431a


funding acquisition, supervision. Hui Liu: validation, supervi-
sion. Sheng Cai: methodology, funding acquisition, supervi-
sion, project administration.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We acknowledge financial support from the National Natural
Science Foundation of China (Grant 81773817), Natural
Science Foundation of Zhejiang Province (LY18H300003).

References

1 K. W. Caldecott, M. E. Ward and A. Nussenzweig, Nat.
Genet., 2022, 54, 115–120.

2 J. Bras, I. Alonso, C. Barbot, M. M. Costa, L. Darwent,
T. Orme, J. Sequeiros, J. Hardy, P. Coutinho and
R. Guerreiro, Am. J. Hum. Genet., 2015, 96, 474–479.

3 S. C. Previtali, E. Zhao, D. Lazarevic, G. B. Pipitone,
G. M. Fabrizi, F. Manganelli, A. Mazzeo, D. Pareyson,
A. Schenone, F. Taroni, G. Vita, E. Bellone, M. Ferrarini,
M. Garibaldi, S. Magri, L. Padua, E. Pennisi, C. Pisciotta,
N. Riva, V. Scaioli, M. Scarlato, S. Tozza, A. Geroldi,
A. Jordanova, M. Ferrari, I. Molineris, M. M. Reilly,
G. Comi, P. Carrera, M. Devoto and A. Bolino, J. Neurol.
Psychiatry, 2019, 90, 1171–1179.

4 J. Shen, E. C. Gilmore, C. A. Marshall, M. Haddadin,
J. J. Reynolds, W. Eyaid, A. Bodell, B. Barry, D. Gleason,
K. Allen, V. S. Ganesh, B. S. Chang, A. Grix, R. S. Hill,
M. Topcu, K. W. Caldecott, A. J. Barkovich and C. A. Walsh,
Nat. Genet., 2010, 42, 245–249.

5 I. Kalasova, R. Hailstone, J. Bublitz, J. Bogantes,
W. Hofmann, A. Leal, H. Hanzlikova and K. W. Caldecott,
Nucleic Acids Res., 2020, 48, 6672–6684.

6 M. Gatti, S. Magri, L. Nanetti, E. Sarto, D. Di Bella,
E. Salsano, C. Pantaleoni, C. Mariotti and F. Taroni,
Am. J. Med. Genet., Part A, 2019, 179, 2277–2283.

7 A. Jilani, D. Ramotar, C. Slack, C. Ong, X. M. Yang,
S. W. Scherer and D. D. Lasko, J. Biol. Chem., 1999, 274,
24176–24186.

8 C. J. Whitehouse, R. M. Taylor, A. Thistlethwaite, H. Zhang,
F. Karimi-Busheri, D. D. Lasko, M. Weinfeld and
K. W. Caldecott, Cell, 2001, 104, 107–117.

9 L. K. Wang and S. Shuman, Nucleic Acids Res., 2002, 30,
1073–1080.

10 L. Zhang, W. Fan, D. Jia, Q. Feng, W. Ren and C. Liu, Anal.
Chem., 2021, 93, 14828–14836.

11 J. Shang, S. Yu, Y. Chen, Y. Gao, C. Hong, F. Li and
F. Wang, Anal. Chem., 2021, 93, 15559–15566.

12 D. Wang, J. Wang, Y. Du, J. Ma, S. Wang, A. Tang and
D. Kong, Biosens. Bioelectron., 2020, 168, 112556.

13 M. Wang, D. Kong, D. Su, Y. Liu and X. Su, Nanoscale,
2019, 11, 13903–13908.

14 X. Li, Y. Cui, Y. Du, A. Tang and D. Kong, Analyst, 2020,
145, 3742–3748.

15 Z. Song, Y. Li, H. Teng, C. Ding, G. Xu and X. Luo, Sens.
Actuators, B, 2020, 305, 127329.

16 P. Li, Y. Cao, C. Mao, B. Jin and J. Zhu, Anal. Chem., 2019,
91, 1563–1570.

17 Y. Jiang, J. Cui, T. Zhang, M. Wang, G. Zhu and P. Miao,
Anal. Chim. Acta, 2019, 1085, 85–90.

18 D. Wu, C. Li, X. Hu, X. Mao and G. Li, Anal. Chim. Acta,
2016, 924, 29–34.

19 J. Tao, Z. Liu, Z. Zhu, Y. Zhang, H. Wang, P. Pang, C. Yang
and W. Yang, Talanta, 2022, 241, 123272.

20 Z. Yan, X. Shen, B. Zhou, R. Pan, B. Zhang, C. Zhao,
L. Ren and J. Ming, Sens. Actuators, B, 2021, 326,
128831.

21 L. Lin, D. Shi, Q. Li, G. Wang and X. Zhang, Anal. Methods,
2016, 8, 4119–4126.

22 H. Jiang, D. Kong and H. Shen, Biosens. Bioelectron., 2014,
55, 133–138.

23 T. Jin, J. Zhang, Y. Zhao, X. Huang, C. Tan, S. Sun and
Y. Tan, Biosens. Bioelectron., 2020, 150, 111936.

24 C. Y. Lee, H. Kim, K. S. Park and H. G. Park, Anal. Chim.
Acta, 2019, 1060, 30–44.

25 F. Tang, C. Wu, Z. Zhai, K. Wang, X. Liu, H. Xiao, S. Zhuo,
P. Li and B. Tang, Analyst, 2022, 147, 987–1005.

26 Y. Chen, L. Zhai, L. Zhang, X. Ma, Z. Liu, M. Li, J. Chen
and W. Duan, Analyst, 2021, 146, 2264–2276.

27 C. Jung and A. D. Ellington, Anal. Bioanal. Chem., 2016,
408, 8583–8591.

28 M. Gao, J. Guo, Y. Song, Z. Zhu and C. J. Yang, ACS Appl.
Mater. Interfaces, 2017, 9, 38356–38363.

29 L. Lin, Y. Liu, X. Zhao and J. Li, Anal. Chem., 2011, 83,
8396–8402.

30 C. Song and M. Zhao, Anal. Chem., 2009, 81, 1383–1388.
31 Z. Tang, K. Wang, W. Tan, C. Ma, J. Li, L. Liu, Q. Guo and

X. Meng, Nucleic Acids Res., 2005, 33, 6.
32 H. Zhao, Y. Yan, M. Chen, T. Hu, K. Wu, H. Liu and C. Ma,

Analyst, 2019, 144, 6689–6697.

Paper Analyst

4990 | Analyst, 2022, 147, 4986–4990 This journal is © The Royal Society of Chemistry 2022

Pu
bl

is
he

d 
on

 0
4 

O
kt

ob
a 

20
22

. D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

3/
07

/2
02

5 
10

:3
1:

53
. 

View Article Online

https://doi.org/10.1039/d2an01431a

	Button 1: 


