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ABSTRACT

Protein kinase (PKA) can regulate many celluladdgal processes by phosphorylation
substrate peptide or protein. A new fluorescensdmsing method for the detection of PKA
activity was developed by using 11-mercaptoundeicaamd-capped gold nanoclusters (MUA-Au
NCs) and graphene oxide (GO) with low backgrounidendn this strategy, the special designed
peptide could be anchored on the surface of MUANALE by the Au-S bond and also adsorbed
on the surface of GO owing to the electrostatierattion. As a result, the fluorescence of
MUA-Au NCs was quenched leading to low backgroundriésscence due to the forster resonance
energy transfer (FRET) between MUA-Au NCs and G@® peéptide as a bridge. However, when
the substrate peptide was phosphorylated by PKAFRET between GO and MUA-Au NCs was
disrupted because of the weakened interaction leetilee phosphorylated peptide and the GO,
resulting in recovery of the fluorescence intensityie developed label-free fluorescence
“turn-off-on” method can detect protein kinase wtfi in the range of 0.6-2.0 U miLwith a
detection limit of 0.17 U mt (3c). The feasibility of this present method for kieashibitor
screening was also studied by assessment of Hr&@diinhibition with an 163 value of 0.049

pmol L™,

Keywords.: MUA-Au NCs; Graphene oxide; Fluorescence; Prokaiiase activity
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1. Introduction

PKA (protein kinase A), a kind of protein kinasean catalyze phosphorylation of serine,
threonine or tyrosine in a peptide or protein sw@tst by transferring the-phosphoryl from
adenosine-5'-triphosphate (ATP) [1,2]. Intraceliydosphorylation by protein kinase is a process
that could regulate many cellular biological praeess including cellular signal communications,
cell cycle progression and differentiation, gengression and apoptosis, which plays a pivotal
role in metabolic pathways [3,4]. However, it is@found that the over-expression and aberrant
activity of protein kinases may be an indicatioracrause of multiple complex diseases, such as
carcinogenesis, cardiovascular diseases, dialietiesnmation and Alzheimer's disease [5,6]. For
this reason, protein kinases have become the raggets of the cancer drug development for
pharmaceutical companies [7]. Therefore, the dstabknt of accurate and sensitive kinase
assays for monitoring kinases activity and scregpiotential inhibitors is of great significance on
the clinical pharmacology and drug discovery [8,9].

Recently, many methods have been applied for protehnase detection, including
electrogenerated chemiluminescence (ECL) [10], tedehemistry [11,12], colorimetry [13],
fluorimetry [14,15]. For example, carboxypeptids@CPY) digestion strategy has been designed
by Song et al. [16] by using peptide-Au NCs as atifie optical probe for kinase activity
monitoring. Although the use of enzyme digestionldanake detection with high sensitivity, the
reaction time of carboxypeptidase Y for digestihg peptide is relatively long and the price of
carboxypeptidase Y is relatively high. Yang et[al] report a new sensing strategy for portable
and sensitive detection of protein kinases (PKivigtby use of a commercial personal glucose
meter (PGM) for signal readout with the assistanfeZr*'-functionalized magnetic beads
(ZrMBs). The idea of using very convenient deviegspnal glucose meter for detection of PK
activity is very interesting and novel. Howeverg thesting procedure is very tedious and
time-consuming.

Among these methods, fluorimetry have attractedespdead attention in the majority of
researchers owing to good properties of high seitgitsimplicity. Metal nanoclusters (NCs), as a
new type of luminescent nanomaterials, have aéidaatgreat deal of interest. It is composed of a
few to roughly a hundred atoms with diameters befwm [18]. The size of metal NCs is

comparable to the Fermi wavelength, resulting inlecue-like properties including discrete
3
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energy levels and size-dependent fluorescence QL9 to now, among mental NCs, gold
nanoclusters (Au NCs) have been widely used asefioent sensors for detection of metal ions
[21,22], various biomolecules [23,24] and in vitbo in vivo imaging [25,26] owing to their
colloidal stability, good biocompatibility and strg photoluminescence.

Graphene oxide (GO), a single-atomic-layered twuoettisional carbon nanomaterial, is a
promising material for future high-tech applicasodue to the high charge carrier mobilities, the
electrical and thermal conductivity, combined witansparency and mechanical strength [27].
Because GO can act as a “nanoquencher” on the lphoi@ance of the fluorophore via FRET or
non-radiative dipole-dipole coupling, GO has at&ddncreasing attention in fluorescence-based
biosensing [28,29]. Many papers have reportedtti&t is a strong interaction between GO and
amino acids such as Arg, His, and Lys [30-34].

Herein, we constructed a fluorescence MUA-Au NQstipe/GO platform to detect protein
kinase activity. The special designed peptide ctwalcanchored on the surface of MUA-Au NCs
by Au-S bond. Meanwhile, the peptide can be adsbrive the surface of GO due to the
electrostatic interaction of positive Arg with ndga GO. When peptide was introduced into
MUA-Au NCs/GO system, the MUA-Au NCs was adsorbatbahe GO surface via peptide as a
bridge, and the fluorescence of MUA-Au NCs was ghed by GO via FRET. Furthermore,
when the substrate peptide was phosphorylatedpliesphorylated peptide showed weakened
interaction with the GO. So, the FRET between G@ MitUA-Au NCs was disrupted, leading to
the recovery of the fluorescence intensity. Comgbavéth turn-off assays, this label-free
fluorescent method could reduce background noisel there is no need to use extra enzymes,
which can reduce the reaction time and cost.

2. Experiment
2.1 Materials and apparatus

Protein kinase A (PKA, catalytic subunit from bawiheart), adenosine-5'-triphosphate (ATP)
disodium salt hydrate, urease, glucose oxidase JG®arseradish peroxidase (HRP) and
N-[2[[[3-(4-Brompophenyl)-2-propenylJamino]ethyl]-Hsoquinolinesulfonamide  (H-89) were
purchased from Sigmae-Aldrich. Cysteine-termingteptide (NH-CCYLRRASLG-COOH) was
purchased from GL Biochem Ltd. (Shanghai, Chind}MEkrcaptoundecanoic acid (MUA) was

purchased from J&K technology Co., Ltd. (Beijinghi@a). Hydrogen tetrachloroaurate (lll)
4
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tetrahydrate (HAuGl4H,0) was from Sinopharm Group Chemical Regent Cal, {($hanghai,
China). Graphite powder (100 mesh) was purchaseth fHuaCheng Biological Co., Ltd
(ChangChun). Other inorganic reagents (analytigalise) were purchased from Beijing Chemical
Co. and were used without further purification. Weter used in all experiments had a resistivity
higher than18 M2 cmi™.

Transmission electron microscopy (TEM) was recorttedugh a Hitachi H-800 electron
microscope at an acceleration voltage of 200 kWW&itCCD camera. FT-IR spectra were obtained
with a Bruker IFS66V FT-IR spectrometer equippethve DGTS detector. Fluorescence spectra
were recorded by using a RF-5301 PC spectrofluarmpheter (Shimadzu, Japan) equipped with
a xenon lamp using right-angle geometry. UV-Vis cdpen was recorded on an UV-Vis
spectrometer (Shimadzu Co., Ltd., Japan). All prasneements were made with a PHS-3C pH
meter (Tuopu Co., Hangzhou, China). All temperatmeasurements were accomplished using a
water bath.

2.2 The preparation of GO by the modified hummers method

Graphene oxide (GO) was prepared from graphite polwd the modified Hummers method
[35]. Typically, 1.0 g of graphite powder and 25 SO, (98%) were respectively added to 250
mL beaker and stirred 30 min. Afterwards, 3.5 g Kjnvas slowly introduced to the system and
the mixture was stirred for 30 min in an ice baflext, after stirred at 35 °C for another 1 h, 90
mL deionized water was dropwise added to the mixtamd the temperature was increased to
90 °C stirred for another 30 min. Subsequentlyn80diluted water and 10 mL of 30%.6,
solution were added to end the reaction. The aufitine mixture changed to bright yellow quickly.
The resulting mixture was washed with distilled evaseveral times and further purified in a
dialysis bag with a molecular weight cutoff of 100Da against deionized water until the pH of
the solution became neutral. Finally, the concéiotmaof GO stock solution is 4.33 mg ML
2.3 Synthesis of MUA-Au NCs

The fluorescent Au NCs were synthesized accordma tmodified protocol described
previously [36,37]. In a typical experiment, 11-MUB.6 mg) and 7L NaOH (1.0 mol [)
were dissolved in water (9 mL). An aqueous solutibrHAUCl, (0.75 mL, 10 mmol L) was
slowly added to the mixture. Then the thorough omxtwas left to stand for overnight at room

temperature without stirring, and the solution rgred colorless. The prepared Au NCs were
5
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dialyzed with a 3000 Da cutoff dialysis membranegmove all small molecule impurities. The
obtained Au NCs solution was filtered by passingulgh 0.45um filters. The purified MUA-Au
NCs solution was stored at 4°C before use.

2.4 Fluorescence measurement of PKA activity and its inhibitor

For PKA activity detection, 4L 1.0 mmol ! peptide, 15iL 1.0 mmol L* ATP and 2QuL
different concentrations of PKA were mixed with @5PBS solution (1 mmol £, pH=7.4). After
incubated at 37 °C for 1h, 20. MUA-Au NCs, 250uL PBS solution (1 mmol £, pH=6.2) and
30 uL GO were added to the resulting solution to givalfvolumes of 40QuL. After 1 min, the
fluorescencespectra were recorded from 580 nm to 700 nm witkanitation wavelength of 280
nm. All measurements were performed at room tenbper 298 K).

For assay of PKA inhibitor, 4AL 1.0 mmol L'* peptide, 1QuL 20 U mL* PKA, 15puL 1.0
mmol L ATP and 40uL PBS buffer solution (1 mmolt, pH=7.4) were mixed with 1QL
different concentrations of inhibitor H-89. Afterdubated at 37 °C for 1h, 20 MUA-Au NCs,
250puL PBS solution (1 mmol &, pH=6.2) and 3Q.L GO were added to the resulting solution to
give final volumes of 40QL. The following procedures were the same to aboestioned PKA
activity detection.

2.5 Detection of PKA in HepG-2 cell lysates

HepG-2 Cells (1x1D cells) were cultured in Dulbecco’s modified Eaglemedium
(DMEM)/F-12 (1:1) supplemented with 10% fetal baviserum and were incubated at 37°C
under a humidified atmosphere containing 5%,3@ 3-4 days. After serum free medium
replacing the culture medium, the cultured cellseneentrifuged to remove the nutrient solution
and then broken with an ultrasonic liquid procedsor2 min. The cell lysates were centrifuged
again and ready for use. Then, three different eotmations of PKA were added to the cell lysates
to prepare the spiked samples. For kinase acta#tyays in HepG-2 cell lysate, the same
experiments were carried out except that the egplaime of above-prepared cell lysate samples
in stead of pure PKA were added to the reactioteaysor investigation.

3. Resultsand Discussion
3.1 The characterization of MUA-Au NCs and GO
The MUA-Au NCs used in this work was characteribgdusing TEM, FT-IR, UV-vis and

fluorescence spectra. The TEM image of MUA-Au NEg( 1a) shows that the MUA-Au NCs
6
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are near spherical with well-dispersion, and have\erage diameter of 1.72 nm. Fig. 1b displays
the FTIR spectra of MUA and MUA-Au NCs. It can s that the characteristic S-H stretching
band (2560 cit) of MUA disappears in the FTIR spectra of MUA-AWCH| indicating the
formation of the covalent bonds (Au-S-R) betweenAM&hd Au NCs. As shown in Fig 1c, the
prepared MUA-Au NCs solution appeared almost cekwlin visible light and emitted intense
orange-red fluorescence under UV light irradiatibhe UV-vis absorption spectrum of MUA-Au
NCs exhibits main absorption bands at 229 nm, herktis no apparent localized surface plasmon
resonance band of Au NPs in the visible region.[38hen the MUA-Au NCs were excited at
varying wavelength from 260 to 350 nm, the fluoszs®e spectra were always centered at 602 nm
(Fig. S1). Meanwhile, when the excitation waveléngicreases or decreases than 280 nm, the
maximum fluorescence intensity gradually decrea$éd.fluorescence spectrum of the MUA-Au
NCs exhibited a peak at 602 nm (red line) withdkeitation peak at 280 nm (black line) (Fig. 1c).
While there is no emission peak in the fluoresceapaetrum of MUA or HAuUGI(Fig. S2). FT-IR
spectrometry was obtained to study the existenseidéce functional groups on the GO (Fig. 1d).
Peak 3400 cif and 1400 cit were attributed to characteristic intense strefghiibration and
deformation vibration of C-OH. Peak 1730 ¢ntombined peak arising from the skeletal
vibrations of oxidized graphite sheets 1620 tindicated the existence of C=0. Meanwhile, the
stretching vibration peak of carbonyl appearedd®0icm®. And a small peak at 850 chwas

corresponding to bending vibrations of C-O [39].

Figurel

3.2 The strategy for the detection of PKA activity

The designed strategy for fluorescent detectiorprotein kinase (PKA) is illustrated in
Scheme 1. The special designed peptigd-BCYLRRASLG-COOH containing two regions was
used in this work. Region 1 is CCY, which the ciysteat N terminal could be anchored on the
surface of MUA-Au NCs by Au-S bond [13]. Anothegi@n is LRRASLG. On the one hand, it is
the specific peptide substrate for cAMP-dependaotem kinase A (PKA), which can be
phosphorylated at the serine residue (S) in thegmee of PKA and ATP. On the other hand,

region 2 containing two positively charged Arg desgs (RR) could led to adsorption between the
7
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peptide and GO, which was attributed to the elstate interaction of positive Arg with negative
GO [40]. So, when the peptide was introduced toMi$A-Au NCs/GO system, peptide can be
adsorbed onto the GO due to electrostatic intenacths peptide was anchored on the surface of
MUA-Au NCs by Au-S bond [32,40,41], which would ttéo MUA-Au NCs adsorbed onto the
GO surface via peptide as a bridge, resulting il FRnd fluorescence quenching of MUA-Au
NCs. However, after the substrate peptide was ptargated when ATP and PKA existed at the
same time, a phosphate group containing two neggtsharged was introduced to peptide, and
caused net charge of the peptide being zero. atrestatic interaction between phosphorylated
peptide and GO was weaker than that between pepiteut phosphorylation and GO. So, the
FRET between GO and MUA-Au NCs was disrupted, legdio the gradual recovery of
fluorescence signal. Thus, the activity of prot&inase could be monitored based on this
fluorescence “turn-off-on” assay.

In order to verify the feasibility of this methaghme experiments were carried out. As shown
in Fig. 2, when the special designed peptide wakeddo the MUA-Au NCs/GO system, the
fluorescence intensity of the system would decredewiever, the same concentration of peptides
exhibited little effect on the fluorescence of MUWA+ NCs (Fig. S3). Moreover, there is no
significant change of the fluorescence intensitythed MUA-Au NCs/GO/peptide system after
mixed with ATP or PKA separately. When peptide whssphorylated by PKA, phosphorylation
peptide did not quench the fluorescence intendith® MUA-Au NCs/GO system. Furthermore,
with the increase of PKA concentration, the amooinphosphorylated peptide also increased
leading to the fluorescence intensity of the MUA-NECs/GO system gradually increased. All

these results indicating that the PKA activity abbé detected by this fluorescent assay.

Scheme 1

Figure2

3.3 Optimization of experimental conditions
In order to achieve better sensing performancd®h, experimental parameters, including
pH, the concentration of GO, peptide and ATP weapdndzed. The effect of pH was firstly

studied over the range of pH 6.2-8.6. It can beeoks from Fig. 3a that the fluorescence
8
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intensity of MUA-Au NCs/peptide/GO system was iraged with the increase of pH in the range
of 6.2-8.6, while the fluorescence intensity of M NCs/peptide/GO/PKA/ATP system
displayed higher fluorescence signals with smétierease. This may be attributed to the positive
charge of peptide was decreased after peptide h@spporylated, and resulting in the decrease of
interaction between peptide and GO. Because tferelifce of fluorescence intensity between the
two systems was decreased with the increase ofspHyH 6.2 was selected for the further
experiment. Then, the effect of the GO concentnaiiv the range of 0-0.24 mg riLwas
investigated. As shown in Fig. 3b, the fluoresceintensity ratio 1/4of MUA-Au NCs (lp and |
are the fluorescence intensity of MUA-Au NCs in #iesence and presence of GO) can be slightly
quenched by the GO in the range of 0-0.16 mg‘nWhen the concentration of GO exceeds 0.16
mg mL?, it could cause a great influence on the fluoneseeintensity of MUA-Au NCs.
Therefore, 0.15 mg mt. GO was chosen in the further experiments. Thecefié the peptide
concentration was shown in Fig. 3c. It can be gbah the fluorescence intensity ratiog BF
MUA-Au NCs/peptide/GO systemg(bind | are the fluorescence intensity of MUA-Au N&O
system in the absence and presence of peptidepassat with the increasing of peptide
concentration until 10@mol L™ and then increased. The higher concentration pfige above
100 uM is not beneficial to the interactions betwd8JA-Au NCs/peptide and GO, this is due to
the extra peptide would be adsorbed on the surddd8O, which could prevent the peptide
connected to MUA-Au NCs interacting with GO. Sofiral concentration of 10@mol L™
peptide was adopted for the following experimerftgg. 3d illustrated the effect of ATP
concentration on the fluorescence intensity rafiMbJA-Au NCs/peptide/GO/PKA/ATP system
(Io and | are the fluorescence intensity of MUA-Au igptide/GO/PKA system in the absence
and presence of ATP). As shown in Fig. 3d, the rflsoence intensity of MUA-Au
NCs/GO/peptide/PKA/ATP system reached the maximumerwthe concentration of ATP was

increased to be 37 ol L. Thus, 37.5umol L™* ATP was chosen in the further experiments.

Figure3

3.4 Detection of the PKA activity and inhibitor

Under the optimum conditions, the quantitative h@raof the proposed fluorescence
9
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method for the determination of PKA was studiedsAswn in Fig. 4a, it can be observed that the
fluorescence intensity of the MUA-Au NCs/peptide/BRA/ATP system was gradually
increased with the increase concentration of PK#@range of 0-2.0 U mit Inset showed the
linear relationship between the fluorescence irntgrad concentration of PKA in the range of
0.60-2.0 U mL*. The linear regression equation wag=0.972+0.310Gxa, U mL* (Iand | are
the fluorescence intensity of MUA-Au NCs/GO/peptAlEP system in the presence and absence
of PKA), and the corresponding regression coeffici®=0.993. The detection limit (LOD) for
PKA is 0.17 U mL[*. A comparison between this method and some o#esrted methods for
PKA determination in linear range and detectionitlimas listed in Table S1. Lu’s group [9]
presents a novel fluorometric method for probing db#vity and inhibition of protein kinase
based on positively charged gold nanoparticlessatdtrate peptide. The quantification range is
0.5-1.0 U mL%. The detection limit is 0.5 U mbL Zhou and coworkers [13gport a colorimetric
gold nanopatrticles (AuNPs)/peptide platform for maring the activity and inhibition of protein
kinases. The detection limit is 0.232 U tLSo, it could be found that our method showed a
comparable quantification range and detection limit

Enzyme inhibitors could recognize specific enzymed aeduce its catalytic activity
considerably, the screening of potential inhibiteref great significance in drug discovery [42].
To further investigate whether this method couldpb&ential applied for protein kinase inhibitor
screening, the experiments were performed in thegmce of a potential and cell-permeable PKA
inhibitor H-89 with different concentrations [43The fixed PKA concentration (2.0 U ri),
peptide and ATP were preincubated with various eotrations of H-89, after which the reaction
solution was mixed with MUA-Au NCs/GO. As shown kilg. 4b, the decrease of fluorescence
intensity ratio 1/4 of MUA-Au NCs/peptide/GO/PKA/ATP systemg(nd | are the fluorescence
intensity of MUA-Au NCs/GO/peptide/ATP/PKA system the absence and presence of H-89)
was accompanied by the increasing of the concemgaibf H-89. When the concentration of
H-89 reached 0.umol L™, the fluorescence intensity ratio of the systemched a platform,
indicating the activity of PKA was completely infidd. From the sigmoidal profile, the €
value (the half-maximal inhibitory concentrationpsvfound to be 0.048mol L™ . These results
clearly illustrated that the proposed method shadesquate capacity for assaying protein kinase

inhibitors and protein kinase inhibitors screening.
10
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Figure4

3.5 Sdectivity for PKA detection

The selectivity is one of the significant parametef developed method to evaluate its
performance for detection a specific species imapiex biomedical system. So, the selectivity
experiment for our proposed biosensor was carrigdwith various enzymes added. Fig. 5
illustrated that 4.0 U mt urease, glucose oxidase (GOx) and horseradistxigase (HRP) did
not cause any significant change on the fluorescamnensity of MUA-Au NCs/GO/peptide/ATP
system in comparison with the addition of 2.0 U hfKA. These results demonstrated that the

novel fluorescence sensor displays good selecfiwitthe determination PKA activity.

Figure5

3.6 Detection of PKA in Cell Lysates

In order to further investigate feasibility of tHisiorescent sensor in real sample detection,
the detection of PKA in HepG-2 cell lysates wasriedr out. The results obtained by standard
addition method were listed in Table 1. It coulddeen that the average recoveries of PKA in the
real samples were in the range of 97.5-102.5% laadRED was lower than 2.0%, which indicates

that the accuracy and precision of the proposetiadewere satisfactory.

Tablel

4. Conclusions

In summary, we established a label-free fluoreseénan-off-on” method for protein kinase
activity detection and inhibitor screening basedwdA-Au NCs and GO. The special designed
peptide could be anchored on the surface of MUANGSs by the Au-S bond, and the MUA-Au
NCs was adsorbed onto the GO surface via peptide bsdge, leading to the fluorescence
guenching of MUA-Au NCs via FRET. Due to the desee@f electrostatic interaction between

phosphorylated peptide and GO, the FRET betweera@OMUA-Au NCs was destroyed, which
11
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induced the fluorescence recovery of MUA-Au NCseTgroposed MUA-Au NCs/GO kinase
sensing strategy could avoided laborious and tiomseming steps and reduced background noise.
Furthermore, this sensing platform shows great riiatein fundamental research of protein

kinase-related biochemistry and high-throughputesging in kinase-targeted drug discovery.

Acknowledgments

This work was financially supported by the NatioNaltural Science Foundation of China (No.
21275063 and N&®1575048), the Science and Technology Developnrejeqgi of Jilin province,
China (No. 20150204010GX) and the Graduate Innomatrund of Jilin University (No.
2017077).
References
[1] R.S. Agnes, F. Jernigan, J.R. Shell, V. Shard&. Lawrence, Suborganelle Sensing of
Mitochondrial cAMP-Dependent Protein Kinase Actyit. Am. Chem. Soc. 132 (2010)
6075-6080.
[2] C.L. Wang, LY. Wei, CJ. Yuan, K.C. Hwang, Rable Amperometric Biosensor for
Measuring Protein Tyrosine Kinase Activity, Anabgl Chemistry 84 (2012) 971-977.
[3] D.M. Rothman, M.D. Shults, B. Imperiali, Cheraic approaches for investigating
phosphorylation in signal transduction networkgnts in Cell Biology, 15 (2005) 502-510.
[4] Y.L. Zhou, H.S. Yin, X. Li, Z. Li, S.Y Ai, H. lin, Electrochemical biosensor for protein kinase
A activity assay based on gold nanoparticles-carbmnospheres, phos-tag-biotin and
B-galactosidase, Biosensors and Bioelectronics 866508-515.
[5] G.B Manoharan, E. Enkvist, M. Kasari, K. VilM, Zenn, A. Prinz, O. Filhol, FW. Herberg, A.
Uri, FRET-based screening assay using small-matgglibtoluminescent probes in lysate of cells
overexpressing RFP-fused protein kinases, Analzaxhemistry 481 (2015) 10-17.
[6] J. Schlessinger, Cell Signaling by Receptowosime Kinases, Cell, 103 (2000) 211-225.
[7] G.B. Manoharan, E. Enkvist, A. Uri, Combinindnemmical and genetic approaches for
development of responsive FRET-based sensor sysfemsprotein kinases, Biophysical
Chemistry 211 (2016) 39-48.
[8] J. Bai, C.H. Liu, T. Yang, F.F. Wang, Z.P. B versatile platform for highly sensitive detection

of kinase activity based on metal ion-mediated FREifig an anionic conjugated polymer, Chem.
12



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Commun. 49 (2013) 3887-3889.

[9] GY. Lu, P.L. Tan, C.Y. Lei, Z. Nie, Y. Huan§,Z. Yao, Fluorescent detection of protein kinase
based on positively charged gold nanoparticlesnfal 128 (2014) 360-365.

[10] S.J. Xu, Y. Liu, T.H Wang, J.H. Li, Highly Seitive Electrogenerated Chemiluminescence
Biosensor in Profiling Protein Kinase Activity amthibition Using Gold Nanoparticle as Signal
Transduction Probes, Anal. Chem. 82 (2010) 9566957

[11] Z.H. Wang, N. Sun, Y. He, Y. Liu, J.H. Li, DNAssembled Gold Nanoparticles Polymeric
Network Blocks Modular Highly Sensitive Electrochieal Biosensors for Protein Kinase
Activity Analysis and Inhibition, Anal. Chem. 86(024) 6153-6159.

[12] X.M. Miao, Z.B. Li, A.H. Zhu, Z.Z. Feng, J.Tim X. Peng, Ultrasensitive electrochemical
detection of protein tyrosine kinase-7 by gold naarticles and methylene blue assisted signal
amplification, Biosensors and Bioelectronics 831@039-44.

[13] J. Zhou, X.H. Xu, X. Liu, H. Li, Z. Nie, M. @ig, Y. Huang, S.Z. Yao, A gold nanoparticles
colorimetric assay for label-free detection of pmotkinase activity based on phosphorylation
protection against exopeptidase cleavage, Biosemsul Bioelectronics 53 (2014) 295-300.

[14] R. Freeman, T. Finder, R. Gill, 1. Willner, dking Protein Kinase (CK2) and Alkaline
Phosphatase with CdSe/ZnS Quantum Dots, Nano 18t{2010) 2192-2196.

[15] Y. Wang, L. Zhang, R.P. Liang, J.M. Bai, J.Qiu, Using Graphene Quantum Dots as
Photoluminescent Probes for Protein Kinase Senséimgl, Chem. 85 (2013) 9148-9155.

[16] W. Song, R.P. Liang, Y. Wang, L. Zhang, J.Du,@5reen synthesis of peptide-templated gold
nanoclusters as novel fluorescence probes for titegeprotein kinase activity, Chem. Commun.
51 (2015) 10006-10009.

[17] W. Yanga, X. Lu, Y. Wang, S. Sun, C. Liu, Zal.Portable and sensitive detection of protein
kinase activity by usingcommercial personal glucosger, Sensors and Actuators B 210 (2015)
508-512.

[18] L. Shang, S.J. Dong, G. U. Nienhaus, Ultraisifhi@aorescent metal nanoclusters: Synthesis
and biological applications, Nano Today 6 (2011)-4038.

[19] L.Z. Hu, L. Deng, S. Alsaiari, D.Y. Zhang, N.MKhashab, “Light-on” Sensing of
Antioxidants Using Gold Nanoclusters, Anal. Che®(3014) 4989-4994.

[20] L.B. Zhang, E. Wang, Metal nanoclusters: Newoiféscent probes for sensors and
13



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

bioimaging, Nano Today 9 (2014) 132-157.

[21] Y. Zhang, J.J. Jiang, M. Li, P.F. Gao, L.H.i,S&M. Zhang, C. Dong, S.M. Shuang, Bright
far-red/near-infrared gold nanoclusters for higbfective and ultra-sensitive detection ofHg
Sensors and Actuators B 238 (2017) 683-692.

[22] Q. Zhao, H. Yan, P. Liu, Y.Y. Yao, Y.D. Wu, dhang, H.X. Li, X.Q. Gong, J. Chang, An
ultra-sensitive and colorimetric sensor for coppad iron based on glutathione-functionalized
gold nanoclusters, Analytica Chimica Acta 948 (20485-79.

[23] X.L. Hu, X.M. Wu, X. Fang, Z.J. Li, GL. WangSwitchable fluorescence of gold
nanoclusters for probing the activity of alkalineogphatase and its application in immunoassay,
Biosensors and Bioelectronics 77 (2016) 666-672.

[24] J. Lan, H.Y. Zou, Q. Wang, P. Zeng, Y.F. LiZCHuang, Sensitive and selective turn off-on
fluorescence detection of heparin based on the emengsfer platform using the BSA-stabilized
Au nanoclusters/amino-functionalized graphene okigwids, Talanta 161 (2016) 482-488.

[25] P. Zhang, X.X. Yang, Y. Wang, N.W. Zhao, Z.Kiong, C.Z. Huang, Rapid synthesis of
highly luminescent and stable Awnanoclusters for active tumor-targeted imagingiiro and in
vivo, Nanoscale 6 (2014) 2261-2269.

[26] J. Qiao, X.Y. Mu, L. Qi, J.J. Deng, L.Q Maoplie acid-functionalized fluorescent gold
nanoclusters with polymers as linkers for cancdr ioeaging, Chem. Commun. 49 (2013)
8030-8032.

[27] S. Eigler, A. Hirsch, Chemistry with Graphesgied Graphene Oxide-Challenges for Synthetic
Chemists, Angew. Chem. Int. Ed. 53 (2014) 7720-7738

[28] M. Zhang, B.C. Yin, W.H. Tan, B.C. Ye, A vetsa graphene-based fluorescence “on/off”
switch for multiplex detection of various targeBiosensors and Bioelectronics 26 (2011)
3260-3265.

[29] Z.P. Liu, X.G. Su, One-pot synthesis of striyrifuorescent DNA-CulnS2 quantum dots for
label-free and ultrasensitive detection of antHedlkal factor DNA, Analytica Chimica Acta 942
(2016) 86-95.

[30] J. Zhou, X.H. Xu. W. Liu, X. Liu, Z. Nie, M. f@g, L.H. Nie, S.Z. Yao, Graphene
Oxide-Peptide Nanocomplex as a Versatile Fluorese&robe of Protein Kinase Activity Based

on Phosphorylation Protection against Carboxypap#dDigestion, Anal. Chem. 85 (2013)
14



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

5746-5754

[31] M. Zhang, B.C. Yin, X.F. Wang, B.C. Ye, Inteten of peptides with graphene oxide and its
application for real-time monitoring of proteaséivty, Chem. Commun. 47 (2011) 2399-2401.
[32] P.D. Nguyen, V.T. Cong, C. Baek, J. Min, Fabricataf peptide stabilized fluorescent gold
nanocluster/graphene oxide nanocomplex and its icappih in turn-on detection of
metalloproteinase-Biosensors and Bioelectronics 89 (2017) 666-672.

[33] S.R. Russelll, S.A. Claridge, Peptide intezfagvith graphene: an emerging intersection of
analytical chemistry, theory, and materials, ABabanal. Chem. 408 (2016) 2649-2658.

[34] E. Song, D. Cheng, Y. Song, M.D. Jiang, JiF, Y.Y. Wang, A graphene oxide-based FRET
sensor for rapid and sensitive detection of matmetalloproteinase 2 in human serum sample,
Biosensors and Bioelectronics 47 (2013) 445-450.

[35] W.D. Na, T.Y. Hu, X.G. Su, Sensitive detection afidaphosphatase based on graphene
guantum dots nanoassembly, Analyst 141 (2016) 492&-

[36] J. Sun, F. Yang, D. Zhao, C.X. Chen, X.R. Yahgegrated Logic Gate for Fluorescence
Turn-on Detection of Histidine and Cysteine Based Ag/Au Bimetallic Nanoclusters-Gli
Ensemble, ACS Appl. Mater. Interfaces 7 (2015) 66866.

[37] J. Sun, F. Yang, D. Zhao, X.R. Yang, HighlynSiive Real-Time Assay of Inorganic
Pyrophosphatase Activity Based on the Fluorescerd Glanoclusters, Anal. Chem. 86 (2014)
7883-7889.

[38] J. Sun, X.Yang, Gold nanoclusters?Censemble-based fluorescence turn-on and real-time
assay for acetylcholinesterase activity and inbibdicreening, Biosensors and Bioelectronics 74
(2015) 177-182.

[39] K.V. Ragavana, N.K. Rastogi, Graphene-copper oxmdgocomposite with intrinsic
peroxidase activity for enhancement of chemilumieese signals and its application for
detection of Bisphenol-A, Sensors and Actuator28 2016) 570-580.

[40] S.Q. Li, Y.W. Fu, X.J. Ma, Y.D. Zhang, Labekt fluorometric detection of chymotrypsin
activity using graphene oxide/nucleic-acid-stabkiliz silver nanoclusters hybrid materials,
Biosensors and Bioelectronics 88 (2017) 210-216.

[41] L. Hu, S. Han, S. Parveen, Y. Yuan, L. ZhaBgxXu, Highly sensitive fluorescent detection of

trypsin based on BSA-stabilized gold nanoclust®i®sensors and Bioelectronics 32 (2012)
15



297-299.
[42] W. Song, R.P. Liang, Y. Wang, L. Zhang, J.0Ou,QGold nanoclusters-based dual-emission
ratiometric fluorescence probe for monitoring proténase, Sensors and Actuators B 226 (2016)
144-150.

[43] L. Wang, X. Yan, X.G. Su, A label-free and siive fluorescent assay for one step detection

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

of protein kinase activity and inhibition, AnalygicChimica Acta 935 (2016) 224-230.

16



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Captions:

Fig. 1 (a) The TEM image of MUA-Au NCs. (b) FT-IR spectriahMUA (black line) and MUA-Au NCs (red
line). (c) The UV-vis absorption spectrum (blueelirand fluorescence excitation (black line) andssion (red
line) spectra of MUA-Au NCs. The inset shows theresponding photographs of MUA-Au NCs under the \&sib
and UV light, respectively. (d) FT-IR spectrum of GO

Scheme 1 The schematic illustration of fluorescent assay fiaonitoring protein kinase activity based on
MUA-gold nanoclusters (Au NCs) and graphene oxid@)G

Fig.2 The fluorescence spectra of MUA-Au NCs+GO (blaake)i MUA-Au NCs+GO+peptide (red line),
MUA-Au NCs+GO+peptide+ATP (blue line), MUA-Au NCs+G@eptide+PKA (pink line), MUA-Au
NCs+GO+peptide+ATP+PKA (green line) system, respebti

Fig. 3 (a) Effect of pH on the fluorescence intensitytttd MUA-Au NCs/peptide/GO system (black curve) and
MUA-Au NCs/peptide/GO/PKA/ATP system (red curve). GID15 mg mLY; Peptide, 10@mol LY PKA, 2.0 U
mL% ATP, 37.5umol LY (b) Effect of GO concentration on the fluoreseeintensity ratio of MUA-Au NCs.ol
and | are the fluorescence intensity of MUA-Au N@sthe absence and presence of GO (c) Effect ofigeept
concentration on the fluorescence intensity rafidUA-Au NCs/GO system. ol and | are the fluorescence
intensity of MUA-Au NCs /GO in the absence and pneseof peptide (d) Effect of ATP concentration e t
fluorescence intensity ratio of MUA-Au NCs/pepti@€/PKA/ATP system.jland | are the fluorescence intensity
of MUA-Au NCs/peptide/GO/PKA/ATP system in the abserand presence of ATP. GO, 0.15 mg mBeptide,
100umol LY PKA, 2.0 U mLY; The error bars were obtained from three parsdfeti results.

Fig. 4 (a) The fluorescence spectra of the MUA-Au NCs/igepGO/ATP mixed with various amounts of PKA.
The concentrations of PKA from bottom to up wer@ 80, 0.80, 1.0, 1.20, 1.40, 1.60, 1.80, 2.0 U'mhset: The
linearity of the relative fluorescence intensityld)l versus and PKA concentratior.dnd | are the fluorescence
intensity of MUA-Au NCs/peptide/GO/PKA/ATP system tihe absence and presence of PKA, respectively. (b)
The relationship between the fluorescence intematip 1/l, of MUA-Au NCs/peptide/GO/ATP/PKA system and
H-89 concentration. | ang kre the fluorescence intensity of MUA-Au NCs/peetElO/ATP/PKA system in the
absence and presence of H-89, respectively. The lears were obtained from three parallel testltgsu

Fig. 5 The selectivity of developed method for PKA asseye PKA concentration was 2.0 U fhiwhile GOX,
urease, HRP were 4.0 U MLlyand | are the fluorescence intensity of MUA-Au N@gfide/GO/ATP system in
theabsence and presence of enzyme, respectively.ridrebars were obtained from three parallel testits.

Table 1 Determination of PKA in HepG-2 cell lysates
17
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Table1

RSD
Sample PKA added/Umt  PKAfound/U mL*  Recovery (%) (=3, %)
=3, %
0 - - -
HepG-2 cell 0.80 0.82 102.5 0.75
lysates 1.20 1.19 99.2 1.65
1.60 1.56 97.5 1.37
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» A simple and sensitive fluorescent “turn-off-orgsay for label-free detection of protein kinase
(PKA) activity has been developed.

» Based on substrate peptide binds to GO with higlfferity than phosphorylated peptide, the
protein kinase activity could be facilely detectiwith high sensitivity

» The feasibility of this proposed method for kina#abitor screening was also studied.

» The sensing platform was also applied to monitpfKA in cell lysates with satisfactory

results



