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A B S T R A C T

Bioactive peptides (BAPs) can be derived from a variety of sources; these could be from dietary proteins which are
then broken down in the gastrointestinal tract to release BAPs, or they can be isolated from various sources ex
vivo. Sources include plant-based proteins such as soy, and chickpeas, and animal proteins from waste from the
meat industry and from fish skin. Bioinformatics is also a useful approach to assess the peptides released from
digests due to the great number of possible sequences that can be isolated from proteins. Therefore, an in silico
analysis of peptides could potentially lead to a more rapid discovery of BAPs. This article investigates a “crude”
liver peptide mixture derived from papain hydrolysis of porcine liver and purified peptides derived from the
hydrolysates following HPLC fractionation and in silico digestion of the host proteins identified using LC-MS/MS.
This allowed the identification of two proteins (cytosol aminopeptidase and haemoglobin subunit alpha) present
in the “crude” mixture after LC-MS/MS. In silico hydrolysis of these proteins identified that several peptides were
predicted to be both present in the crude mixture using the BIOPEP database and to have potential bioactivity
using the Peptide Ranker tool. Peptides (FWG, MFLG and SDPPLVFVG) with the greatest potential bioactivity and
which had not previously been reported in the literature were then synthesised. The results indicated that the
predicted bioactivity of the synthetic peptides would likely include antioxidant activity. FWG and MFLG derived
from the in silico papain hydrolysis of cytosol aminopeptidase showed activity better or comparable to Trolox in
the Oxygen Radical Absorbance Capacity (ORAC) assay. The use of these in silico tools, alongside a robust range of
biochemical assays which cover a wider range of bioactivities would be a way of improving the discovery of novel
bioactive peptides.
1. Introduction

Recent trends in pharmaceutical development have seen an increased
emphasis on large molecules, or biologics with regards to novel thera-
peutics. These biologics include proteins, monoclonal antibodies, and
peptides (Prueksaritanont and Tang, 2012). Peptides are short (2–50
residues) sequences of amino acids (Banga, 2015). Generally, amino acid
sequences that are under 10 residues long are termed oligopeptides; se-
quences over 50 residues long are regarded as proteins. Many peptide
sequences that are bioactive are found in larger proteins, but in an
inactive state (Capriotti et al., 2015).

Bioactive peptides (BAPs) can be derived from a variety of sources;
these could be from dietary proteins which are then broken down in the
gastrointestinal tract to release BAPs, or they can be isolated from various
ith), g.morris@hud.ac.uk (G.A.
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sources ex vivo. Sources include plant-based proteins such as soy, and
chickpeas, and animal proteins from waste from the meat industry and
from fish skin (Beermann et al., 2009; Capriotti et al., 2015; Di Bernar-
dini, Harnedy, Bolton, Kerry, O'Neill, Mullen, et al., 2011; Fu et al., 2017;
Himaya et al., 2012; Howell and Kasase, 2010; Lassoued et al., 2015; Z.
Xue, Gao, Zhang, Yu, Wang and Kou, 2012; Zhaohui Xue, Wen, Zhai, Yu,
Li, Yu, et al., 2015; Yu et al., 2017) which enables the development of a
circular economy (Bechaux et al., 2020). For example, there is only a
limited market for porcine liver, however this waste material has great
potential in the production of protein hydrolysates (Maluf et al., 2020).
Many studies have been carried out on BAPs and their uses. Areas of
greatest interest however, are where BAPs can be used in either treat-
ment of a condition or aid of a biological process. Bioactivities that are of
particular interest to this study are antioxidant activities.
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There is a significant amount of literature on the benefits of bioactive
peptides when used as dietary supplements (Wolfe and Liu, 2007). Much
of this focuses on BAPs derived frommilk and soy proteins (Ahmed et al.,
2015; Corrêa et al., 2014). These studies show that BAPs are present in
proteins found in foods, and through hydrolysis in the gastrointestinal
tract, they are released from this non-functional state. BAPs are released
from precursor proteins by enzymes found in the gastrointestinal tract.
Releasing BAPs though the hydrolysis of lager proteins using gastric
proteases not only leads to peptides of various lengths, but also different
structural conformations, which can also be related to activity (Himaya
et al., 2012). Therefore, by using different proteases, proteins can be
cleaved at different sites producing a large number peptide fragments,
which have varying levels of bioactivity (Jang and Lee, 2005).

Crude protein digests can then be purified using, for example, fast
protein liquid chromatography (FPLC), and preparative reverse phase
high performance liquid chromatography (RP-HPLC); the fractions
collected can then be assayed for bioactive properties. Fractions that
show activity can then be further purified using an analytical HPLC
column, and sequenced using mass spectrometry (MS) (Ahmed et al.,
2015; Corrêa et al., 2014) thus giving insight into structure/sequence and
potential bioactivity. Sequencing the BAPs generated using the hydro-
lysis of larger peptides/proteins is a powerful tool in the analysis of the
activity of BAPs. Selecting BAPs with a desired activity from a particular
fraction, tandem mass spectrometry (MS/MS) can be used to sequence
the peptide (Liu et al., 2015). Once the peptide sequences have been
identified they can be cross-checked with databases containing known
BAP sequences and/or identify known BAP sequences present in larger
peptides or in proteins. Examples of types of BAP activities researched in
this fashion are ACE inhibition (Lafarga et al., 2017), antioxidant activity
(Bechaux et al., 2020; Borrajo et al., 2020; L�opez-Pedrouso et al., 2020;
Yu et al., 2017), immunomodulating activity, and antimicrobial activity
(Borrajo et al., 2020; Capriotti et al., 2015).

Bioinformatics is also a useful approach to assess the peptides
released from digests due to the great number of possible sequences that
can be isolated from proteins. Therefore, an in silico analysis of peptides
could potentially lead to a more rapid discovery of BAPs. A number of
online tools are available that predict possible cleavage sites (produc-
tion/bioavailability). The BIOPEP database (Minkiewicz et al., 2008) can
be used to predict the peptides released from proteins after digestionwith
a selected enzyme. This information can be used in conjunction with
experimental data to predict the type of sequences that are in a particular
hydrolysate (Bechaux et al., 2020). Therefore, using an in silico approach
to select the enzyme used to hydrolyse precursor proteins can be a useful
tool (Bechaux et al., 2020; Cheung et al., 2009). The predicted peptides
generated by the in silico digests can be further analysed using online
tools (e.g. Peptide Ranker) which can predict bioactivity based on their
amino acid sequence. This program assigns a rank to the likelihood of a
peptide sequence being bioactive (0.0 being highly unlikely, 1.0 being
highly likely) (Mooney et al., 2012).

This article investigates a “crude” liver peptide mixture derived from
papain hydrolysis of porcine liver supplied by Biofac A/S (Kastrup,
Denmark). The major component of this “crude” mixture was then pu-
rified using reverse-phase HPLC and amino acid sequences and hence the
host proteins were intensified using LC-MS/MS. In silico digestion of the
host proteins identified peptides which were predicted to be both to
present in the crude mixture (using the BIOPEP database) (Minkiewicz
et al., 2008) and to have potential bioactivity (using the Peptide Ranker
tool) (Mooney et al., 2012). Three of these potentially bioactive peptides
were synthesised and further assayed for anti-oxidant activity.

2. Materials and methods

2.1. Materials

Liver hydrolysates were produced and supplied by Biofac A/S (Kastrup,
Denmark). Preliminary characterisation of the liver hydrolysate showed
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that it contained very little carbohydrate material (2.5 � 0.6%) and had a
weight average molecular weight of 3.5 � 1.4 kg/mol. Considering the
source of the material, the presence of some carbohydrate is to be expected
(Gupta et al., 2015) and the weight average molecular weight based on the
manufacturing process is also in the expected range < 5 kg/mol. The
amino acid composition is shown in the Supplementary data. Synthetic
peptides (FWG, MFLG and SDPPLVFVG) were supplied (Protein Peptide
Research Ltd., Fareham, UK). All other general laboratory reagents and
materials used were supplied by Sigma Aldrich (Gillingham, UK), Sarsedt
(Nümbrecht, Germany) and Thermo Scientific (Loughborough, UK).

2.2. Isolation of individual peaks for MS analysis

Liver peptide solution (5 mg/mL) was prepared in aqueous HPLC
running buffer (ultrapure water, acetonitrile (0.2%), TFA (0.01%)) and
filtered using 0.2 μm syringe filters. These were loaded onto an analytical
HPLC column (Ascentis® Express Peptide ES-C18) using a 20 μL loading
loop at a flow rate of 1mL/min. The concentration of acetonitrile increased
from 5% to 29% over the first 10 min and then from 29% to 95% over the
next 5 min. The samples isolated from the largest peak (at approximately
6 min) were then selected for further analysis using LC-MS/MS.

2.3. Peptide sequencing using MS/MS

The two samples collected from section 2.2 (L6a and L6b), were
shipped on dry ice to the Metabolomics & Proteomics Lab (University of
York, York, UK) for peptide sequencing using LC-MS/MS using a Bruker
maXisHD mass spectrometer interfaced to a 50 cm PepMap column with
a Bruker CaptiveSpray ion source. Peptides were eluted from the column
over a 35 min gradient at 300 nL/min. Eluting peptides were selected for
MS2 fragmentation using top speed data dependent acquisition, a dy-
namic 7–25 Hz acquisition rate and 1 s cycle time. Product ion spectra
were searched against the porcine subset of the UniProt database (The
UniProt Consortium, 2017) using Mascot (Matrix Science, London, UK),
with no enzyme specificity. Search results were filtered to the required
expected scores of �0.05.

2.4. In silico digestion, and activity prediction

In silico enzyme digestions were carried out on the protein sequences
identified in section 2.3 using the analysis tool on the BIOPEP website
(Minkiewicz et al., 2008). Sequences were generated using papain,
bromelain, pepsin (pH 1.3), and trypsin. Generated sequences were then
cross referenced against a number of bioactive peptide databases to find
any active sequences which have been previously reported. Peptide se-
quences which had not been previously reported were then analysed
using the Peptide Ranker tool by Bioware (Mooney et al., 2012). Peptide
Ranker predicts the likelihood of a peptide sequence being bioactive (0.0
being highly unlikely, 1.0 being highly likely). Potentially bioactive se-
quences those scoring �0.75 and not having been previously reported
were selected for synthesis and subsequent analyses.

2.5. Peptide synthesis and preparation

Synthetic peptides (FWG, MFLG and SDPPLVFVG) from in silico
digestion and predicted bioactivity described in section 2.4 were syn-
thesised and supplied by Protein Peptide Research Ltd. (Fareham, UK)
and used without further purification. Synthetic peptides were dissolved
in deionised water to produce 10 mM stock solutions: FWG (4.08 mg/
mL), MFLG (4.67 mg/mL) and SDPPLVFVG (9.30 mg/mL).

2.6. DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging activity
(RSA) assay

DPPH (0.01 mM) was prepared in ethanol, wrapped in foil and
stored at 3–8 �C prior to use. Hydrolysates and L-Ascorbic acid (control)
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stock solutions (500 μg/mL) were dissolved in 10 mM potassium
phosphate buffer. Each sample was shaken vigorously before being left
to incubate at room temperature for 30 min. A series of dilutions
12.5–800 μg/mL were prepared. Blank solutions were prepared for each
sample by adding ethanol (37.5 μL) to the sample (112.5 μL). A negative
control was prepared by combining the DPPH solution (37.5 μL) with
deionised water (112.5 μL). Liver hydrolysate samples and positive
control (ascorbic acid) were prepared by combining the DPPH solution
(37.5 μL) with the relative sample solution (112.5 μL). The absorbance
was measured using a microplate reader (Tecan Infinite F50,
M€annedorf, Switzerland) at 540 nm. Antioxidant activity of the samples
were determined using equation (1):

Radical Scavenging Activity¼
�
1�

�
Abssample
Absneg

��
� 100 (1)

where Abssample is the absorbance of the sample at 540 nm and Absneg is
the absorbance of negative control at 540 nm.

2.7. Oxygen radical absorbance capacity (ORAC) assay

The Oxygen Radical Absorbance Capacity of crude peptide mixture
and purified peptides were analysed using the ORAC assay (Boxin Ou and
Prior, 2001; Huang et al., 2002). Solutions of 2,20-Azobis(2-Methylpro-
pionamidine) dihydrochloride (AAPH) solution (153 mM) and fluores-
cein (4 � 10�6 mM) were prepared fresh.

Black 96 well plates (Thermo Scientific™ Nunc™ FluoroNunc™/
LumiNunc™ 96-Well Plate) were loaded with the sample solutions
(“crude” liver hydrolysate, FWG, MFLG and SDPPLVFVG) and Trolox as a
standard. The plates were incubated at 37 �C for 30 min. Following in-
cubation, fluorescence was measured using a microplate reader (Fluostar
Optima, BMG Labtech Ltd., Aylesbury, UK) set to slow kinetics mode.
Fluorescence readings were taken every minute for five cycles, after five
cycles, the plate was removed and 153 mM AAPH solution (25 μL) was
added to each experimental well. The plate was returned to the plate
reader where the fluorescence was measured every minute for 115 min.
AAPH was used in this particular assay as the antioxidant properties of
the peptides in relation to damage to cell membranes by lipid peroxi-
dation were of particular interest (Boxin Ou and Prior, 2001; Huang
et al., 2002). The ORAC value was calculated from the areas under the
curves (AUC) (equation (2)).

Relative ORAC value ðTrolox EquivelentsÞ¼
��
AUCsample � AUCblank

�
ðAUCTrolox � AUCblankÞ

�

�
� ðmoltroloxÞ�
molsample

�
� (2)

where AUCs are the areas under the curve for the sample, Trolox and the
blank, respectively and molTrolox and molsample are the molar concen-
trations of Trolox and the samples respectively.

However an important limitation of the ORAC assay is that it is not
biologically relevant. It was therefore used as a screening method due to
its relative simplicity. Samples of interest were further investigated using
the biologically relevant Cellular Antioxidant Activity (CAA) assay which
uses mammalian cells.

2.8. Cellular antioxidant activity (CAA) assay

The cellular antioxidant activity assay (CAA) was based on the
method of Wolfe and Liu (2007) using 3T3 fibroblasts (Wolfe & Liu,
2007). 3T3 fibroblast cells were seeded at 3� 104/well on a 96 well plate
(3 � 105/mL) using DMEM supplemented with L-glutamine, HEPES
buffer, and PenSrep. The cells were incubated for 24 h at 37 �C, 5 % CO2.
After 24 h the medium was aspirated and the cells washed with PBS
(0.01 M). 100 μL of sample media (containing 5 μM dichlorodihydro-
fluorescein diacetate (DCFH-DA)) was added to the relevant wells. The
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plates were returned to the incubator for a further 1 hour, after which the
sample media was removed and the cells were washed with PBS
(0.01 M). AAPH (120 μM) in 100 μL of Hank’s Balanced Salt Solution
(HBSS) was added to each experimental well and fluorescence was
measured using a microplate reader (Fluostar Optima, BMG Labtech Ltd.,
Aylesbury, UK) set to 37 �C, with excitation at 485 nm and emission at
520 nm, readings were taken every 5 minutes for 45 minutes. All plates
included control, and blank wells. Control wells contained no peptide
sample and blank wells contained no AAPH and no peptide sample. The
values from the blank wells were subtracted from the experimental, and
control wells. The fluorescence was plotted against time, and the AUC for
each sample was calculated. The AUC of the control (no peptide sample)
was used to calculate the cellular CAA (equation (3)), which was
expressed as a percentage. Positive values indicated that a particular
sample showed antioxidant properties in relation to this assay, whereas
negative values would suggest that the sample increased the production
of 20,70-dichlorofluorescein (DCF), and therefore were causing oxidative
stress.

CAAð%Þ¼ 100�
��

AUCsample

AUCcontrol

�
� 100

�
(3)

where AUCsample and AUCcontrol are the integrated areas under the fluo-
rescence versus time curves for the sample and the control respectively.

2.9. Statistical analysis

Data were analysed using one-way ANOVA with equal variances
assumed. Statistical analyses were performed on triplicate data using
Microsoft Excel and Minitab (version 18) with a p value < 0.05 consid-
ered significant. Standard deviation derived from the mean values were
indicated with error bars.

3. Results and discussion

3.1. DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging activity
(RSA) assay

As the concentration of the liver hydrolysate increases there is a
corresponding increase in the radical scavenging activity (Fig. 1) and the
activity reaches 78 � 5% at a concentration of 800 mg/mL. At each
concentration the activity of liver hydrolysate is significantly lower
(p < 0.05) than the corresponding ascorbic acid sample. However, the
highest concentration the liver hydrolysate performs as well as the lower
concentrations of ascorbic acid (12.5–400 μg/mL).

The liver hydrolysates were composed of a mixture of peptides of
different sizes, which are themselves composed of various amino acids
with charged side chains (see Supplementary data). Amino acids with
charged side chains can be either proton donors or proton acceptors. The
proton donating amino acids are glutamic acid and aspartic acid and the
proton accepting amino acids are arginine, lysine, and histidine. Histi-
dine is only moderately charged at values above pH 7, therefore under
the assay conditions (pH 7.2) histidine is essentially neutral (degree of
ionisation < 6%), and has little or no bearing on the RSA of the hydro-
lysates. The pKa values for the charged amino acids are aspartic acid 3.9,
glutamic acid 4.2, lysine 10.5, and arginine 12.5. This value will affect
the radical scavenging activities of the peptides at pH values lower than
4.2 and at values greater than pH 10.5, only positively charged side
chains will be available. This would likely lead to no radical scavenging
activity for this particular assay. This limits the pH range in which this
assay is useful. The proportion of charged amino acids in the hydrolysates
(Supplementary data) can be used to explain the RSA performance of the
liver hydrolysate, which has a net proton donor value of 13.4%. This
assay is inexpensive and simple in nature therefore it is ideal to rapidly
screen antioxidants. The limitations however, are that the test sample
solutions must be miscible with alcohol and that the mechanism of



Fig. 1. RSA of the liver hydrolysate (black squares) and ascorbic acid (red circles as a positive control). Error bars indicate one standard deviation. At each con-
centration the activity of liver hydrolysate is significantly lower (p < 0.05) than the corresponding ascorbic acid sample.
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reduction demonstrated is not limited to antioxidants, as other sub-
stances that exhibit no antioxidant activity can reduce the radical form of
DPPH to the non-radical form (Amorati and Valgimigli, 2015). However,
the concentration dependence increase in radical scavenging activity
suggests that this extract contains one or more peptides which contain
anti-oxidant activity. Therefore, it would be beneficial to the manufac-
turer to know which bioactive peptides may be present. This can be
achieved through the isolation of a less “crude” peptide fraction using
HPLC (section 2.2), the identification of the host protein using MS/MS.
Fig. 2. a) Structures of the peptide TPANEMTPTR with meth
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3.2. Isolation of individual peaks for MS analysis

The results from the DPPH assay indicated that the liver hydrolysate
contained one or more peptides which may have some anti-oxidant ac-
tivity taking in to account the limitations of the DPPH assay. With this in
mind it was decided to fractionate the liver peptide hydrolysate using
reverse phase HPLC (section 2.2) and attempt to identify both potentially
bioactive peptide sequences (section 2.3) and their host protein which
led to the utilisation of in silico digestion, and activity prediction (section
ionine sulfoxide and b) of the peptide SAADKANVKAA.



N.A. Pearman et al. Current Research in Food Science 3 (2020) 314–321
2.4). Individual peptides, which were expected to show bioactivity, were
then synthesised (section 2.5) and assayed in parallel with the “crude”
liver hydrolysate.
3.3. Peptide sequencing using MS/MS

As the aim was to isolate as few peptides as possible. RP-HPLC was
used to analyse the crude mixture (see section 2.2). A single peak was
identified at ~ 6 min and collected. The following peptides were iden-
tified in the samples: TPANEMTPTR (methionine has been oxidised post-
translationally) and SAADKANVKAA. The predicted peptides were cross
referenced using the UniProt database (The UniProt Consortium, 2017)
to find the host proteins. The structures of the peptides are shown in
Fig. 2.

The host protein for TPANEMTPTR (Fig. 2a) was determined as
cytosol aminopeptidase (see amino acid sequence below); an enzyme
that can be found in the liver of mammals that facilitates the removal of
N-terminal amino acids from peptides. It can also cleave the N-terminal
of amides and arylamides. The section highlighted in yellow is the pep-
tide identified using LC-MS/MS.

3.3.1. Cytosol aminopeptidase (Sus scrofa)

61 klvsgklrei lnisgpplka gktrtfyglh edfssvvvvg lgkkgagvdd
qenwhegken
121 iraavaagcr qiqdleipsv evdpcgdaqa aaegavlgly eydelkqkkk
vvvsaklhgs

301 lmradmggaa ticstivsaa kldlpinlvg laplcenmps gkankpgdvv
rakngktiqv
361 dntdaegrli ladalcyaht fnpkviinaa tltgamdial gsgatgvftn

sswlwnklfe
421 asietgdrvw rmplfehytk qivdcqladv nnigkyrsag actaaaflke

fvthpkwahl
481 diagvmtnkd evpylrkgma grptrtlief llrfsqdsa
The host protein for SAADKANVKAA (Fig. 2b) was determined as

haemoglobin subunit alpha (see amino acid sequence below). The
highlighted section in yellow is the peptide identified using LC-MS/MS.

3.3.2. Haemoglobin subunit alpha (Sus scrofa)
61 qkvadaltka vghlddlpga lsalsdlhah klrvdpvnfk llshcllvtl

aahhpddfnp
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121 svhasldkfl anvstvltsk yr
3.4. In silico digestion, and activity prediction

3.4.1. Known bioactive peptides
Other studies have used similar techniques to analyse bioactive

peptides but they generally start from peptides that have been isolated
from active fractions (Cheung et al., 2009; Lafarga, O'Connor and
Hayes, 2014; Lassoued et al., 2015). This method was designed as a
more high-throughput approach. By sequencing straight after the initial
separation, and using the BIOPEP database and Peptide Ranker utilities,
it is possible to identify bioactive peptides before bioactivity assays are
performed. That being said, it has been reported that there are signif-
icant differences in the predicted bioactive peptides, and actual pep-
tides found using empirical methods (Chatterjee et al., 2015). This can
be explained by the incomplete nature of these bioactive peptide da-
tabases, however, as the aim was to identify bioactive peptides that
were not already in the databases, this was not a concern. There is
therefore, a chance that the peptides released from experimental
enzyme digestion could be different to the predicted peptides. This
could be the result of miss-cleavage because of varying quality of the
enzymes used (Burkhart et al., 2012). There is likely to be non-specific
cleavage associated with the experimental process, therefore the
complexity of the peptide profile of the hydrolysates cannot be just
accreted to the specific enzyme used (in this case papain) (Picotti et al.,
2007). However, if it is likely that a predicted peptide will be present, as
in the case of this investigation, the overall complex nature of the hy-
drolysate is not a major concern.
In silico digestion of cytosol aminopeptidase and haemoglobin
subunit alpha with papain, bromelain, pepsin and trypsin resulted in a
large number (34) of peptides which have previously been reported as
demonstrating bioactivity, however all but one of these known
bioactive peptides found using this method were dipeptides. They
have been reported to exhibit the following bioactivities: dipeptidyl
peptidase IV inhibitors, ACE inhibitors, renin inhibitors, Calmodulin-
dependent cyclic nucleotide phosphodiesterase (CaMPDE) inhibitors,
stimulating vasoactive substance release, regulating the stomach
mucosal membrane activity, and antioxidant peptides (sequences not
reported here). Initially FWG (1.00) and MLFG (0.96) were chosen as
they had the highest scores of any peptides. It was then decided that
particular attention should also be focussed on larger peptide



Table 1
Predicted peptides with a predicted rank �0.75 for all the digests
(excluding dipeptides). Green highlighted peptides were selected for
synthesis (and are highlighted in green in the protein sequences in sec-
tion 3.3), yellow highlighted peptides are repeats which are expected to
be present in more than one digest, and red highlighted peptides have
been previously reported in the literature as bioactive peptides (BAPs).

N.B.– dipeptides have been excluded.

Table 2
Amino acid sequences, host protein, Peptide Ranker score and molecular structure of selected peptides.

Amino acid sequence Host protein Peptide Ranker score Molecular structure

FWG cytosol aminopeptidase 1.00

SDPPLVFVG cytosol aminopeptidase 0.75

MFLG haemoglobin subunit alpha 0.96

Table 3
Trolox equivalent values for synthetic peptides and the “crude” liver
hydrolysate.

Sample Trolox equivalents (TE)

Liver hydrolysate 43.1 � 7.6a

FWG 0.3 � 0.1b

MFLG 0.7 � 0.2b

SDPPLVFVG 4.6 � 2.3b

Samples with same letter are not significantly different (p > 0.05).
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sequences not previously reported in the literature as potentially
interesting bioactive target peptides, which maybe also subject to
conformational changes. Taking this in to account SDPPLVFVG (0.75)
was chosen as like the other two smaller peptides it has a glycine C-
terminus and furthermore it is predicted to be present in more than
one enzymatic digest. Potentially bioactivity was estimated using
Peptide Ranker as described in section 2.4. The results of which are
summarised in Table 1.

3.4.2. Synthesised peptides
The following peptides were selected to be synthesised and analysed

(Table 2), due to the fact they haven't previously been reported (to our
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knowledge) and they all scored � 0.75 using the Peptide Ranker tool.

3.5. ORAC assay

TheORACdata for the synthetic peptides indicates that FWG andMFLG
have greater oxygen radical scavenging activities than Trolox (Table 3).

The data generated from the ORAC antioxidant assay indicated that
the prediction of bioactivity using the peptide ranker tool could supply
useful results. Peptide Ranker predicts that in small peptides (<20 amino
acids), which contain phenylalanine (F) are linked with bioactivity. All
the peptides selected to be synthesised contained phenylalanine. This
could be related to the bioactivity demonstrated by FWG, and MFLG. The
ORAC assay indicated that the two peptides that ranked the highest, FWG
(1.00), and MFLG (0.96), were more potent antioxidant compounds than
SDPPLVFVG (0.75). The Trolox equivalent value for FWG was 0.3 � 0.1.
This means that for the peptide to exhibit the same ORAC value as 1 g of
Trolox, 0.3 g of FWG would be required, indicating that FWG is a more
potent antioxidant than Trolox. MFLG demonstrated a TE of 0.7 � 0.2,
therefore, has a similar antioxidant capacity to Trolox. The TE for
SDPPLVFVG was 4.6 � 2.3. This score was still relatively high in com-
parison with the other synthesised peptides but is significantly lower
than the “crude” liver hydrolysate (43.1 � 7.6). This method indicates



Fig. 3. a: Cellular antioxidant activity (%) of liver hydrolysate and Trolox b: Cellular antioxidant activity (%) of synthetic peptides. 50 μM concentrations are
equivalent to: FWG (0.020 mg/mL), MFLG (0.023 mg/mL) and SDPPLVFVG (0.047 mg/mL) for the individual peptides, respectively. The CAA assay included a
negative control (no reactive oxygen species (ROS) added). This takes into account any background ROS. The reduction in ROS is measured with this background as
zero. In Fig. 3b the aim is to compare the synthetic peptides with one another rather than with Trolox and as the percentage activity is calculated from the negative
control, a positive value means the peptides have demonstrated some antioxidant activity, furthermore to avoid any inter-plate variation all samples were run
simultaneously.
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that the bioactivity prediction for FWG and MFLG is related to antioxi-
dant activity, but this does not mean that these peptides could not
demonstrate any other bioactivity.

3.6. Cellular antioxidant activity assay (CAA)

The cellular antioxidant activity of the liver hydrolysate is signif-
icantly lower than the Trolox control at all concentrations studied
(Fig. 3a). Due to the limited amount of material and potentially greater
antioxidant activity the synthetic peptides were assayed at lower
concentrations (50 and 25 μM) and for comparison purposes Trolox
has a CAA of 34% at 25 μM (data not shown). The initial results for the
CAA of the synthetic peptides indicate that they all demonstrated
antioxidant activity, which is concentration dependant. All the test
samples demonstrated some protection of the DCFH when oxidative
stress was introduced (slower rate of fluorescence increase than the
control). FWG demonstrated the greatest antioxidant activity at 50 μM,
which was significantly greater than SDPPLVFVG; however, the dif-
ference with MFLG was not significant. At 25 μM, there was no sig-
nificant difference in antioxidant activity between the samples
(Fig. 3b) and the range of activities at 25 μM are not significantly
different to Trolox (not shown).

The CAA data showed that all the peptides demonstrated antioxidant
activity with only FWG at 50 μM showing significantly more activity
between the peptides. All other samples were not significantly different
(Fig. 3b). The data from the antioxidant assays demonstrate that the
predicted bioactivity is in some part related to antioxidant activity. The
differences between the two antioxidant assays can be explained by the
antioxidant mechanism of each assay. There is a great variety in mech-
anisms of oxidative stress, and antioxidant activity, and this is reflected in
the types of in vitro assays used to for analysis. Two different assays may
use completely different mechanisms, and compounds may generate
different results. Therefore, compounds can only be determined as anti-
oxidant in relation to a particular mechanism. For example, FWG and
MFLG displayed potent antioxidant properties when measured using the
ORAC assay, but all three of the synthetic peptides tested were potent
antioxidant peptides when analysed using a more complex system. This
would indicate that the mechanism of antioxidant activity is different for
FWG and MFLF than SDPPLVFVG. The CAA assay is therefore a good
method to test antioxidant activity because it uses cells, and their entire
metabolism to assess activity (L�opez-Alarc�on and Denicola, 2013).
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4. Conclusions

The work carried out on the identification of possible bioactive
peptides shows that it is possible to identify active peptides using the
method developed in this study. The results indicated that the predicted
bioactivity of the synthetic peptides will likely include antioxidant
activity. FWG andMFLG showed activity better or comparable to Trolox
in the ORAC assay. Of the other assays which may be of interest include,
the anti-angiotensin converting enzyme (ACE) assay which may also be
predicted using in silico tools, for example, AHTpin is an anti-ACE
peptide predictor (Kumar et al., 2015), AntiCP is an anti-cancer pep-
tide predictor (Tyagi et al., 2013), and AntiBP is an anti-microbial
predictor (Lata et al., 2007). Certain activities are related to the sec-
ondary structures possible in larger peptides -antimicrobial peptides are
an example of this. This study was primarily based on the papain
digestion of proteins with this enzyme results in small peptides because
of the lack of specificity. Future work with this method could investi-
gate larger peptides generated from more specific enzymes. The use of
in silico tools, alongside a robust range of assays which cover a wider
range of bioactivities would be a way of improving the discovery,
production and characterisation of novel bioactive peptides, which is
an emerging challenge for the meat industry (L�opez-Pedrouso et al.,
2020; Yu et al., 2017).
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