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1 | INTRODUCTION

| ShuzhuYan? | Zheng Wang® | Xiaohui Fan?

Abstract

In this study, we present a facile and low-cost approach for detecting protein kinase
A (PKA) by assembling a purpose-designed carboxyfluorescein (FAM)-labelled pep-
tide with carboxylic carbon nanoparticles (CNPs). Fluorescence of the FAM-labelled
peptide gradually decreases to a low background signal as a result of the electron
transfer from CNPs to FAM-labelled peptide via the peptide, which acts as a bridge.
The reaction in the sensor in the presence of adenosine 5'-triphosphate and PKA
phosphorylates the substrate peptide and disrupts the electrostatic repulsive force
between the CNPs and the peptide, therefore altering the spectroscopic signal of the
system. The change in fluorescence signal was directly proportional to the PKA con-
centration in the range 0-1.8 U/ml with a detection limit of 0.04 U/ml. These results
suggest that PKA activity can be effectively measured using the developed PKA bio-
sensor. Moreover, the fluorescence biosensor was successfully used in the investiga-
tion of PKA in spiked human embryonic kidney (HEK) 293 cells lysates, indicating its

potential applications in protein kinase-related biochemical fundamental research.
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v-32P and immunoassays using a phosphospecific antibody.***%! The

above assays are frequently used to analyze the PKA activity in most

Protein kinase phosphorylation plays a major regulatory role in the
immune response, signal transduction, metabolism, and other impor-
tant cellular activities.[*? Protein kinase A (PKA) is a type of protein
that catalyzes the transfer of y-phosphoryl from adenosine-5'-
triphosphate (ATP) to specific amino acids.>* Additionally, it plays a
crucial role in the transduction of intracellular signals and regulation
of cellular functions including cell growth, cell signal communications,
and survival differentiation.>®! Abnormal expression of protein kinase
has been implicated in some diseases such as diabetes, Alzheimer's
disease, and cancers.”” 1% So, the establishment of a simple and sensi-
tive approach for monitoring the PKA activity is of great significance
for the diagnosis and treatment of kinase-related diseases.

At this time, the two methods used in detecting protein kinase

activity are based on radiometric assays using radioactive ATP with

laboratories, but they have some drawbacks. Radioactive methods
pose high risks because of the involvement of harmful radioactive
substances. Immunoassays require sophisticated processes and
high cost. To overcome these problems, various techniques

including fluorescence-based methods,! 418! (19-21]

[22-24]

colorimetry,

{251 have been

electrochemistry, and mass spectrometry
established for the assay of PKA activity. These approaches are novel
and of great potential to be used in detecting protein kinase activity.
However, some of these approaches exhibit either moderate sensitiv-
ity or low efficiency. For instance, Yang and colleagues have proposed
an interesting and novel strategy for detecting protein kinase activity
using Zr*"-functionalized magnetic beads and a commercial personal
glucose meter.'?®! Song and colleagues reported a spectroscopic probe

using peptide-gold nanoclusters for detecting the kinase. Although

922 | © 2022 John Wiley & Sons Ltd.
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this method has a low detection limit, the method is time consuming
and high cost.*®! Therefore, it is necessary to construct inexpensive,
specific, and sensitive methods for detecting kinase activity.

In recent years, to develop a novel technique for life sciences and
biotechnology, significant numbers of nanomaterials with unique
chemical and physical properties were combined with specific recog-
nition elements.?”"2?! Gold nanoparticles, carbon nanomaterials, and
silica nanoparticles have emerged. Additionally, they have widespread
applications, particularly in drug delivery, therapy, and diagnostics
in vivo and in vitro.2°32 |n particular, carbon nanomaterials have
gained significant attention for successful application in various bio-
medical and bioanalytical fields. Therefore, carbon nanoparticles
(CNPs) have been proved to have many excellent properties, espe-
cially the nature of its quenching, which has been imaginatively used
to build various new-style tools in bioanalysis, such as for biosensors.
Li and colleagues demonstrated that the single-stranded probe can be
adsorbed onto the surface of the CNPs via n-x interaction, resulting
in quenching of the system via fluorescence resonance energy trans-
fer (FRET).®3 Lin and colleagues reported that the fluorescence of the
dye-labelled aptamer can be effectively quenched by the CNPs,
therefore serving as a promising sensing platform for the detection of
biomolecules such as ATP and kanamycin.®¥ Liu and colleagues
designed a rapid and simple means for detecting thrombin based on
the CNPs with single-stranded DNA.®®! Nevertheless, there have
been relatively few studies on CNPs compared with other carbon
materials. To date, there has been no study on designing this type of
CNP-peptide fluorescent sensors for monitoring PKA, therefore it is
encouraged to develop CNP-peptide fluorescent sensors for PKA
activity.

Here, for the first time, a facile method for PKA assay was con-
structed based on CNPs (Scheme 1). A purpose-designed peptide
(CGGLSARRL) was synthesized. With the presence of ATP, PKA can

/ + CNPs
+
\

SCHEME 1 Schematic illustration of the -

carboxylic CNP-peptide fluorescent biosensor for
monitoring protein kinase activity

ATP+PKA

The Journal of Biological and Chemical Luminescence

phosphorylate the designed substrate at the serine position.**! The
oxidized CNPs with the groups COO™ and OH™ are used as a fluores-
cence sensing platform. We predicted that the interaction force
between CNPs and the peptide would alter the fluorescence intensity
of the sensor after phosphorylation. First, a carboxyfluorescein (FAM)-
labelled peptide with the core substrate (CGGLSARRL) was designed.
Next, the FAM-labelled peptide containing two positively charged Arg
residues (RR) was mixed with CNPs to form the biosensor between
them.B331 As a consequence, the fluorescence of the system was
quenched. Specifically, upon reaction with ATP and PKA, the peptide
was phosphorylated by PKA, and a phosphate group containing two
negative charges was added to the peptide, resulting in zero charge of
the peptide and a weak interaction between them. Therefore, the
fluorescence recovery of the system occurred due to the disruption of

FRET. This approach provides a neoteric readout for PKA.

2 | EXPERIMENTAL

21 | Apparatus

Fluorescence spectra were measured using an F2500 fluorescence
spectrophotometer (Hitachi Ltd, Tokyo). The {-potential was mea-
sured on a Malvern nano ZS instrument (Malvern, the UK). Scanning
electron microscopy (SEM) analysis was done using a Gemini SEM
300 (ZEISS, Germany). Transmission electron microscopy (TEM)
images were taken using a JEM-1011 instrument. Fourier transform
infrared (FT-IR) spectra were recorded on a Nicolet iS50 spectrometer
(Thermo Fisher Scientific, USA). The analysis of PKA was performed in
a Thermomixer C (Eppendorf, Germany). An AHI-98128 pH meter
(Hanna Instruments Inc., Woonsocket, USA) was used for pH

) 9,

measurements.
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2.2 | Materials and reagents

Protein kinase A (PKA), H-89 dihydrochloride hydrate, dithiothreitol
(DTT), fetal bovine serum (FBS), ATP disodium salt hydrate, phosphor-
ylase kinase (PhK) and protein kinase G 1p human (PKG1p) were
obtained from Sigma-Aldrich. N,N-Dimethylformamide (DMF), HCI,
98% nitric acid, NaCl, and EDTA were obtained from Beijing
Chemicals, Ltd. Bovine serum albumin (BSA), thrombin, trypsin, car-
boxylesterase (CarE), glucose oxidase (GOD), urease, and glycerol
were obtained from J&K Chemical. Human PKCa recombinant (PKCa)
and human casein kinase 2ua protein (CK2a) were obtained from
Chemegen and Bio-Tech Pioneer. Tris(hydroxymethyl)aminomethane
(Tris) was obtained from Shanghai Aladdin Reagent Co., Ltd. A
Tris-HCI buffer (20 mM, 50 mM NaCl, 10 mM MgCl,, pH 7.5) was
prepared and used for subsequent experiments. The PKA solution
was prepared using the Tris—HCI buffer (20 mM), containing 50 mM
NaCl, 1 mM EDTA, 2 mM DTT, 50% glycerol, and then divided into
suitable amounts for follow-up experiments. The FAM-labelled
peptides (purchased from Shanghai Sangon Biotech Co., Ltd) had the
following sequences: FAM-CGGLSARRL for S-peptide and FAM-
CGGLpSARRL for phosphorylated (P)-peptide. All other chemical
reagents were analytically pure. Milli-Q water was used in all the

experiments.

23 |
CNPs

Synthesis of carboxylic group-functionalized

Dry candle soot was obtained from the combustion of candles.’2¢

Next, 4.0 mg of dry candle soot was dissolved in DMF (2 ml) and nitric
acid (98%, 2 ml). The oxidized CNPs were obtained after refluxing at
140°C for 12 h. After being cooled under ambient conditions, the reac-
tion solution was centrifuged, and the upper liquid layer was removed.
The sediment was washed several times using ultrapure water until
neutral. The carboxylic group-functionalized CNPs were obtained after
being dried at 60°C for 12 h. To form a homogeneous black solution,
the CNPs were dispersed in water and then sonicated for 10 min to

form a stable solution with a concentration of 0.5 mg/ml.

24 | General procedure for detecting PKA activity
and its inhibitor

All stock solutions of the peptide with a concentration of 10 uM were
obtained by dissolving the corresponding quality of peptide into a
buffer solution. The solution of ATP with a concentration of 1.0 mM
was obtained after dissolving a certain quality in Tris-HCI buffer.

To detect PKA activity, 10 pl of peptide solution (10 uM), 40 pl of
ATP solution (1.0 mM), and 20 ul PKA solutions with different
concentrations were mixed with 600 pl Tris—-HCI and then incubated
at 37°C for 1 h. Next, 60 pl CNPs, 270 pl Tris-HCI and the above
reaction solution were mixed to obtain the final measured volume of
1 ml. The final PKA concentrations were 0, 0.4, 0.8, 1.0, 1.20, 1.40,

1.60, 1.80, 2.0, 24, and 28U/ml. After 10min, the
fluorescence intensity/spectrum of each sample was monitored at
Aex/em = 470/520 nm.

The procedure for the PKA inhibitor assay was similar to the pro-
cedure described above, except that the inhibitors and PKA were

mixed into the reaction solution.

25 |
lysates

Detection of PKA activity in HEK 293 cell

Normal human embryonic kidney (HEK) 293 cells (1 x 10° cells) were
cultured in Dulbecco's modified Eagle's medium supplemented with
10% FBS and then incubated at 37°C under a humidified atmosphere
containing 5% CO, for 24 h. To remove the supernatant, the cultured
cells were centrifuged after being incubated in serum-free medium for
4 h and then lysed using an ultrasonic liquid processor for 5 min. The
cell lysates were centrifuged for 30 min at 20,000 rpm at 4°C. The
extracted supernatants were stored at —20°C for subsequent experi-
ments. To demonstrate the practical application of the biosensor,
solutions of three different PKA concentrations were spiked into the
cell lysates. Thereafter, the reaction system with equal volumes of the
prepared cell lysate samples was used to detect the PKA activity. For
comparison, the cell lysate sample with no spiked PKA was measured
using similar conditions.

3 | RESULTS AND DISCUSSION

3.1 | The characterization of carboxylic group-
functionalized CNPs

To increase their water solubility, the candle soot obtained from com-
bustion of candles was first treated with nitric acid to obtain the oxi-
dized CNPs with the groups COO™ and OH™. The morphological
characterization of the oxidized CNPs was carried out via TEM and
SEM. The TEM and SEM images showed that the oxidized CNPs had
good dispersibility (Figure 1). From the TEM images, it can be
observed that the approximate size distributions of the oxidized CNPs
were ~30-40 nm, no more than 70 nm. Figure 1D shows the FT-IR
spectra of both candle soot and the carboxylic group-functionalized
CNPs. The peaks at ~3423 and 1109 cm™?! in both spectra were due
to the characteristic absorption bands of the -OH stretching vibration
mode. The characteristic absorption band of -CH,- stretching at
2921-2852 cm~! was also observed, and the peak at 1384 cmt
could be attributed to the C-H stretching mode. For the carboxylic

! could be evi-

group-functionalized CNPs, the peaks at 1630 cm™
dently attributed to the C=0 stretching mode, and they indicated the
generation of the COOH groups. These observations confirmed that
the carboxylic group-functionalized CNPs function with the moieties
of hydroxyl and carboxylic/carbonyl. The FT-IR and TEM data showed
that COOH groups could be formed on CNPs by acid treatment. The

zeta potential of the carboxylic group-functionalized CNPs was
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FIGURE 1

FIGURE 2

approximately —35.4 + 5.42 mV, therefore indicating that the carbox-
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(a) TEM image of CNPs. (b) Size distribution histograms of the CNPs. (c) SEM image of the CNPs. (d) FT-IR spectra of (curve a)
candle soot and (curve b) the carboxylic group-functionalized CNPs
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(a) Fluorescence spectra of different reaction systems: (curve a) FAM-labelled S-peptide (100 nM); (curve b) system (curve

a) + CNPs (30 pg/ml); (curve c) FAM-labelled P-peptide (100 nM); (curve d) system (curve c) + CNPs (30 pg/ml). (b) Fluorescence spectra of
different reaction systems: (curve a) the FAM-labelled S-peptide (100 nM); (curve b) system (curve a) + CNPs (30 pg/ml); (curve c) system (curve
b) + ATP (40 pM); (curve d) system (curve b) + PKA (1.0 U/ml); (curve e) system (curve b) + ATP (40 pM) + PKA (1.0 U/ml)

ylic group-functionalized CNPs had a negatively charged surface,

which may be because of the presence of COOH groups. Therefore,
the zeta potential could have enormous influence on ion stability
through the electrostatic repulsion between particles, which contrib-

uted to the good water solubility of CNPs.

3.2

Feasibility analysis of the method

To verify the feasibility of the CNP-based fluorescence design for
monitoring the PKA activity clearly, the results were analyzed. It can
be observed in Figure 2(a) that the specifically designed S-peptide and
P-peptide exhibited strong fluorescence centred at ~522 nm

dny wouy pepeojumoq ‘9 ‘220z ‘er2/2eST

'S [EUIN0 BOUB IS RO 11

85UB01 SUOWILLIOD BA1E81D) 8|qed!|dde au Aq peuenob ke i1 O 128N Jo Sajn1 Joj AReiq178UIUO 481 UO (SUORIPUOD-PLE-SLLB}WO" A3 | 1M Ae.d1Bu|UO//SdNY) SUORIPUOD PUE SWI L 3UY 885 *[2202/TT/70] Uo Arigqiauliuo AIm ‘Arigi Aisealun enybuss L Aq 262y 010/200T OT/0p/uod A3 |Im A



MW] ]_EY_LUN"NESCENCE

FENG ET AL.

The Journal of Biological and Chemical Luminescence

(compare curves a and c in Figure 2a). The fluorescence intensity of
the system decreased (curve b in Figure 2a) when the CNPs solution
was added to the S-peptide. However, the P-peptide at a similar con-
centration showed only a small influence on the signal intensity of the
system (curve d in Figure 2a). Moreover, after separately mixing with
ATP or PKA, the signal intensity of the CNPs/S-peptide system did
not change significantly (curves ¢ and d in Figure 2b). Upon reacting
with PKA and ATP, the S-peptide in the system was phosphorylated
by the PKA, and phosphopeptides were removed from the CNP sur-

face, resulting in enhancement of the signal intensity enhancement
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FIGURE 3 Fluorescence spectra of the FAM-labelled peptide

(100 nM) in Tris-HClI buffer in the presence of various concentrations
of CNPs: (1) 0.0, (2) 5.0, (3) 10.0, (4) 15.0, (5) 20.0, (6) 25.0, (7) 30.0,
(8) 35.0, and (9) 40.0 pg/ml. Inset: Fluorescence intensity versus CNPs
concentration
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FIGURE 4

(curve e in Figure 2b). The high discriminative ability of the designed
sensor towards S-peptide and P-peptide is a reliable basis for monitor-
ing PKA activity, which can be reflected easily and proportionally by

the change in fluorescence intensity.

3.3 | Optimization of experimental conditions

To construct the CNP-peptide fluorescent sensor, the concentration
of CNPs was first optimized for the FAM-labelled peptide. As is
seen in Figure 3, the peptide solution without CNPs showed a
strong signal intensity. The fluorescence gradually decreased with
the increase in the amount of CNPs. As shown in the inset of
Figure 3, with 25 ug/ml CNPs, the signal quenching of the system
was 85%, implying that strong interaction between CNPs and the
peptide. This phenomenon can be attributed to the efficient elec-
tron transfer from CNPs to the FAM-labelled peptide.'! In addition,
the Stern-Volmer plot of the CNPs showed a downward bending
and indicated the formation of a static quenching complex between
them (the inset in Figure 3). As shown in Figure 4(a), kinetic experi-
ments on the CNP-peptide biosensor were conducted. After adding
the CNPs to the FAM-peptide solution, the signal intensity of the
system decreased sharply and reached equilibrium, revealing that
the reaction between the peptide and CNPs was very fast. In our
research, the sensor was fabricated by the mixture of the peptide
solution (100 nM) with CNPs (30 pg/ml) in 20 mM Tris-HCI. More-
over, the concentration of ATP played an important role in the
detection of PKA. As illustrated in Figure 4(b), the signal intensity of
the sensor achieved equilibrium when the amount of ATP was
40 pM. Therefore, a final concentration of 40 pM was used for the
subsequent experiments.

—_—
=)
~

Relative fluorescence (F/F,)

0 10 20 30 40 50 60
C ATP (umoVl/L)

(a) Fluorescence quenching of FAM-labelled peptide (100 M) by CNPs (30 pg/ml) in Tris—-HCI (7.5) as a function of time. (b) Effect

of ATP concentration on the fluorescence intensity ratio of peptide/CNPs/PKA/ATP system. Fq is the fluorescence intensity of peptide/CNPs/
PKA/ATP system in the absence of ATP; F is the fluorescence intensity of peptide/CNPs/PKA/ATP system in the presence of ATP. CNPs:

30 pg/ml; peptide: 100 nM; PKA: 1.0 U/ml
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3.4 | Detection of the PKA activity and inhibitor

To verify the response of the constructed biosensor to PKA, the CNP-
peptide sensor was treated with an ATP at a fixed concentration and
PKA at different concentrations in 20 mM Tris-HCI at 37°C for 1 h
and the fluorescence spectra of each solution was subsequently
recorded. The signal intensity of the sensor increased with the increas-
ing concentration from O U/ml to 1.8 U/ml (Figure 5a). This indicated
the formation of a phosphorylated peptide with a weaker electro-
static interaction between the FAM and CNPs. From Figure 5(b), it
can be observed that the fluorescence intensity is directly propor-
tional to the PKA concentration ranging from O to 1.8 U/ml, yielding
a good linear equation: F/Fo=0.6329 [PKA] (U/ml)+ 1.0387
(R? = 0.9913). The detection limit (35/m, where S is the standard devi-
ation of blank measurements, n = 11, and m is the slope of the linear
equation)®”%8 was determined to be 0.04 U/ml. This numerical value
is lower than that in the fluorescence method based on graphene
oxide.” Moreover, the FAM-labelled peptide/ATP (control experi-
ment) system without CNPs did not exhibit any major change in signal
intensity when the equivalent concentration of PKA was added
(Figure 5b). This shows that the CNPs are of great concern to the con-
struction of the sensor. Additionally, the fluorescence change of the
sensor as a function of time was explored. As is seen in Figure 6, with
PKA at a high concentration in the system, the result showed that
strong intensity can occur, and the signal intensity increased to a
plateau in ~1 h. Therefore, the reaction time in all the experiments
was 1 h.

To prove that the fluorescence enhancement was attributed to
PKA, the effect of H-89 (a potential and cell-permeable inhibitor of
PKA) on the activity of PKA was investigated. First, the peptide/ATP/
PKA/H-89 system was mixed and pretreated at 37°C for 1 h, and
then CNPs were added to the pretreated solution. As observed in
Figure 7, the fluorescence intensity of the sensor hardly changed in

the presence or absence of H-89 (compare curves a and c). However,
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the signal intensity of the reaction system with H-89 decreased signif-
icantly (please refer to curves b and d). This displays that the
enhanced signal intensity was evidently caused by the PKA activity.
Therefore, the PKA activity could be significantly inhibited by H-89,
revealing that our established sensor can be applied to the discovery
for PKA inhibitors.

3.5 | Selectivity of the detection system

To explore the specificity of our proposed sensor, thrombin, trypsin,
carboxylesterase (CarE), glucose oxidase (GOD), urease, phosphory-
lase kinase (PhK), protein kinase G 1B human (PKG1p), human PKCa
recombinant (PKCa), human casein kinase 2a protein (CK2a) and BSA,

were studied in parallel under optimal experimental conditions. The
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FIGURE 6 Time-resolved measurements of PKA activity with
various concentrations of PKA
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(a) Fluorescence response of the sensor to PKA at various concentrations (0, 0.4, 0.8, 1.0, 1.20, 1.40, 1.60, and 1.80 U/ml).

(b) Relative fluorescence changes of the peptide/ATP and the CNPs/peptide/ATP complex at various PKA concentrations (0, 0.4, 0.8, 1.0, 1.20,

1.40, 1.60, 1.80, 2.0, 2.4, and 2.8 U/ml) at 522 nm
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FIGURE 7 Fluorescence spectra of different reaction systems:

(curve a) CNPs/peptide/ATP complex in Tris-HCl with a pH of 7.5
(control); (curve b) system (curve a) + 1.6 U/ml PKA; (curve c) system
(curve a) + H-89 (1 mM); (curve d) system (curve b) + H-89 (1 mM)
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FIGURE 8 Fluorescence responses of the system to different
enzymes: (a) no enzyme, (b) 4.0 U/ml thrombin, (c) 4.0 U/ml trypsin,
(d) 4.0 U/ml CarE, (e) 4.0 U/ml GOD, (f) 4.0 U/ml urease, (g) 4.0 U/ml
PhK, (h) 100 nM PKG18, (i) 100 nM PKCa, (j) 100 nM CK2q,

(k) 100 nM BSA, and (l) 1.6 U/ml PKA

Sample PKA added (U/ml) PKA detected® (U/ml)
HEK 293 0 <0.04 (detection limit)
0.40 0.43 £ 0.01
0.80 0.82 + 0.04
1.20 1.18 + 0.05

?Mean of three determinations + standard deviation.

results showed that the reaction system exhibited significantly
higher fluorescence recovery by PKA (Figure 8). The results clearly
showed that our designed method is selective and specific for
detecting PKA.

3.6 |
lysates

Detection of PKA activity in HEK 293 cell

PKA plays a crucial part in cell signalling, the immune response and
cellular regulation. Moreover, the measurement of PKA activity in cell
lysates is of great importance in clinical studies. To prove the useful-
ness of the established method, HEK 293 cells were selected as the
cell model for PKA analysis. In particular, HEK 293 cell lysates with
different concentrations of PKA were measured using our established
methods. As shown in Table 1, the test results were satisfactory. The
recoveries of PKA in the spiked cell lysate samples detected by our
proposed method ranged from 98.3 to 107.5%, and the relative errors
were less than 6%, indicating that our proposed approach could be

successfully applied in clinical studies.

4 | CONCLUSION

We have constructed a simple platform for detecting PKA based on
CNPs. The method is simple and specific because the changes in
fluorescence signal can only be initiated by the formation of phos-
phorylated peptide with the introduction of ATP and PKA. There-
fore, compared with existing fluorescence kinase assays, the
established method is able to detect PKA without the involvement
of sophisticated processes. Notably, this is the first example of a
CNP-based biosensing method for PKA. Moreover, the preliminary
application of the proposed approach in the investigation of HEK
293 cell lysates provides a promising means for fundamental
research on PKA-related biochemistry and PKA-targeted drug

screening.
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a TABLE 1 Determination of PKA
Recovery(%) . .
spiked into HEK 293 cell lysates
1075+ 25
102.5+5.0
98.3+4.2
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