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Corn silk (CS) is an agro-by-product from corn cultivation. It is used in folk medicines in some countries, besides
being commercialized as health-promoting supplements and beverages. Unlike CS-derived natural products, their

bioactive peptides, particularly_antioxidant peptides, are understudied.

antioxidant in silico in vitro mechanism molecular docking peptide

purification Stigma maydis

| 1. Introduction

Corn silk (Stigma maydis) (CS) is the thread-like style at the top of an ear of corn. Although CS is discarded as an
agricultural by-product worldwide, the value of CS as an herbal remedy has been recognized in the traditional
medicines of some countries [, At present, CS health supplements and CS-based tea are also available to
consumers. Phytochemically, CS is rich in flavonoids, which are responsible for some bioactivities of CS, such as
antioxidant, anti-fatigue, and anti-hyperlipidemic &L, In contrast to natural product exploration, the identification and
characterization of CS-derived bioactive peptides are limited. CS consists of 17.6% of crude proteins by dry weight
[ hence it may be a potential source of bioactive peptides. To date, only antihypertensive [& and anti-inflammatory
B peptides were identified from CS, but there is no report of CS-derived antioxidant peptides. In our previous
study, we found CS tryptic hydrolysate to be a more potent scavenger of hydrogen peroxide (H,O,) and superoxide
than glutathione (GSH) and carnosine, two well-established peptidic antioxidants. Moreover, CS tryptic hydrolysate
was more effective than the two aforementioned antioxidants in protecting human red blood cells from oxidative

injury (4. Nevertheless, the identity of the antioxidant peptides in the hydrolysate has not been unraveled.
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Antioxidant peptides derived from food and agricultural waste/by-products are recognized for their potential
applications as food additives, functional food, health-promoting supplements, and lead compounds for drug
discovery. In the food industry, such peptidic antioxidants of natural origin could be substitutes for synthetic
antioxidants, which have raised concerns about health risks. Besides attenuating food oxidation, antioxidant
peptides could also serve as curative or preventive agents of reactive oxygen species (ROS)-mediated diseases,
supporting the application of such peptides in functional food and health supplement formulation B Antioxidant
peptides could alleviate cellular oxidative damage by scavenging free radicals and/or by regulating the cellular
production of antioxidants or oxidants. The Keapl/Nrf2 pathway is a major pathway that modulates cellular
antioxidant responses, which can be activated by antioxidant peptides 81 Under oxidative stress, nuclear factor
erythroid 2-related factor 2 (Nrf2) bound to Kelch-like ECH-associated protein 1 (Keapl) will detach and migrate to
the nucleus, where it activates the expression of antioxidant genes [, By contrast, myeloperoxidase (MPO) and
xanthine oxidase (XO) are associated with cellular ROS production. Antioxidant peptides isolated from fish skin
gelatin hydrolysate alleviated oxidative injury in mice by inhibiting MPO, besides activating the Nrf2 to upregulate
the expression of antioxidant enzymes 8 Antioxidant peptides derived from mackerel meat, egg white, and tuna

backbone protein were also demonstrated as potent XO inhibitors El}

| 2. Purification of 1-h Trypsin Hydrolysate by Ultrafiltration

1-h Trypsin hydrolysate (T1H) was separated by ultrafiltration (UF), yielding two UF fractions. The >3 kDa fraction
exhibited stronger antioxidant activity than the <3 kDa fraction based on their ECsq for 2,2-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt radical cation (ABTS'") (28.4 and 45.6 pg dry mass
(DM)/mL, respectively) and H2O, (174.5 and 461.7 pg DM/mL, respectively) scavenging activities (Figure 1C,D).

Thiobarbituric acid reactive species (TBARS) value of the negative control increased from 0.7 to 1.6 pM
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malondialdehyde equivalents after incubation of the lecithin liposomes from 24 to 48 h, indicating an increase in
lipid peroxidation. As revealed by the TBARS values, treatment with 0.5 mg DM/mL of >3 kDa and <3 kDa fractions
inhibited lipid peroxidation by 22% and 16% after 24 h, and by 64% and 50% after 48 h, respectively (Figure 1E).
Our results are concordant with previous observations on the antioxidant activities of the UF fractions of fennel
seed hydrolysate 9. |n theirs and this study, the superiority of the >3 kDa fraction in scavenging radicals relative
to the <3 kDa fraction was observed. This may be attributed, in part, to the presence of large compounds, such as
long peptides, partially degraded proteins, or other components with antioxidant properties in the >3 kDa fraction.
In fact, the protein content of the >3 kDa fraction was 8-fold higher than that of the <3 kDa fraction (Figure 1A). By
contrast, the <3 kDa fraction was peptide-rich, with peptide content 5-fold greater than the >3 kDa fraction (Figure
1B).
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Figure 1. (A) Protein content, (B) peptide content, (C) 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt radical cation (ABTS"*) scavenging activity and (D) hydrogen peroxide (H,O5) scavenging activity
of ultrafiltration (UF) fractions. (E) Thiobarbituric acid reactive species (TBARS) values of negative control and UF
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fractions tested at 0.5 mg dry mass (DM)/mL. For each bar chart, data are mean + standard errors (n = 3). Mean

values denoted by different superscript letters are significantly different (p < 0.05) according to Tukey’s test.

Notably, the <3 kDa fraction was comparable or superior to T1H in scavenging ABTS™ and repressing lipid
peroxidation, based on activity data reported in our previous study [ This implies that at least part of the
antioxidant activities exhibited by T1H could be attributed to the presence of antioxidant peptides in the
hydrolysate. The <3 kDa fraction was weaker than antioxidant tripeptide GSH (ECsq 6.7 pg DM/mL) as an
ABTS"" scavenger but 3-fold stronger than GSH (ECgy 1378.7 ug DM/mL) as H,0O, scavenger. H,0, is an ROS
molecule that can diffuse through biological membranes and convert to highly reactive hydroxyl radicals in the body
cells Bl. Hence, the <3 kDa UF fraction likely contained antioxidant peptides with the ability to scavenge biologically
relevant ROS. In this study, a time-dependent increase in the lipid peroxidation inhibitory activity of the UF fractions
was observed (Figure 1E). This observation agrees with a previous study that compared the ability of corn gluten
meal hydrolysates to inhibit lipid peroxidation in a ground pork system following 8 h and 16 h of treatment 1. Our
result showed that the lipid peroxidation inhibitory effects of the CS peptides could persist up to 48 h. Low
molecular weight (MW) peptides are desirable because they could be more easily absorbed by the body compared

to high MW peptides 2. Thus, the peptide-enriched <3 kDa fraction was selected for further purification.

3. Purification of <3 kDa Fraction by Gel Filtration
Chromatography

Purification by gel filtration chromatography (GFC) resulted in three pooled fractions: GF-I, GF-Il, and GF-llI
(Figure 2A). Among the three, GF-I exhibited the strongest effects in ABTS"* scavenging activity (Figure 2C). GF-I
possibly comprised more non-aromatic peptide residues with radical scavenging activity, such as Leu and Pro 12
than the other two fractions. Meanwhile, GF-Ill showed the highest H,O, scavenging activity among the three
pooled fractions (Figure 2D). All three pooled GFC fractions could dampen the time-dependent increase in lipid
peroxidation in the liposome model at 0.1 mg peptide/mL, with 26—35% inhibition of TBARS formation after 48 h
(Figure 2E), although their activities were significantly lower than that of GSH (57% inhibition after 48 h). The
peptide content of GF-11l (0.68 mg peptide/mg DM) was 3.5-fold greater than those of GF-I and GF-II (Figure 2B).
When compared to GF-1ll, 3.5-fold higher DM of GF-I and GF-Il was required to achieve the standardized peptide
concentration used for evaluating the lipid peroxidation inhibitory activity depicted in Figure 2E. It can be
anticipated that when expressed in terms of DM, the lipid peroxidation inhibitory activity of GF-Ill may exceed that
of GF-I. Thus, we also analyzed the lipid peroxidation inhibitory activity of the three pooled fractions at 0.5 mg
DM/mL. As expected, among the three fractions, GF-IlIl showed the strongest inhibition of TBARS formation, with
26% and 51% inhibition after 24 and 48 h, respectively (Figure 2F). The antioxidant activity of GF-IIl could be
owing to its relatively high absorbance at 280 nm (Figure 2A), which suggests an abundance of aromatic amino
acid residues (e.g., Phe, Tyr, and Trp) in the pooled fraction. In keeping with this study, a previous study on
Chinese chestnut also found that the GFC fraction with the most prominent absorbance at 280 nm had the highest

antioxidant activity among all GFC fractions 131,
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Figure 2. Purification of the <3 kDa fraction by gel filtration chromatography (GFC). (A) Elution profile, (B) peptide
content, (C) ABTS™ scavenging activity (at 30 pg peptide/mL), and (D) H>O, scavenging activity (at 150 pg
peptide/mL) of pooled GFC fractions. TBARS values of negative control and GFC fractions (E) at 0.1 mg
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peptide/mL and (F) at 0.5 mg DM/mL. Data are mean + standard errors (n = 3). For each bar chart, mean values

denoted by different superscript letters are significantly different (p < 0.05) according to Tukey'’s test.

In our GFC experiment, GF-II (intermediate molecular size) had the lowest antioxidant activity, whereas GF-I
(greatest molecular size) and GF-III (smallest molecular size) had relatively higher antioxidant activities. Hence, our
results suggest that the antioxidant potential of the GFC fractions is not directly related to their molecular size. This
is in agreement with the lack of explicit relationship between antioxidant activity and molecular size among 81 corn
gluten meal peptide fractions collected in a GFC experiment 14l On the other hand, peptide content data and the
different trends in the lipid peroxidation inhibitory activities of the pooled fractions when tested based on DM and
peptide mass pointed to the presence of non-peptide constituents in the GFC fractions. Thus, further purification
was desirable. Considering that GF-lll was the richest in peptide content and to discover peptides containing
aromatic amino acid residues from T1H, we proceeded to perform purification on GF-IIl.

4. Purification of GF-Ill by Strong-Cation-Exchange Solid-
Phase Extraction

GF-Ill was further purified by strong-cation-exchange solid-phase extraction (SCX-SPE), producing six SPE
fractions. As shown in Figure 3A, most of the peptide constituents of GF-1ll were found in 50 mM KCI fraction (0.9
mg peptide/mL), which was 22-118 times greater than the other five SPE fractions. The 50 mM KCI fraction
showed relatively low or no ABTS™ and H,O, scavenging activities at the peptide concentrations tested (Figure
3B,C). Our result suggests that SCX-SPE has partitioned most of the non-antioxidant peptides and/or peptides with
weak antioxidant activity into the 50 mM KCI fraction.
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Figure 3. Purification of the GF-Ill fraction by strong-cation-exchange solid-phase extraction (SPE). (A) Peptide

concentration, (B) ABTS™" scavenging activity (at 0.7 pug peptide/mL), and (C) H,O, scavenging activity (at 10 ug
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peptide/mL) of SPE fractions. Data are mean * standard errors (n = 3). For each bar chart, mean values denoted

by different superscript letters are significantly different (p < 0.05) according to Tukey'’s test.

The effectiveness of SCX-SPE in concentrating the antioxidant peptides into single fractions were also evident, as
affirmed by the enhancement in antioxidant activity after the SPE step. Briefly, 30 pg peptide/mL of GF-IlI
scavenged 57% of ABTS™ (Figure 2C). After the purification of GF-IlIl by SCX-SPE, the resultant 0 and 20 mM KCI
fractions scavenged 35% and 22% ABTS™ at a 43-fold lower concentration (0.7 pg peptide/mL), respectively
(Figure 3B). By estimation, the 0 and 20 mM KCI fractions may be 26-fold and 17-fold stronger than GF-Ill as
ABTS™ scavengers, respectively. Other studies also showed 33% 13 and 44% 9 improvement in the
ABTS" scavenging activity of a peptide fraction purified by the SCX-SPE. The potency of the 0 and 20 mM KClI
fractions over the other SPE fractions as ABTS'™ scavenger may be attributed to the presence of negatively
charged amino acids (e.g., Glu) 18 or proton-donating amino acids (e.g., Trp and GIn) 4. The presence of such
residues may impart antioxidant activity to peptides by transferring electrons or protons to free radicals 12, For
instance, rapeseed peptides predominantly made up of Glu (19.5%) were reported to have potent radical
scavenging activity 8. Corn gluten meal-derived peptides made up of 67% of Trp and GIn displayed high
ABTS'* scavenging activity 141,

A similar improvement in the antioxidant activity of SPE fractions following SCX-SPE was revealed by the
H,0, scavenging assay. For example, 150 pg peptide/mL of GF-IIl scavenged 65% H,O, (Figure 2D). In contrast,
at a 15-fold lower concentration (10 pg peptide/mL), the 0 and 200 mM KCI fractions scavenged more than 80% of
H,O, (Figure 3C). The 20 mM KCI fraction also scavenged 56% H,0O, when tested at 10 pug peptide/mL. Thus,
based on theoretical calculations, our results imply a 13-21-fold improvement in the H,O, scavenging activity of
the 0, 20, and 200 mM KCI fractions resulting from the purification of GF-11l by using SCX-SPE. Altogether, the O,
20, and 200 mM KCI fractions potentially contained potent antioxidant peptides; thus, they were taken to peptide

sequencing.

| 5. Identification and Characterization of Antioxidant Peptides

Liquid chromatography-tandem mass spectrometry analysis identified 29 peptide sequences comprising 6—14
residues (633.33 to 1517.81 Da) from the 0, 20, and 200 mM KCI fractions (Table 1). This range of peptide masses
agrees with the observation that the molecular masses of food-derived antioxidant peptides commonly range
between 500-1800 Da 22, Twenty-three of the 29 peptides contain 11-56% aliphatic amino acid residues (Table
1). Such residues are responsible for the thermal stability of proteins 4. Two thermal-stable antioxidant peptides
WAFAPA and MYPGLA that were identified from the blue-spotted stingray, for instance, are composed of 50% and
33% of aliphatic residues, respectively 28 Based on the comparison of the aliphatic index, 10 of the 29 peptides
were likely superior to both WAFAPA and MYPGLA in terms of thermal stability (Table 1). The discovery of such
peptides also supports our previous observation of the thermal stability of T1H, the protein hydrolysate from which
the 29 peptides were purified. T1H retained its radical scavenging and ferric reducing activity at temperatures up to
100 °C [, These CS peptides that are likely to be thermal-stable can thus be utilized as alternatives for food

additives to address the concerns regarding the food processing heat treatment.
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Table 1. Physicochemical properties of the peptides identified from the 0, 20, and 200 mM KCI fractions.

SP_E Peptides Measured :anz
Fractions [M + 2H]
KRYFKR 449.28
PRVRVAGR 455.79
PVVWAAKR 463.79
QVASGPLQR 478.28
MAPRTPRK 478.78
NKVVKLMR 494.31
KVPLAVFSR 508.82
OK”é'Y' LKKGSPLKR 513.84
FQLKPVFR 517.82
THAVKGVVHK 538.34
YTWKFKGR 543.31
ARVPQQSYR 552.80
VHFNKGKKR 557.34
TAPLSSKALKR 586.37
FSCPLVMKGPNGLR 759.91
RHGSGR 335.18
ey NMVPGR 337.17
KCl FMFFVYK 491.25
MCFHHHFHK 612.27
200 mM DFPGAK 317.66
KClI
NDGPSR 323.15
AGFPLGK 345.20
AMQQDK 360.66

(Da) @
896.57

909.58
925.57
954.55
955.57
986.62
1015.64
1025.69
1033.63
1074.67
1084.61
1103.61
1112.69
1170.73
1517.81
668.37
672.34
980.50
1222.53
633.33
644.29
688.41

719.32

(%) °
33

13

11

25
20
38
11

22

17

57

67

17

14

(%) °
67

38
25
11
38
38
22
a4
25
40
38
22
56
27
14
50
17
14
56
17
17
14

17

(%) °
33

63
75
56
50
50
67
44
63
50
50
44
33
45
71
33
67
86
44
67
33
86

33

MolecularAromatic Basic HydrophobicAliphatic
Mass ResiduesResidues Residues Residues

(%) ®
0

38
50
33
13
38
44
22
25

40

22
11
36

21

17

14

17

29

17

Aliphatic

Index P

85
98
87
13
121
119
87
85

97

43
32
89

76

48

41

17

70

17
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MolecularAromatic Basic Hydrophobic Aliphatic , . . residues

Fr:::ilczms Peptides """[ﬁ"j’;f.]T’z Mass ResiduesResidues Residues Residuesﬁgﬁgitl',c '
(Da)? (%) " (%) P (%) P (%) P residue-
NLEGYR 376.19 750.38 17 17 50 4 17 65  kDa UF
YETLNR 398.20 794.41 17 17 33 17 65 rophobic
ating the

MPPKSTR 08.72 815.43 0 29 43 0
&’A' 1 of food
TAGASLVAR 42325  [5] 844.49 0 11 67 56 109 partially
SSPATGGSLR 466.74 931.49 0 10 50 20 49 d, it has
[19] )

TTTTUTTT . NANSLAGPQR 514.27 1026.55 0 102 2 50 30 59 RK and
THAVKG\I VIIIN I UI<T U 11H1vie INGCI 1ravuuvl I, FIvirr viimnn Qaitiu viner 11 iniarriemnN mnr uic 4v 1i1ve INvwi1 11rauvuul I, GD We” aS

DFPGAK, AGFPLGK, and AMQQDK in the 200 mM KCI fraction may have contributed to the H,O, scavenging

activity of the three SPE fractions.
& Molecular mass was calculated from the m/z value determined by liquid chromatography-tandem mass

§|hec0mndtl=9C1P fPactienthgelstbé drighesic pbasictibypdrd plepkite sucd r@Bhatcaesithtes resided saOatiphttie shdeX ovesd
byntipeit2d0byMskK@| Pe piigesl 2 cadehim 2. MPHETE fiadicass (B neéptices) . paoidatsc WaSiARS aral/ dNRGLA the
preiicidarnePeyitides Paplidgs inyRimeatirk) pralB, tesieceietyron-deficient radicals 22, Notably, the 0 mM KCI
fraction had the highest number of basic residue-containing peptides and the highest percentage of basic residues
in peptides (Table 1). Thus, the strongest ABTS"* scavenging activity of the 0 mM KCI fraction may be attributed to
its richness in peptides comprising aromatic and basic amino acids. Our result agrees with the finding that
abundance in basic amino acids may account for the strong ABTS™* scavenging activity of a Chinese chestnut
peptide fraction (131,

As revealed by the AnOxPePred analysis, 10 CS peptides (MCFHHHFHK, NLEGYR, AGFPLGK, FMFFVYK,
NMVPGR, PVVWAAKR, DFPGAK, FSCPLVMKGPNGLR, RHGSGR, and VHFNKGKKR) had comparable or
higher free radical scavenger (FRS) scores relative to the four reference peptides VGPWQK, MYPGLA, FPLPSF
and WAFAPA (Table 2). The four reference peptides were empirically proven as ABTS™* scavengers (181151201 oyr
results are in accordance with the finding that His, Trp, Tyr, and Pro are common in free-radical-scavenging
peptides 2. In this study, the four amino acids account for 11-44% of the residues making up the 10 CS peptides
and the four reference peptides (Table 2). Notably, His-containing peptides were only found in the 0 mM KCI
(THAVKGVVHK and VHFNKGKKR) and 20 mM KCI (RHGSGR and MCFHHHFHK) fractions, but none in the 200
mM KCI fraction (Table 1). This is in keeping with our observation that the 0 and 20 mM KCI fractions had at least
4-fold greater ABTS"* scavenging activity than the 200 mM KCI (Figure 3B). Our results, therefore, support the role

of His residues in imparting radical scavenging activity to peptides 121,

Table 2. Free radical scavenger (FRS) scores of corn silk peptides were identified from the three SPE fractions, in
comparison with reference peptides.

Peptides SPE Fractions FRS Scores
MCFHHHFHK 20 mM KClI 0.68068
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Peptides
VGPWQK *

MYPGLA *
NLEGYR
AGFPLGK
FMFFVYK
NMVPGR
PVVWAAKR
DFPGAK
FPLPSF *
FSCPLVMKGPNGLR
WAFAPA *
RHGSGR
VHFNKGKKR
NANSLAGPQR
QVASGPLQR
MAPRTPRK
NDGPSR
KRYFKR
YETLNR
FQLKPVFR
ARVPQQSYR
YTWKFKGR
AMQQDK
SSPATGGSLR

THAVKGVVHK

SPE Fractions

200 mM KClI

200 mM KCI

20 mM KCI

20 mM KCI

0 mM KClI

200 mM KClI

0 mM KCI

20 mM KCI

0 mM KCI

200 mM KClI

0 mM KCI

0 mM KCI

200 mM KClI

0 mM KCI

200 mM KClI

0 mM KCI

0 mM KCI

0 mM KCI

200 mM KClI

200 mM KClI

0 mM KCI

FRS Scores
0.52254

0.49386

0.48158

0.44866

0.44397

0.44319

0.43744

0.43574

0.43352

0.41864

0.41519

0.41088

0.41055

0.40415

0.40213

0.39973

0.38760

0.38352

0.37938

0.37599

0.37580

0.36769

0.36324

0.35382

0.35200
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Peptides
MPPKSTR

LKKGSPLKR

PRVRVAGR

KVPLAVFSR

*t+ TAGASLVAR
TAPLSSKALKR

o+

NKVVKLMR

SPE Fractions FRS Scores
200 mM KCI 0.33529
0 mM KCI 0.32957 o
0 mM KCI 0.32698
i 1 the best
0 mM KCI 0.32525 o
| affinities
200 mM KCI 0.32285 ;)_ Five of
0 mM KCl 0.29320 | fraction)
** :avenging
0 mM KCI 0.27437 the 0 and

20 mM KCI fractions were more negative than that of reference peptides MYPGLA. The binding energy of three
pﬁp&iﬁg&%ﬂ%@-ﬁmgl—ﬁ%phﬂégNKGKKR, and PVVWAAKR was up to 21% more negative than all four reference
peptides (Table 3). Taken together, the seven peptides originating from the 0 and 20 mM KCI fractions could bind

to ABTS™ similarly or more stably than could the four reference peptides. Peptides that bind stably to free radicals

can neutralize them. For instance, FPLPSF that was predicted to bind to ABTS'™ has been experimentally

demonstrated to quench ABTS"* in vitro 22, Furthermore, our prediction of WAFAPA binding to ABTS"* more stably

than could MYPGLA (Table 3) is also consistent with their relative in vitro antioxidant activity 8. Altogether, our

results suggest that the stronger ABTS™* scavenging activities of the 0 and 20 mM KCI fractions, relative to that of

the 200 mM KClI fraction, could be accounted for, at least in part, by the affinity of their seven peptides to ABTS"*.

Table 3. Binding affinities and types of interactions between 10 corn silk peptides and ABTS"*, in comparison with

four reference peptides.

SPE

Binding Peptide Residues Interacting with ABTS™ @

Peptides . Affinity Hydrogen . .
Fractions (kcallmol) Bond Hydrophobic Interaction

MCFHHHFHK 20 mM KCl -4.8 - Phe3, His6, Phe7
VHFNKGKKR 0 mM KCI -4.7 Lys7, Arg9 Vall, His2, Gly6, Lys7, Arg9
PVVWAAKR 0 mM KClI -4.7 Arg8 (2) Val2, Trp4, Alas, Ala6, Arg8

FMFFVYK 20 mM KClI -4.4 Lys7 Phel, Phe3, Phe4, Lys7

FSCPLVMKGPNGLR 0 mM KCl ~4.2 Argl4 (2) Leud, Lys8, Ci?’;’ifmlo' Gly12,

NMVPGR 20 mM KCI -4.1 Asnl, Arg6 (2) Asnl, Pro4, Gly5, Arg6

NLEGYR 200 mM KClI -4.1 - Tyr5, Arg6

RHGSGR 20 mM KCI -3.9 Argl, Arg6 Argl, Gly5, Arg6
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Binding Peptide Residues Interacting with ABTS™* 2

. SPE .
Peptides . Affinity Hydrogen . .
Fractions (kcalimol) Bond Hydrophobic Interaction
AGFPLGK 200 mM KCI -3.7 - Phe3, Pro4, Leub5
DFPGAK 200 mM KCI -3.6 - Pro3, Gly4, Lys6
o+ H
FPLPSF * . -4.6 Phel, Ser5 Phel, Pro2, Leu3, Pro4, Ser5  teractions
d bind to
AFAPA * - -4.3 S Trpl, Ala4, Pro5 .
W o+ P " the total
VGPWQK * s -39 = Pro3, Trp4, Lys6™* kably, all
o+ ‘ .
MYPGLA * i 38 Pro3 Pro3, Leus, Ala6 aromatic
U 1 =1 N (11 3

and NMVPGR, were predicted to have the highest number of interactions with ABTS"*. Notwithstanding, the lack of
péamtiotpdtio netd rarma geptiesis L sl imiber interactets ibdivates the TigMizardbiheténacepides FSCPLVMKGPNGLR
and NMVPGR apparently made their binding to ABTS™ 12-15% less stable relative to VHFNKGKKR and
PVVWAAKR. Similarly, both WAFAPA and MYPGLA were predicted to form comparable numbers of interactions
with ABTS"*. However, the lack of participation of aromatic residues in MYPGLA-ABTS™ interaction may explain
the reported weaker ABTS"* scavenging activity of MYPGLA when compared with WAFAPA 18 Moreover, we also
observed the significant participation of basic residues in peptide-ABTS"* interactions. Briefly, basic residues in
90% of basic residue-containing CS peptides were involved in the interactions with ABTS'™. Such interactions
account for 33—80% of the total number of interactions between individual basic residue-containing peptides and
ABTS"*. To further verify the role of the basic residues of peptides in binding to ABTS"*, in silico alanine substitution
was performed on those that were involved in ABTS*-peptide interactions, followed by docking of the alanine-
substituted peptides to ABTS**. The binding affinities of all CS peptides, except FSCPLVMKGPNGLR, were
diminished upon alanine mutagenesis of selected basic residues in the peptides (Table 3 and Table 4). For
instance, alanine substitution of His6 in MCFHHHFHK has resulted in a 15% reduction in the binding affinity of
peptides towards ABTS"*. Besides, a decline of 24% in binding affinity of NMVPGR towards ABTS"* was observed
upon alanine substitution of Arg6. Our results suggest that the basic residues are likely to be critical in binding and
stabilizing ABTS"*. This observation further reinforces our finding that the 0 mM KCI fraction with the highest
number of basic residue-containing peptides displayed the strongest ABTS™* scavenging activity (Table
1 and Figure 3B). Besides, Leu-ABTS™* interactions were observed in 67% of Leu-containing CS peptides (Table
3). Our observation agrees with a previous report of the participation of Leu in the binding between antioxidant
peptides and ABTS"* [29],

Table 4. Binding affinities of corn silk peptides toward ABTS** upon alanine substitution of the basic residues that

were involved in ABTS"*-peptide interactions.

Peptides 2 Basic Residues Mutant Peptides Binding Affinity (kcal/mol)
MCFHHHFHK His6 MCFHHAFHK -4.1
VHFNKGKKR His2 VAFNKGKKR -4.8
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Peptides 2 Basic Residues Mutant Peptides Binding Affinity (kcal/mol)
Lys7 VHFNKGAKR -5.0
Arg9 VHFNKGKKA -4.4
PVVWAAKR Arg8 PVVWAAKA -4.3
FMFFVYK Lys7 FMFFVYA -4.3
Lys8 FSCPLVMAGPNGLR —4.2
FSCPLVMKGPNGLR
Argl4 FSCPLVMKGPNGLA -4.7
NMVPGR Arg6 NMVPGA -3.1
NLEGYR Arg6 NLEGYA =87/
Argl AHGSGR -3.8
RHGSGR
Arg6 RHGSGA -4.2
DFPGAK Lys6 DFPGAA -3.4

Food-derived bioactive peptides, in addition to scavenging free radicals, can confer cellular protection by
modulating the gene expression and activities of antioxidant and oxidant enzymes Bl. Given this, we conducted a
G epigasaErl EReeRMY e samerrras aratdalile Botential of the 29 CS peptides identified in this study in
interacting with cellular protein targets that can regulate the endogenous oxidant status: Keapl, MPO, and XO.
Soy-derived DEQIPSHPPR was predicted in molecular docking study to interact stably with Keapl, in keeping with
its demonstrated ability to disrupt Keapl-Nrf2 binding and increase Nrf2 levels in the nucleus [8. Hence,
DEQIPSHPPR was used as a reference peptide for comparison with CS peptides. Our docking results show that
13 of the 29 CS peptides could bind to Keapl similarly or more stably than DEQIPSHPPR (Table S2 (could be
found in https://www.mdpi.com/2076-3921/10/11/1822#supplementary)). Further in silico screening for low toxicity

and allergenicity as well as high cell-penetrating potential narrowed down the 13 CS peptides to five, namely
NDGPSR, NLEGYR, NMVPGR, SSPATGGSLR, and NANSLAGPQR (Table 5). Screening based on these
parameters allows the search for CS peptides that might be able to cross the cell membrane barrier and block the
Keapl-Nrf2 interaction in cells with minimal or no harmful effects. Unlike the five CS peptides, the reference
peptide DEQIPSHPPR may elicit allergy (Table 5), hence it is less desirable for the application of functional food

ingredients.

Table 5. Toxicity, allergenicity, and cell-penetrating ability predicted for selected corn silk peptides that have the
same or higher affinity to Kelch-like ECH-associated protein 1, myeloperoxidase, and xanthine oxidase, in

comparison with reference peptides.

Peptides Toxicity Allergenicity CPP Prediction
NDGPSR Non-toxin Probable non-allergen CPP
NLEGYR Non-toxin Probable non-allergen CPP
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Peptides Toxicity Allergenicity CPP Prediction
NMVPGR Non-toxin Probable non-allergen CPP
SSPATGGSLR Non-toxin Probable non-allergen CPP
NANSLAGPQR Non-toxin Probable non-allergen CPP
KRYFKR Non-toxin Probable non-allergen CPP
RHGSGR Non-toxin Probable non-allergen CPP
YETLNR Non-toxin Probable non-allergen Non-CPP
AGFPLGK Non-toxin Probable non-allergen Non-CPP
KVPLAVFSR Non-toxin Probable non-allergen Non-CPP
TAGASLVAR Non-toxin Probable allergen Non-CPP
YTWKFKGR Non-toxin Probable allergen CPP
AMQQDK Non-toxin Probable allergen CPP
MPPKSTR Non-toxin Probable allergen CPP
PVVWAAKR Non-toxin Probable allergen CPP
DFPGAK Non-toxin Probable allergen Non-CPP
FMFFVYK Non-toxin Probable allergen Non-CPP
QVASGPLQR Non-toxin Probable allergen Non-CPP
DEQIPSHPPR * Non-toxin Probable allergen Non-CPP
DTETGVPT * Non-toxin Probable non-allergen Non-CPP
VPY * Non-toxin Probable allergen CPP even key
2 peptide
ACECD * Non-toxin Probable allergen CPP Arg415 of

Keapl [, The participation of the three residues was also observed in the interactions between Keapl and CS
peptides (NANSLAGPQR and SSPATGGSLR) (Table 6). Besides, the binding of NLEGYR to Keapl via hydrogen
bond, hydrophobic interaction, and the salt bridge was also found in the DEQIPSHPPR-Keapl interaction (Table
6)nditasesheféreres pepities anmaresibpbaxs AagRsephir Keapl-binding properties as DEQIPSHPPR and could

potentially activate the Keap1/Nrf2 pathway, triggering cellular antioxidant defense.

Table 6. Binding affinities and types of interactions between Kelch-like ECH-associated protein 1 (Keapl) and five
corn silk peptides predicted as non-toxic, non-allergenic and cell-penetrating peptides, in comparison with a

reference peptide.
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_ Binding Interaction with Keap1 2
Peptides Affinity . ) .
(kcallmol) Hydrogen Bond Hydrophobic Interaction Salt Bridge

Tyr334, Ser363, Gly364, Leu365,
Ala366, Arg415, lle416, Gly417,

Arg415, Arg483, Gly462, Phe478, Arg483, Ser508,
NLEGYR -8.7 Ser508, GIn530, Gly509, Ala510, Tyr525, GIn530, Arg415
Ser555 Ser555, Ala556,

Leu557, Tyr572, Phe577, Ser602,
Gly603, Val604

Ser363, Gly364, Leu365, Arg380,
Asn382, Asn414, Arg41s, lle416,

- Arga15 (3), Val418, Gly417, lle461, Gly462, Val463,
NANSLAGPQR 8.2 Val465, Arg483 Val465, Phe478, Arg483, Ser508,
Gly509, Tyr525, GIn530, Ser555,
Ala556, 1le559, Phe577, Gly603
Tyr334, Ser363, Gly364, Leu365,
Ala366, Asn382, Arg41lbs, lle416,
NMVPGR -8.1 i‘;336832’ ";:2?2' lle461, Gly462, Ser508, Gly509, .
' Ala510, Tyr525, GIn530, Ser555,
Ala556, Ser602
Tyr334, Gly364, Leu365, Arg380,
Ser363, Arg380, Asn382, Asn414, Arg415, lle416,
SSPATGGSLR -8.1 Asn414, Arg41ls, Ser431, Gly433, His436, Gly462, -
Ser431, Ser602 Phe478, Arg483, Ser508, Gly509,
Ala556, Ser602, Gly603
Tyr334, Gly364, Leu365, Arg415,
lled461, Gly462, Phe478, Ser508,
NDGPSR 8.0 Gl AORGEE Gly509, Tyr525, Ala556, Ser602, :
Gly603, Val604
yraz4 Aani14, Argans, Serd3L, Oiyi3s
DEQIPSHPPR -8.0 gse?jslf' ::g:;.g ((g)) His436, Gly462, Phe478, Argd83,  Arg4s3 (2)
éerSgS ' Ser508, Gly509, Tyr525, Ser555,

Alab56, Tyr572, Phe577, Ser602
1. Hasanudin, K.; Hashim, P.; Mustata, S. Corn siIlK (Stigma maydis) In healthcare: A phytochemical
and pharmacological review. Molecules 2012, 17, 9697-9715.

2. Li, C.-C.; Lee, Y.-C.; Lo, H.-Y.; Huang, Y.-W.; Hsiang, C.-Y.; Ho, T.-Y. Antihypertensive effects of
* Inginadesilretexanast perlide Adlenbroiciiackeindtiiseitsithspnmaneousigraginnte Reriduead Poid are key
resigiesivi@imadrd. dfraddfoadid-comd8rinyreAzy ivebitvhipitoRhaadiaduthe 2o gite] gBBeapl for nuclear

factor er_¥throid 2-related factor 2 . ] ] ) ] ) )
. Ho, T.-Y.; Li, C.-C.; Lo, H.-Y.; Chen, F.-Y.; Hsiang, C.-Y. Corn silk extract and its bioactive peptide

ameliorated lipopolysaccharide-induced inflammation in mice via the nuclear factor-kB signaling

| 8.Mglecylar-Rocking of Peptides on MPO

- B udly, I 2\pBptRiey w8 bokhp 488 withHheN@) Gridepiide TePY Lanki 1O RBalonE- défvBg DTy PEpzed
theFRIANMKCWAIGISIRYIUSAICRIMARIATIES o VP QgasHEWN es iRRicand Ahaemal sasility (R MPO activity
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of miemBEpvetactivie ffEERG ¢F Dl 2pa@nfal iblGbilddf MPO, as revealed by molecular docking simulation
5 VPSREETHIR reyealed thaf 12 of the 23 GB Repfides; had iny (g 23 srgnder ity I NIEQ bR ared
i BTFT AT S 1S AlbuSEher i YPY.(TaBls 5,60l fectp potental MRO-bindin CS peptids
namely NDGPSR, NLEGYR, NMVPGR, KRYFKR, and RHGSGR, were found to have low toxicity, low allergenicity,
AhdTeBRK NE MR §ItRetia FTIRE). Ahd eSS Fephi@idandidIRALCRReVanFRITantRge SIIARL fBference
pefB6dami0, MouaBRERIEy &1 AneSMERERD SQYieEMEstRitREHYCRpRIKICEaRIE SL fh RMABIRISE Wathe
apPleSiRh S RIYPAEMRRQ W AL M S ARpEiRSigVolving the Keap1/Nrf2 pathway. Antioxidants
2020, 9, 1306.

SARKEERE PENGED BV R argRTe B RANNt ARSI [FS BB I RATITEE fgpegetveen
e SRR Ribdel, 37 et o CNAHCIEr 266n BT AR d! | AEh S8 ARI St A FalEedre Birdler
Anq SRS ARl SER LR AcINAT0? PN YN ARG S P LA BT 5 e4dB° Seers B MBQeastive sie.
Likewise, similar to the reference peptides, each CS peptide could interact with 4-5 of the seven key residues in
BeReh® ZieWinPo WaBSe XeyNesldubeR8irbutd4els theksidBRRder iHeSREEI N BARREREShenzyI-1H-
[1, PERRAEE[ I 8B sk BRRIINn &L R RRAIGESIVR efe®inn BipsalndHgarCaliiveviadhg NBd 24, as
obJRRIBUVAY He0RR Feiarin€02pddesd At fve CS peptides could bind directly to the heme moiety of MPO

Jakigafa BIOCKARM G B Sereeneret o PATav'e precligGdhg arcess Shibsteatas 1oihald, agtive site,
supeiseRing. e P%@S’éﬁ?ga%%ém%ﬁfﬂﬂ’é@%ﬁ%ntioxidative capacity, xanthine oxidase and

tyrosinase inhibitory activity. Processes 2021, 9, 747.
Table 7. Binding affinities and types of interactions between myeloperoxidase (MPO) and five corn silk peptides

16t SibRETIE M-I Ché - alielge MHORG EeriCpeNBHE MRbANCE RFPLBIRKRFRISFIAR MRiesERIR Rl e,
seed-derived protein hydrolysates and peptides. Mod. Food Sci. Technol. 2019, 35, 22-29.

1 Binding Interaction with MPO 2 .
Peptides  Affinity Hydrogen . . Salt CesO
(kcallmol) Bond Hydrophobic Interaction Bridge 3ci
Phe99, Thr100, Glu102, Glul16, Pro145, Phel47,
NMVPGR -6.6 - Leu216, Pro220, Arg239, Glu242, Phe366, Phe407, -
1 Met411, Arg424, Hec606 )eptides
His95, Phe99, Glul02, Glul16, Pro145, Phel46,
NLEGYR 6.5 His95 Phel47, Pro220, Thr238, Arg239, Glu242, Phe407, - R
1 Val410, Met411, Leu420, Hec606 sis of
in
Phe99, Glu102, Glu116, Pro145, Phel46, Phel47,
NDGPSR 6.3 Glu102 Pro220, Thr238, Arg239, Glu242, Phe366, Phe407,
. Met411, Leud15, Leu420, Hec606
Thr100, Phe99, Thr100, Glu102, Pro145, Phel46, Phel47, Gluloz 2014,
RHGSGR 6.2 e Leu216, Pro220, Thr238, Arg239, Glu242, Phe366, )
Phed407, Met411, Leu415, Hec606
1 Thi100 His95, Phe99, Thr100, Glu102, Glu116, Pro145, U102 ication
KRYFKR 5.5 - Phel47, Pro220, Thr238, Arg239, Glu242, Phe366, o
Phe407, Val410, Met411, Leu415, Leu420, Hec606
1 VPY * 7.4 - His95, Phe99, Thr100, Glu102, Pro220, Thr238, .

peptides produced by solid state fermentation. Food Res. Int. 2012, 49, 432—-438.
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1 Binding Interaction with MPO 2 ‘robial
Peptides Affinity Hydrogen . . Salt
(kcal/mol) Bond Hydrophobic Interaction Bridge
Arg239, Glu242, Phe366, Hec606 .
1 fication
DTETGVPT Phe99, Thr100, Glu102, Phel47, Pro220, Thr238, their
. -5.5 Thr238 Arg239, Glu242, Phe366, Phe407, Met411, Leu415, om

Leu420, Hec606

I R o R e S

19nMishsa rdbidNagpipirRs e ResBesReriREantiaxidantipiiienss of ishestastieRPSRtASH UsiAGre key

resAVEEQ@HTD PERIY SrFeaYCREPELARRBL ANEh SYRE M EAdiIfah Sea e RgAGMIBG Borld J. Pharm.
Pharm. Sci. 2018, 7, 1064-1070.

P.9rMolecular RDockingeofPeptidesron XOp.-H.; Hong, J. Underlying action
mechanism of a novel antioxidant peptide derived from Allium tuberosum Rottler protein
Onifyifr ol $agedaRd iRSRIgRE e epekesl MRYHr §errpeioiid&ifdingaerlivmpayes. FuREdirg Gty
(Tabl®1 821 P B®HEHYEAINDGPSR and DFPGAK onto XO involved the lowest binding energy, thus the strongest
affinity, among the 14 peptides. Furthermore, NDGPSR and DFPGAK were predicted to bind equally stably to XO

21. n. T.H.; il B.; Marjn, Fl,; Pertsev .. Garcia-M P.J.: Gregersen, S.; Overgaar
as v(aa%eACECD,’t %Sret e?énce’ eatgdé. ACEC%,tSa% QO'\{Inhi(t%it%rc):/ aept?Jee ce)ﬁve‘& frgameglgpjsaeck’ tﬁnh(%ygr(%)?saa%’,

M.T,; n, C.; ., Hansen, E B.; l. An RPred: Usin legarning for th
was repbf%{;Jl ?(? gger’t %s’irITMBitlbn by b%dlsr?g fo the égtl;v% site (o)tx X(()a @qn H%ﬁt gfqﬁee gree icted %Irgrggn?city and

norﬁégﬁ-lggr%)emgtfi%nggtxel%?a;[ V(% %P&gglke%TgL%eg)t,ldvsg 'p%%:légj% 'tgoazn%’lyzg’tﬁ%ﬂ'r?t%'rmolecular interactions in
2ehIKieadRBRAX . pddi@dgnddellbuki, M.; Nakamori, T.; Yoshiura, K.; Turner, P.V.; Matsui, T.; Mine,

Y. The PepT1-transportable soy tripeptide VPY reduces intestinal inflammation. Biochim. Biophys.
As aqwrpon Pablg 8o our7iggPiprgnalysis revealed that NDGPSR could interact with catalytically critical residues
(Glu802 and Arg880), substrate binding-residue (Phe914, Phel009, and Thr1010), and the residues associated

23 %S eqhang, \s(b;IvSeH'Eé&I:'e;sgineMéE%lHélJIégﬁﬂ%’ t'é"'ih%”M?Bd%ﬂb‘mBacAtR‘}e"”éEjn?é'r" eegudes from,

Pl ONIF YRS RIPS Rl [aIPE ARAINS (rolithar gh%%1?0%f??ﬁﬁaf%&rref.}’%55‘3&?%%‘5%? Jétrophobic
int(aqu;l%ﬂglfllsc &\l/\t/g)snh sgdo soelr%/gélalqu %a(r:lfﬁl\rcll%cl\é?{ODéggl?eg r%gélélﬁ('l%gil% 8). Meanwhile, NDGPSR could form
2dy dsienobiS iferealdtswBh 5D Rger oA &iindelsid grailadeh€ 46tivAlbetter dfl X Q.omke cdatAbufeukehdcatalytic
realtopcbioXD.NAS. Dimrgose A aeoakdbisd onekg BOD, SKDCRBR aaivityatsdaiticeratipsitof L2d&1&zghd Phe649
thrdtigiz dlprppitaonés iaestaites. SElective, rasiduey errsilde imdibitero0thayEoperoricast sBieotedvtadible
chaGhe 82026 2280rik15ili2Beu648 and Phe649 were reported to enhance the potency of quercetin as an XO
FEGGtng AIGEC B S, RISS % NOBRRE, <65 POPANRULRERRY S5, GRS SR Al

hindering the entry of XO substrates, thereby suppressing XO activity and ROS generation. In addition.to their
sSea %ucumBe¥ using aﬁzaﬁase Versus %ypSIPIZ Fn VIro ac IVIY ,yCFe novo sgquencmg, ana in silico

DT 5 R VRS TURCHBR BBl S RERY 3636y 361581 2ccing mikfat oxidation in the
dairy industry 28] Thus, NDGPSR may also be developed into a potent antioxidant for the formulation of dairy

%O@Mggnmdt@p@gu%b;@m ¥odeng, L.; Zhao, M.; Tang, J.; Zhang, H.; Feng, F.; Wang, J.
Exploring the potential of novel xanthine oxidase inhibitory peptide (ACECD) derived from

Talibk i Bokdtognaftyigralys atpssusiingeedtitiotys tlétakitratiamidow pledhwe t X E PaLCH bbAL Bl PEFtIdeONIISSR,
whiBloadGiredict@D2ilh&84 Hoh28K6810n-allergenic, and cell-penetrating peptide, in comparison with a reference

Zpie.p(t,l%ed, H.; Pauff, J.M.; Hille, R. X-ray crystal structure of a xanthine oxidase complex with the
flavonoid inhibitor quercetin. J. Nat. Prod. 2014, 77, 1693-1699.

https://encyclopedia.pub/entry/16299 17/20



Antioxidant Peptides from Corn Silk Tryptic Hydrolysate | Encyclopedia.pub

2 Binding
Peptides Affinity Hydrogen
(kcal/mol) Bond

Ser876,
2 NDGPSR -5.2 Thr1010,
Vall1011

His875

* - )

ACECD 52 Ser876

Interaction with XO 2 =

Hydrophobic Interaction Salt Bridge and

Leu648, Phe649, Gly799, Glu802, Leu873, His875,

Ser876, Arg880, Phe914, Phe1009, Thr1010, gl'jfgg'l i
Val1011, Pro1012, Phe1013, Leu1014, Ala1078, & epudes
Ala1079, Glu1261

Leu648, Phe649, Glu802, Leu873, His875, Ser876,
Glu879, Phe914, Phe1009, Thr1010, Val1011, =
Pro1012, Phe1013, Leul014

* Indicates reference peptide. 2 Number in brackets indicates the number of interactions. Residues in bold are key
residues (Glu802, Leu873, Arg880, Phe914, Phel009, Thr1010, Vall01l, Phel013, and Leul014) in the active

site of XO 211,

Our in silico analysis revealed three multifunctional peptides that are also non-toxic, non-allergenic, and have cell-
penetrating potential, namely NDGPSR, NLEGYR, and NMVPGR. Among the three, NDGPSR could be a potential
inhibitor of Keapl1-Nrf2 interaction, MPO, and XO. Models of NDGPSR docked to the three protein targets are
shown in Figure 4. Moreover, NLEGYR and NMVPGR could be potential dual-function inhibitors of Keapl-Nrf2

interaction and MPO (Table S2). Antioxidant peptides possessing multiple functionalities likely have greater

versatility and commercial value when compared to other antioxidant peptides 22, In this context, the three

multifunctional peptides, with their safety and cell-penetrating properties, are desirable candidates for the future

development of functional food ingredients and/or health supplements.
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(A) Keapl-NDGPSR (B) MPO-NDGPSR (C) XO-NDGPSR
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Figure 4. The docked models of NDGPSR interacting with (A) Keapl, (B) MPO, and (C) XO in 3D (top) and 2D
(bottom) diagrams. In the 3D diagrams, NDGPSR is displayed in red; the heme moiety of MPO in (B) is displayed

Glu802(C)

Gly799(C)

in blue. In the 2D diagrams, bonds of proteins are in orange, whereas those of peptides are in purple. Hydrophobic
interactions, hydrogen bonds, and salt bridges are represented in red spoked arcs, green dashed lines, and red

dashed lines, respectively.

| 10. Conclusions

In this study, 29 potential antioxidant peptides were purified and identified, for the first time, from a CS hydrolysate.
The prevalence of aromatic and basic residues, in addition to binding affinity to ABTS™, as revealed by molecular
docking simulation, may account for the antioxidant activities of the peptides. Our in silico study also unraveled the
potential of the peptides as inhibitors of Keap1-Nrf2 interaction, MPO and XO. NDGPSR stood out among the 29
peptides for its concurrent affinities towards the three protein targets, besides being predicted as non-toxic, non-
allergenic, and having cell-penetrating potential. Taken together, our findings highlight the potential of CS as a

source of antioxidant peptides with desirable properties for future applications in functional food and drug
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discovery. Future investigations by using in vitro and in vivo models are warranted for more in-depth exploration of

CS-derived antioxidant peptides highlighted in this study.

https://encyclopedia.pub/entry/16299 20/20



