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Online tools to support teaching 
and training activities in chemical 
engineering: enzymatic 
proteolysis
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The practical teaching or training of enzymatic proteolysis can prove challenging 
because of the lengthy duration of the process, the complexity of identifying 
short amino acid sequences, the high cost of the enzymes, and the need to 
use very specific equipment. There are several freely-available online tools that, 
despite being employed by scientists to help identify bioactive peptides, are 
not commonly used for teaching and training activities. This work summarises 
the most common protein and peptide databases along with other tools that 
allow one to simulate enzymatic hydrolysis of a given protein and to study the 
structure, physicochemical properties, bioactivity, toxicity, allergenicity, and even 
the bitterness of the resulting peptides. Overall, in silico tools can be used during 
the teaching and training of chemical engineers as innovative alternatives to 
conventional laboratory work and theoretical classes.
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1 Introduction

Proteins are large macromolecules made up of amino acids. They are the building blocks of 
life and are needed by all living things to function properly. In humans, for example, proteins 
are the basis of body structures, act as messengers, maintain the proper pH, transport and store 
nutrients, provide energy, and are responsible for most biochemical reactions. At the industrial 
level, proteins are used in many areas. For example, proteins are one of the key ingredients in 
many human foods and most animal feeds, amino acids are common agricultural products, and 
enzymes (proteins) are common ingredients in the food industry (e.g., baked goods and drinks); 
they are also widely used during the production of pulp, paper, and leather.

For most commercial protein applications, it is important to retain the protein structure 
given that their activity is structure dependent. However, other protein applications and 
properties are enhanced after the protein structure of the protein is disrupted. For example, 
the cleavage of proteins might result in the release of bioactive fragments or might improve 
the techno-functional properties of proteins with poor functionality (Vogelsang-O’dwyer 
et al., 2022). Bioactive peptides are short amino acid sequences that have biological effects 
when they are released from their parent proteins. Most of the bioactive peptides reported 
to date are of between 2 and 20 amino acids in length and several have been shown to have 
different modes of action and to exert more than one form of bioactivity (Ulug et al., 2021). 
Enzymatic hydrolysis is the most widely used technology to produce bioactive peptides, 
usually from food sources. This process is carried out under controlled conditions (ideally 
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under the optimal ones for the enzyme being used) and is generally 
preferred to microbial fermentation because of its high specificity. 
To obtain quality products with high bioactivity, it is essential to 
understand the enzyme cleavage sites and the specificity of the 
bioactive peptides as well as to apply adequate process control. This 
knowledge is key for chemical engineers and food engineers 
working in the field of bioactive peptide generation. The use of 
enzymes in industrial processes is covered by different subjects 
comprising most chemical engineering curricula, for example, 
Bioreactors, Reactor Design, Reaction Kinetics, Biochemical 
Engineering, and Chemistry. The use of in silico strategies, meaning 
strategies conducted via computer simulations, has become 
increasingly important in the field and has been used to predict 
toxic (Gupta et al., 2013), antiviral (Charoenkwan et al., 2020), cell 
penetrating (Gautam et al., 2013), antihypertensive (Kumar et al., 
2015), and antidiabetic (Lafarga et  al., 2014) peptides, amongst 
other bioactivities. Moreover, being able to predict the cleavage of 
a given protein by means of a computer is also useful for estimating 
the potential bioavailability of amino acids upon gastrointestinal 
digestion (Sayd et al., 2018). Because of their potential to save both 
time and money, in silico tools have gained increasing importance 
in the scientific literature. The practical teaching or training on 
enzymatic proteolysis can be  challenging because of the long 
duration of the process, the complexity of identifying short amino 
acid sequences, the high cost of enzymes, and the need to use of 
very specific equipment including liquid chromatographs and mass 
spectrometers. For these reasons, at most universities, the teaching 
of enzymatic proteolysis is generally theoretical and training in this 
topic is rare. The use of computer simulations in training is also 
beneficial as they give the students the time necessary to understand 
the concept (Rodrigues et al., 2010).

Over the last decade, several freely available online tools have 
been developed that are now being implemented by scientists all 
around the world. Such tools can also be used to teach and facilitate 
the understanding of proteins, bioactive peptides, and proteolysis. 
The results have a strong graphic impact and allow the rapid 
simulation of reactions and processes that would otherwise 
be impossible in a training environment. Despite being common in 
scientific environments, in silico tools are not yet widely 
implemented in teaching and training activities. For this reason, the 
goal of our review is to summarise the main online tools that can 
potentially be  used in educational and training environments 
although they are currently only being used by scientists to simulate 
enzymatic hydrolysis and the release of bioactive peptides. The most 
comprehensive protein and bioactive peptide databases will 
be  explained together with various tools that enable enzymatic 
proteolysis to be estimated and understood. Other tools that predict 
bioactivity, toxicity, or allergenicity will also be  discussed 
suggesting, with tips on their use in science lessons. These tools 
could be  introduced into various Undergraduate and Masters’ 
Degrees, including Chemistry, Chemical Engineering, Food 
Science, and Biotechnology. A recent work revealed that chemical 
engineering students were very satisfied with simulator-based 
learning approaches (Borreguero et al., 2019; Roman et al., 2020). 
Furthermore, professors teaching a range of subjects (for example, 
Organic Chemistry, Biochemistry, Bioreactors, Bioprocesses, Food 
Engineering, and Biotechnology), could benefit from these easy-
to-use and freely available tools.

2 Protein databases

2.1 UniProt

The UniProt database, available at https://www.uniprot.org, is a 
collection of protein sequences covering more than 120 million 
proteins (Bateman, 2019). This database is the result of a collaboration 
between the European Bioinformatics Institute, the SIB Swiss Institute 
of Bioinformatics, and the Protein Information Resource. It counts on 
the participation of over 100 people who oversee database curation 
and software development, and who give support. This tool could 
be used by students to search for protein sequences (and much more) 
using the central “Find your protein” search bar; it also supports 
advanced searches that allow keywords and taxonomies, etc. to 
be  included (Figure  1). We  searched for bovine serum albumin 
(P02769, ALBU_BOVIN) and were immediately directed to a vast 
amount of information including publications related to the protein, 
its amino acid sequence, 3D structure, subcellular location, potential 
allergenic properties, features, and function in the body (Figure 2). 
This information is very useful for students and facilitates access to 
scientific information on any given protein. The tool also searches for 
related proteins, which are either obtained from the same organism 
(e.g., bovine fibrinogen) or a related one (e.g., porcine serum albumin).

UniProt includes other tools, for example, BLAST, which stands 
for Basic Local Alignment Search Tool, which finds regions of local 
similarity between protein sequences (Zaru and Orchard, 2023). In 
the case of BSA (ALBU_BOVIN), the software was able to identify 
many similar sequences including sheep serum albumin (ALBU_
SHEEP, 92.4% similarity), porcine serum albumin (ALBU_PIG, 79.9% 
similarity), cat serum albumin (ALBU_CAT, 78.5% similarity), and 
dog serum albumin (ALBU_CANLF, 76.6% similarity). The similarity 
between the amino acid sequence of bovine and human serum 
albumin (ALBU_HUMAN) was 76.6%. This tool allows the user, in 
this case students, to estimate the release of bioactive peptides from a 
given protein source based on the similarity of the protein to a known 
source of bioactive peptides. This is useful when estimating the 
differences that can occur in the final product if the raw material (the 
protein source) is changed to a similar one. This tool can 
be  complemented with the Align tool, available at https://www.
uniprot.org/align/, which allows two or more protein sequences to 
be aligned and to observe where the main difference occur (Figure 3). 
This option can identify which peptides will be different if the protein 
source is changed, offering a possible key to a process in which not all 
the peptides generated are of interest.

The Peptide Search option (available at UniProt) is also very useful 
because it allows one to search for a known bioactive peptide from the 
proteins available in the database. For example, the tripeptides IPP 
and VPP are known to attenuate the development of hypertension and 
may also have beneficial effects on vascular function (Turpeinen et al., 
2009). Both peptides were identified for the first time from fermented 
milk proteins although they are present in other protein sequences as 
well. We  used the Peptide Search option to look for protein that 
include the IPP sequence. The software was able to identify almost 
1,000,000 proteins that contain this peptide sequence, suggesting that 
its production might not be limited to milk proteins. As an example, 
Peptide Search identified the IPP sequence in the proteins FOGA_
ASPRC, FRA17_FRAAN, and LHY_PETHY, which are found in 
Aspergillus ruber, Fragaria ananassa (strawberry), and Petunia hybrida.

https://doi.org/10.3389/feduc.2023.1290287
https://www.frontiersin.org/journals/education
https://www.frontiersin.org
https://www.uniprot.org
https://www.uniprot.org/align/
https://www.uniprot.org/align/
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2.2 RCSB protein data Bank

The Research Collaboratory for Structural Bioinformatics Protein 
Data Bank (RCSB PDB) is available at http://rcsb.org/ (Rose et al., 
2016). The webpage includes public data with no usage limitations 
and offers several tools for structure query, analysis, and visualisation. 
In terms of analysis, the webpage offers different tools including: (i) 
Pairwise Structure Alignment, which allows one to calculate pairwise 

structure alignments using different methods, (ii) Structure Quality, 
which shows a slider graphic that compares important global quality 
indicators for a given structure, and (iii) Symmetry Resources, which 
include exploratory tools that display global, local, and helical 
symmetry amongst subunits. Users can search using the top menu 
bar by introducing the name of the protein or the source organism, 
or even build complex search combinations with the “Advanced 
Search” interface. The platform also allows one to search for scientific 

FIGURE 1

Schematic representation of laboratory and in silico training approaches.

https://doi.org/10.3389/feduc.2023.1290287
https://www.frontiersin.org/journals/education
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publications related to a given protein and access and download 
valuable information. As an example, we searched for bovine serum 
albumin (BSA), which is often used as a protein standard in 
laboratory experiments. BSA is also a rich source of bioactive 
peptides (Lafarga et al., 2017) and a relatively small protein, thus 
facilitating its study. The protein is classified in RCSB PDB as a 
transport protein included as part of the Bos taurus organism. Besides 
the protein’s amino acid sequence, this online tool enables one to 
access the literature related to the protein and the experimental data 

available on it, including its structure validation, a 3D structural 
representation, and ligand interactions, amongst other useful 
information (Figure  4). The RCSB PDB is a simple tool that can 
be used by students to access amino acid sequences when carrying 
out in silico simulations, as described in the following sections. 
Furthermore, RCSB PDB includes educational resources including 
training courses, guides, and other free resources to promote the 
exploration of the world of proteins (e.g., colouring books, 3D 
printing models, paper models, flyers, and posters).

FIGURE 2

(A) Function and (B) cellular location of bovine serum albumin. Data accessed from UniProt, available at https://www.uniprot.org on 30/04/2023.

https://doi.org/10.3389/feduc.2023.1290287
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2.3 Other protein databases

There are other protein databases that contain thousands of 
sequences. These include PDBe (Protein Data Bank in Europe) available 
at https://www.ebi.ac.uk/pdbe/and wwPDB (Worldwide Protein Data 
Bank), available at https://www.wwpdb.org. The goal of the latter keep 
data and metadata for biological macromolecules freely accessible to 
promote basic and applied research and education. Other online protein 
databases include the NIH protein database of the National Library of 
Medicine (USA), available at https://www.ncbi.nlm.nih.gov/protein, 
where protein sequences and different tools can be accessed. All these 
protein databases, together with the ones mentioned above, allow many 
different processes to be simulated; these would otherwise be extremely 
complex to study in a laboratory. For example, working online allows 
one to simulated processes using raw materials in a location where they 
are uncommon or not unavailable raw materials are used in a location 
where they are uncommon or are not available.

3 In silico proteolysis prediction

3.1 Expasy PeptideCutter and PeptideMass

Expasy is the bioinformatics resource portal of the SIB Swiss 
Institute of Bioinformatics. It is a comprehensive portal that provides 
access to over 160 databases and online software tools to support 

different scientific activities including proteomics and medical 
chemistry (Duvaud et  al., 2021). The following section discusses 
several useful tools that are available via the Expasy portal. 
PeptideCutter1 predicts potential cleavage sites cleaved by proteases in 
a given protein sequence. This can be accessed either via an amino 
acid sequence or an identified protein such as ALBU_BOVIN. The 
software allows one to select an enzyme from a list of various 
commercially available proteases and returns the query sequence with 
the possible cleavage sites, as shown in Figure 5A. The tool includes a 
summary of the cleavage sites for the different enzymes selected. These 
options offer great potential for use in teaching activities, especially 
since the cleavage sites of a specific enzyme are key to obtaining the 
desired peptide fractions. Furthermore, these tools allow one to 
observe the differences between enzymes as a graphic presentation. 
For example, for the enzyme Thermolysin (EC 3.4.24.27), the Expasy 
portal reads “Thermolysin preferentially cleaves sites with bulky and 
aromatic residues (Ile, Leu, Val, Met, Phe) in position P1’. Cleavage is 
favoured with aromatic sites in position P1 but hindered with acidic 
residues in position P1. Pro blocks when located in position P2’ but 
not when found in position P1” (see Figure 5B). PeptideCutter can 
be used together with PeptideMass, also developed by the SIB Swiss 
Institute of Bioinformatics and available at https://www.expasy.org/

1 https://web.expasy.org/peptide_cutter/

FIGURE 3

Comparison between bovine and human serum albumin using the Align tool at https://www.uniprot.org/align.

https://doi.org/10.3389/feduc.2023.1290287
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resources/peptidemass. This tool enables one to cleave a protein 
sequence with a chosen enzyme and computes the masses and amino 
acid sequences of the generated peptides. The user can select a protein 
sequence by either introducing the entire amino acid sequence or 
entering the UniProt protein identifier ID (e.g., ALBU_BOVIN). The 
user can select different options including the protease being tested, 
the maximum number of missed cleavages permitted, ot the size of 
the peptides shown, as one might be interested in either small or big 
peptides, but not both (Figure 6).

3.2 Other tools to simulate enzymatic 
hydrolysis

DeepDigest predicts protein cleavage using deep learning 
(Yang et  al., 2021). It was designed to discriminate between 
correct and incorrect peptide identification in analytical 
determination but can also be used to help select proteases, not 
just for shotgun proteomic experiments but also for the release 
of bioactive peptides. In addition, the RPG Rapid Peptides 

FIGURE 4

(A) 3D structure, (B) ligand interaction, and (C) amino acid sequence of bovine serum albumin. Data accessed from RCSB PDB at https://www.rcsb.org 
on 30/04/2023.

https://doi.org/10.3389/feduc.2023.1290287
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Generator is software dedicated to predicting the cleavage sites 
of different enzymes on a given protein. It is a python tool that 
follows the standards for software development with continuous 
Gitlab integration.2 One interesting aspect of this tool is that the 
hydrolysis can be  carried out either in concurrent mode, 
assuming that several enzymes are available at the same time in 
the reactor, or in sequential mode, where the protein will 

2 https://gitlab.pasteur.fr/nmaillet/rpg

be digested by the different enzymes one by one. Both methods 
are commonly used in the scientific literature (Lu et al., 2010; 
Lafarga et al., 2016). The option of selecting a concurrent mode 
is not available in other tools. The RPG Rapid Peptides Generator 
currently incorporates 43 different enzymes (and chemicals) 
including bromelain (EC 3.4.22.33) and papain (EC 3.4.22.2), 
which are not available in the Expasy PeptideCutter. In addition, 
there are some other tools that allow the release of bioactive 
peptides from a given protein to be estimated; usually, these tools 
are included in a protein or peptide database such as those 
described in the following section.

FIGURE 5

(A) Estimation via PeptideCutter of the cleavage sites of bovine serum albumin using thermolysin. (B) Schematic representation of enzyme-substrate 
complex with eight binding sites according to Schechter and Berger (1968).

https://doi.org/10.3389/feduc.2023.1290287
https://www.frontiersin.org/journals/education
https://www.frontiersin.org
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4 Bioactive peptide databases

Research interest in bioactive peptides has increased 
exponentially over the last two decades. This has led to a vast 
number of bioactive sequences being discovered, mainly from 
food sources and food co-products. These sequences are stored 
in bioactive peptide databases, which are powerful sources of 
information that aid in the selection of raw materials, proteases, 
and hydrolysates to obtain bioactive peptides. In terms of 
training, these databases enable the students to observe the 
differences in the amino acid sequences between different 
bioactivity groups (e.g., antihypertensive, antioxidant, or 
antidiabetic peptides). There are generic databases, which include 
information on peptides with different bioactivities and from a 
wide range of raw materials, and others that are more specific and 
focus on just one type of peptide (e.g., antimicrobial peptides) or 
a specific parent protein (e.g., peptides derived from milk 
proteins). Some of the more widely used peptide databases are 
listed below.

4.1 MBPDB: milk bioactive peptide 
database

This database focuses on peptides that are encrypted within dairy 
proteins. Dairy proteins are one of the main sources of peptides because 
milk, apart from basic nutrients, provides proteins that are degraded by 
native proteases into peptides that have biological activity. The MBPDB 
database, which is available online at https://mbpdb.nws.oregonstate.
edu, was created from hundreds of published scientific papers that 
identified peptides with in vitro and in vivo biological activity following 
the hydrolysis of milk proteins (Nielsen et  al., 2017). The database 
includes an MBPDB Search option, where the user can include any 
amino acid sequence and the software returns a list of publications 
where that peptide was used together with the main outcomes of each 
study, particularly the proven bioactivity. As an example, after searching 
for the tri-peptide IPP, which is a known bioactive sequence, the 
software returned the list of publications shown in Table 1. The webpage 
is easy to navigate and provides useful information on bioactive 
peptides. However, it is limited to peptides derived from milk proteins.

FIGURE 6

Peptides released after the in silico cleavage of bovine serum albumin using thermolysin. Estimation carried out using PeptideMass, available at https://
www.expasy.org/resources/peptidemass.

https://doi.org/10.3389/feduc.2023.1290287
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4.2 DFBP: database of food-derived 
bioactive peptides

DFBP is freely available at http://www.cqudfbp.net. It consists of 
a database containing over 6,200 peptides isolated from different 
sources (Qin et al., 2022). In this database, the bioactive peptides are 
divided into 31 bioactivities, which include inhibitors of the enzymes 
ACE-I (EC 3.4.15.1), renin (EC 3.4.23.15), DPP-IV (EC 3.4.14.5), 
α-amylase (EC 3.2.1.1), and β-glucosidase (EC 3.2.1.20) as well as 
antioxidant, antimicrobial, antithrombotic, and antiviral peptides. The 
most abundant peptides are ACE inhibitors (N = 1,961), antioxidants 
(N = 1,032), and antimicrobial peptides (N = 476). DFBP is more than 
just a list of bioactive peptides as every peptide in the database is 
characterised by 30 different attributes including their main 
physicochemical and functional properties, as well as by their stability 
and toxicity. It also includes a special section containing those peptides 
that have two or more proven bioactivities, known as multifunctional 
peptides. When searching for the IPP peptide, the software identifies 
it as a multifunctional peptide with ACE-inhibitory and 
antihypertensive properties. Along with the peptide’s main 
physicochemical properties (e.g., its theoretical mass, net charge, 
isoelectric point, GRAVY, hydrophilic residue ration, and length), the 
software returns information on its predicted bitterness and a list of 
different proteins in which IPP has been identified. In this case, more 
than 1,400 proteins that include IPP in their amino acid sequence are 
available on the database. The list is extensive, including proteins from 
animal, microbial, and plant sources. Finally, the tool returns a table 
with cross-references so that the one can see the results for this same 

peptide in a different database such as the above-mentioned MBPDB, 
or in BIOPEP (described below).

In addition to the peptide database, DFBP has a range of 
prediction and calculation tools that include HotSpot Search,3 which 
can be used to search for specific sequences in a list of proteins or 
group of proteins selected by the user, and the EHP-Tool,4 which is 
used to simulate the enzyme hydrolysis of proteins. We hydrolysed 
bovine serum albumin using papain and the software returned a list 
of all the potential peptides generated, highlighting those that are 
already available in their database as bioactive peptides. Other tools 
include the BPP-Tool,5 which can be used to predict the bitterness of 
a given amino acid sequence, the Peptide Calculator,6 which estimates 
the different useful properties of the peptides, and AASD-Tool,7 which 
is to obtain the peptide descriptors. These can be  then used for 
molecular modelling and bioinformatics prediction.

4.3 BIOPEP-UWM

The BIOPEP-UWM database, formerly known as BIOPEP, is 
probably the most popular peptide database. It focuses especially on 

3 http://www.cqudfbp.net/blast/data_input.jsp

4 http://www.cqudfbp.net/enzymes/hydrolysis_tools/dataInput.jsp

5 http://www.cqudfbp.net/bitterPrediction/tools/DataInput.jsp

6 http://www.cqudfbp.net/peptide_calculator/data_input.jsp

7 http://www.cqudfbp.net/uploadanddownload/upload.jsp

TABLE 1 Information about the peptide IPP available in the MBPDB database.

Protein ID Peptide Category Protein 
source

Species Interval Function Reference

P02668 IPP Dairy Kappa-casein Bos taurus 129–131 Stimulates trabecular 

bone growth

Narva et al. (2004)

P02668 IPP Dairy Kappa-casein Bos taurus 129–131 Stimulates 

proliferation

Huttunen et al. 

(2007)

P02668 IPP Dairy Kappa-casein Bos taurus 129–131 ACE-inhibitory* Adams et al. (2020), 

Donkor et al. (2007), 

Jäkälä et al. (2010), 

Jing et al. (2014), 

Nakamura et al. 

(1995), Tagliazucchi 

et al. (2016), Yamada 

et al. (2015)

P02668 IPP Dairy Kappa-casein Bos taurus 129–131 Anti-inflammatory Adams et al. (2020), 

Chakrabarti and Wu 

(2015)

P02668 IPP Dairy Kappa-casein Bos taurus 129–131 Nitric oxide liberation Adams et al. (2020)

P02668 IPP Dairy Kappa-casein Bos taurus 129–131 Enhances insulin 

signalling

Chakrabarti and Wu 

(2015)

P02668 IPP Dairy Kappa-casein Bos taurus 129–131 Antioxidant Chakrabarti et al. 

(2017)

P02668 IPP Dairy Kappa-casein Bos taurus 129–131 Antihypertensive Okamoto et al. 

(2020)

*ACE-inhibitory peptides inhibit the enzyme ACE-I (EC 3.4.15.1), which is related with high blood pressure.

https://doi.org/10.3389/feduc.2023.1290287
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bioactive peptides derived from foods and contains over 4,600 
bioactive peptide sequences and more than 750 proteins (although the 
database is being continuously updated). It was developed by the 
Chair of Food Biochemistry at Warmia and Mazury University in 
Poland and is freely available at https://biochemia.uwm.edu.pl/en/
biopep-uwm-2/ (Minkiewicz et al., 2019).

The database is divided into four sections: proteins, bioactive 
peptides, allergenic proteins, and sensory peptides. When searching for 
the tripeptide IPP in the bioactive peptides section of BIOPEP-UWM, 
the system returned 32 peptide sequences that include not only IPP but 
also other longer bioactive peptides in which the IPP sequence is 
encrypted (e.g., AIPP, IAIPP, MAIPPKK). Focusing just on IPP, the 
database identified four bioactivities for this peptide including 
α-amylase inhibition (ID 10286), β-glucosidase inhibition (ID 10311), 
anti-inflammatory properties (ID 9537), and ACE-inhibitory 
properties (ID 3522), together with the scientific publications that 
support their bioactivity. In terms of proteins, the tool allows one to 
search for useful information on the more than 750 proteins registered, 
including their chemical mass, number of amino acid residues, 
sequence of amino acids, and references for the scientific publications 
in which the protein was used. In addition, BIOPEP-UWM contains a 
list of over 130 allergenic proteins with their epitopes. In terms of 

sensory peptides and amino acids, BIOPEP-UWM includes a database 
with information on their taste and bioactivity data, amongst other 
useful details (Iwaniak et al., 2016).

One of the most interesting aspects of BIOPEP-UWM is the 
“Analysis” area, where the user can perform various calculations and 
estimations on a selected protein. These includes calculating profiles 
of potential biological activity, which are lists of known bioactive 
peptides contained within a protein sequence. We  calculated the 
profile of potential ACE-inhibitory activity for bovine serum albumin 
(ID 1729) and obtained a list with all the ACE-inhibitors that are 
contained within it, together with their position in the protein 
(Figure 7). These include, amongst other, ALKAWSVAR, RL, RY, LY, 
VF, LVL, LPP, and AY. Another interesting option provided in the 
“Analysis” area is the calculation of the quantitative A and B values. 
The A parameter refers to the occurrence frequency of bioactive 
fragments in the protein chain, calculated as the number of fragments 
with a given activity in the protein divided by the number of amino 
acid residues in the protein chain. In turn, the B parameter refers to 
the potential biological activity of the protein fragments; this is 
calculated using the number of repetitions of bioactive fragments in a 
protein, their half-maximal activity, their half-maximal inhibition, 
and the total number of amino acid residues.

FIGURE 7

Analysis of the simulated thermolysin hydrolysate of bovine serum albumin using BIOPEP-UWM.
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BIOPEP-UWM can also be  used to simulate the release of 
bioactive fragments from a given parent protein. This is carried out 
in the “Enzyme(s) Action” section. The software allows you to use one 
of the protein sequences already available in the database or to 
introduce a new protein for analysis. Several proteases are already 
included and up to three different enzymes can be  used 
simultaneously. Figure 6 shows the simulated hydrolysis of bovine 
serum albumin using thermolysin. The software calculates the 
potential cleavage bonds and gives the user two options. Firstly, the 
user can identify which peptides (from those that have been 
predicted) have shown bioactivity in the past, independently of their 
source or bioactivity type. In this case, the software identified 48 
bioactive peptides (only the first 10 are shown) which have a variety 
of bioactivities; these include inhibitors of the enzymes DPP-III, 
ACE, renin, α-glucosidase, and DPP-IV, immunostimulant peptides, 
and antioxidant peptides. The second option provided by 
BIOPEP-UWM is to calculate several parameters that have been 
developed to facilitate protein comparison. These include W, which 
refers to the relative frequency of fragments released for a given 
activity by the selected enzyme (in this case thermolysin) and AE, 
which refers to the frequency of fragments released for a given 
bioactivity by the selected enzyme (Iwaniak et  al., 2020). The 
calculation of other parameters, such as BE and V, involves the use of 
their EC50 or IC50 values, respectively, and therefore might not 
be available for many of the peptides. All these options could be used 
by students to compare different proteins, proteases, and protease 
combinations to identify which raw material, and which enzyme, 
might induce the release of a greater number of bioactive peptides.

5 Other useful tools

5.1 PepDraw

PepDraw is available at https://www2.tulane.edu/~biochem/WW/
PepDraw/. It was developed by the Wimley Lab at Tulane University 
(LA, United  States). This tool can be  used to draw the primary 
structure of a peptide and calculate certain theoretical properties, 
including its isoelectric point, net charge, hydrophobicity, and mass, 
amongst other parameters. The isoelectric point of a protein is the key 
parameter that needs to be  calculated to recover proteins by 
precipitation at the industrial scale. Estimating this parameter online 
allows students to design processes and/or estimate protein recoveries 
in silico. The images created can be downloaded in png format at high 
quality. As an example, the 2D structure of the peptide 
VGTRCCTKPESERMPCTEDY is shown; this, was predicted to 
be  released during the hydrolysis of bovine serum albumin using 
thermolysin in the previous section (Figure 8A). The tool is available 
free of charge for academic use.

5.2 PEP-FOLD

PEP-FOLD is available at https://bioserv.rpbs.univ-paris-diderot.
fr/services/PEP-FOLD3/. It is a de novo approach that predicts the 
structure of a peptide from its amino acid sequence (Lamiable et al., 
2016). Using this tool, it is also possible to generate native-like 
conformations of peptides interacting with a protein when the 

FIGURE 8

(A) 2D and (B) 3D representation of the peptide VGTRCCTKPESERMPCTEDY using PepDraw and PEP-FOLD, respectively.
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interaction site is known in advance. The process takes a few minutes 
and returns 3D images as well as useful information on the peptide 
sequence. As an example, the 3D structure of the peptide 
VGTRCCTKPESERMPCTEDY is shown; this was predicted to 
be  released during the hydrolysis of bovine serum albumin using 
thermolysin (Figure  8B). PEP-FOLD is limited to amino acid 
sequences between 5 and 50 residues long, which is enough for 
teaching enzymatic proteolysis and various topics related to bioactive 
peptides, given that most of them are much shorter than 50 residues 
in length.

5.3 Expasy tools

Several useful tools for the teaching and training of enzymatic 
proteolysis have been developed by the SIB Swiss Institute of 
Bioinformatics, all of which are available at the Expasy portal. 
Expasy Compute pI/MW8 is a tool that allows one to calculate the 
isoelectric point and the molecular weight of a protein sequence. 
This information is useful for developing protein isolation processes 
based on isoelectric precipitation (Villaró et  al., 2023) or for 
estimating the approximate region where a protein may be found in 
an electrophoresis gel. ProtParam,9 computes several 
physicochemical parameters for a given amino acid sequence 
including its molecular weight, amino acid composition, extinction 
coefficient, aliphatic index, or grand average of hydropathicity 
(GRAVY), amongst others. For bovine serum albumin, the software 
returned its molecular weight (69190.28), atomic composition 
(C3068H4821N815O926S39), total number of atoms (9669), 
estimated half-life (10–30 h), instability index (40.33, unstable), 
aliphatic index (77.59), GRAVY (−0.434), and amino acid 
composition (7.9% Ala, 4.3% Arg, 2.3% Asn, 6.6% Asp., 5.6% Cys, 
3.3% Gln, 9.7% Glu, 2.8% Gly, 2.8% His, 2.5% Ile, 10.7% Leu, 9.9% 
Lys, 0.8% Met, 5.0% Phe, 4.6% Pro, 5.3% Ser, 5.6% Thr, 0.5% Trp, 
3.5% Tyr, and 6.3% Val). The tool also provided a summary of the 
total number of negatively charged (Asp + Glu) and positively 
charged (Arg + Lys) residues: 99 and 86, respectively.

5.4 PeptideRanker

PeptideRanker, available at http://distilldeep.ucd.ie/
PeptideRanker/, gives a score for a given peptide (or list of peptides) 
that predicts the probability of it being bioactive (Mooney et al., 2012). 
PeptideRanker was trained using different peptide databases mainly 
antimicrobial peptide databases; these included approximately 19,000 
unique peptide sequences. It includes two independent neural 
network predictors for short and long peptides (larger than 20 amino 
acids); these predict those peptides that are more likely to be bioactive 
from amongst a set of peptides. The software is available free of charge 
for academic use and has been effectively used to aid in the 
identification of bioactive peptides from different food sources 
(Lafarga et al., 2015; de Fátima Garcia et al., 2020).

8 https://web.expasy.org/compute_pi/

9 https://www.expasy.org/resources/protparam

5.5 Prediction of toxicity

Peptides released during food digestion do not pose a risk to 
human health. However, certain peptides are toxic and their oral 
administration at high doses (or even at low concentrations via 
intravenous administration) might be dangerous. For this reason, 
several online tools have been developed to estimate the potential 
toxicity of a peptide sequence. ToxIBTL, freely accessible at 
https://server.wei-group.net/ToxIBTL/, is based on novel deep 
learning frameworks (Wei et al., 2022). ToxinPred, available free 
of charge at http://crdd.osdd.net/raghava/toxinpred/, was 
developed to predict potentially toxic peptides using a dataset of 
over 1,800 toxic peptides shorter than 35 residues in length (Gupta 
et  al., 2013). This software is based on models using machine 
learning techniques and a quantitative matrix using of the 
different peptide properties related to toxicity. A third online 
software tool for predicting toxicity is CSM-TOXIN, which is 
available at https://biosig.lab.uq.edu.au/csm_toxin/. The software 
relies solely on the primary protein structure and encodes the 
sequence information using deep learning techniques (Morozov 
et al., 2023). It is important to point out that, although these tools 
enable one to estimate potential toxicity, the safety of a peptide 
must be validated in vitro and in vivo prior to being administered 
to humans. This tool allows students to estimate which enzymes 
are more suitable for producing or avoiding the release of toxic 
peptides from a given protein source. Furthmore, students can 
identify (when designing the process) which proteins might pose 
a potential toxicity risk.

5.6 Prediction of allergenicity

Proteins and peptides must be evaluated for their allergenic 
potential prior to being commercialised because both pose a risk of 
inducing allergic responses. In this regard, there are various online 
tools that can be used during the training and education of chemical 
engineers. These include (i) AllerCatPro, available at https://
allercatpro.bii.a-star.edu.sg, which predicts potential allergenicity 
based on the similarity of the 3D structure of proteins and their 
amino acid sequences (Maurer-Stroh et  al., 2019), (ii) AlgPred, 
available at http://crdd.osdd.net/raghava/algpred/, which is based 
on support vector machine methods using the amino acid and 
dipeptide composition (Saha and Raghava, 2006), and (iii) 
Allermatch,10 which predicts allergenicity following the 
recommendations given in the Codex Alimentarius and the FAO/
WHO Expert consultation on the allergenicity of foods (Fiers et al., 
2004). In addition, ChAIPred, which is available at https://webs.
iiitd.edu.in/raghava/chalpred/, can be used to estimate the potential 
allergenicity of chemical compounds that are not proteins or 
peptides (Sharma et al., 2021). These tools can be used for training 
and educational activities and during the initial screening of 
allergens. However, potential allergenicity must be further validated 
as the results given by these online tools are only estimates 
and predictions.

10 https://allermatch.org
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The present paper provides a summary of several protein/
peptide databases, as well as various online tools that are easy-
to-use and freely available. These can be  used to predict the 
enzymatic cleavage of proteins and the potential bioactivity, 
allergenicity, bioaccessibility, and other useful characteristics of 
proteolytic processes. Such tools could be used during training 
activities for chemical engineers, food scientists, biotechnologists, 
or chemists. Amongst the advantages of using these tools during 
training is the fact that they allow one to observe what happens 
during the process and to obtain data that would not be possible 
with conventional technical training. This has been recently 
discussed in another work, in which algorithms and design 
equations were suggested to allow results that chemical 
engineering students would otherwise find hard to identify and 
lead to a superficial understanding of the problem (Roman et al., 
2020). Their use could be evaluated by collecting post-session 
student feedback and by evaluating what was learned during the 
training, for example, via oral presentations or a written exam. 
Assessing not only the academic performance of students but also 
their learning experience would be a useful way of evaluating the 
teaching and learning experience. Moreover, simulating 
proteolysis online would allow students to continue the 
simulations and estimations at home with no need for laboratory 
reagents and equipment.
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