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Fish protein hydrolysates (FPH) obtained from industrial processing residues are sources of bioactive peptides.
The enzymatic hydrolysis process is essential in obtaining specific bioactivities such as inhibition of the enzyme
acetylcholinesterase (AChE). In this study the effect of different hydrolysis conditions on the properties of FPH to
inhibit the enzyme acetylcholinesterase. A chemometric evaluation, based on a central composite rotatable
design and principal component analysis, was applied to select hydrolysis conditions with best yield, degree of
hydrolysis and acetylcholinesterase inhibition. Experimental design results for AChE inhibition were between
10.51 and 40.45% (20, 30 and 50 mg.mL ! of FPH), and three hydrolysis conditions were selected based on PCA
evaluation. The amino acids profile, FTIR and AChE inhibition kinetics were evaluated. Results showed a mixed
type of inhibition behavior and, the docking molecular analyzes suggest that the inhibition AChE occurred due to

the basic amino acids, mainly by arginine.

1. Introduction

The 2019 estimate for global fish production is an increasingly stable
growth, totaling 177.8 million tons. Despite this, among this scenario,
the aquaculture sector stands out for presenting an increase of around
3.9% when producing in nurseries, mainly, salmon, tilapia and pan-
gasius species (Food and Agriculture Organization [FAO], 2020). With
this increase in processing, concerns about the generation and reuse of
waste are also intensified. In aquaculture farms, the by-products
generated in the filleting process, such as heads, trimmings, frames
and viscera, are considered the new sources of waste and constitute
about 60-70% of the weight of live fish (Ananey-Obiri & Tahergorabi,
2018; Vazquez et al., 2020). According to Food and Agriculture Orga-
nization (FAO, 2016), the decrease in post-catch losses could add 15
million tons of fish to the food chain.

An alternative to reduce these losses may be the re-use of filleting by-
products for the production of high aggregate value products such as fish
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protein hydrolysates (FPH), which represent peptides and short chain
amino acids resulting from partial hydrolysis (Chalamaiah et al., 2012).
FPH are known as the most important sources of bioactive proteins and
peptides, showing potential in several studies for presenting antioxidant
activities (Hemker et al., 2020; Wong et al., 2019); antihypertensive
(Vazquez et al., 2020); angiotensin converting enzyme (ACE) inhibitory
agent (Nasir & Sarbon, 2019); anti-inflammatory (Ahn et al., 2015) and
antimicrobial (Lima et al., 2019).

There has been an effort in the last decades to find compounds from
natural sources that could act as acetylcholinesterase (AChE) inhibitors.
The main reason is that there is evidence that the damage to the
cholinergic system is closely related to brain dysfunctions such as Par-
kinson’s disease (Ventura et al., 2010; Grella Miranda et al., 2020;
Prasasty et al., 2018). This relationship is recognized for Alzheimer’s
disease (AD), in which the loss of cholinergic function contributes to the
decrease in cognitive activity associated with AD (Tan et al., 2018). To
our knowledge, FPH was not yet evaluated for obtained from by-
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products and little explored for food-derived peptides is the inhibitory
activity of acetylcholinesterase. The possibility of obtaining low cost,
low toxicity, natural substances that could act in the inhibitory mech-
anism of acetylcholinesterase could be of great importance to the food
industry.

The objective of this study was to select the best conditions for
enzymatic hydrolysis to relate it to its bioactive capacity to inhibit the
acetylcholinesterase enzyme, as well as evaluating changes in the pro-
tein structure responsible for this property.

2. Material and methods
2.1. Materials

Nile Tilapia (Oreochromis niloticus) waste (bones, carcass and fins)
were obtained in a local market in 2019 (Campo Mourao, state of Par-
ana, Brazil). The enzymatic hydrolysis was started using alcalase 2.4 L
enzyme (>2.4 U/g, P4860, Sigma-Aldrich). The concentration of soluble
proteins was determined by bovine albumin standard curve (A7030,
Sigma-Aldrich). The reagents used for the acetylcholinesterase (AChE)
activity were trihydroxymethyl aminomethane (Tris-HCl, Dinamica),
acetylcholinesterase enzyme from Electrophorus electricus (electric eel,
Sigma-Aldrich), 5,5-dithiobis (2-nitrobenzoic acid) (DTNB, 98%, Sigma-
Aldrich), acetylthiocholine iodide (ASCh) (Sigma-Aldrich, 99%), for the
preparation of potassium phosphate buffer (TFK) were used monobasic
potassium phosphate (Dinamica) and dibasic potassium phosphate
(Neon). To identify and quantify the aminoacids (Asp, Glu, Ser, Gly, His,
Arg, Thr, Ala, Pro, Tyr, Val, Met, Cys, Ile, Leu, Phe and Lys) were used an
external standard (Standard H, Pierce, P/N 20088), and an internal
standard (alpha-aminobutyric acid - Aldrich, Milwawkee-USA).

2.2. Treatment of Nile Tilapia waste

Fish waste (bones, carcass and fins) were separated from the carcass,
ground, homogenized and dried at 180 °C in a convection oven for one
hour to remove the excess of water. After this period, the waste was
stored at —80 °C until its use for the production of fish protein hydro-
lysates (FPH).

2.3. Proximate composition of Nile Tilapia waste

After drying as described above, the proximate composition of the
fish waste was carried out as described by Association of Official Agri-
cultural Chemists (AOAC, 2005). The gravimetric method was used to
determine the moisture at 105 °C until obtaining constant weight. In
order to evaluate the ash content, the fish waste was incinerated in
muffle at 550 °C. The lipids were determined by Bligh & Dyer method
and the protein content was obtained by MicroKjeldahl method with
correction nitrogen-to-protein factor of 6.25.

2.4. Obtaining of fish protein hydolysates (FPH)

The production of protein hydrolysates was performed according to
Alvares et al. (2018), with some adaptations. Briefly, fish waste was
partially thawed at 10 °C for 8 h, solubilized in distilled water (1:2, wt:
v), the pH adjusted with NaOH 1 M or HC1 0.1 M (7.2-8.8), after that the
alcalase enzyme was added (0.53-1.9, [E:S] % v/wt), the temperature
was adjusted (42-58 °C) and the mixture was kept under agitation for
120 min, as per experimental design. The enzymatic reaction was ended
by heating the mixture at 90 °C for 15 min. After that, the mixture was
cooled and centrifuged at 6,000 rpm (3684 g) for 20 min. The super-
natant was collected and filtered with a 0.45 pm cellulose acetate
membrane filter (11106-47-N, Sartorius) with the aid of a vacuum
pump. The filtrate FPH was frozen in ultra-freezer (—80 °C) for 24 h and
freeze-dried.
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2.5. Degree of hydrolysis (DH)

The FPH samples degree of hydrolysis (DH) was determined by
modifying the methodologies described by Hoyle and Merrltt (1994) and
Baek and Cadwallader (1995). After hydrolysis, 6 mL were removed
from the hydrolysates and inactivated with 4 mL trichloroacetic acid
(TCA) 6.25%, followed by rest for 15 min and centrifuged at 6,000 rpm
for 20 min. The concentration of soluble and proteins was determined by
the modified Lowry method (Lowry et al., 1951). For this, a bovine al-
bumin standard curve (y = 16.541x + 0.0238; R? = 0.9915) was ob-
tained to compare absorbance readings at 750 nm that were performed
in UV-Vis spectrophotometer (Ocean Optics USB650UV, USA). The
degree of hydrolysis (GH) was calculated by Equation (1).

6.25\%TCAsolubleproteininthesample(mg)
totalproteininthesample(mg)

DH (%) = ( ) x 100% (@D
Total protein (29.01%) was determined by the MicroKjeldahl
method (AOAC, 2005) and the conversion factor used was 6.25.

2.6. Yield

After the thermal inactivation of the enzymatic hydrolysis samples
were cooled at room temperature. The samples were weighed and then
fractionated into a centrifuge under conditions of 6,000 rpm for 20 min,
in which the aqueous fraction (containing the protein hydrolysates) was
transferred, weighed, and stored at —80 °C. The yield was calculated
according to Equation (2).
aqueousfractionweight(g)

Yield (%) =

= 100% 2
hydrolyzedweightbeforefractionation(g) * 5 2

2.7. ACHE activity assay

The AChE activity of FPH was measured as described by Ellman et al.
(1961). The analysis was performed in duplicate using in the reaction
medium: 90 uL of potassium phosphate buffer (TFK, 50 mM, pH 7.5), 45
uL of water, 15 pL of the enzyme from electric eel (1.25 U.mL ! in Tris-
HCl buffer (20 mM, pH 7.5)) and 10 pL of FPH (at final concentrations of
20, 30, and 50 mg.mL’l) in addition to control (without addition of
FPH). The medium was incubated at 25 °C for 10 min and then 20 uL of
DTNB (2 mM) and 20 L of acetylthiocholine iodide (ASCh, 0.8 mM)
were added to AChE test in the dark. Reading was performed every
minute (for 4 min) in a plate reader (Thermo-Plate Reader) at a wave-
length of 405 nm. The experiment was performed in quadruplicate. The
inhibition rate was determined using Equation (3), where 13.6 is the
molar extinction coefficient, 0.01 is the volume of FPH solution and A
absorbance is the absorbance variation per minute. The enzymatic ac-
tivity was expressed in percentage of activity relative to the control
group (100 %).

mol\ _ Aabsorbance

Reactionrate <—) =136 < 0.01 3

L.h

2.8. Experimental design

The FPH were obtained according to the experimental conditions
determined by a central composite rotatable design (CCRD) generated
by the software Statistica 7.1 (StatSoft Incorporation, Tulsa, OK). The
objective was the evaluate the influence of experimental conditions used
to obtain the FPH on its inhibitory action and other properties. Seven-
teen experimental points including 8 factorial, 6 axial and 3 replicates at
the central point (Table 1) were used. The selected dependent variables
(X1, X, and X3) were:

X; = Temperature (T, °C)
Xz = pH
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Table 1
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Coded levels (and real values in parentheses) for the experimental design (X;, temperature; X», pH; X3, Alcalase 2.4 L enzyme) and the obtained responses: Y1, Yield (Y,
%); Yo, degree hydrolysis (DH, %); Y3, Y4 and Ys, AChE activity inhibition by 20 (AChE 20), 30 (AChE 30) and 50 (AChE 50) mg.mL’l, respectively.

run n° coded levels (real values) responses
X, T (°C) X, pH X3 E (%) Y, Y, Y3 Y, Ys
Y (%) DH (%) AChE activity inhibition (%) (mg.mL™?)
AChE 20 AChE 30 AChE 50

1 -1 (45) -1(7.5) -1 (0.8) 76.49 14.05 £ 0.11 20.93 + 4.72 22.00 + 4.44 29.30 + 3.48
2 1 (55) -1 (7.5) -1 (0.8) 86.33 18.54 + 2.15 21.53 + 2.66 26.19 + 1.41 40.45 + 3.63
3 -1 (45) 1(8.5) -1 (0.8) 83.66 13.74 + 0.61 15.77 + 0.96 22.98 + 2.41 37.00 + 1.75
4 1 (55) 1(8.5) -1 (0.8) 74.75 16.22 + 0.53 19.98 +1.83 20.63 + 2.05 34.64 + 1.56
5 —1(45) -1 (7.5) 1(1.6) 85.83 15.20 £+ 0.27 22.21 +£1.17 26.70 + 2.31 30.75 + 2.57
6 1 (55) -1(7.5) 1(1.6) 82.48 23.37 +1.17 17.85 + 2.24 22.49 +1.48 31.69 + 2.33
7 -1 (45) 1(8.5) 1(1.6) 81.99 18.06 + 0.61 10.51 + 2.04 13.71 + 1.03 18.11 + 1.07
8 1(55) 1(8.5) 1(1.6) 88.48 18.98 + 0.58 17.54 + 1.86 32.94 + 3.34 34.45 + 2.52
9 0 (50) 0(8) 0(1.2) 76.46 51.31 + 2.57 14.30 £+ 2.70 22.36 + 2.49 35.40 + 3.62
10 0 (50) 0(8) 0(1.2) 77.96 50.49 + 8.07 22.34 + 2.15 27.76 + 1.86 37.64 +1.08
11 0 (50) 08 0(1.2) 79.65 47.41 £ 1.70 20.96 + 0.62 27.79 + 2.82 36.38 + 2.49
12 —1.68 (42) 0(8) 0(1.2) 79.73 48.80 + 3.09 14.53 + 3.24 21.27 + 3.24 29.60 + 1.61
13 1.68 (58) 0(8) 0(1.2) 87.14 63.42 + 3.01 20.68 + 1.88 21.22 + 2.39 33.25 + 0.50
14 0 (50) —-1.68 (7.2) 0(1.2) 75.43 54.16 + 0.72 12.15 + 4.47 17.96 + 4.46 30.94 + 5.49
15 0 (50) 1.68 (8.8) 0(1.2) 78.41 64.40 + 1.42 17.49 + 2.51 27.53 + 2.76 32.57 + 4.58
16 0 (50) 0(8) —1.68 (0.53) 73.25 59.52 + 2.68 16.64 + 2.06 22.35 +1.37 31.54 £ 1.61
17 0 (50) 0(8) 1.68 (1.9) 77.70 64.33 + 2.14 13.65 + 0.81 19.97 + 1.54 31.80 + 1.57

X3 = Enzyme, proportion to the substrate (E, [E:S] %)

The analytical range was determined based on preliminary experi-
ments and literature reports (Halim et al., 2016). The responses evalu-
ated from the proposed experimental design were:

Y; = yield (Y, %)

Yo = degree of hydrolysis (DH, %)

Y5 = AChE activity inhibition (AChE 20 mg.mL™}, %)
Y4 = AChE activity inhibition (AChE 30 mg.mL’l, %)
Ys = AChE activity inhibition (AChE 50 mg.mL ™}, %)

2.9. Principal component analysis (PCA)

A principal component analysis (PCA) was performed using MATLAB
R2008b (MathWorks Inc., Natick, MA) in order to explore the relation
between the FPH characteristics when obtained under different experi-
mental conditions. The results obtained for Yield (Y), degree of hydro-
lysis (DH) and inhibition of AChE activity (AChE 20 mg.mL’l, AChE 30
mg.mL~! and AChE 50 mg.mL™!) were placed in columns and the
experimental runs were used as rows. Before analysis, each column was
mean centered and divided by its variance, resulting in a scaled matrix.
The first principal components with eigenvalues higher than 1.0 were
used to evaluate the samples distribution in the new projection space.

2.10. FPH characterization

For the determination of the molecular characteristics of FPH sam-
ples, spectra were collected with an Infrared Spectrophotometer with
Fourier Transform (IR AFFINITY-1, Shimadzu), in the range of 4000 to
600 cm ™!, using 32 accumulations and 4 cm ™! resolutions. The samples
were previously conditioned in a desiccator containing anhydrous cal-
cium chloride (CaCly) for 7 days to remove moisture and spectra bands
were normalized for spectrum comparison.

The method for amino acid analysis was based on White et al. (1986)
and Hagen et al. (1989). The samples were subjected to acid hydrolysis
and pre-column derivatization with phenyl isothiocyanate (PITC). The
separation of amino acids was performed by reverse phase liquid chro-
matography (SHIMADZU Corporation, Tokyo, Japan) equipped with
C18 reverse phase column (50 °C) (LUNA C18, 100 f\, 5 um, 250 x 4.6
mm, Phenomenex Inc., Torrance, USA), with DAD detector at 254 nm.
The mobile phase used was a gradient composed by (A) Sodium acetate

buffer 94 % (0.036 M, pH 6.4) + 5.7 % acetonitrile and (B) Acetonitrile
40 %. Gradient time (45 min): In the concentration of the mobile phase A
and time (min) respectively (95%, 0-5), (77.5%, 5-10), (68%, 10-12),
(40%, 12-20), (0%, 20-36), (95%, 36-45), and flow rate of 1 mL min~ !,
volume injected: 50 pL.

2.11. ACHhE reaction kinetics

Kinetics parameter determination was carried out using five ace-
tylthiocholine iodide final concentrations (0.8, 0.6, 0.4, 0.2, 0.1, and 0
mM) and three concentrations (20 mg.mL™}, 30 mg.mL ! and 50 mg.
mL 1) from the FPH assays (2, 12 and 14). The inhibition constant of the
enzyme substrate inhibitor complex (Ki) was obtained through the
Lineweaver- Burk methodology using Prism GraphPad 5.0 software.

2.12. Molecular docking studies

Molecular docking was carried out in order to give insight on the
possible interaction site responsible for the enzyme inhibition. The
crystallographic structure of choline-linked acetylcholinesterase (pdbid:
2 ha3) with 2.25 A resolution was chosen for docking studies. The li-
brary with the three-dimensional structure of amino acids present in the
FPH was obtained as the *.sdf. The programs and protocols used in the
docking simulations were defined by redocking the choline ligand
(pubchem cid: 305). The protocols were considered validated when the
root mean square deviation (rmsd) from the overlapping choline ligand
in the crystallographic complex was less than 2.0 A. The program
Autodock-4.2.3 (Morris et al., 2009) used the graphical interface Pyrx-
0.9.8 (Dallakyan & Olson, 2015) and had as protocol the standard al-
gorithm for search and ranking, number of runs = 50, energy adjusted
for Medium, 30-dimensional search box on the three axes and centered
on 26, 20 and 14 on the x, y and z axes respectively.

The Gold-2020.2 program (Jones et al., 1997) used the Goldscore
search method with 200% efficiency, a search radius of 8 A centered on
coordinates 26, 20 and 14, on the x, y and z axes respectively. The water
molecules present in the structure were kept in the simulations. Due to
the different ranking methods used by each program, Equation (4) was
applied to the mean scores provided by the programs to select the most
likely ligand to bind to AChE.

C)

1
Meanrelativescore = — Gold
Gozdmax

Autodock
2

Autodock g,
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where Gold represents the score provided by the Gold program for each
ligand and Goldp,ax the score of the highest rated ligand. Same goes for
t18he Autodock variables.

3. Results and discussion
3.1. Proximate composition of Nile Tilapia waste

The proximate composition of the Nile Tilapia waste (Table S1,
Supplementary Material) presented compatible values to those reported
in the literature. These proportions of the proximate composition may
vary according to the residues used for processing. The Nile Tilapia by-
products used by Silva et al. (2014) for the production of FPH showed
42.3 % protein while the by-products used by Roslan et al. (2014)
showed 14.6 %. Therefore, the proportion of protein (29.01%) obtained
this work enables its use to produce protein hydrolysates and justifies
the importance of the waste reusing.

3.2. Experimental design and principal component analysis

Experimental conditions used in the CCRD, as well as the experi-
mental results for the five evaluated responses o FPH production, are
presented in Table 1.

The response values ranged between 73.25 and 88.48% for yield;
13.74-64.40% for degree of hydrolysis and 10.51-40.45% for AChE
activity inhibition with different concentrations (20, 30 and 50 mg.
mL™Y). Nevertheless, the experimental models evaluated, based on the
experimental data, did not present significant regression for all evalu-
ated variables (Table S2, Supplementary Material), demonstrating
inappropriate for predicting the response in the production of FPH.
Therefore, the responses evaluated the experimental design (yield, DH,
AChE 20, AChE 30 and AChE 50, Table 1) were submitted to a principal
component analysis (PCA) in order to extract more information about
the relation between these variables. The obtained PCA graphs are
presented in Fig. 1.

The scree plot of eigenvalues, as well as the Mahalanobis distance
obtained from the evaluated data set are presented in Figure S1 (Sup-
plementary Material). It was possible to select PCs with eigenvalues
higher than 1. Also, the Mahalanobis distance plot did not show any
outlier among the evaluated experimental point. Therefore, the loadings
obtained to the selected PCs, which show the importance of each PC on
each variable, are presented in Figure S2 (Supplementary Material). The
variables Enzyme (E) and Yield (Y) were better described by PC2, while
the variables Temperature (T), Degree of hydrolysis (DH) and pH could
be represented by PC3 and PC4. Regarding to acetylcholinesterase in-
hibitions (AChE 20, AChE 30 and AChE 50), all were better represented

E Total variance: 53.18%

E /Y

L =4
)

o
N

PC2 (19.27%)
o
N o

AGhE 50

S
EN

-0.67

05 0 05

PC1 (33.90%)

0.5

Total variance: 48.93%

PC1 (33.90%)
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by PC1.

In Fig. 1 (A), where are presented the scores from PC1 versus PC2
(53.17% of total variance explained), it is possible to note that all AChE
concentrations, as well as the temperature are highly positively corre-
lated, since the corresponding vectors are aligned at the same direction.
Thus, it is possible to conclude that the higher hydrolysis temperature,
the higher inhibitory action of the final hydrolysate on acetylcholines-
terase enzyme. Also, the enzyme concentration and the yield of hydro-
lysis presented a positive correlation.

For the scores plot related to PC1 versus PC3 (Fig. 1 (B), 49.93% of
total variance explained) the same relation between temperature and
AChE inhibition to all considered FPH concentrations was detected. In
Fig. 1 (B) it was also verified that the relation between the DH (that
represents the cleavage of the peptide bonds), pH and enzyme concen-
tration is positive with high correlation. Therefore, as high the pH and
enzyme concentration applied, the higher DH obtained for FPH. This
result corroborates that described in the literature, in which Mohammad
et al. (2015) verified that the higher concentration of the alcalase
enzyme was responsible for cleaving more peptide bonds available in
the substrate. Cao et al. (2009) noticed a significant interaction between
pH and alcalase 2.4 L enzyme in the optimization of the shrimp protein
hydrolysates, as well, they observed the optimum points with higher DH
at pH 8 and temperature equal to 57 °C. In this sense, when evaluating
Fig. 1, could be verified that the experimental points 12, 14 and 16
represented the best hydrolysis conditions because they were closer to
the positive correlations. At these points, although the mechanisms
performed for hydrolysis are different, the DH and AChE activity inhi-
bition results were similar.

Analyzing the scores plot from PC3 versus PC4 (Fig. 1 (C), 27.94% of
total variance explained) the same relation between the degree of hy-
drolysis, temperature and enzyme concentration can be observed.

Considering the scores plot evaluation, three experimental points to
further characterization were selected. The points presenting higher
inhibitory action to AChE according to Fig. 1 (A) and (B) were 2, 12, 9
and 10. Among these points, it can be observed that point 2 presented
greater inhibition potential than the other experimental conditions. On
the other hand, even with reasonable AChE inhibitory results, points 12
and 14 were also selected since they represent results with greater
contribution of enzymatic hydrolysis. The selected experimental runs
were: 2 (T: 55 °C, pH: 7.5, E: 0.8 %), 12 (T: 42 °C, pH: 8, E: 1.2 %) and 14
(T: 50 °C, pH: 7.2, E: 1.2 %).

3.3. ACHhE activity inhibition

The results of AChE activity inhibition (Table 1) ranged from 10.51 —
40.45% at different FPHs concentrations (20, 30 and 50 mg.mL’l) ob-
tained by the different hydrolysis conditions. As expected, inhibition

EI Total variance: 27.94%
1 L

pH
3 )
14
0.5f .
\? 4.7 ; 8
= /AChE 30
o 11 | /45
N ‘-_,,;
: = O T achE20- Y«,ﬁ\o\g\, -
3 -2 3 5 2 AN ~-DH
5 AChE 20 o E 1216
1 -0.5 6
13
Ak ! ; : :
0 05 -1 0.5 0 0.5 1
PC3 (15.03%)

Fig. 1. Principal Component Analysis (PCA) for Yield (Y), degree of hydrolysis (DH) and AChE activity inhibition by 20 (AChE 20), 30 (AChE 30) and 50 (AChE 50)
mg.mL"}, respectively. PC1 versus PC2 (A), PC1 versus PC3 (B) and PG3 versus PC4 (C).
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results increased with concentration. Also, it could be verified that the
evaluated concentrations and their respective inhibitions were adequate
as reported by other studies.

Su et al. (2016) evaluated the AChE inhibition by anchovy protein
hydrolysates, at higher concentrations when compared to the present
study, between 100 and 400 mg.mL ™!, which resulted at 10-60% inhi-
bition. On the other hand, Naik et al. (2020), evaluated the inhibition of
mussel by-products hydrolysates at significantly lower concentration
than reported in this study (1 mg.mL™!) and obtained similar AChE
inhibition (29.59%). This variation in the hydrolysates’ concentration
for AChE inhibition may be due to several factors such as enzyme
specificity, DH, molecular weight, amino acid sequence, hydrophobicity
and peptide loading (Gao, Yu, Shen, Chu, Chen, Fen, Yang, Yuan,
McClements, et al., 2021). Malomo and Aluko (2016) indicate that AChE
inhibitory activity occurs mainly by the type and sequence of amino
acids in the peptide chain. However, the exact mechanism of the FPHs
action in the AChE inhibition is not yet fully understood.

In this work, the hydrolysis temperature influenced the AChE ac-
tivity (Fig. 1 (A)). This may have occurred due to possible changes in the
structure, which may result in modifications on peptides and at their
amino acids (Zhao et al., 2018). In addition, AChE inhibition was not
directly related to peptide size, represented by DH (i.e. the higher the DH
the smaller the peptide size), since the FPHs with very different DH
values showed close inhibitions. For instance, points 2 and 10 with DH
of 18.54% and 50.49% presented AChE inhibition values of 40.45% and
37.64%, respectively. This feature was also verified by Zent et al. (2021)
and Malomo and Aluko (2016) when evaluating protein hydrolysates
obtained from plants.

3.4. FPH characterization

3.4.1. Fourier transform infrared spectroscopy (FTIR)

In Fig. 2 are presented the FTIR spectra of the FPH obtained with
experimental points 2, 12 and 14.

FTIR is a method used to evaluate the structure modification of
proteins and peptides submitted to enzymatic hydrolysis. This analysis is
useful because after cleavage of peptide bonds structural changes can
occur and C-terminal carboxylate (COO™) and N-terminal amino (NH3™)
groups can be formed, which can be identified in the infrared absorption
bands (Bocker et al., 2017). Therefore, the characteristic bands of pro-
tein hydrolysates identified in Fig. 2 for all analyzed FPHs were: amide A
(3410 and 3293 cm’l); amide B (3075 crn’l); amide I (1656 cm’l);
amide 1T (1559 ¢cm™!) and amide IIT (1261 cm™!) (Elavarasan et al.,
2016; Noman et al., 2020).

In amide A, the N—H stretching vibration was observed for points 12
and 14 at 3410 cm™! as described in the literature (3400-3440 cm™1).
However, for point 2 this position was shifted to a wavenumber of 3293
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em ™, possibly because peptide O—H and N—H stretching is involved by
a hydrogen bond (Elavarasan et al., 2016).

The Amide I band occurs at 1700-1600 cm ™! due to stretching vi-
brations of C=0 coupled weakly with C—N stretch and N—H bending.
In this region, there was only one band at 1656 cm™ ! for all FPHs, which
can be attributed to the existence of a-helical structures and/or more
complex structures, such as an a-helix superimposed on a random coil.
Amide II, observed at 1559 cm™!, probably was due to C—N stretch
along with N—H in-plane bending, and, amide III (at 1261 cm’l),
resulted from N—H bending and C—N stretching with deformation vi-
brations of C—H and N—H (Glassford et al., 2013).

These amides (I, I and III), are related to changes in the secondary
structure of proteins (Yang et al., 2020). This is corroborated by the
observed amide bands I and II, which presented lower intensity at points
2 and 14 compared to point 12. Possibly, this decrease in the intensity of
the bands occurred due to temperature influencing the enzymatic hy-
drolysis process by modifying the protein structure (Noman et al., 2020).

In addition, the presence of phosphate, widely found in fish bones,
can also be verified in the spectra. The characteristic bands of the PO,*
group were identified in three regions. The first one is represented by the
bands located at 1094 cm™, 1025 cm™! corresponding to v3 stretching
mode and 924 cm™! associated to v1 stretching mode (Boskey &
Pleshkocamacho, 2007; Nawaz et al., 2020; Pal et al., 2017).

3.4.2. Amino acid compositions

The amino acid compositions of FPH (points 2, 12 and 14) are
summarized in Table 2.

Amino acids are indicated as one of the key factors in the bioactive
capacity of fish hydrolysates (Chalamaiah et al., 2012). Among the non-
essential amino acids presented in Table 2, glutamic acid, that has a
significant effect on the regulation of the immune system (Rajabzadeh
etal., 2017), presented the highest concentration. Fish hydrolysates and
peptides possess potent immunological activity in both cultured cells
and mice (Gao, Yu, Shen, Chu, Chen, Fen, Yang, Yuan, Mcclements,
et al., 2021).

In general, the amino acid profile (Table 2) was similar for the hy-
drolysates evaluated, indicating that the peptides recovered in the su-
pernatant presented average similarity on amino acid composition. This
result was expected since all samples were produced with the same
enzyme, which is capable to cleave a broad spectrum of peptide bonds.
However, point 2 presented greater amount of total and essential amino
acids. In comparison with the hydrolysates of tilapia residues, the values
of the amino acids obtained were lower than those found by Silva et al.
(2014) and higher than those obtained by Roslan et al. (2014). These
differences in amino acid composition may be due to several factors such
as raw material, enzyme used and hydrolysis conditions (mainly the
combination of time, temperature, pH and enzyme concentration)

Amude I Amide IIT
1656 1261 1094
Amide A — Point 2 i 1025
— Poi D) \ A
3410 3293 go?“: i; Amide T
oin o
Amide B 1259
3075
/4 \ \ | { ~
f: k\\ \ / \
‘"MMM ‘ > o ] e \
© 3600 3200 2800 2400 0000 1600

Wavenumber (cm™)

Fig. 2. FTIR spectra of the FPH obtained in Points 2, 12 and 14.
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Table 2
Amino acid compositions of FPH.

Amino acids P2 P12 P14

g/100 g of dry matter

Aspartic acid (Asp) 9.45 8.71 9.12
Glutamic acid (Glu) 14.83 13.56 13.94
Serine (Ser) 3.63 3.49 3.61
Glycine (Gly) 9.18 9.58 8.88
Histidine (His) 1.89 1.87 1.93
Arginine (Arg) 6.32 5.55 6.29
Threonine (Thr) 3.62 3.33 3.55
Alanine (Ala) 6.82 6.83 6.58
Proline (Pro) 5.56 5.68 5.41
Tyrosine (Tyr) 2.22 1.96 2.25
Valine (Val) 4.10 3.92 3.97
Methionine (Met) 2.59 2.49 2.50
Cysteine (Cys) 0.49 0.43 0.37
Isoleucine (Ile) 3.26 3.13 3.13
Leucine (Leu) 6.30 6.22 6.10
Phenylalanine (Phe) 2.73 2.89 2.64
Lysine (Lys) 7.40 7.59 7.02
PCAA 15.61 15.01 15.24
EAA 38.21 36.99 37.13
HAA 42.76 42.70 41.46
TAA 90.39 87.23 87.29

PCAA (positively charged amino acids): His, Arg and Lys.

EAA (essential amino acids): Ile, Leu, Lys, Met, Phe, Thr, Val, His and Arg.
HAA (hydrophobic amino acids): Gly, Ala, Pro, Tyr, Met, Val, Phe, Ile, and Leu.
TAA (total amino acids).

(Halim et al., 2016).

3.5. Reaction kinetics

Fig. 3 presents the Michaelis-Menten substrate competition assays
for FPH: points 2 (A), 12 (B) and 14 (C).

The Michaelis-Menten assays demonstrated that the FPH obtained in
points 2, 12 and 14 were able to decrease the activity of AChE according
to the concentration (20, 30 and 50 mg.mL’l) when compared to the
control (H20 curve). The Lineweaver-Burk methodology (Figure S3)
indicated that all samples presented inhibition of competitive mixed-
type, with Ki values of 15.75, 11.72 and 18.45 mg to points 2, 12 and
14, respectively. The competitive mixed-type model was also observed
by Zhao et al. (2017) (at concentrations of 1-20 mM) and Malomo and
Aluko (2019) (at concentrations of 0-0.05 mg.mL’l) when evaluating
the AChE inhibition kinetics of pure lysine and hemp seed protein-
derived peptides, respectively.

3.5.1. Molecular docking studies

The structure of AChE enzyme from Mus musculus was used for
having tertiary structure similar to that of AChE enzyme from Elec-
trophorus electricus and identity of 60.065 %. Similar studies available in
the literature also report the use of rat structure in simulations (Grella
Miranda et al., 2020).

The visual inspection of the AChE crystallographic structure used in
the simulations shows that choline appears bound in two sites of the
active site in the enzyme, one at the bottom of the site (further inside the
molecule) and another at the entrance of the active site (further on the
surface of the molecule). The overlap of other AChE structures in the
presence of ligands suggests that the site of choline binding with the
greatest affinity should be the one inside the molecule. Binding of the
other choline probably occurred due to the high amount of this com-
pound in the structure crystallization solution, resulting in a lower af-
finity bond at another enzyme site. Thus, the site defined for the fitting
of amino acids in the docking simulations was the innermost.

In addition, the structure of Mus musculus AChE, linked to choline
(pdbid: 2HA3) was chosen for docking studies because choline has the
approximate size of a medium amino acid, which were used in docking
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Fig. 3. Michaelis-Menten substrate competition assays for FPH: Points 2 (A), 12
(B) and 14 (C).

simulations.

The result shown in Figure S4 (Supplementary Material) indicates
that the amino acid t-arginine (6322) is most likely to bind to AChE,
followed by r-cystine (67678), iL-tyrosine (6057), ir-lysine (5962), 1-
phenylalanine (6140) and 1-histidine (6274). This classification suggests
that the basic amino acids prefer to bind to AChE in relation to the
others.

Therefore, Fig. 4 (A) and (B) show the overlap of the choline crys-
tallographic ligand used as reference, (C) poses and arginine overlap of
docking simulations and, (D) interactions between arginine and residues
of the AChE active site.

The validation of the Autodock and Gold programs by redocking
shows a good overlap of the choline crystallographic ligand used as a
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Fig. 4. Overlap the best poses obtained with
choline redocking using the protocols
defined for the Autodock (A) and Gold (B)
programs. In pink, the pose of the crystallo-
graphic ligand, the others are the best poses
of four simulations. (C) Arginine poses ob-
tained with repetitions of docking simula-
tions. The overlap of the same pose in all
simulations suggests a pattern for the
connection. (D) Interactions between argi-
nine and Ache active site residues generated
by the Virtual Studio program. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)

HOH
A:1152

B unfavorable Negative-Negative

[ ri-cation

I Conventional Hydrogen Bond

reference in this study (Fig. 4, A-B).

Fig. 4 (C) shows that the r-arginine poses obtained in the simulations
are very similar, indicating bond stability. L-arginine was selected as the
library binder most likely to bind to AChE. This fact is corroborated by
evidence from the literature that indicate positively charged amino acids
as the major responsible for AChE inhibition. These positively charged
amino acids that exist in the peptides of FPH probably bind to one of the
active sites of AChE: the peripheral anionic site (PAS), forming a stable
complex and preventing the entry of substrates into the enzyme active
site (Malomo & Aluko, 2016; Zhao et al., 2018).

L-arginine makes several charge-charge and charge-dipole in-
teractions with residues of the active site (Fig. 4 (D)), but the interaction
of carboxyl oxygen from arginine with carboxyl oxygen from the Asp74
residue draws attention because it is unfavorable (negative charge
interaction with negative charge). However, it is worth remembering
that the enzyme structure used in the simulations is static and there are
several water molecules in the cavity of the active site of AChE and many
of them close to this interaction (Fig. 4 (D)), which suggests that these
water molecules can form a bond (water-mediated interaction) between
the carboxyl of the arginine ligand and the carboxyl of the Asp74 res-
idue, which would make the interaction even more stable and favorable
in the real environment.

4. Conclusions

Enzymatic hydrolysis may interfere with the bioactive properties of
fish protein hydrolysates. Different hydrolysis conditions, varying tem-
perature, pH and enzyme concentration, were used according to the
composite rotatable design to evaluate the interference in the bioactive
property of AChE inhibition. The hydrolysis adjusted at 55 °C, pH 7.5
and enzyme concentration of 0.8 % (Enzyme: Substrate), selected by

principal component analysis, presented greater inhibition potential
than the other experimental conditions. The results of the kinetic study
showed that all FPH evaluated had a mixed-type inhibition of the AChE
activity. The amino acid profile was similar for the hydrolysates evalu-
ated, however, the hydrolysate with higher AChE inhibition presented
greater amount of total and essential amino acids. In addition, according
to molecular docking analysis, it was found that arginine is the amino
acid most likely to bind to AChE, demonstrating that basic amino acids
can be a key factor for this bioactivity. Finally, it is expected as future
perspectives that these FPH could be applied in functional food formu-
lations and pharmaceutical products as AChE inhibitors.
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