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Herein, novel luminol functional gold nanoparticles (lum-AuNPs) were quickly prepared in an alkaline
luminol solution with HAuCls, which had the unique characteristics of uniform size and excellent
luminescence properties. A self-made flow injection-chemiluminescence (FI-CL) system was established
to study the interaction between pepsin (Pep) and five alkaloids (anisodamine, berberine, reserpine,
jatrorrhizine and matrine) using lum-AuNPs as the CL probe. Based on the abovementioned home-made
CL system, the possible interaction mechanisms of Pep with five alkaloids have been comprehensively
discussed by molecular docking simulation, chemical thermodynamics and kinetic studies. The results

indicated that there were obvious CL enhancement and inhibition effects on the lum-AuNPs CL system
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1. Introduction

Protein-drug interaction mechanism studies have attracted
significant attention for drug development and clinical safety
evaluation.”® Martel and others®® reviewed the up-to-date
research progress on the interaction of proteins with drugs
from the point of method principle, information extraction,
material consumption and high throughput property. With the
gradual improvement of analytical techniques such as circular
dichroism spectroscopy,'>* mass spectrometry,"””"” and time-
resolved Fourier transform infrared (TR-FTIR) spectroscopy,*®
a large number of studies have been reported on the interaction
between proteins and drugs. On this basis, some researchers
have developed some new methods based on chem-
iluminescence (CL),"** fluorescence®** and ultraviolet spec-
trum?*** to study the interaction between proteins and small-
molecule drugs with higher sensitivity.

Pepsin (Pep) (Mw: 34.5 kDa) is mainly a monomeric, two-
domain, l-protein, with a high percentage of acidic residues
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which is relative to the potential of groups of alkaloids interacting with the active site of Pep.

(43 out of 327). It contains 6 cysteine residues, 5 tryptophan
residues, 16 tyrosine residues, 14 phenylalanine residues and so
on. The residues Asp32 and Asp215 are the active sites of Pep
located on the sides of cavities. Pep, as a digestive protease, is
most efficient at cleaving peptide bonds between hydrophobic
and aromatic amino acids, and the isoelectric point (PI) of Pep
is 5.3 %, Recently, Pep has been broadly used as a model
protein to investigate the interaction between proteins and
ligands. The interaction behaviour of Pep with bisphenol A and
nobiletin was systemically investigated using fluorescence
spectroscopy, UV visible absorption spectroscopy, resonance
light scattering, synchronous fluorescence spectroscopy, 3D
spectroscopy and molecular docking (MD), and the relative
interaction parameters, such as binding constants and thermo-
dynamic parameters, were also provided.

A variety of nanomaterials,>** especially functional Au
nanoparticles (AuNPs), have attracted significant research
interest in the fields of chemistry,***** materials science,**,
biology** and medicine;**** significant efforts have been
devoted towards the exploration of synthesis methods for
AuNPs, and AuNPs with stability, functionality and special
photoelectric chemical properties have been achieved via the
formation of bonds between the S and N atoms on the surface of
the Au atom under different reaction conditions. The reported
methods for the AuNP synthesis have always been complicated
and time consuming, and AuNPs with a non-uniform particle
size under the interplay of kinetics and thermodynamics are
usually obtained; therefore, some new materials as promising
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alternatives to AuNPs and detection methods have been
explored.”** Recently, significant efforts have been made for
the quick preparation of AuNPs by controlling the quantum
confinement phenomena (QCP) with the photochemical effects.
This method also provides sufficient chemical groups for the
preparation of functional AuNPs.*>*¢

The aim of this study was to focus on the interaction between
five alkaloids and pepsin in the HAuCl,-luminol CL system. The
first aspect of novelty is that luminol functional AuNPs can be
quickly produced under an alkaline condition by mixing the
solution of luminol with HAuCl,; lum-AuNPs of 40 nm size were
produced by a photo-induced chemical reaction of luminol. It
has higher CL intensity when compared with the traditional
luminol CL system. Based on this characteristic of lum-AuNPs,
home-made lum-AuNPs as the CL probe were constructed to
study the Pep-5 alkaloid interaction by the enhancement and
quenching effect of the lum-AuNP-based CL system; the
possible mechanism of the Pep-5 alkaloid interaction was
elucidated by the home-made lum-AuNP-based CL system and
molecular docking from the viewpoint of kinetics and thermo-
dynamics. This is the first study in which lum-AuNPs have been
used for investigating the interaction between pepsin and five
alkaloids to explore the possible mechanism based on the
enhancement and quenching effect of the CL system.

2. Results and discussion
2.1 Characterization of lum-AuNPs

To further understand the luminescence properties of lum-
AuNPs, the UV spectra were obtained by UV-Vis absorption
spectroscopy in the range of 190-700 nm (Fig. 1); the results
indicated that the lum-AuNPs have three characteristic
absorption peaks at 225 nm, 300 nm and 367 nm, which were
different from those of luminol and HAuCl,. They had an
obvious red-shift when compared with the 223 nm, 298 nm and
350 nm peaks of luminol under the same alkaline conditions.
The possible reason for this result may be the cumulative effect
of the Au atoms in the lum-AuNPs. The stability of the lum-
AuNPs formed in the luminol-HAuCl, alkaline mixture solu-
tion was also investigated; the result indicated that lum-AuNPs
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Fig.1 UV-Vis spectra of lum-AuNPs, luminol and HAuCl, in the range
of 190-700 nm.
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had better stability in the alkaline solution due to the formation
of bonds between the N and the Au atoms on the surface of the
Au atom when compared with some other AuNPs prepared
using citric acid as a ligand absorbed on the surface of AuNPs
via the formation of the C-Au bond.

Moreover, the TEM image shows that the lum-AuNPs have
the same morphology and particle size, that is, 40 nm or so, and
the surface is smooth and has obvious texture appearance
(Fig. 2); we speculate that the possible reason for this may be the
strong hydrophobic nature of the alkaline solution.

The XRD spectrum (Fig. 3) showed that the lum-AuNPs
prepared using the luminol-HAuCl, home-made CL system
had virtually no adulterating element, and only the Au, Na, C, O
and Cl elements were present; from the view of particle size and
surface ligand, lum-AuNPs has the similar size and shape,
which may be caused by the quick CL reaction performed by the
QCP effect under the condition of alkaline.

2.2 Study on the CL system of lum-AuNPs-Pep

The static injection CL method was used to evaluate the CL
kinetics process in the CL system of lum-AuNPs-Pep. As shown
in Fig. 4, the I, value of the CL intensity for the lum-AuNPs-O,
CL system has obviously increased from 165 to 278, and the
Tmax value has reduced from 21.8 s to 21.4 s in the presence of
Pep in the system. Interestingly, the relative CL intensity of the
lum-AuNP-O, system increases with the increasing Pep
concentration, and the CL intensity increment is proportional
to the Pep concentrations ranging from 0.01 to 1.00 pmol L™,
with the linear equation of Al = 106.27Cpep, + 15.05 (R* =
0.9938); this indicates that the electron transfer rate in the lum-
AuNPs can be accelerated by the change in Pep conformation
due to the redox reaction of luminol with the excited 3-
aminophthalate.

2.3 Study on the photochemical behaviour of five alkaloids
in the lum-AuNP CL system

Based on the interaction between Pep and small-molecule
drugs, the interactions between Pep and 5 alkaloids were also
investigated in the lum-AuNP home-made CL system. The
detailed graphs of 5 alkaloids at different concentrations in the
Pep-based lum-AuNP CL system are shown in Fig. 5. Although
these 5 alkaloids existed in the entire CL system, the CL
intensity showed different decreasing trends at different
concentrations of these alkaloids. However, for the lum-AuNPs-
O, system, no obvious differences in the presence and absence

Fig.2 TEM image of the lum-AuNPs prepared in the luminol-HAuCl,
alkaline solution at the pH value of 10.6.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 XRD pattern of the lum-AuNPs in the system of luminol-
HAUCl,.
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Fig. 4 The system of lum-AuNPs (black) and lum-AuNP-Pep (red) CL
graph (A). The linear relationship graph (B) of lum-AuNPs CL with
different concentrations of Pep. The concentration of lum-AuNPs was
0.1 pmol L™ and the concentration range of Pep was 0.01-1.0 pmol
L

of alkaloids were observed. Based on this phenomenon, we can
elucidate that there is an obvious interaction between the lum-
AuNPs and the alkaloids; this means that Pep acts as a protein.
Thus, the CL intensity quenching effect of different alkaloids on
the lum-AuNPs-Pep system might be caused by the interaction
of Pep with alkaloids. The possible CL mechanism of the lum-
AuNPs-Pep-alkaloid system can be explained as follows: under
alkaline conditions, the Au®*" ions and negatively charged amino
acid residues on the protein can form the Pep-Au®* complex on
the surface of Pep. Due to the unstable conformation of Pep in
an alkaline solution, the negatively charged polar residues with
abnormally high pKa values can promote the Au®" ion flow to
the vicinity of negatively charged amino acid residues based on
the principle of charge density matching and form sub-
nanometer AuNPs; then, under the alkaline conditions, lumi-
nol forms the excited 3-aminophthalate by the active free radi-
cals in the solution, which promotes the Au®** ions on the
surface of the protein to further accumulate in the core of Au to
form AuNPs containing luminol. Moreover, microscopic
changes in the Pep conformation could accelerate the electron
transfer rate of the excited 3-aminophthalate, leading to the
enhancement of CL (CEC); on the other hand, alkaloids present
in the CL system would exert an inhibitory effect, ie. the
complex quenching effect of CL (CQC) based on the cascading
progress of Pep-alkaloid interaction, on the CL intensity.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 The CL of 5 alkaloids at different concentrations in the lum-
AuNPs-Pep CL system. The linear ranges of Ani, Ber, Res, Jat and Mat
were 0.05-70, 0.01-30, 0.07-50, 0.05-50 and 0.03-30 nmol L™,
respectively. The concentration of lum-AuNPs and Pep was 0.1and 1.0
pmol L1,

Under the above mentioned optimal experimental condi-
tions, a series of standard solutions of 5 alkaloids were deter-
mined by the lum-AuNPs-Pep CL system. In the presence of 5
alkaloids, i.e. anisodamine, berberine, reserpine, jatrorrhizine
and matrine, the CL intensity decrement is proportional to the
logarithm of alkaloid concentration in the range of 0.05-70
nmol L™, 0.01-30 nmol L™, 0.07-50 nmol L™}, 0.05-50 nmol
L~ 'and 0.03-30 nmol L™, respectively, by following the general
equation of Al = A In C + B (herein, the slope A represents the
determination sensitivity of alkaloids by lum-AuNPs-Pep CL
system). The results are presented in Table 1, which shows the
determination sensitivity of alkaloids in the lum-AuNP system
ranked in the order of Mat > Jat > Res > Ani > Ber.

2.4 Study on the interaction between Pep and 5 alkaloids

To gain greater insights into the mechanisms of interaction
between Pep and 5 alkaloids, the van't Hoff equation was
adopted for obtaining the thermodynamic and kinetic param-
eters using the FI-CL model of 1g[(I, — I)/I] = Ig K + n 1g[D] (I,
and I refer to the CL intensity of the lum-AuNPs-Pep system with
and without alkaloids, respectively, and [D] refers to the alkaloid
concentration). The binding parameters of Pep with 5 alkaloids
are listed in Table 2 with the plots of 1g[(Z, — I)/I] vs. 1g[D]. The
results showed that the apparent binding constants K of Pep
with alkaloids at the different temperature. The number of
binding sites n reveals that there are different levels of binding
sites for different alkaloids. The binding abilities of alkaloids to
Pep followed the order Ber > Res > Ani, Jat > Mat.

RSC Adv., 2019, 9, 25569-25575 | 25571
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Table 1 Linear relationship, LOD and correlation coefficient of 5 alkaloids in the lum-AuNPs-Pep CL system
Concentration LOD (pmol

Drugs The linear relationship range (nmol L) L r

Ber Alc, = 11.21 In C + 60.96 0.01-30 3.20 0.9824
Ani Alg, = 12.09 In C + 62.45 0.05-70 16.0 0.9801
Res Al = 23.56 In C + 78.29 0.07-50 23.0 0.9806
Jat Al = 36.12 In C + 54.89 0.05-50 16.0 0.9895
Mat Alg, = 43.26 In C + 49.23 0.03-30 10.0 0.9837

Enthalpy change (AH), entropy change (AS) and binding free
energy change (AG) of Pep with alkaloids were obtained using
the van't Hoff equation In K = —AH/RT + AS/R. The thermody-
namic parameters of alkaloid binding to Pep are listed in Table
2 with the plots of In K vs. 1/T. It is shown that there are strong
binding affinities of Pep towards different alkaloids. The signs
for AS and AH are positive, and the sign for AG is negative,
suggesting that the binding process is spontaneous and
exothermic, and the hydrophobic interaction force plays
a major role in the binding of alkaloids to the Pep active sites.

2.5 Molecular docking

AutoDock and PyMOL were employed to simulate the process of
molecular docking of Pep and 5 alkaloids. The molecular
docking results are presented in Table 3 and Fig. 6. It has been
found that all alkaloids bind to the Pep cavity located among
two sides of Pep with the residues Asp32 and Asp215. For the
binding of hydrophilic alkaloids to Pep, it has been found that
the binding cavity is formed by the hydrophilic residues Asp32,
Gly217, Gly76, Glu288, and Leu220, which are mainly distrib-
uted on the two sides of the cavity of Pep; this suggests that
hydrophilic interaction is the dominant stable force for the
binding of hydrophilic alkaloids to Pep. From the results of
molecular docking, it is clear that Mat, Ani and Res share the
same amino acid residue Asp32; however, they have some other
different amino acid residues such as Gly217 and Glu288;
similarly, Ber and Jat share the same residue Glu288; however,

they have other different residues such as Gly76, Asp32 and
Leu220.

The bond distance and occupancy surface area obtained
from the results of molecular docking show that alkaloids have
a different conformation-induced trend due to the binding of
different active functional groups to the corresponding amino
acid residues in the cavity of Pep. The binding constant K and
binding free energy AG for the Pep-alkaloid interaction are
consistent with the results obtained by the proposed FI-CL
analysis, following the same order of Ber > Res > Ani, Jat > Mat.

2.6 Discussions on the interaction mechanism between Pep
and 5 alkaloids

Using lum-AuNPs as the CL probe, Pep and the complex of Pep/
alkaloids exhibit an enhancement effect and inhibition effect
on the lum-AuNPs CL system. Based on abovementioned
results, combined with the molecular docking result, the
possible interaction mechanism of Pep with 5 alkaloids in the
lum-AuNP CL system has been discussed as follows:

(1) Asp32 and Asp215 are the two active sites of Pep; this is
consistent with the results reported in the literature®® and these
active sites have an enhancement effect on the luminol CL
intensity. The lum-AuNP CL probes, which are formed by the
process of molecular absorption between luminol and the
AuNPs via the formation of the N-Au bonds when luminol and
the AuNPs are mixed together, can further increase the electron
transfer rate of luminol and excited 3-aminophthalate to

Table 2 Kinetic and thermodynamic parameters of five alkaloids in the lum-AuNPs-Pep CL system

Binding constants Number of binding AH AS AG
Drug Temperature (K) (L mol™) sites (k] mol™) (J mol ' K1) (k] mol™)
Ani 283 1.9 x 10° 1.23 268.85 10.32 —28.07
298 7.1 x 10° 1.74 —43.54
313 2.9 x 10° 1.56 —56.21
Ber 283 1.9 x 10° 1.51 302.75 12.91 —33.26
298 1.1 x 10° 1.89 —36.64
313 4.9 x 10° 1.72 —42.06
Res 283 8.9 x 10° 1.21 488.85 17.14 —38.17
298 2.4 x 10° 1.83 —54.98
313 1.9 x 10° 1.59 —69.34
Jat 283 2.6 x 10° 1.21 219.32 18.24 —26.54
298 6.4 x 10° 1.75 —42.36
313 5.3 x 10° 1.62 —60.15
Mat 283 1.6 x 10° 0.64 413.26 28.57 —37.12
298 5.7 x 10° 0.92 —57.69
313 2.9 x 10° 0.78 —69.32
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Table 3 The molecular docking results of Pep and 5 alkaloids

RSC Advances

Binding distance Binding constants Surface area AG°
Drug Active site A (L mol™) (A% (298.13 K) (kJ mol )
Ani Asp32 2.1 8.91 x 10° 218.45 —39.52
Gly217 2.5
Ber Gly76 2.2 5.17 x 10° 175.42 —31.59
Glu288 3.5
Res Asp32 2.5 1.17 x 10° 119.38 —60.23
Glu28s8 2.9
Jat Glu288 2.0 3.90 x 10° 219.52 —39.15
Leu220 2.1
Mat Asp32 2.2 1.60 x 10° 342.56 —60.12
2.0

Fig. 6 The docking complex of Pep and 5 alkaloids, Ani (Asp32 and
Gly217), Ber (Gly76 and Glu288), Res (Asp32 and Glu288), Jat (Glu288
and Leu220) and Mat (Asp32).

enhance the CL intensity of the system. The results for this
process could enhance the CL intensity due to the quantum
confinement effect of intermediate product of luminol.

(2) Considering the interaction between Pep and 5 alkaloids,
the results obtained are as follows: Ani interacts with Asp32 and
Gly217; Ber interacts with Gly76 and Glu288; Res interacts with
Asp32 and Glu288; Mat interacts with Glu288 and Leu220; and
Jat interacts with Asp32. Asp32 mainly exhibits biological
activity in the bioconformation of Pep; however, other amino
acid residues have a strong hydrophilic effect on the active site
of protein and can induce a synergistic effect on the confor-
mation of Pep via the interaction of hydrogen bond forces and
hydrophobicity. Combined with the special characteristic of
amino acid residues, it showed that the conformation change of
Pep is the result of synergistic effect of those alkaloids inter-
acted with the corresponding amino acid residues and give rise
to the CL intensity changed via the lum-AuNPs mediated.

Thus, the entire possible mechanism can be simplified as
the following steps: (1) in the lum-AuNP pepsin CL system,
“tiny” changes in the conformation of Pep can be enlarged by
the CL intensity via the formation of lum-AuNPs in the CL
system; (2) there is an obvious enhancement or quenching
effect of CL in the presence or absence of 5 alkaloids in the lum-
AuNPs-Pep CL system.

This journal is © The Royal Society of Chemistry 2019

3. Experimental
3.1 Chemicals and reagents

All the reagents used in this study were of analytical grade.
Water was purified using the Milli-Q system (Millipore, Bedford,
MA, USA) with the resistivity of 18.2 MQ em™ "' and used
throughout the experiment. Luminol (Fluka, Biochemika,
Switzerland) and Pep (porcine gastric mucosa, Sigma-Aldrich,
St. Louis, MO, USA) were used without further purification.
Moreover, five alkaloids (anisodamine, berberine, reserpine,
jatrorrhizine, and matrine) were purchased from the National
Institute of Control of Pharmaceutical and Biological Products,
China. Chloroauric acid (HAuCl,, analytical grade) was
purchased from Shanghai Reagent Factory, China.

A stock solution of five alkaloids (anisodamine, berberine,
reserpine, jatrorrhizine, and matrine) (1.0 mmol L") and Pep
(100.0 umol L") was prepared in purified water and stored at
4 °C. A working standard solution of five alkaloids and Pep was
prepared daily by diluting the stock solution appropriately with
purified water. A stock solution of luminol (2.5 x 10~> mol L)
was prepared by dissolving 0.44 g luminol in a 100 mL NaOH
(1.0 x 10" mol L") solution in a brown calibrated flask. A
stock solution of HAuCl, (2.5 x 10> mol L™ ') was prepared by
dissolving 1.0 g HAuCl, in 100 mL purified water and stored at
4°C.

3.2 Materials and instruments

The apparatus (Model IFFM-E, Xi'an Remax Electronic Science-
Tech. Co. Ltd) of the FI-CL system consisted of a sampling
system, a photomultiplier tube (PMT), and a PC with the IFFM-E
client system (Remax, Xi'an, China). A polytetrafluoroethylene
(PTFE) tube (1.0 mm i.d.) was used to carry the solution. The UV-
Vis absorption spectra (225-800 nm) were obtained using the U-
3010 spectrophotometer system (Hitachi, Japan). The TEM
images were obtained using the Tecnai G2 F20 S-TWI JEM-2010
transmission electron microscope (FEI, USA) operated at 200
kv.

3.3 Preparation of the lum-AuNP solution

Based on previous studies, the prepared lum-AuNPs were
modified as follows: 1 mL of 0.1 mmol L™' HAuCl, aqueous

RSC Adv., 2019, 9, 25569-25575 | 25573
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solution was added to 30 mL ultrapure water. Then, the mixed
400 pL of 2.5 mmol L™ luminol-NaOH alkaline solution with
pH 9.6 was added to the HAuCl, solution under vigorous stir-
ring. The lum-AuNP dispersion solution was obtained after 1 h
of constant stirring when the solution turned from bright yellow
to grey black. According to a previous study,’® the lum-AuNP
dispersion was successfully prepared (Fig. 7).

3.4 Establishment of the lum-AuNPs-Pep CL system

The system of lum-AuNPs-Pep CL is composed of four pipelines,
containing lum-AuNPs, carrying liquid (H,0O), Pep solution and
alkaline solution. The peristaltic pump was set at the flow rate
of 0.2 mL min " to promote the movement of solution in these
pipelines. When the signal becomes stable, the lum-AuNPs-
NaOH solution with pH 10.5 was quantificationally injected
using a six-way valve and mixed it with pepsin solution and
alkaline solution. The mixture was transported to a disc-shaped
sample tube by pipeline, and CL signals were generated. The CL
signals were detected by PMT (HV = 650 mV) and then obtained
and processed using a computer. The concentration of the
sample solution was quantitated by the difference in the relative
CL intensity between the sample and the background, that is
Alcy, =1, — Is. Iy and I are the CL signals of the background and
the sample, respectively. According to the precious study,” the
adaptability of the CL system to the foreign species was tested
with the standard solution of pepsin (0.1 ng mL™'). For the
potential interfering substances in the CL system, the tolerable
concentrations of foreign species with respect to 0.1 ng mL "
pepsin for interference at the 5.0% level were less than 0.5 pg
mL .

3.5 Molecular docking of five alkaloids with pepsin

The MD of Pep-alkaloids was performed using the open-free
software AutoDock 4.2 in the semi-flexible docking mode. The
crystal structure of Pep (PDB entry 1YX9) was obtained from the
Protein Data Bank. The 3D structures of five alkaloids were
generated using the ChemDraw 10.0 and Chem3D 10.0 soft-
wares (Cambridge Soft, USA); moreover, the energy-minimized
conformation was obtained by the Gasteiger-Huckel charges
with the gradient of 0.005 kcal mol *.** With the aid of Auto-
Dock tools, the ligand root of five alkaloids was detected, and
rotatable bonds were free-defined. The grid box with 60 A x 60 A
x 60 A along the x, y, z axes of 0.375 A spacing was set in the

Pump Mixing
Alkaloids Sox
Pep
Black Box
Carrier Flow Cell
A THE=
Lum-AuNPs PMT [—=\
PC
L )
Waste

Fig. 7 Schematic of the flow injection chemiluminescence system.
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entire process of MD. The population minimum and maximum
numbers of energy evaluation were set as 1.5 x 10> and 2.5 x
10° respectively. The Lamarckian genetic algorithm was
applied for the docking simulations. The conformation with the
lowest binding energy was analyzed using PyMOL 1.6.0.0.

4. Conclusions

Based on the lum-AuNPs used as the CL probe, the interaction
of 5 alkaloids with Pep was systemically studied via a home-
made CL analysis platform and the molecular docking tech-
nology; the interaction parameters, including the number of
binding sites and the thermodynamics parameter, were detec-
ted by the molecular docking simulation study and thermody-
namic and kinetic analysis of the home-made CL system. The
characteristic of the interaction indicated that the interaction
between Pep and 5 alkaloids was mainly in the form of hydro-
phobic force. The binding constant K and binding site n for the
Pep-alkaloid interaction are consistent with the order Ber > Res
> Ani, Jat > Mat, which is relative to the potential of the groups
of alkaloids interacting with the active site of Pep. This study
has laid the groundwork for the future studies about the
interaction of other proteins and small-molecule drugs based
on the CL probe carried by nanoparticles.
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