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ARTICLE INFO ABSTRACT

Keywords: Oligopeptide (AYAPE, AYP) has been isolated from Isochrysis Zhanjiangensis and it has been proven to have good

OligopePtide ) ) biological activity potential, but its structural characteristics and structure-activity are not yet very clear. As an

f:"c‘h'y‘s('f Zhanjiangensis oligopeptide of five amino acids, the structural characteristics of AYP are the key factors of its activity. Therefore,
ntioxidant

through evaluating the antioxidant mechanism and stress degree of AYP in different cells, the active action sites
were analyzed to explain the antioxidant structure activity relationship of AYP. The results indicate that under
oxidative stress, 50 pM AYP can restore 78.53 % of cell viability. AYP through NF-xB and MAPK signaling
pathways inhibit inflammation and cell apoptosis. And then, it activates Nrf2/Keapl pathway, promotes Nrf2
nuclear transfer, and increases the expression of antioxidant enzymes, thus exerting antioxidant effects. In
addition, in order to further explore the structure activity relationship of AYP, quantum mechanics and molecular
docking were combined for analysis. The results showed that tyrosine, alanine, proline, and glutamic acid
contained in AYP can all contribute to antioxidant activity, and the key amino acids that mainly play an anti-
oxidant role are tyrosine and alanine. Therefore, this study provides a new idea for the rational design of marine

Anti-apoptotic
Active site

oligopeptides based on the activity mechanism in the application of food and health products.

1. Introduction

Pathological condition known as oxidative stress is brought on by an
imbalance between the oxidative and antioxidant systems, which leads
to an overproduction of reactive polymers such as reactive oxygen
species (ROS) (Li et al., 2021). Lipids, proteins, organelles, and nucleic
acids will be harmed by high quantities of ROS in cells, triggering the
cell death process (Redza-Dutordoir and Averill-Bates, 2016). Because
cells that fail to repair damage or adapt to oxidative stress may enter
permanent growth stagnation or die due to apoptosis, it will cause
various pathological changes. Thus, therapeutic intervention options for
neurological and cardiovascular disorders may be provided by phar-
maceutical methods to deal with oxidative stress (Pan et al., 2014). For
example, velvet antler polypeptide VAP II has a protective effect on
HUVECs damage, which demonstrates that it has an anti-apoptosis
impact brought on by oxidative stress and may take part in the mito-
chondrial pathway’s function (Zhu et al., 2017). In addition, studies
have shown that the polypeptide PCF of Chlamys farreri evaluated the
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effect of HyO2 induced neuronal cell death, which can promote endog-
enous antioxidant defense components, suppress the phosphorylation of
MAPK family members and prevent the production of reactive oxygen
species (Zhu et al., 2017). However, these studies are to analyze the
antioxidant effect of polypeptides at the cellular level. If theoretical
studies at the molecular level are combined, the antioxidant mechanism
of polypeptides will be more perfect. marine antioxidant peptides and
their amino acid modified peptides have potential to alternative anti-
oxidants (Fan et al., 2022). In comparison to enzymatic antioxidants,
antioxidant peptides from food offer a few advantages. Due to their
having a simpler and more stable structure, and besides antioxidant
activity, they also have some other nutritional and functional charac-
teristics (Sarmadi and Ismail, 2010).

Marine biological resources are not only an important component of
the marine ecological environment, but also an important source of food
and nutrition for humans. For decades, marine natural products such as
mollusca, sponges, sea squirts, and marine, microalgae have been
developed for their excellent biological activity in the nutrition,
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pharmaceutical, and cosmetic industries (Oh et al., 2019). Among them,
marine microalgae is a single celled algae with photosynthetic and
simple reproductive characteristics (Pina-Pérez et al., 2017). They can
often be applied in different fields such as biofuels, feed, natural prod-
ucts, food, and pharmaceuticals. (Maeda et al., 2018). In particular,
microalgae Isochrysis has potential development prospects for the food
industry because of its high fat and protein contents (Bonfanti et al.,
2018). Isochrysis Zhanjiangensis is a marine microalgae distributed in the
South China Sea. It was first found in Zhanjiang Bay, China, and is often
used as bait and feed for aquaculture industry (Chen et al., 2020). In
previous studies, the oligopeptide AYAPE (AYP), isolated from Isochrysis
Zhanjiangensis, has multiple biological activities and has a significant
effect on preventing inflammation and blocking tumor angiogenesis
(Tang et al., 2022). It has also been shown to be resistant to ultraviolet
radiation and skin aging (He et al., 2022). However, the structural
characteristics of peptides that must be considered in the structur-
e-activity relationship have not yet been elucidated.

Studies have shown that peptides with molecular weights between
500 and 1,500 Da have stronger biological activity than other peptide
sequences, and their mechanism of action depends on the sequence,
composition, and molecular weight of amino acids (Ngo et al., 2013;
Qian et al., 2008). Compared with biological activity and mechanism
research, comprehensive research on the structural characteristics of
polypeptides is relatively lagging behind. Therefore, the analysis of the
structural characteristics of bioactive peptides can provide a theoretical
basis for the development of their biological activities.

Due to the complex spatial structure of peptides, it is difficult to
accurately obtain their active sites and electron transfer pathways
through experimental methods. In this case, quantum chemical methods
demonstrate greater advantages. Quantum chemical calculations have
been widely used in structure-activity relationship studies of active
peptides for their ability to describe the physicochemical properties of
peptides and to elucidate their electron transfer mechanisms (Fu et al.,
2022). Molecular docking can also be used to elucidate the structur-
e-activity relationship and antioxidant Mechanism of peptides (Wen
et al., 2021; Vakser. 2014). Therefore, quantum mechanics and molec-
ular docking can be combined to evaluate the action mechanism of
peptides.
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This study first demonstrates that AYP protects cells from damage by
inhibiting oxidative stress. Using VC as a positive control, the cell
models of HUVECs and SH-SY5Y cells induced by HyO, indicate that
AYP can reduce ROS levels, inhibit mitochondrial damage, and also
inhibit the phosphorylation of the NF-xB/MAPK pathway, protecting
cells from apoptosis and inflammation. In addition, it exerts antioxidant
effects by activating the Nrf2/Keapl pathway. Finally, utilizing quan-
tum chemistry and molecular docking to analyze the active sites of
peptides provides a theoretical basis for the activity of AYP and links its
structure and mechanism of action. This may provide some new ideas for
discovering the mode of action and activity basis of marine bioactive
oligopeptides (Fig. 1).

2. Material and methods
2.1. Materials and chemicals

AYP (Ala-Tyr-Ala-Pro-Glu) came from previous studies (Chen et al.,
2020), with a molecular weight of 549.57 Da and a purity of 98.88 %.
Human Umbilical Vein Endothelial Cell (HUVEC) and SH-SY5Y were
purchased from Suzhou Chuanglian Biotechnology. DCFH-DA fluores-
cent probe and RIPA buffer were purchased from Shanghai Bioyotime
Biotechnology. Mouse antibody JNK (sc-7345), P-JNK (sc-6254), p38
(sc-7972), P-p38 (sc-166182), p65 (sc-8008), P-p65 (sc-1365408), p50
(sc-8414), P-p50 (sc-271908), IkB-a (sc-1643), P-IkB-a (sc-8404), p53
(sc-126), cytochrome c¢ (sc-13156), Nrf2 (sc-365949), Keap 1 (sc-
365626), Heme Oxygenase-1 (sc-136960), and secondary antibodies:
goat anti-mouse IgG-HRP (sc-2005) and goat anti-rabbit IgG HRP (sc-
2004) were products of Santa Cruz Biotechnology (Shanghai, China).
Rabbit antibodies Bax (D3R2M) and GPX1 (C8C4) were purchased from
Cell Signaling Technology (Danvers, MA). Human IL-6 and IL-1f ELISA
kits were obtained from NeoBioscience Technology. Vitamin C, JC-1 kit,
and 4',6-diamidino-2-phenylindole (DAPI) were purchased from Solar-
bio Life Science (Beijing, China). Other chemical reagents are analytical
grade.

AYAPE (Ala-Tyr-Ala-Pro-Glu)
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Fig. 1. Experimental design of antioxidant mechanism of AYAPE. The left side represents the cellular pathway through which AYP exerts protective effects in two
cells, while the right side represents the key site where AYP exerts antioxidant activity. Analyze the antioxidant function of AYP through two levels: cell model and

molecular structure.
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2.2. Cell culture and viability assay

The HUVECs and SH-SY5Y cells were cultured in 90 % DMEM, 10 %
FBS, and 1 % penicillin/streptomycin complete medium and grown in
37 °C, 5 % CO; incubator. After the cells grew completely, different
concentrations of AYP (20, 50, and 100 pM) were added. After 24 h,
added 100 pL of 10 % CCK-8 solution. After 30 min incubation at 37 °C
without light, measure absorbance at 450 nm with a microplate reader
(BioTek, Winooski, VT, USA).

2.3. Engyme-linked immunosorbent assay

AYP (20, 50, and 100 pM) and VC (200 pM) were cultured with the
cells for 2 h, then Hy05 was added. The supernatant was collected after
24 h, and the supernatant was centrifuged (12,000 rpm, 4 °C, 10 min).
The concentrations of IL-6 and IL-1f in the supernatant of HUVECs were
then determined as prescribed by the manufacturer.

2.4. Detection of reactive oxygen species

The cells were seeded in 24-well plates for growth and cultured with
different concentrations of AYP (20, 50, and 100 pM). After 2 h, add
H20; to achieve the final concentration of 600 pM. Positive control at
50 pg/mL Rosup was added, and after 20 min, cleaned with PBS. DCFH-
DA (10 pM) was added to each well, and photos were taken under a
Fluorescence microscope after 30 min incubation in dark (Olympus,
Tokyo, Japan).

2.5. Detection of mitochondrial membrane potential

The positive control group was given CCCP (10 uM) to pre-treat for
30 min. Incubate the cells in JC-1 working solution for 20 min in the
dark at 37 °C, and then add serum-free culture medium. Finally, cells
were observed using a fluorescence microscope (Olympus, Tokyo,
Japan).

2.6. Annexin-V and PI double staining method

Cells grow on a 24-well plate, and after 24 h of treatment, add 100 pL
binding buffer solution. Treat cells with Annexin-V and PI dyes in a dark
environment for 10 min, and complete the shooting under a fluorescence
microscope within one hour (Olympus, Tokyo, Japan).

2.7. Immunofluorescence

After 24 h incubation, cells were washed with PBS, added 4 %
paraformaldehyde, and fixed at 4 °C for 30 min. 0.2 % TritoX-100 was
added to infiltrate on ice for 10 min and was sealed in 5 % bovine serum
albumin for 1 h. P53 antibody or Nrf2 antibody (1:500) was added
overnight at 4 °C. Incubate goat anti-mouse IgG Dylight 488 (1:500) in
dark for 2 h. After PBS washing, add DAPI dye to stain the nucleus.
Observing cells under a fluorescence microscope (Olympus, Tokyo,
Japan).

2.8. Western blot assay

The cells were cultured with AYP (20, 50, and 100 pM) and VC (200
pM) for 2 h, then H,O5 was added to make the final concentration of 600
pM. Cleaned with PBS after 24 h, and cell lysate was added (RIPA: PMSF
= 100:1). After obtaining the sample by BCA quantitative method, the
protein was separated by SDS-page and transferred to nitrocellulose
(NC) membrane. Blocking with 7 % skim milk for 2 h and incubated
overnight with primary antibodies (mouse antibody 1:500, rabbit anti-
body 1:1000). Incubate in secondary antibody (1:2000) for 2 h after
washing. At last, the strip was analyzed by the ECL analysis system
(Syngene, Cambridge, UK).
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2.9. Quantum chemical calculation

Using chembiodraw ultra 14.0, the two-dimensional structure of the
polypeptide was drawn. Two dimensional structures were converted to
three-dimensional structures using chembio3d ultra 14.0. The molecular
force field mm2 was used for preliminary optimization, and the pre-
liminary optimized structure was used for Gaussian calculation. In Gauss
09, the peptide was geometrically optimized using the b3lyp-d3bj level,
and dispersion correction was performed to obtain electronic structure
information.

2.10. Molecular docking

After obtaining the three-dimensional structure of the polypeptide,
mmff94 force field was used to optimize it. From the protein database (
https://www.rcsb.org/pages/jobs ) download the 3D structures of
Keapl (PDB ID: 2FLU) and Bax (PDB ID: 1F16). Molecular docking and
analysis were performed using Discovery Studio software. According to
the score and binding energy value, the optimal docking pose of AYP in
the two key proteins was obtained.

2.11. Statistical analysis

Perform data analysis using Image J (version 1.46R, NIH) and
GraphPad Prism 8.4 (GraphPad Software, San Diego, CA). Compare all
data between groups using one-way analysis of variance and Dunnett’s
multiple comparison test. Data are presented as mean =+ standard de-
viation (n = 3). Gaussian 09 and GaussView 5.0 were used to analyze the
electronic properties of AYP.

3. Results and discussion

3.1. Protective effect of AYP on oxidative damage of HUVECs and SH-
SY5Y cells

As previously reported (Tang et al., 2022), AYP has a sequence of
amino acids and a chemical structure (Fig. 2A). The results of the effects
of AYP on HUVECs and SH-SY5Y cells showed that, after the treatment
of AYP below 200 pM (10, 20, 50, and 100 pM), the cell survival rate of
HUVECs and SH-SY5Y cells did not change significantly, indicating that
AYP (20, 50, and 100 pM) acts on cells with non-toxic effects (Fig. 2B).
Therefore, follow-up experiments used concentrations of 20, 50, and
100 pM. With the increase of HyO4 concentration, the cell vitality also
gradually decreases, the cell survival rate is approximately 50 % when
acting on 600 pM (Fig. 2C). But pretreatment with AYP can significantly
protect cells from oxidative stress damage under HO, stimulation
(Fig. 2D). As shown in Fig. 2E, ROS content of cells increased due to
oxidative stress, but ROS decreased significantly after pretreatment with
AYP (Rosup as a positive control), indicating that AYP has excellent
inhibitory effect on oxidative stress.

3.2. AYP inhibits oxidative stress through the Nrf2/Keapl pathway

The breakdown of intracellular redox equilibrium caused by oxida-
tive stress-induced apoptotic signaling. This will lead to an increase in
reactive oxygen species or a reduction in antioxidants, and permanent
oxidative alteration of DNA, proteins, or lipids that results in a number
of pathological hazards (Circu and Aw. 2010). A key pathway of cellular
resistance to oxidative stress is Nrf2-Keapl (Sajadimajd and Khazaei.
2018). Numerous antioxidant enzymes controlled by the Nrf2/Keapl
pathway can scavenge reactive oxygen substances and have detoxifying
and neutralizing effects. In addition to guarding against oxidative
damage from the outside environment, this also strengthens the body’s
antioxidant capability (Wu et al., 2022). As shown in Fig. 2F and H, it
can lower Keapl levels under condition of oxidative stress and promote
Nrf2 expression. Moreover, the expression of antioxidant enzymes HO-1
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Fig. 2. AYP inhibits H,O»-induced oxidative stress in cells. (A) The amino acid sequence and chemical structure of AYP; (B) The effect of AYP on the activity of
HUVECs and SH-SY5Y cells; (C) The effect of H>O, stimulation on the activity of HUVECs and SH-SY5Y cells; (D) The protective effect of AYP preconditioning on
HUVECs and SH-SY5Y cells under H;O, stimulation; (E) The expression of ROS in HUVECs was measured by DCFH-DA fluorescence probe to determine the total level
of oxidative stress; (F) The expression of the antioxidant protein in HUVECs was measured by western blotting, and the protein expression was evaluated by Image J;
(G) The expression of Nrf2 protein in HUVECs nucleus was observed by staining Nrf2 protein green and nucleus blue with immunocytochemistry; (H) The expression
of the antioxidant protein in SH-SY5Y cells was measured by western blotting, and the protein expression was evaluated by Image J; (I) The expression of Nrf2 protein
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and GPX1 increased after treatment with AYP, which can resist the
damage caused by oxidative stress. Nrf2 is a key factor for cells to resist
oxidative stress. The expression of Nrf2 in the nucleus was observed by
immunofluorescence (Fig. 2G, I). The results showed that AYP could
activate the expression of Nrf2 in the nucleus under HyO4 stimulation,
thus increasing the expression of Nrf2 transcriptional antioxidant en-
zymes such as HO-1 and GPX1 in the nucleus. These results suggest that
AYP can protect against oxidative stress by activating Nrf2/Keapl
pathway.

3.3. Inhibitory effect of AYP on apoptosis of HUVECs and SH-SY5Y cells

Excessive ROS under oxidative stress may damage mitochondrial
structure, and start crucial apoptotic processes (Zheng et al., 2021). As
shown in Fig. 3A, with the increase of the protective concentration of
AYP, the number of cells entering the late stage of apoptosis is signifi-
cantly reduced, and the cells can stay in the early stage of apoptosis.
Therefore, it can be preliminarily determined that AYP can effectively
inhibit apoptosis. In the early stages of cell apoptosis, the decline in
mitochondrial membrane potential is a significant occurrence. It can be
observed from Fig. 3B that the mitochondrial membrane potential de-
creases significantly under the stimulation of HyO,. But the AYP treat-
ment can effectively inhibit this situation, thus reducing the number of
cells entering apoptosis (CCCP as a positive control). The expression of
pro-apoptosis related proteins was analyzed by western blotting. Over-
expression was induced by HoO,. The expression of P53 and cytochrome
c proteins decreased in a dose-dependent manner after treatment with
AYP (Fig. 3C, E), indicating that AYP effectively inhibited the expression
of apoptosis related proteins. P53 is a key protein in the apoptosis
pathway. Through immunofluorescence, it can be observed that after
pretreatment with AYP, the expression of P53 in the nucleus is signifi-
cantly reduced (Fig. 3D, F). Therefore, it is possible to conclude that AYP
can substantially prevent cell apoptosis following oxidative stress.

Endothelial cells are commonly used to study cardiovascular dis-
eases, while neural cells are important tool cells for studying neural
diseases. HUVECs and SH-SY5Y cells are the main research objects,
which may help AYP to have greater selectivity under the effect of
different diseases. In addition, it is found from the previous experi-
mental results that the results of the two cells in the same experiment are
different. Compared with SH-SY5Y cells, AYP has a more significant
protective effect on HUVECs oxidative damage. Therefore, under the
stimulation of HyO2, AYP can resist strong oxidative stress and ulti-
mately reduce cell apoptosis. But in SH-SY5Y cells, AYP protects cells by
enhancing their antioxidant capacity, but cannot significantly inhibit
cell apoptosis under strong stimulation. Endothelial cells are upstream
of nerve cells, which may induce the differentiation of nerve cells
(Wurmser, 2004). In addition, the oxidative stress of endothelial cells is
stronger than that of nerve cells, so the antioxidant effect of endothelial
cells is stronger.

3.4. Effects of AYP on MAPK and NF-«kB signaling pathways in HUVECs

AYP has a strong protective effect on the oxidative stress of HUVECs,
so we will further study the anti-apoptotic effect of AYP in HUVECs
through MAPK and NF-kB pathway (Fig. 3G-I). P38 and JNK are two
important pathways of the MAPK pathway. These pathways have been
shown to play an important role in inflammatory responses by inducing
nuclear translocation of NF-kB and upregulation of proinflammatory
cytokine expression (Yarmohammadi et al., 2021). As shown in Fig. 3G,
H,0, stimulation activated MAPK and increased the phosphorylation of
JNK and P38, but these proteins can be affected by AYP to cause a dose-
dependent decline. For inflammation-related pathways, HoO5 stimula-
tion activated Ikf-a phosphorylation and NF-kB activation in the nu-
cleus, and the values of P-P65, P-P50, and p-Ikf-a remarkably decreased
after AYP treatment (Fig. 3H). Furthermore, HyO, stimulation also
induced the release of the pro-inflammatory factors IL-6 and IL-1f,
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which could be demonstrated by ELISA experiments that AYP inhibited
the secretion of IL-6 and IL-1f in HUVECs (Fig. 3I).

3.5. The structural characteristics of AYP

AYAPE (549.57 Da) is an oligopeptide with a molecular weight of
less than 1,000 Da and has good antioxidant activity. It is well known
that the functional activities of polypeptides are closely related to their
amino acid composition, sequence, and quantity. Amino acids in pep-
tides such as Aspartic Acid (D), tyrosine (Y), and tryptophan (W) are
thought to have high antioxidant activity (Davalos et al., 2004). Among
them, Tyr has been proposed as a chain-breaking antioxidant, largely
attributable to the hydroxyl group in its aromatic structure, which can
stabilize ROS through direct electron transfer (Chen et al., 2021). In
addition, some scientists have found that adding Pro and Leu to the N-
terminal of dipeptide (His-His) can significantly enhance the antioxidant
capacity of the peptide, this is mainly due to the synergistic antioxidant
effects of hydrophobic and aromatic amino acids (Wen et al., 2020).
Therefore, it is speculated that the antioxidant activity of AYP may be
related to the synergistic effect of Ala and Tyr. Additionally, research has
demonstrated that hydrophobic residues of amino acids, including Pro
and Ala, increase the solubility of peptides in the lipid phase, which
facilitates the interaction of peptides with free radicals in lipids (Wen
et al., 2021). As a result of hydrophobic interactions between hydro-
phobic amino acids, the peptide’s antioxidant activity may be enhanced
(Jin et al., 2016), the hydrophobic interaction between Ala-Pro may also
play a role in antioxidant activity. Aside from chelating oxidation-
promoting metal ions, the acidic amino acid Glu can also form com-
plexes with metal ions through its charged side chain groups (Yang et al.,
2019). In general, AYP contains tyrosine, alanine, proline, and gluta-
mate, all of which contribute to antioxidant activity (Fig. 4A).

3.6. The frontier molecular orbital and charge distributions of AYP

The frontier molecular orbital distribution of AYP is shown in
Fig. 4B-C. The HOMO orbital can significantly affect the chemical re-
action ability of various saturated and unsaturated compounds. As can
be seen from the results, the three molecular orbitals occupying the
highest energies are mainly contributed by Tyr and Ala, respectively,
illustrating that these positions are most likely to lose electrons first
when AYP interacts with the free radical. In addition, since the energies
of these molecular orbitals are very close, peptides may rely on multiple
active sites for their antioxidant activity. This provides a theoretical
basis for antioxidant activity. Some scholars have shown that the smaller
the difference in net charge between two atoms affects the weakening of
bonds between atoms, and the more likely it is to break, prompting
antioxidants to lose hydrogen atoms more readily (Mladenovic et al.,
2011).

As shown in the Mulliken charge distribution in Fig. 4D-F and
Table 1, the charge of O;5 (-0.664e) on the phenolic hydroxyl group is
relatively minimal compared to other oxygen atoms. Moreover, the two
atoms with the smallest difference in electrostatic charge are Cq
(-0.056¢€) and Hy7 (0.181e), and the bond length of CoH,7 is 1.11303 A,
which also facilitates the antioxidant activity of the polypeptide. Pre-
vious studies have also shown that the oxygen of phenolic hydroxyl can
form p - m conjugation with benzene ring. The negative charge of
negative ion oxygen can be dissociated to the carbon of benzene ring,
dispersing the negative charge on oxygen. As a result, phenolic hydroxyl
is easily able to release its hydrogen ion to terminate the chain reaction
caused by free radicals (Wu et al., 2015). Besides, a previous study re-
ported that the significant proportion of free radical scavenging sites for
antioxidants are located on atoms with relatively negative charges,
which can help antioxidants to provide hydrogen atoms to molecules
(Nagaoka et al., 1992). The results showed that the oxygen atom (O;5)
on the phenol hydroxyl group has the least charge compared with other
oxygen atoms, which is also beneficial to the antioxidant ability of the
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Fig. 3. Inhibitory effect of AYP on apoptosis and inflammation pathway. (A) AnnexinV-FITC/PI double staining fluorescence image shows the apoptosis of HUVECs
and SH-SY5Y cells. Red indicates late apoptosis, while green indicates early apoptosis; (B) The JC-1 experiment was used to detect the changes in mitochondrial
membrane potential. Red indicates normal mitochondria; Green indicates abnormal mitochondria; (C) The expression of the pro-apoptotic protein in HUVECs was
measured by western blotting, and the protein expression was evaluated by Image J; (D) Immunocytochemistry was used to observe the expression of P53 protein in
HUVEGs, by staining P53 protein green and nucleus blue; (E) The expression of the pro-apoptotic protein in SH-SY5Y cells was measured by western blotting, and the
protein expression was evaluated by Image J; (F) Immunocytochemistry was used to observe the expression of P53 protein in SH-SY5Y cells, by staining P53 protein
green and nucleus blue; (G) The expression of MAPK signal pathway related proteins was analyzed by western blotting, and the protein expression was evaluated by
Image J; (H) Western blotting analysis NF-kB signal pathway related proteins was evaluated by Image J; (I) Detection of inflammatory factors IL-6 and IL-1p released
by HUVECs with Elisa kit. The data is displayed as mean + SD (n = 3). #p < 0.05; ##p < 0.01; ###p < 0.001, # compared with the blank group. *p < 0.05; **p <
0.01; ***p < 0.001, *compared with the control group (H>O, induction group).
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Table 1
Charge Distribution of Alanine and Tyrosine in AYP.

Amino acid Autom Charge Autom Charge
Alal C; 0.625 Hyo 0.330
0, —0.595 Hy 0.338
N3 —0.764 Hao 0.201
C4 —0.072 Haz 0.165
Cs —0.457 Hyq 0.158
Hss 0.156
Tyr2 Ce 0.613 Hye 0.379
0Oy —-0.573 Hyy 0.181
Ng —0.592 Hyg 0.173
Co —0.056 Hyo 0.179
Cio ~0.396 Hso 0.147
Ci1 0.160 Hs; 0.147
Ci2 —0.202 Hsy 0.434
Cis ~0.176 Hss 0.153
Ciq 0.343 Hsq 0.157
O;1s —0.664
Cis —0.211
Cy7 -0.214
Ala3 Cig 0.630 Hss 0.395
O19 —0.572 Hse 0.185
Nao —0.629 Hs, 0.156
Co1 —-0.078 Hsg 0.149
Ca2 —0.439 Hsg 0.169

polypeptide. In addition, N3 in Alal is the least negatively charged of all
atoms, and the Cy;Hsg net charge difference (0.263e) in Ala3 is second
only to C4Hy in Alal. In conclusion, from the results of quantum me-
chanics, it can be found that tyrosine and alanine in AYP are the main
antioxidant amino acids. Among them, the phenolic hydroxyl O-H
structure and CgHy7 in tyrosine are the most important antioxidant
active sites, followed by C4H4z in alanine.

3.7. Molecular docking between AYP and key proteins

Quantum mechanics can be used to calculate active sites, while
molecular force fields can be used to calculate intermolecular and
intramolecular interactions (Wu et al., 2021). Using molecular docking

results, researchers showed that antioxidant peptides from milk can
interact with Keapl, preventing Nrf2 and Keapl from binding to one
another and facilitating Nrf2 nuclear translocation (Tonolo et al., 2020).
Therefore, in this study, the molecular docking of AYP with Keapl and
Bax was performed to observe the active site of AYP and verify the
prediction of quantum mechanics. This study shows that hydrogen
bonding is the main means of interaction between AYP and molecules. In
the interaction between AYP and Keapl, a total of seven hydrogen bonds
are generated, including four hydrogen bonds at tyrosine, two hydrogen
bonds at alanine, and one amino acid at glutamic acid (Fig. 5A). As
shown in Fig. 5B, the interaction between AYP and Bax generates seven
hydrogen bonds, with Ile175, Asn106, and two alanines each forming a
hydrogen bond, and Asp102 forming a hydrogen bond with tyrosine.
Asp102 forms a hydrogen bond with proline, while Gly108, Arg109, and
Asn104 form four hydrogen bonds with glutamic acid. So, AYP mainly
combines with molecules by generating hydrogen bonds. Through
western blotting experiments (Fig. 5C-D), it was demonstrated that AYP
pretreatment can remarkably reduce expression levels in HUVECs and
SH-SY5Y cells, and also demonstrate the interaction between AYP and
Bax. Tyrosine and alanine play an important role in it, which is consis-
tent with the prediction results of quantum mechanics.

4. Conclusions

This study provides new important information and further appli-
cation ideas for AYP. As a marine microalgae oligopeptide with low
molecular weight and high activity, AYP has a broad application pros-
pect. In this study, a large number of cell experiments have proved that
AYP has good antioxidant and anti-apoptotic activities. The cell model
of oxidative stress induced by Hy0, in HUVECs and SH-SY5Y cells was
used, and found that AYP has significant antioxidant effect and has
different activity in the two cells, which may indicate that AYP can play
different physiological roles in cells. Using the verification method of
quantum mechanics and molecular docking, it further analyzed the
source and mechanism of its activity from the structural level. The re-
sults found that tyrosine and alanine in AYP may be its active sites. In a
word, this research could offer a fresh perspective on the origin and use
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Fig. 5. Molecular docking model of AYP with Keap1l and Bax. (A) 3D docking diagram of AYP and Keap1; (B) 3D docking diagram of AYP and Bax. (Green dotted
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analyzed by western blotting,

and the protein expression was evaluated by Image J; (D) The expression of Bax protein in SH-SY5Y cells was analyzed by western

blotting, and the protein expression was evaluated by Image J. The data is displayed as mean + SD (n = 3). #p < 0.05; ##p < 0.01; ###p < 0.001, # compared with
the blank group. *p < 0.05; **p < 0.01; ***p < 0.001, *compared with the control group (H202 induction group).
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of bioactive peptides. Besides the food industry, it has the potential to
expand its healthful value in pharmaceuticals as well.
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