
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 1
2:

46
:2

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Exploring the bin
Meat Processing Key Laboratory of Sichuan

Engineering, Chengdu University, Chengdu 6

† Electronic supplementary informa
https://doi.org/10.1039/d2ra06715c

Cite this: RSC Adv., 2023, 13, 6507

Received 24th October 2022
Accepted 12th February 2023

DOI: 10.1039/d2ra06715c

rsc.li/rsc-advances

© 2023 The Author(s). Published by
ding effects and inhibiting
mechanism of hyperoside to lipase using multi-
spectroscopic approaches, isothermal titration
calorimetry, inhibition kinetics and molecular
dynamics†

Zhen Zeng, Di Wu, * Lan Tang, Xia Hu, Jing Zhang and Fang Geng

Hyperoside (HYP) is a flavonoid with various physiological activities. The present study examined the

interaction mechanism between HYP and lipase using multi-spectrum and computer-aided techniques.

Results demonstrated that the force type of HYP on lipase was mainly hydrogen bond, hydrophobic

interaction force, and van der Waals force, and HYP had an excellent binding affinity with lipase at 1.576

× 105 M−1. HYP dose-dependently inhibited lipase in the inhibition experiment, and its IC50 value was

1.92 × 10−3 M. Moreover, the results suggested that HYP could inhibit the activity by binding to essential

groups. Conformational studies indicated that the conformation and microenvironment of lipase were

slightly changed after the addition of HYP. Computational simulations further confirmed the structural

relationships of HYP to lipase. The interaction between HYP and lipase can provide ideas for the

development of functional foods related to weight loss. The results of this study help comprehend the

pathological significance of HYP in biological systems, as well as its mechanism.
1 Introduction

Obesity has developed into a global health problem. Its
prevention is also the main goal of the “2013–2020 Global
Action Plan for the Prevention and Control of Non-
communicable Diseases” formulated by the World Health
Organization (WHO).1 Excessive accumulation of body lipids
may lead to obesity, which causes various chronic diseases such
as diabetes, cardiovascular disease, and cancer.2 The structure
of pancreatic lipase, one of the digestive enzymes, is well
known.3 It is a small single-chain spherical protein consisting of
449 amino acids with a relative molecular mass of 50–52 kDa. It
has a cap-shaped catalytic center (active site) at the N-terminal
end, including amino acids Ser153, Asp177 and His264. There
is a surface ring covering the active site of lipase between resi-
dues Cys239 and Cys263 called the lid, which is usually in the
closed state. The conformation is known as the closed state of
lipase. In addition, the enzyme is stabilized by van der Waals
forces within the lid and the N-terminal structural domain of
the two rings b5 (residues 76–85) and b9 (residues 207–217).
Colipase, a 9.3 kDa coenzyme with a b-sandwich structure,
binds to the C-terminal structural domain of the protein,
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causing the lid to move from its closed state to a maximum
displacement of 29 Å as the lipid–water interface is formed,
which is referred to as the open state. In addition, the b5 loop
bends toward the core of the protein, providing a free channel
for the active site in this state. Lipase is in charge of the
hydrolysis of 50–70% of total dietary lipids, and dietary lipid is
hydrolyzed by pancreatic lipase into monoacylglycerols and free
fatty acids, resynthesizing lipid.4,5 The level of pancreatic lipase
activity is related to the effect of lipid absorption. The hydrolysis
and absorption of excess dietary lipid can be reduced by
inhibiting pancreatic lipase activity, which is an important
method to prevent and control obesity.6 Presently, orlistat is the
main commercially and clinically used weight loss drug but
safety issues have arisen due to serious adverse effects.7,8

Therefore, there is a need to nd more effective and safer
pancreatic lipase inhibitors as alternative drugs for the
prevention and treatment of obesity.

Some studies have reported that various natural dietary
phytochemicals with low toxicity, high efficiency and low side
effects have shown potential for weight loss.9,10 Hyperoside (HYP,
quercetin-3-O-b-D-galactoside) belongs to avonoids and quer-
cetin glycoside derivatives, which is widely found inmany natural
plants, such as Zanthoxylum bungeanum leaves, hawthorn, and
Hypericum perforatum L.11–14 It has various positive physiological
functions, such as anti-hyperglycemic, anti-oxidant, anti-
depressant, anti-inammatory, and central analgesic.15–17 HYP
has been widely considered because of its positive benets on
RSC Adv., 2023, 13, 6507–6517 | 6507
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human health.13 Interestingly, quercetin 3-rhamnoside also
belongs to quercetin glycoside derivatives. Its structure is one less
oxygen atom than HYP, and quercetin 3-rhamnoside is effective
in lipase inhibition.18–20 HYP and quercetin 3-rhamnoside are
quercetin glycoside derivatives and are usually used as bioactive
compounds in functional foods and pharmaceutical prepara-
tions. Therefore, the possible inhibitory effect, medicine, and
food homology of HYP have been examined to analyze HYP's
interaction and inhibitory effect on lipase.

Given this background, this study aimed to investigate the
interaction of HYP to lipase using multi-spectral techniques,
isothermal titration calorimetry (ITC), inhibition kinetics,
molecular simulation, and saturation transfer difference-
nuclear magnetic resonance (STD-NMR) experiments. First, we
determined the quenching behavior, binding constants, and
the effect of HYP on lipase conformation by multi-spectral
techniques and ITC. Then, HYP and orlistat were compared
by enzyme kinetics to determine the inhibition type, and obtain
the IC50 value for HYP. Finally, molecular docking and molec-
ular dynamics were carried out to corroborate the experimental
results. STD-NMR experiments conrmed the interaction of
HYP with lipase. This work provides a theoretical basis for the
development of natural pancreatic lipase inhibitors.

2 Materials and methods
2.1 Reagents and chemicals

The high-purity pancreatic lipase used in the experiment was
purchased from Sigma Aldrich Co., Ltd. (Milwaukee, USA).
Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China)
provided HYP (CAS: 482-36-0, $97% purity) and orlistat (CAS:
96829-58-2, $98% purity). A stock solution in
triaminomethane-HCl (Tris–HCl) buffer (5.0 × 10−2 M, pH 7.4)
was prepared. The other materials and reagents were of
analytical grade, and ultrapure water was utilized for all tests.

2.2 Fluorescence titration measurements

A Cary Eclipse uorescence spectrophotometer (Varian, Cal-
ifornia, USA) was used for the uorescence titration. During
uorescence titration, the nal lipase concentration was
maintained at 6.0 × 10−6 M, and the nal HYP concentration
ranged from 0 M to 4.2 × 10−5 M. The samples were mixed
before uorescence measurement, and the uorescence
measurement was performed at three temperatures (277, 298,
and 310 K). The excitation wavelength was 280 nm, the emission
wavelength in the scope was 300–500 nm, and the slit widths for
excitation and emission wavelengths were 5 nm. All uores-
cence intensities were corrected based on a previously reported
method to remove internal ltering effects.21,22 The quenching
mechanism was determined using the Stern–Volmer eqn (1), as
follows:23

F0/F = 1 + KSV[Q] (1)

where F and F0 are the uorescence intensities of lipase with
different concentrations of HYP and free lipase, respectively.
KSV is the Stern–Volmer quenching constant, and [Q] is the HYP
6508 | RSC Adv., 2023, 13, 6507–6517
concentration. The binding constant (Ka) and Hill coefficient (n)
of HYP to lipase were calculated using the formula:24

log(F0 − F)/F = logKa + n log[Q] (2)

where Ka and n can be used to estimate the binding ability of
HYP to lipase at different temperatures.

The microenvironment changes in tryptophan (Trp) and
tyrosine (Tyr) residues in lipase were determined by synchro-
nous uorescence spectroscopy.25 At 298 K, the wavelength
intervals (Dl) were set at 15 and 60 nm.

Three-dimensional (3D) uorescence was used to obtain
uorescence intensity information when the excitation and
emission wavelengths or other variables were varied simulta-
neously. The nal concentrations of free lipase and HYP were
6.0× 10−6 M and 2.4× 10−5 M, respectively. In this experiment,
the excitation and emission wavelengths were set to 200–
400 nm and 200–500 nm, respectively.

2.3 Time-resolved uorescence measurements

Time-resolved uorescence measurement was performed using
the Horiba Jobin Yvon uoromax-3 spectrouorometer (Horiba,
LesUlis, France). At a temperature of 298 K, the excitation and
emission wavelengths were set to 280 and 345 nm, respectively.
The tail tting method and chi-square (c2) value were used to
study the uorescence lifetime data and evaluate the tting
results. The average uorescence lifetime (s) data were calcu-
lated using the formula:26

hsi ¼
X​

aisi (3)

where s is the average uorescence lifetime, and si and ai are the
delay times and relative intensities corresponding to i-tting,
respectively.

2.4 ITC analysis

The thermodynamic parameters of lipase and HYP were
measured with an isothermal titration calorimeter CN-ITC200
(MicroCal, USA). All other solutions were degassed, except for
the prepared protein solution containing 1% ethanol. Stored in
a measuring cell, 1.0 × 10−4 M lipase solution was titrated with
1.0 × 10−3 M HYP solution (2.5 mL each injection, at 180 s
intervals) under stirring at 250 rpm. The rst injection was
ignored in this experiment, and the change in enthalpy (DH)
and entropy (DS), as well as the Gibbs free energy (DG) were
obtained from eqn (4) and (5), where R is the gas constant (8.314
J mol−1 K−1):27,28

DG = −RT lnKa (4)

DG = DH − TDS (5)

2.5 Enzymatic assay of lipase activity

Typically, lipase activity and type of inhibition are assessed by
the degree of hydrolysis of pNPC.29 The stock solution was made
© 2023 The Author(s). Published by the Royal Society of Chemistry
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from the supernatant aer the lipase solution was formed with
Tris–HCl buffer and centrifuged for 5min. Aer cooling to room
temperature, 450 mL pNPC was added to start the reaction, the
absorbance was measured using an enzyme marker (Berten
Instrument Co. Ltd., Vermont, USA), and the inhibition was
calculated, according to eqn (6).

Inhibition ð%Þ ¼
�
1� A2

A1

�
� 100% (6)

here, A1 is the blank control and A2 is the absorbance value of
different HYP concentrations at 405 nm.

The types of inhibition of HYP and orlistat were measured
using a UV-1901-PC spectrophotometer (Aucy, Shanghai, China)
equipped with a 1.0 cm × 1.0 cm quartz cuvette within 0–200 s
at 310 K and 405 nm. The nal lipase concentration was 3.0 ×

10−6 M, and the concentrations of HYP were 0, 1.5 × 10−5 M
and 3.0 × 10−5 M. The concentrations of pNPC ranged within
2.0–3.6 × 10−3 M, and the absorbance curves were calculated
for the initial velocity (V0) of the released product at 0–2 min.
The inhibitory types of HYP and orlistat were determined using
Lineweaver–Burk plots.30

2.6 Circular dichroism measurements

The samples were scanned using a circular dichroic spectrom-
eter (Applied Photophysics, Surrey, UK) at 298 K with a cell path
length of 1 mm. The scan wavelengths were from 200 nm to
260 nm. The average time was 0.5 s, and the step size was 1 nm.
In all measurements, the molar ratio of lipase to HYP was 1 : 2
and 1 : 4, and the lipase concentration was xed at 2.0 ×

10−4 M.

2.7 Fourier-transform infrared spectroscopy

A Nicolet-6700 Fourier-transform infrared (FT-IR) spectrometer
with a smart OMNIC sampler adapter (Thermo Fisher Scientic,
Sunnyvale, USA) was used to retrieve the FT-IR spectral data. At
a temperature of 298 K, the sampler was used in this study to
acquire infrared data in 128 runs with a resolution of 4 cm−1.
Aer subtracting the background spectrum, individual protein
(2.0 × 10−4 M), and different scales of HYP, the HYP samples
were scanned at 1700–1500 cm−1 and analyzed using Peakt
v4.12 soware (Beijing HuanZhongRuiChi Technology Co., Ltd.,
Beijing, China).31

2.8 Molecular docking and molecular dynamics methods

Molecular docking was performed using YASARA soware
(v18.3.23) based on the Autodock program.32 The desired crystal
structure (PDB ID: 1ETH) (Triacylglycerol acyl-hydrolase Chain
A and Colipase Chain B were used) was obtained from the RCSB
Protein Data Bank. The ligand structure of HYP (CID: 5281643)
was gained from PubChemwith energy minimized.33 Lipase was
dened as a receptor. All water molecules and non-polar
hydrogen atoms in lipase were removed, and the polar and
hydrogen atoms were added simultaneously. The charge
distribution at pH 7.4 was changed and set to semi-exible
docking procedure during docking (lipase for rigid, HYP for
exible). A box of size 95 Å × 95 Å × 95 Å was formed for
© 2023 The Author(s). Published by the Royal Society of Chemistry
molecular docking, and it completely covered the protein. The
Lamarckian Genetic Algorithm (LGA) method was applied to
search for possible docking modes. The docking runs were set
to 100, and the best model was selected based on the binding
energy. The molecular docking results were visualized using
Discovery Studio 4.5.21

The optimal conformation of molecular docking was
selected for MD simulation analysis. MD was conducted with
the AMBER ff14SB force eld and the YASARA program in the
presence and absence of HYP. The AM1-BCC model was used
to calculate the partial atomic charge of HYP, and the TIP3P
water model was conducted. To completely cover the confor-
mation, the box of MD was set as a cube to accommodate all
molecules. Equilibrium ions were added to maintain elec-
trical neutrality, and the energy of the system was minimized.
The system used the NVT ensemble (298.15 K) and NPT
ensemble (1.0 bar) to equilibrium. For the long-range
Coulomb interactions, the cut-off of 8 Å and particle-mesh
Ewald summation were used. The 1.25 fs time step was for
the intramolecular forces, and the 2.50 fs time step was for the
intermolecular forces. Data were recorded every 100 ps, and
the total simulation running time was 100 000 ps. An initial
simulation period was discarded as the equilibration time.
The contribution of each interaction energy term to the
binding process can be calculated by the following
formula:34,35

DE = DEvdw + DEelec + DEinter (7)

DEinter = DEbond + DEangle + DEdihedral + DEplanarity (8)

where DEvdw, DEelec, DEinter represent the vdW, intermolecular
electrostatic, and internal energy terms, respectively. DE repre-
sents the total system energy.
2.9 STD-NMR experiment

An STD-NMR experiment was conducted at 298 K on a Varian
Inova 400 MHz spectrometer with VNMRJ soware. Lipase
powder was dissolved in 1.0 × 10−2 M phosphate-buffered
saline (PBS) (D2O) and centrifuged. The supernatant was
taken to obtain 1.0 × 10−3 M lipase stock solution. HYP was
dissolved in deuterated dimethyl sulfoxide to obtain
5.0 × 10−2 M HYP stock solution. The nal lipase and HYP
concentrations (1 : 50) were 2.0 × 10−5 M and 1.0 × 10−3 M,
respectively. The sweep width was 256 transients and
8389.26 Hz to obtain the STD spectrum. At the same time, the
sample was scanned 1024 times, and the saturation time was
set to 2 s.
2.10 Statistical analysis

In this study, data analysis and processing were achieved using
Origin 2018 soware (OriginLab Corporation, Northampton,
USA). Data were analyzed by the one-way variance method
(ANOVA), followed by the Least Signicant Difference (LSD) test
at 5% signicance level using SPSS 20.0 soware (Inc., Chicago,
IL).
RSC Adv., 2023, 13, 6507–6517 | 6509
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Fig. 1 (A) The fluorescence spectra of lipase in different concentrations of HYP (a–h: 0–4.2 × 10−5 M) at 298 K. The insert diagram displays the
corresponding double-logarithmic regression plot. (B) The original data on the sequential titration of HYP solutions into lipase solution. (C) Time-
resolved fluorescence decay curves of free lipase and the HYP–lipase complex. (D) The integrated heat results of the titration after correction for
heat dilution against the molar ratio, and the solid line 1represents the best fitting curve.
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3 Results and discussion
3.1 Fluorescence quenching of lipase

Dynamic and static quenching are the usual reasons for protein
uorescence quenching caused by small active molecules. Static
quenching is the binding of small active molecules and proteins
in the ground state to form a non-uorescent complex; dynamic
quenching is a process of electron or energy transfer between
small active molecules and excited protein molecules.36

Whether in dynamic or static quenching, the action process
conforms to the Stern–Volmer equation. Fig. 1A indicates that
the lipase produced a maximum absorption peak at 345 nm at
a temperature of 298 K, and the uorescence intensity gradually
decreased as the HYP concentration increased, showing that
HYP and lipase formed a complex. However, changing the HYP
concentration slightly varied the maximum wavelength of
Table 1 Binding parameters and thermodynamic parameters for the lip

System T (K) KSV × 104 (M−1) Ka × 106 (M−1)

HYP–lipase 277 7.113 � 0.029a 3.535 � 0.153a

298 6.826 � 0.010b 1.901 � 0.074a,b

310 6.247 � 0.060b 1.048 � 0.039c

a Rb correlation coefficient for the Ka values. In each column, different su

6510 | RSC Adv., 2023, 13, 6507–6517
uorescence (345 nm). Meanwhile, the addition of HYP slightly
changed the shape of the lipase spectrum, indicating that HYP
had a small effect on Trp's microenvironment.

The relationship between log[Q] and log(F0 − F)/F at 298 K is
displayed in Fig. 1A, which shows a good linear relationship. In
accordance with eqn (1), KSV values were calculated and are
displayed in Table 1. At 277, 298, and 310 K, the values of KSV

were 7.113 ± 0.029 × 104 M−1, 6.826 ± 0.010 M−1, and 6.247 ±

0.060 × 104 M−1, respectively. These results show that the
values of KSV decreased as the temperature increased, which is
consistent with static quenching characteristics.37 The n values
were calculated via double-logarithmic regression (eqn (2)), and
at different temperatures, the n values were greater than 1,
suggesting the presence of at least one binding site between
HYP and lipase.
ase with HYP systems at different temperaturesa

n Rb
DG
(kJ mol−1)

DH
(kJ mol−1)

DS
(J mol−1 K−1)

1.379 0.9969 −34.81 −25.46 33.77
1.337 0.9956 −35.52
1.286 0.9962 −35.93

perscript letters indicate signicant difference (p < 0.05).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Time-resolved uorescence data can be further studied to
explore dynamic or static quenching mechanisms. Fig. 1C
shows the uorescence lifetime curves with and without HYP.
The chi-square (c2) values were calculated through eqn (3) and
are displayed in Table S1,† which indicates that the tting
values were acceptable. The lipase s value was 1.989 ns, which is
close to the s value of lipase in the literature.38 When HYP was
added at different concentrations, the s values changed from
1.912 to 1.860 ns. Obviously, the s value was almost unaffected.
In general, the decay time of the uncomplexed uorophore is
virtually unaffected by the static quenching of the formation of
the ground-state complex.39 The current results demonstrate
that HYP's binding to lipase exhibited static quenching and did
not affect the uorescence life curve, which is consistent with
the uorescence titration results.
3.2 Thermodynamic parameters

ITC simply measures the heat absorbed or released by the
interaction between the receptor and ligand, and provides the
thermodynamic value of the interaction between them. Fig. 1B
presents the corrected heat rate of HYP and lipase over time (mJ
s−1). Fig. 1D shows the integral heat aer dilution effect
correction, which is a function of the ligand/protein mole ratio.
A negative peak was observed when the HYP solution was
titrated into the lipase solution, indicating that the interaction
Fig. 2 (A, B) The synchronous fluorescence spectra of HYP at varying co
60 nm. (C, D) The 3D fluorescence spectra of free lipase and the HYP–l

© 2023 The Author(s). Published by the Royal Society of Chemistry
was exothermic (DH = −23.30 kJ mol−1). With the progress of
titration, the peak decreased gradually because lipase was stably
saturated by HYP. At the same time, during simultaneous
binding, the DG and DS values were calculated as
−29.67 kJ mol−1 and 21.36 J mol−1 K−1, respectively. These
results suggest that the interaction was thermodynamically
favorable, and the disorder degree of the system increased aer
the addition of HYP. The uorescence thermodynamic param-
eters of lipase binding to HYP are displayed in Table 1. The DH,
DG, and DS values calculated by the thermodynamics between
HYP and lipase were −25.46 kJ mol−1, −35.52 kJ mol−1, and
33.77 J mol−1 K−1, respectively, which are in general agreement
with the data calculated by ITC. The binding constant based on
the ITC data was 1.576 × 105 M−1, indicating a medium-
strength binding.

Usually, four binding forces exist between HYP and lipase:
van der Waals force, electrostatic force, hydrogen bond, and
hydrophobic interaction force. The positive DS and negative DH
values indicated that the hydrogen bond and hydrophobic
interaction forces were characteristic.21 Furthermore, the good
consistency between the tting curve and the experimental data
in Fig. 1(B and D) conrmed the rationality of the selected
model. Therefore, hydrogen bonds and hydrophobic interac-
tion force play an essential role in HYP–lipase complex forma-
tion in this experiment.
ncentrations (0–4.2 × 10−5 M) and lipase were obtained at Dl = 15 and
ipase complex.

RSC Adv., 2023, 13, 6507–6517 | 6511
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3.3 Synchronous and 3D uorescence spectrum

The changes in the microenvironment around the chromo-
phore molecules containing Trp and Tyr residues can be seen by
referring to the acquired synchronous uorescence spectra.40

Fig. 2(A and B) indicates that at Dl = 15 and 60 nm, the uo-
rescence intensity steadily decreased with increasing HYP in the
system. Furthermore, when the concentration of HYP was 4.2 ×

10−5 M, the Trp residue's uorescence intensity decreased by
73.65%. However, the uorescence intensity of the Tyr residue
decreased by only 65.86%, indicating that the Trp residue was
attributed to the uorescence quenching of lipase, probably
because the Trp residue was close to the binding site of HYP in
lipase. The Tyr and Trp residues were slightly red-shied,
indicating that the lipase chromophore of hydrophobicity
decreased and the polarity increased.

3D uorescence is oen utilized to investigate the structural
changes in proteins bound to small molecules (HYP), and it
shows the changes in protein Trp and Tyr residues.41 Fig. 2(C
and D) reveals that with the expansion of the HYP concentra-
tions, the uorescence intensities of Peak 1 and 2 decreased.
Peak 1 was the protein main chain peak, and Peak 2 was the
overlapping uorescence peak of Trp and Tyr. At the same time,
the uorescence of the Rayleigh scattering peak decreased. This
indicated that as the interaction with HYP destroyed the
protective water layer on the lipase surface, the originally
dispersed protein became increasingly dispersed, the protein
Fig. 3 (A) The inhibition of lipase by HYP with increasing HYP concentrat
concentrations. (C) The FT-IR spectra of free lipase and the HYP–lipase
different HYP concentrations 3, Clipase = 2.0 × 10−4 M.

6512 | RSC Adv., 2023, 13, 6507–6517
particle size decreased, and the Rayleigh scattering intensity of
the system decreased. The difference in uorescence intensity
between Peaks 1 and 2 suggests that the binding relationship
allowed for the progression of the lipase microenvironment and
conformation. This result is in line with the previous uores-
cence analysis.

Lipase has seven Trp residues, and its uorescence is mainly
attributed to these Trp emissions.42 According to the results of
the uorescence data, there was a correlation between the
maximum wavelength of uorescence emission (345 nm) and
HYP concentration, indicating that HYP had altered the
microenvironment of Trp. We inferred that this might be
associated with the exposure of Trp residues and the unfolding
or loosening of the local structure of lipase.43,44
3.4 Inhibition activity and inhibition type of HYP

In the current study, the effect of various concentrations of HYP
on lipase was evaluated in vitro. The inhibition of lipase activity
by HYP is shown in Fig. 3A. The ratio of inhibition indicated
that HYP inhibited lipase activity in a concentration-dependent
manner. Moreover, the IC50 value of HYP on lipase was 1.92 ×

10−3 M, and the IC50 value of orlistat on lipase was 6.0 ×

10−5 M, indicating that HYP has inhibitory activity on lipase.45

Generally, three types of interaction exist between inhibitors
and enzymes: competitive, non-competitive, and mixed
competitive inhibition. We can determine the suppression
ion. (B) The relationship between the substrate and V0 at different HYP
complex, Clipase = 2.0 × 10−4 M. (D) The CD of lipase with and without

© 2023 The Author(s). Published by the Royal Society of Chemistry
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mode by calculating the Km and Vmax values.46 We compared the
mechanisms of inhibition result of HYP and orlistat in the same
manner. We found that the mechanisms of inhibition of HYP
and orlistat were completely different. The inhibition of lipase
with and without HYP was assessed by observing the hydrolysis
of pNPC by lipase in Fig. 3B, and orlistat was regarded as
a positive control in Fig. S2.† The results displayed in Fig. S1†
indicated that the addition of HYP reduced the rate of pNPC
hydrolysis, and its inhibition increased exponentially with the
increase in HYP concentration (Fig. 3B). Our calculation also
showed that the double reciprocal curves of the three groups of
data roughly intersected the X-axis, implying that HYP is a non-
competitive inhibitor to lipase. Meanwhile, according to the
calculation results of the binding constant, HYP and lipase had
medium binding constants (1.048 × 106 M−1 at 310 K), which
may suggest that the binding force and inhibitory effect were
related. Compared with the inhibition of HYP to lipase, orlistat
had irreversible inhibition.47 With the increase in orlistat
concentration, the double reciprocal curve of the three groups
of data roughly intersected with the Y-axis, which is in line with
the characteristics of competitive inhibition (Fig. S2†). There-
fore, the inhibition type of this reaction was competitive inhi-
bition. As a listed lipase inhibitor, orlistat has serious side
effects on the human body. Therefore, considering the homol-
ogous safety of HYP and the binding properties between HYP
and lipase, HYP can be a potential lipase inhibitor and needs to
be veried by further in vivo experiments.
3.5 Conformational changes in lipase binding of HYP

FT-IR was utilized to investigate the changes in free lipase and
aer the expansion of various concentrations of HYP with
lipase.48 As illustrated in Fig. 3C, the FT-IR spectra of free lipase
and different concentrations of HYP binding with lipase
showed two amide spectral bands. For the most part, the amide
Fig. 4 The 3D depiction of the HYP binding modalities with lipase. (B) T
and lipase.

© 2023 The Author(s). Published by the Royal Society of Chemistry
I band, which has been extensively examined, was sensitive to
the progressions of protein. The stretching vibration of C]O
was represented by the amide I band, which was at 1700–
1600 cm−1. The amide II band was at 1600–1500 cm−1, which
could be viewed as a change in its structural content. With the
increment in HYP concentrations, the peak intensity uctuated.
Moreover, in the amide I band (1664 cm−1), the shis of all
three groups of peaks were unchanged. Meanwhile, in the
amide II band (1600–1500 cm−1), the peaks at the ratios of 1 : 2
and 1 : 4 were shied by 2 and 5 cm−1, respectively. When the
ratio of lipase to HYP was increased from 1 : 0 to 1 : 4, the a-helix
in lipase decreased by 1.6%, and some changes occurred in the
b-sheet, b-turn, and random coiling content. This result
conrms that the addition of HYP slightly changed the
conformation of lipase, which is consistent with the circular
dichroism (CD) experimental results.

CD spectroscopy is a fast strategy to recognize conforma-
tional changes aer adding a ligand.49 Fig. 3D shows that two
characteristic negative peaks were presented at 208 and 228 nm,
suggesting that lipase had a signicant amount of a-helix. Even
though the positions of the peaks were not signicantly altered,
the addition of HYP caused a change in all of the spectra. The
presence of HYP still maintained the a-helix structure. The
decrease in a-helix implied an increase in b-turn, b-sheet, and
random coiling, but the typical secondary structure was
affected. Thus, HYP was bound to some extent to the active site
of lipase containing the a-helix, leading to structural instability.
3.6 Molecular docking

Molecular docking shows the binding energy and sites between
proteins and small molecules.50 Fig. 4A shows that the binding
energy for the best conformation of lipase and HYP binding
aer 100 operations was 35.06 kJ mol−1. HYP bound to Asp
A:385, Asn A:295, Arg A:340, Asn A:329, and Asp A:388 to form
wo–dimensional representation of the interaction maps between HYP

RSC Adv., 2023, 13, 6507–6517 | 6513
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hydrogen bonds, and the non-competitive components of HYP
may be located at this site. Moreover, there was van der Waals
force in the whole system (Fig. 4B), which was conducive to the
conformational stability of the HYP–lipase complex. For
example, HYP formed van der Waals interactions with amino
acid residues Tyr A:373, Glu A:371, Ile A:372, Glu A:386, Thr
A:293, Phe A:387, Leu B:41, and Pi–Pi T-shaped with amino acid
residue Tyr A:370 with a bond length of 4.75 Å and 5.19 Å.

The active compound quercetin 3-rhamnoside has only one
more oxygen atom than HYP.51 We found that the predicted
types of interaction forces of molecular docking with lipase were
van der Waals force and hydrogen bond, with the binding site of
quercetin 3-rhamnoside being close to the active site of lipase.
However, the binding site of HYP was far from the active site of
lipase. The results of the inhibition mechanisms, together with
the molecular docking results, speculated that HYP was bound
to an essential group other than the active center, resulting in
inhibited lipase activity.20 A previous work has found that the
number of aromatic rings of small bioactive molecules and the
ability of lipase to interact may also be related to the number of
free hydroxyl groups in the structure.52
3.7 Molecular dynamics method

In accordance with the YASARA simulation platform, we eval-
uated the conformation and properties of the optimal confor-
mational complex of HYP–lipase by using the change values of
RMSD, Rg, secondary structure content and RMSF. RMSD values
can be used to measure the stability of the system. From the
Fig. 5 (A) RMSD value of the MD simulation of the free lipase, HYP–lipase
free lipase, and HYP–lipase complex systems. (C, D) Changes in the seco
100 000 ps. (E) RMSFs of the MD simulations of the free lipase and HYP

6514 | RSC Adv., 2023, 13, 6507–6517
RMSD analysis in Fig. 5A, it can be found that the system rea-
ches equilibrium at about 20 000 ps. Fig. 5A shows that within
20 000 to 100 000 ps, the average value of RMSD was less than
6.0 Å in systems, indicating that the value was within an
acceptable range. The average RMSD of the HYP–lipase complex
was 3.08 Å, which is higher than that of free lipase (2.30 Å). The
result suggests that the structure of free lipase may be more
stable than that of the HYP–lipase complex. It can be seen that
free lipase has been in a stable state aer reaching equilibrium.
Fig. 5E shows the uctuations of each amino acid in both
systems. The RMSF value of the corresponding amino acid in
the HYP–lipase complex was higher than that of lipase, indi-
cating that the HYP–lipase complex had higher mobility. This
suggests that the structure of free lipase may be more stable
than that of the HYP–lipase complex, corroborating with the
RMSD value. Rg values can reect the tightness of the protein
structure to a certain extent, as exhibited in Fig. 5B. The average
Rg value of free lipase was 26.80 Å, and that of the HYP–lipase
complex was 27.16 Å. The binding radius slightly changed.
Generally, the larger the Rg value of the system is, the more
sparse the protein structure is.53 The system's Rg value increased
as a result of the HYP binding, suggesting that the addition of
HYP made the structure of lipase relatively unstable, resulting
in a reduction of catalytic activity at the lipase's functional
location.54 This nding corroborates the FT-IR and CD results.

Table 2 summarizes the average values of the three types of
energy terms in the HYP–lipase system within 20 000 to 100 000
ps of simulation. The numerical contribution of DEvdw and
DEinter was relatively small in the whole system. However, DEelec
complex and free HYP systems. (B) Rg value of theMD simulation of the
ndary structure content of free lipase and HYP–lipase complex within
–lipase complex systems.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Contribution of each interaction energy term to the binding process in 105 kJ mol−1

Complex DEelec DEvdw

DEinter

DEDEbond DEangle DEdihedral DEplanarity

HYP–lipase −16.124 1.863 0.985 0.606 1.231 0.010 −11.429
2.832
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had a high proportion in the total energy contribution, and its
negative value, so it may contribute the most in the three kinds
of energy terms. These observations indicated that the formed
hydrogen bond as an electrostatic interaction may play
a leading role in the interaction between HYP and lipase.55 The
interaction between HYP and lipase and the subsequent
changes in the conformation and stability of lipase may be
attributed to the changes in interaction energy, including
hydrogen bond, van der Waals and electrostatic interaction.
Collectively, HYP mainly combined with lipase by hydrogen
bond. These simulation results support the experimental
results.

We analyzed the secondary structure to further understand
the conformational changes in free lipase and the HYP–lipase
complex. Fig. 5(C and D) indicates that the b-turn content of the
HYP–lipase complex increased within 0–2500 ps, tended to
decrease, and nally reached equilibrium. On the contrary, the
a-helix of the complex decreased in the range of 0–2500 ps and
Fig. 6 (A) 1H NMR spectrum of HYP alone (1.0× 10−3 M). (B, C) The off-re
× 10−5 M, and CHYP = 1.0 × 10−3 M).

© 2023 The Author(s). Published by the Royal Society of Chemistry
increased aer 2500 ps until equilibrium. At the same time, the
content of the coil and b-sheet in the complex presented
a variation. In conclusion, the addition of HYP slightly inter-
fered with the secondary structure of lipase to a certain extent.

All of the tests presented in this paper showed that the
interaction between HYP and lipase occurred smoothly.
However, upon the addition of HYP, the conformation of lipase
was slightly changed. The strong signals at 208 and 228 nm
(Fig. 3D) indicated the presence of the a-helix in lipase and
a slight red shi, which may be indicative of the n / p*

transition for the peptide bond of the a-helix.56 Based on the
change in the secondary structure content within 20 000 to 100
000 ps in MD, the a-helix contents of free lipase and the HYP–
lipase complex system were 18.10% and 17.39%, respectively,
which decreased by 0.71% and showed an overall decreasing
trend. This result is consistent with the FT-IR and CD results.
The predominant conformation in lipase was the a-helix.
According to the MD, FT-IR, and CD results, the a-helix content
sonance spectra and STD-NMR of the HYP–lipase system (Clipase = 2.0

RSC Adv., 2023, 13, 6507–6517 | 6515
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in lipase decreased upon the addition of HYP, and the decrease
in the a-helix content could have had some effect on lipase
activity and other functions. Studying the change in the rela-
tionship of the a-helix content in lipase is benecial to
providing clues for a deep understanding of its binding rela-
tionship with HYP and its effect on the biological function of
lipase.
3.8 STD-NMR experiment

STD-NMR technology is a powerful tool that can be used to screen
small molecules to understand their interactions with macro-
molecules.57 In this study, we selected the protein-to-ligand
concentration ratio of 1 : 50 because it is appropriate.58 More-
over, the STD-NMR spectrum showed that the signal strength of
the ligand protons was related to the tight binding of proteins.
The 1HNMR spectra of HYP in the presence and absence of lipase
are displayed in Fig. 6. Some hydrogen atoms present in the
gure could not be seen in the spectrum due to the exchange of
protons with D2O or because they did not reach the concentration
of the ligand. Other hydrogen atoms were observed in the STD-
NMR spectra, indicating that the hydrogen atoms were bound
to lipase. An increased signal of HYP was observed in the pres-
ence of lipase, and slight changes occurred in the chemical shis
of all hydrogens due to the intermolecular interaction between
HYP and lipase. According to the integrated peak areas, we infer
that H-2, H-4, H-5, H-9, H-11, H-12, H-13, H-14, H-15, and H-16
had medium-intensity to strong-intensity interacting hydrogens
with lipase, and H-6 had a weak affinity with lipase.
4 Conclusions

In the present study, the interaction and inhibition mechanism
of HYP to lipase were investigated using multi-spectral tech-
niques, ITC, enzyme kinetics and MD methods. The complex
formed by HYP and lipase resulted in static quenching. Mean-
while, the reaction between HYP and lipase became exothermic
on its own. In the uorescence spectrum, the addition of HYP
generated a slight shi in the sample's maximum absorption
wavelength, indicating a slight alteration in the microenviron-
ment of the amino acid Trp residue and Tyr residue in lipase.
Although HYP interacted with lipase, slight changes in its
secondary structure occurred, which could be corroborated by
the CD, FT-IR, and MD results. Furthermore, STD-NMR results
revealed that HYP interacted with lipase. This study supplies
a theoretical foundation for further development of HYP,
a pancreatic lipase inhibitor of natural origin, as an anti-obesity
supplement.
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