Current Research in Food Science 5 (2022) 1676-1684

© Current Research in
Food Science
Partofthe 0 =5

Contents lists available at ScienceDirect

Current Research in Food Science

journal homepage: www.sciencedirect.com/journal/current-research-in-food-science

ELSEVIER

L)

Check for
updates

Discovery and functional mechanism of novel dipeptidyl peptidase IV
inhibitory peptides from Chinese traditional fermented fish (Chouguiyu)

Yonggiang Zhao "¢, Xiao Hu®"¢, Hui Rong* ™

@ Key Laboratory of Aquatic Product Processing, Ministry of Agriculture and Rural Affairs, National R&D Center for Aquatic Product Processing, South China Sea
Fisheries Research Institute, Chinese Academy of Fishery Sciences, Guangzhou, 510300, China

Y Co-Innovation Center of Jiangsu Marine Bio-industry Technology, Jiangsu Ocean University, Lianyungang, 222005, China

¢ College of Food Science and Engineering, Ocean University of China, Qingdao, 266003, China

4 Collaborative Innovation Center of Seafood Deep Processing, Dalian Polytechnic University, Dalian, 116034, China

ARTICLE INFO ABSTRACT

Edited by, Dr. Quancai Sun Dipeptidyl peptidase-IV (DPP-IV) inhibitory peptides from fermented foods exhibit great potential to alleviate

type 2 diabetes mellitus (T2DM). In this study, the DPP-IV inhibition activity of peptide extract from Chouguiyu

Keywords: was obviously enhanced after 4-8 d fermentation. A total of 125 DPP-IV inhibitory peptides in Chouguiyu were
C’f““glfiy“ ) identified by peptidomics and were obtained from 46 precursor proteins, mainly including nebulin, titin, muscle-
PD;p?dt;dyl peptidase TV type creatine kinase, hemoglobin, and actin. After molecular docking with DPP-IV, four novel DPP-IV inhibitory
M(E’lecular docking peptides possessing the lowest docking energy were selected, including EPAEAVGDWR (D37), IPHESVDVIK
Hydrophobicity (D22), PDLSKHNNHM (D35), and PFGNTHNNFK (D1). The DPP-IV inhibition activity of D37, D22, D35, and D1

were further verified after synthesis with the ICso of 0.10 mM, 2.69 mM, 3.88 mM, and 8.51 mM, respectively, in
accordance with their docking energies. Energy interaction showed that the structures of EP-, IPH-, -NHM, and
PF- in these peptides were easy to connect with DPP-IV enzyme through hydrogen bond, salt bridge, and alkyl.
The surface force including the H-bond interaction, hydrophobicity, aromatic interaction, and SAS, played a
major role in the interaction between DPP-IV enzyme and peptides. The peptides that possess high hydropho-
bicity and can form strong hydrogen bond and salt bridge are potential DPP-IV inhibitory peptides using for
T2DM remission.

Hydrogen bond

1. Introduction

Diabetes mellitus, especially Type 2 diabetes (T2DM), is a major
health problem in the world affecting millions of people, and mainly
occurs due to the different degrees of insulin deficiency and insulin
resistance (Sagar et al., 2015). Glucagon-like peptide-1 (GLP-1) plays a
crucial role in inhibiting glucagon release and in turn stimulates insulin
secretion, thereby reducing the symptoms of diabetes (Li et al., 2016). As
a serine protease in blood, dipeptidyl peptidase IV (DPP-1V) can rapidly
degrade GLP-1, resulting in the inhibition of insulin secretion and

increase of blood glucose (Song et al., 2017). Various DPP-IV inhibitors
that are approved by Food and Drug Administration (FDA) are used as
therapeutic drugs for type 2 diabetes mellitus (George and Joseph,
2014), such as sitagliptin, saxagliptin, and linagliptin. However, there
are plenty of side effects in these drugs, such as joint pain, heart failure,
headache, and nausea. Bioactive peptides are specific fragments of food
proteins that possess various bioactivities, such as hypotensive, anti-
tumor, and hpyerglycemic activities (Ishak et al., 2021; Wang et al.,
2020). As a kind of bioactive peptides with hpyerglycemic activity,
DPP-1V inhibitory peptides play a crucial role in the inhibition of

Abbreviations: (DPP-1V), Dipeptidyl peptidase IV; (T2DM), Type 2 diabetes mellitus; (AAs), Amino acids; (PLS-DA), Partial least squares-discriminant analysis;

(IC), Interpolated charge; (SAS), Solvent accessible surface.
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DPP-1V, leading to the decrease of post-prandial glucose levels (Wang
et al., 2020). These food protein-derived DPP-IV inhibitory peptides
have been considered as a substitute for decreasing insulin deficiency
and insulin resistance with no side effects (Wang et al., 2020). Most
studies have concentrated on enzymatic hydrolysis food proteins by
commercially available proteases to generate DPP-IV inhibitory peptides
(Cian et al., 2022; Song et al., 2017). However, the restriction of their
cutting sites results in the low diversity of DPP-IV inhibitory peptides,
which limits the discovery of novel peptides with high DPP-IV inhibitory
bioactivity.

Complex microbial communities in fermented foods can produce
various proteases, contributing to the production of abundant peptides
(Majumdar et al., 2016; Mouritsen et al., 2017). That makes it possible
to discover novel DPP-IV inhibitory peptides with high bioactivity in
fermented foods. However, much attention has been paid to umami
peptides in fermented foods, and there is lack of study on the bioactive
peptides, especially DPP-IV inhibitory peptides. Many studies have
shown that the drugs with “N” centers in their structure, serving as
proline mimics, possess good ability to inhibit the activity of DPP-IV
enzyme (Sagar et al., 2015). Proline-rich protein substrate were
selected for preparing DPP-IV inhibitory peptides (Nongonierma et al.,
2017). Similarly, the peptides rich in proline at their N-terminal exhibit
strong DPP-IV inhibitory activity (Song et al., 2017). Chouguiyu is a
Chinese famous fermented fish product with abundant proline (Yang
et al., 2020). However, the DPP-IV inhibitory peptides especially with
specific location of proline have not been clarified in Chouguiyu.
Nowadays, molecular docking is an important tool in drug discovery to
predict the most favorable complex formed between a given protein
receptor and a small molecule ligand (Li et al., 2020; Sousa et al., 2013).
This technology has been widely used to screen non-peptide mimetic
drugs with DPP-IV inhibitory activity, such as xanthine (Li et al., 2016),
pyrazolo-pyrimidinones (Sagar et al., 2015), and triazole (Li et al.,
2016). However, the relationship between DPP-IV enzyme and its
inhibitory peptides has rarely been illustrated by molecular docking.

In this study, the DPP-1V inhibitory activities of peptide extract from
Chouguiyu were evaluated. The sequence of peptides was identified by
peptidomics to discover the DPP-IV inhibitory peptides based on the
specific location of proline. Moreover, the precursor proteins were
analyzed to determine the cleavage location of these peptides. The in-
teractions between the DPP-IV enzyme and DPP-IV inhibitory peptides
were studied using molecular docking, and the surface forces in their
optimal binding conformation were also exhibited. The in vitro analysis
was used to verify the results of DPP-IV inhibitory peptide virtual
screening. The in vitro analysis was used to verify the results of DPP-IV
inhibitory peptide virtual screening. This work is hopeful for
providing comprehensive understanding into the inhibition mechanisms
of DPP-1V inhibitory peptides in Chouguiyu. The core peptides can be
developed into potential food supplements using for T2DM remission.

2. Material and methods
2.1. Preparation of peptide extract from Chouguiyu

Chouguiyu was produced using frozen mandarin fish (Siniperca
chuatsi) with an average weight of 500 g in Anhui, China (Yang et al.,
2022a,b,c). Clean fish were neatly arranged in fermentation tanks. The
brine (6% salt and 0.02% spices) was added into the tanks until it soaked
the fish. During the natural fermentation for 8 d, the Chouguiyu was
obtained at 0 d (dO group), 4 d (d4 group), and 8 d (d8 group) for peptide
extract as described previously (Yang et al., 2022). Briefly, the Chou-
guiyu without skin (50 g) was homogenized for 0.5 h with 0.01 mol/L
hydrochloric acid (100 mL). After centrifugation for 20 min at 4 °C and
7000xg, the supernatant was added with triploid ethanol, placed at 4 °C
for 20 min, and centrifuged for 10 min at 4 °C and 16000xg to remove
protein. The supernatant was lyophilized and stored at —80 °C after
desalination.
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2.2. Analysis of DPP-1V inhibitory activity

The DPP-IV inhibition assay was tested by DPP- IV inhibitor
screening assay kit (KA1311, Abnova, China) as described previously
(Guo et al., 2020). Briefly, each peptide extract (1 g/L) was mixed with
assay buffer and DPP-IV in a 96-well plate. Then, the
Gly-Pro-Aminomethylcoumarin (AMC) solution was added in each well
and reacted at 37 °C for 30 min. The free AMC group was detected by the
enzyme-labeled instrument (Sunrise-basic Tecan, Switzerland) at 355
nm (excitation) and 455 nm (emission). Sitagliptin at the same con-
centration (1 g/L) was used as positive control. The DPP- IV inhibition
rate (I) of peptide extract was calculated using the following equation:

F.—F,
=" 100
-

i

where, I (%) is the DPP- IV inhibition rate of peptide extract, F; is the
fluorescence of samples without addition of peptide extract or positive
control, F; is the fluorescence of samples with addition of peptide extract
or positive control.

2.3. Peptide identification by peptidomics

Peptidomics was performed using ultra-high performance liquid
chromatography tandem mass as studied previously (Murray et al.,
2018) with slight modifications. The peptide samples were separated
using the Easy-nLC™ 1200 UPLC (Thermo, USA), coupled with an
ACQUITY UPLC peptide BEH C-18 column (1.7 pm, 2.1 mm x 150 mm,
Waters, USA). Elution program was performed using solvent A (water
solution with 2% acetonitrile and 0.1% formic acid) and solvent B
(water solution with 80% acetonitrile and 0.1% formic acid) under 0-53
min, 5%B; 53-65 min, 23%B; 65-73 min, 29%B; 73-74 min, 38%B;
74-75 min, 48%B; 75-90 min, 100% B with a flow rate of 0.30 pL/min.
Q Exactive™ HF-X tandem mass spectrometer (Thermo, USA) was used
to analyze sequence and abundance of peptides. The instrument was
operated in a single charge mode ([M + H]™) at the mass/charge (m/z)
range of 350-1500. The peptide sequences were identified by Proteome
Discoverer™ (Thermo, USA) according to the protein sequences of
Siniperca chuatsi.

2.4. Physicochemical characteristic analysis of DPP-1V inhibitory peptides

ToxinPred was performed to analyze the toxicity of peptides using
the website https://webs.iiitd.edu.in/raghava/toxinpred/multi_submit.
php(Caglar et al., 2021). ExPASy was used to check the isoelectric
point and molecular weight of peptides on the link https://web.expasy.
org/compute_pi/(Tu et al., 2018). The charge and hydrophobicity were
searched from PepDraw (http://www.tulane.edu/~biochem/WW
/PepDraw/)(Tu et al., 2021). The instability values were searched by
ProtParam (https://web.expasy.org/protparam/)(Games et al., 2016).
The novelty of peptides was predicted using database Pepbank (http
://pepbank.mgh.harvard.edu/search/basic) (Yang et al., 2022a,b,c).

2.5. Molecular docking between DPP-IV enzyme and DPP-IV inhibitory
peptides

The DPP-IV enzyme (PDB id:4PNZ) were downloaded from RCSB
PDB (https://www.rcsb.org/) and optimized using Discovery Studio
2019 Client (San Diego, USA), including deleting water and ligands,
supplement forcefield, and defining active binding sites. The structures
of DPP-IV inhibitory peptides were constructed using Chem Draw
(Cambridge soft, USA) and were then optimized using CFF partial charge
method in Discovery studio 2019 Client. The molecular docking be-
tween DPP-IV enzyme and peptides was conducted by flexible ligand-
flexible target module. The hypoglycemic drug sitagliptin was used as
the positive control to dock with the DPP-IV enzyme.
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Fig. 1. DPP-1V inhibition rate of peptide extract in Chouguiyu during fermen-
tation for 8 d. Bars labeled with different letters are statistically different (p <
0.05), as tested by one-way ANOVA and the Tukey test.

2.6. Solid-phase synthesis and DPP-IV inhibitory activity of core DPP-IV
inhibitory peptides

The core DPP-IV inhibitory peptides with a purity >95% were syn-
thesized through the conventional Fmoc solid-phase synthesis method
with APEX 396 automated peptide synthesizer (AAPPTEC, USA). DPP-IV
inhibitory activity was measured in 96-well plates following the method
described by previously (Vilcacundo et al., 2017) with some modifica-
tions. Briefly, the sample concentrations were set to 10 g/L, 1 g/L, 0.1
g/L, 0.01 g/L, and 0.001 g/L. A total of 25 pL sample and 25 pL
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H-Gly-Pro-p-nitroaniline (2 mmol/L) were mixed and incubated at 37 °C
for 10 min, then were added with 50 pL DPP-IV enzyme solution (0.02
U/mL). After incubation at 37 °C for 60 min, the reaction was termi-
nated by 100 pL sodium acetate buffer solution (1 mmol/L, pH 4.0). The
absorbance was detected by the enzyme-labeled instrument at 405 nm to
calculate the DPP-IV inhibitory activity of peptides.

2.7. Statistical analysis

All experiments were performed in triplicate and the data were
expressed as mean + standard deviation. The differences among treat-
ments were analyzed by one-way analysis of variance (ANOVA) with
multiple comparison Tukey test using the IBM SPSS Statistics (v20.0)
(Zhao et al., 2021). The similarity of 125 DPP-IV inhibitory peptides in
different groups was determined by partial least squares-discriminant
analysis (PLS-DA) using Metabo Analyst v5.0 (Li et al., 2022a,b). The
heatmap was drawn using MetaboAnalyst v5.0 (Li et al., 2022). The
Sankey diagram was drawn by Origin (OriginLab Corp, USA). The
peptide profile was drawn using Peptigram (Fu et al., 2018).
Half-maximal inhibitory concentration (ICsp) for DPP-IV inhibition of
peptides was calculated by logarithmic regression analysis.

3. Results and discussion
3.1. DPP-IV inhibition rate of peptide extract in Chouguiyu

As a proline-rich fermented fish product, Chouguiyu can be used as a
potential source for the extraction of DPP-IV inhibitory peptides. In this
study, the DPP-IV inhibition rates of peptide extract from Chouguiyu at
various fermentation groups are exhibited in Fig. 1. Interestingly, the
peptide extract in Chouguiyu exhibited good DPP-IV inhibition activity
as same as the positive drug sitagliptin. Higher DPP-IV inhibition rate
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Fig. 2. Identification of DPP-IV inhibitory peptides from Chouguiyu at different fermentation time. (A) PLS-DA analysis of DPP-IV inhibitory peptides among the
different fermentation groups. (B) Abundance of DPP-IV inhibitory peptides at different molecular weight distributions. (C) Heatmap analysis of DPP-IV inhibitory
peptides during the fermentation process. The red, green, and blue squares respectively represent the peptides reaching their maximum on dO, d4, and d8. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Identification of precursor proteins for producing DPP-IV inhibitory peptides and characteristics of DPP-IV inhibitory peptides of Chouguiyu.

was observed in the peptide extract after fermentation, especially in the
d4 group (60.14%) than that in the dO group. At the same concentration,
the peptide extract in the d4 and d8 groups respectively achieved
67.07% and 28.03% of DPP-IV inhibition activity of sitagliptin.

To confirm which peptides contributed to the DPP-IV inhibition ac-
tivity, peptidomics was used to select the peptides with DPP-IV inhibi-
tory bioactivity. Previous studies found that small-molecule peptides
(generally <10 amino acids (AAs)) with various hydrophobic amino
acids in the structure possessed good DPP-IV inhibitory activity (Hao
et al., 2021; Lacroix and Li-Chan, 2013; Tu et al., 2021). Among hy-
drophobic amino acids, the presence of proline in the peptides
contributed most to the inhibition of DPP-IV, especially when it exited at
the first three amino acids at the N-terminal (Lacroix and Li-Chan, 2014;
Lafarga, O Connor & Hayes, 2015; Song et al., 2017), such as PAL- (Ji
etal., 2017), VPL (Rahfeld et al., 1991), IPQ- (Xu et al., 2019), and GGP-
(Neves, Harnedy, O’Keeffe, Alashi, Aluko & FitzGerald, 2017). In this
study, a total of 125 DPP-IV inhibitory peptides with total AAs <10 and
proline at similar sites of N-terminal were discovered from Chouguiyu at
different fermentation time. It was reported that DPP-IV inhibitory
peptides in Sardine pilchardus below 1400 Da had the highest activity
(Zhang et al., 2019). The largest molecular weight of DPP-IV inhibitory
peptides in Chouguiyu was 1308.55 Da, which might be helpful in dis-
covery of novel peptides with high DPP-IV inhibitory activity. The
similarity of 125 DPP-IV inhibitory peptides in different groups was
determined by PLS-DA. The Q? of component 1 and component 2 was
0.70 and 0.41, respectively (Table S2). The PLS-DA plot showed that
DPP-1V inhibitory peptides in the dO group exhibited more difference
with the d4 and d8 groups, while there was no marked difference be-
tween the d4 and d8 groups (Fig. 2A). The peptide abundance of three
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molecular weight distribution regions first increased and then decreased
with the increasing fermentation time, and peaked in the d4 group, in
accordance with the results of DPP-IV inhibition activity of peptide
extract in different fermentation groups (Fig. 2B). The DPP-IV inhibitory
peptides with the molecular weight distribution >1100 Da exhibited the
highest abundance, while the peptides with the lowest abundance were
found in <900 Da. The DPP-IV inhibitory peptides were named from D1
to D125 in order of their abundance (Fig. 2C and Table S1). The dif-
ferential DPP-IV inhibitory peptides (|loga(fold change)| > 1) from
Chouguiyu were compared in each group (Table S3). Comparative pep-
tidomics analysis showed that between the d4 and dO groups there were
118 differential DPP-IV inhibitory peptides, 99 of which were improved,
while 19 of which were reduced in the d4 group. A total of 112 differ-
ential DPP-1V inhibitory peptides were observed between the d8 and dO
groups, among which 93 and 19 peptides were improved and reduced in
the d8 group, respectively. Interestingly, most DPP-IV inhibitory pep-
tides reached their peak in the d4 group. Among the 61 differential
DPP-1V inhibitory peptides between the d8 and d4 groups, more pep-
tides (37 peptides) possessed lower abundance in the d8 group than the
d4 group, in accordance with the results of DPP-IV inhibitory activity
from peptide extract in Chouguiyu.

3.2. Physicochemical characteristics of DPP-IV inhibitory peptides from
Chouguiyu and their precursor protein analysis

The physicochemical properties of DPP-IV inhibitory peptides
including isoelectric point, charge, hydrophobicity, solubility, toxicity
and stability were further predicted in silico (Fig. 3 and Table 1). All the
DPP-1V inhibitory peptides possessed hydrophobicity more than 8.17



D. Yang et al.

Table 1
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Molecular docking results of the 30 stable DPP-IV inhibitory peptides with the highest abundance.

Name Sequence AEgocking (kcal/mol) AEinteraction (kcal/mol) AEpinding (kcal/mol) AEqw (kcal/mol) AEgje (kcal/mol)
D1 PFGNTHNNFK —106.778 —76.137 —393.385 —33.933 —416.936
D2 PFGNTHNNF —90.879 —64.772 —382.306 —27.852 —416.651
D3 YPWTQRH —84.245 —64.880 —243.322 —28.733 —259.438
D5 LPHDTPL —48.494 —47.987 —157.232 —26.909 —183.112
D7 KPSAPKIP —36.524 —54.152 —137.993 —28.900 —175.258
D10 DDPLLVH —81.375 —60.334 —191.319 —30.952 —197.714
D11 EIPTKVPKAE —96.214 —68.462 —240.629 —40.383 —270.890
D12 LDPEGTGTIK —101.161 —53.792 —297.425 —30.999 —318.845
D14 KPSAPKIPD —62.905 —50.310 —130.435 —33.641 -171.517
D16 DPIISDR —79.292 —72.330 —187.298 —25.291 —200.557
D18 NPYKEIDVS —104.337 —60.506 —280.125 —32.964 —304.800
D20 IPVVDDK —68.758 —62.933 —108.907 —27.844 —128.317
D21 DTPEIVR —80.034 —41.771 —202.268 —22.282 —222.421
D22 IPHESVDVIK —111.038 —65.437 —294.789 —39.491 —301.470
D23 PEGTGTIKKQ —103.547 —53.732 —303.534 —30.870 —328.638
D24 SLPHDTPL —68.802 —63.328 —205.053 —29.760 —229.141
D25 IPPEKPIKIP —73.950 —90.147 —186.272 —41.299 —231.023
D26 IPVNVDK —73.015 —58.851 —178.553 —29.799 —189.573
D31 FPSIVGR —55.094 —34.694 —155.809 —19.807 —169.726
D33 PDLSKHNN —85.141 —59.450 —298.630 —29.360 —325.148
D34 NPYKEIDV —92.101 —70.969 —234.603 —33.366 —248.249
D35 PDLSKHNNHM —110.893 —50.101 —386.624 —38.987 —416.335
D37 EPAEAVGDWR —115.415 —82.482 —310.680 —25.919 —331.430
D38 APKIPDGE —81.200 —63.232 —119.896 —26.928 —147.389
D39 DNPGHPFI —68.082 —54.861 —263.666 —27.469 —289.181
D41 PQTKTYFSH —88.321 —61.955 —290.732 —29.587 —323.296
D43 LDPIISDR —88.906 —70.312 —219.432 —29.348 —232.921
D44 DNPGHPFIMT —92.205 —75.595 —340.436 —34.494 —368.833
D45 EVPEVYR —90.566 —75.773 —182.124 —27.160 —192.760
D47 IPDGEKVDFD —103.387 —76.575 —221.230 —37.421 —247.640

kJ/mol. The strong hydrophobicity helped peptides easily interact with
the hydrophobic active sites of DPP-IV enzyme, consequently resulting
in the inactivation of DPP-IV enzyme (Lacroix and Li-Chan, 2013). The
toxicity prediction showed that all the 125 DPP-1IV inhibitory peptides
were nontoxic. A total of 79 peptides displayed acidic isoelectric point,
while only 46 peptides possessed basic isoelectric point. Most DPP-IV
inhibitory peptides (95) possessed good water solubility. The stability
of peptides in vivo played a key role in their biological activities (Singh
and Vij, 2018). In this study, a total of 74 DPP-IV inhibitory peptides
possessed stable structures, which were chosen for the analysis of mo-
lecular docking.

The main precursor proteins of 125 peptides were further analyzed
using Sankey diagram (Fig. 3). A total of 46 kinds of precursor proteins
(are represented by A in Fig. 3) were identified and most of them
concentrated on nebulin, titin, muscle-type creatine kinase, hemoglobin,
and actin, which were also considered as major proteins in mandarin
fish. Interestingly, A17, A6, and A23 were the main precursor proteins to
produce 16, 15, and 14 peptides, respectively. The peptides possessing
high abundance were primarily from A23, A33, A44, A17, and A6.

3.3. Hydrolysis location of precursor proteins for producing DPP-IV
inhibitory peptides

The DPP-IV inhibitory peptides can be obtained from the precursor
proteins at multiple hydrolysis locations because of the catalytic action
of various proteases from complex microorganisms in Chouguiyu. In this
study, the DPP-IV inhibitory peptide profile hydrolyzed from the major
precursor proteins was constructed based on corresponding hydrolysis
sites (Fig. 4). The A17 and A6 respectively consisted of 2556 and 7376
amino acids, and were hydrolyzed into most kinds of DPP-IV inhibitory
peptides at various locations. A23 had 382 amino acids, which were
hydrolyzed into peptides at five distinct locations, including 2-11,
20-30, 62-71, 89-96, and 284-292. The hydrolysis locations of A24 for
producing peptides were mainly concentrated on three locations,
99-106, 124-131, and 184-193. Similarly, A36 could be hydrolyzed at
three locations, including 81-89, 151-157, and 733-742. There were 12
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precursor proteins that can produce DPP-IV inhibitory peptides at only
one distinct location, including A33 (35-45), A44 (44-57), A46 (37-46),
A4 (17-29), A41 (25-34), A37 (236-245), A21 (997-1005), A18
(95-103), A22 (129-140), A3 (92-100), A32 (38-46), and A9
(152-161), while there were respectively two distinct hydrolysis loca-
tions in A19 (73-80 and 135-144), A26 (349-356 and 395-402), A31
(36-43 and 120-129), A7 (57-60 and 1020-1027), A15 (679-688 and
692-701), and A29 (251-260 and 292-299).

3.4. Molecular docking between DPP-IV enzyme and DPP-1V inhibitory
peptides

The 30 stable DPP-IV inhibitory peptides with the highest abundance
were selected to evaluate the inhibition mechanisms for DPP-IV enzyme
using molecular docking (Table 1). The interaction energies
(AEinteraction) of most peptides were lower than —50 kcal/mol. The
binding energies (AEpinding) between peptides and DPP-IV enzyme were
all lower than —108.907 kcal/mol, indicating the stable binding struc-
ture (Wu et al., 2016). The electrostatic energy (AE.l.) was lower than
the van der Waals energy (AEqy), playing the major role in binding
energy. The docking energies (AEgqcking) Of 30 DPP-IV inhibitory pep-
tides were lower than —36.524 kcal/mol, especially D37, D22, D35, and
D1 which possessed the AEgocking of —115.415, —111.038, —110.893,
and —106.778 kcal/mol, respectively. Interestingly, these DPP-IV
inhibitory peptides possessed lower docking energy with the receptor,
compared with sitagliptin (-20.369 kcal/mol). Previous study found that
lower docking energy indicated stronger affinity between the ligands
and their receptor (Tu et al., 2018), probably resulting in more inhibi-
tion of DPP-IV enzyme activity. Interestingly, the abundance of D37,
D35, and D1 in the d4 group was significantly higher than that in d0 and
d8 groups (Table S3), contributing to the highest DPP-IV inhibition ac-
tivity of peptide extract in the d4 group. Therefore, these four DPP-IV
inhibitory peptides were chosen to explore the molecular interaction
and surface force with DPP-IV enzyme. Interesting, these DPP-IV
inhibitory peptides with sequence of EPAEAVGDWR (D37), IPHESVD-
VIK (D22), PDLSKHNNHM (D35), and PFGNTHNNFK (D1), exhibited
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Table 2

ICs0 on DPP-IV enzyme of DPP-IV inhibitory peptides.
Name Peptide 1Cs¢ (mM)
D37 EPAEAVGDWR 0.10
D22 IPHESVDVIK 2.69
D35 PDLSKHNNHM 3.88
D1 PFGNTHNNFK 8.51
Positive Sitagliptin 0.09

good DPP-1V inhibition effect, possessing the ICsg of 0.10 mM, 2.69 mM,
3.88 mM, and 8.51 mM, respectively (Table 2). Under the same in vitro
method, the ICso on DPP-IV inhibition of D37 was significantly lower
than the reported activity of silver carp muscle proteolytic peptide
(AALEQTER, 0.6 mM) (Zhang et al., 2019). Besides, the DPP-IV inhibi-
tion activity of D37, D22, D35, and D1 was in accordance with their
docking energy, suggesting the virtual selection of DPP-IV inhibition
peptides according to their docking energy was accurate.
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3.5. Molecular interaction between DPP-IV enzyme and DPP-IV
inhibitory peptides

Molecular docking is widely applied to reveal the inhibition mech-
anism of DPP-IV inhibitory peptides (Gu et al., 2021). Generally, DPP-IV
enzyme possesses four binding sites, including S1, S2, S1’, and S2’,
among which S1 is a pocket with high hydrophobicity of residues
Ser630, Asn710 and His740, while S2 plays important roles in the in-
teractions at the residues of Glu205, Glu206, and Argl25 (Gu et al.,
2021; Lietal., 2016). Besides, Tyr547 and Trp629 in the DPP-IV enzyme
also play an important role in binding activity (Sagar et al., 2015; Wu
et al., 2016). In this study, the energy interactions between the four
DPP-1V inhibitory peptides and DPP-IV enzyme are exhibited in Fig. 5.
Sixty-one residues in DPP-IV enzyme played a crucial role in the inter-
action with DPP-IV inhibitory peptides (Table S4). Interestingly, similar
crucial residues such as Glu205, Glu206, Argl25, Tyr547, Trp629,
Ser630, and His740 were found in this study to participate in the binding
of four DPP-IV inhibitory peptides and sitagliptin. Conventional
hydrogen bonds, carbon hydrogen bonds, and salt bridges were the
major interactions between DPP-IV enzyme and DPP-IV inhibitory
peptides, while for sitagliptin, conventional and carbon hydrogen bonds
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Fig. 5. 3D docking complexes and 2D diagrams between the four core DPP-IV inhibitory peptides and DPP-IV enzyme using molecular docking.

were the major interactions at the residues of Argl25, His126, Arg471
and Ser458 in DPP-IV enzyme. Interestingly, the DPP-IV inhibitory
peptides formed more van der Waals with DPP-IV enzyme than sita-
gliptin, probably leading to more allosteric effects on the DPP-IV
enzyme. The residues in DPP-IV enzyme for the formation of conven-
tional hydrogen bonds were focused on Arg, Ser, His and Tyr, and the
residues such as Arg and Tyr contributed to the formation of salt bridges,
while Ser played a crucial role in the formation of carbon hydrogen
bonds. A total of 3 carbon hydrogen bonds, 1 conventional hydrogen
bond, 2 salt bridges, and 3 alkyl bonds were found between DPP-IV
enzyme and D22. More salt bridges were found in D37 reaching 4,
while more hydrogen bonds were observed in D1 and D35, respectively
reaching 10 and 5. Interestingly, the hydrogen bonds, salt bridges, and
alkyls formed between the DPP-IV enzyme and DPP-IV inhibitory pep-
tides were concentrated on the specific structure (Fig. 5, Fig. S1 and
Table S4). The structure of EP- in D37 connected with DPP-IV enzyme by
salt bridge at Arg560 and carbon hydrogen bond at Ser473. The struc-
ture IPH- in D22 interacted with DPP-IV enzyme by alkyls (Trp62 and
Lys463), salt bridge (Arg471), and carbon hydrogen bond (Glu408). The
structure of -NHM in D35 formed three kinds of bonds, including Tyr456
for conventional hydrogen bond, Ser473 for carbon hydrogen bond, and
Arg560 for salt bridge. For D1, the structure of PF- formed interaction
with DPP-IV enzyme through hydrogen bonds, including two conven-
tional hydrogen bonds (Glu408 and Phe461) and one carbon hydrogen
bond (Leu410). Previous study found that hydrogen bond and pi-pi
interaction formed between the DPP-IV inhibitory peptides and
DPP-IV enzyme could well explain the inhibition of DPP-IV enzyme (Gu
et al., 2021). Similar results were found in this study that the structures
of EP-, IPH-, -NHM, and PF- in the DPP-IV inhibitory peptides played a
crucial role in the inhibition of DPP-IV enzyme through hydrogen bond,
salt bridge, and alkyl.

3.6. Surface force between DPP-IV enzyme and DPP-1V inhibitory
peptides

The surface force between DPP-IV inhibitory peptides and DPP-IV
enzyme is shown in Fig. 6. Aromatic interaction can be evaluated
using face force and edge force (Fischer et al., 2008). In this study, the
edge force was much stronger than the face force in domain of DPP-IV
enzyme and DPP-IV inhibitory peptides. Obvious hydrogen bond
(H-bond) interaction was observed in all the domains between DPP-IV
enzyme and four DPP-IV inhibitory peptides. The density of interpo-
lated charge (IC) is usually used to evaluate the binding strength of
electronic structure (Yim and Kliiner, 2008). In this study, the interpo-
lated charge in the interaction region was much slighter, suggesting its
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weak effect on the interaction between the peptides and DPP-IV enzyme.
Similarly, the ionizability was also slight, probably because of the lack of
ionizable groups in the peptides and DPP-IV enzyme. Previous studies
found that peptide hydrophobicity contributed most to the activity of
DPP-1V inhibition (Guo et al., 2020; Song et al., 2017). In this study, all
four DPP-IV inhibitory peptides possessed the obvious hydrophobicity
(Table S1). Moreover, the interaction region between the DPP-IV
enzyme and peptides exhibited clear hydrophobicity, especially near
hydrophobicity amino acids, such as Pro, Phe, Tyr, Trp, Ile, Leu, Val in
the peptides. Interestingly, the proline at second position of N-terminal
showed stronger hydrophobicity than that at the first position, probably
due to the less effect of hydrophilic group “-NH” in proline. Previous
studies showed that peptides with proline at second position of N-ter-
minal possessed stronger DPP-IV inhibition activity (Silveira et al.,
2013; Song et al., 2017). It might result from the high hydrophobicity of
proline at this position. Solvent accessible surface (SAS) is the area
traced out by the probe sphere center which is related to the van der
Waals (Connolly, 1983). In this work, obvious SAS was found in the
interaction domain between the DPP-IV enzyme and peptides, mainly
due to the abundant van der Waals. It was shown that the surface force
including the hydrogen bond interaction, hydrophobicity, aromatic
interaction, and SAS, played a major role in the inhibition of DPP-IV
enzyme.

Molecular interaction and surface force between the DPP-IV enzyme
and DPP-IV inhibitory peptides could well explain the inhibition
mechanisms of these peptides on DPP-IV enzyme. Lower docking energy
indicated stronger affinity between DPP-IV enzyme and peptides, which
provided a possibility for their interaction. The hydrophobicity of pep-
tides was helpful in their docking to DPP-IV enzyme because the inter-
action location concentrated on the hydrophobic pocket in the enzyme.
Among the interaction energies, hydrogen bond contributed most to the
conformational changes of DPP-IV enzyme, followed by salt bridge and
alkyl, eventually leading to the inactivation of DPP-IV enzyme. The
peptides with high hydrophobicity and amino acid residues that can
form strong hydrogen bond, salt bridge, and alkyl with DPP-IV enzyme
may be potential DPP-IV inhibitory peptides using for T2DM remission.

4. Conclusion

Peptide extract of Chouguiyu exhibited a good inhibition effect on
DPP-1V enzyme, especially in the fermented groups. A total of 125 DPP-
IV inhibitory peptides were identified from Chouguiyu, and most DPP-IV
inhibitory peptides in the fermented groups were more abundant than
that before fermentation. The 125 peptides were hydrolyzed from 46
precursor proteins at various locations, which were focused on nebulin,
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Fig. 6. Surface force analysis between the four core DPP-IV inhibitory peptides and DPP-IV enzyme, including (A) aromatic interaction, (B) hydrogen bond, (C)
interpolated charge, (D) hydrophobicity, (E) ionizability, and (F) solvent accessible surface.

titin, muscle-type creatine kinase, hemoglobin, and actin. All the DPP-IV
inhibitory peptides possessed nontoxicity and good hydrophobicity, 95
peptides showed good water solubility, while only 74 peptides exhibited
stable structures. Four novel DPP-IV inhibitory peptides with the lowest
docking energy were selected, including EPAEAVGDWR, IPHESVDVIK,
PDLSKHNNHM, and PFGNTHNNFK, with ICso of 0.10 mM, 2.69 mM,
3.88 mM, and 8.51 mM, respectively. Arg, Ser, His and Tyr were the
main residues in DPP-IV enzyme to form the hydrogen bond and salt
bridge with the structures of EP-, IPH-, -NHM, and PF- in DPP-IV
inhibitory peptides. The surface force including the H-bond interac-
tion, hydrophobicity, aromatic interaction, and SAS, played a major role
in the interaction between DPP-IV enzyme and peptides. The peptides
with high hydrophobicity and amino acid residues of forming strong
hydrogen bond, salt bridge, and alkyl may possess high inhibition ac-
tivity of DPP-IV enzyme.
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