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Abstract

Peptides are the most extensively studied bioactive compounds derived from food. They
are analyzed using, e.g., in silico strategy. The BIOPEP-UWM database has become a
standard tool in computer-aided peptide research. The aim of this study was to equip this
database with a tool enabling the annotation and processing of peptide or protein
sequences containing modified amino acid residues as well as other residues. The most
recent section of the BIOPEP-UWM, i.e., the repository of amino acids and modifications,
apart from 20 proteinogenic amino acids, annotates non-amino acid moieties or residues
subjected to enzymatic or chemical modifications (phosphorylation, oxidation,
hydroxylation, acylation, etc.). This part of BIOPEP-UWM provides the following
information: Compound ID, name, symbol in a special code, InChIKey identifier, SMILES
representation, number in the PubChem database (CID), formula, and IDs in other
databases. The search options include ID in the repository, name, symbol in a biological
code, InChlKey, PubChem Compound identifier (CID), and chemical formula. Peptide or
protein sequences annotated using symbols from the repository are utilized by all
applications available in the BIOPEP-UWM database. The database meets contemporary
trends involving modifications of amino acid residues in the bioinformatic analysis of
peptides and proteins.

Keywords: amino acids; bioactive peptides; chemical modifications; CHUCKLES format;
database; food peptides; SMILES code

1. Introduction

Contemporary peptide science is interested not only in peptides containing canonical
(proteinogenic) amino acids, but also in compounds containing non-canonical or
modified amino acids as well as other residues belonging to many classes of organic
compounds [1-4]. The inclusion of monomers other than canonical amino acids expands
the accessible peptide sequence space [5]. To date, peptides with non-canonical or
modified amino acids have received less attention in food science than in pharmacological
or medical research. Most known food-derived peptides consist exclusively of
proteinogenic amino acids. Nevertheless, food proteins and peptides undergo thermally
induced chemical modifications, examples of which were described by Brown et al. [6].
Food products contain peptides with chemical composition not restricted to canonical
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As
phosphopeptides, e.g., mineral-binding peptides [7,8]. In turn, taste-affecting peptides

amino acids. an example, casein hydrolysates contain, among others,
may contain monomers other than canonical amino acids, such as those described by
Ueda et al. [9] or Hashizume et al. [10]. Another example includes the antioxidative
peptides described by Vitale et al. [11].

Peptide science employs various in silico methods to support experimental research
[3,4,12-17]. Most software currently used for computer-aided research on peptides relies
primarily on amino acid sequences. The usefulness of cheminformatic tools within this
approach, particularly for studies with peptides containing non-canonical or modified
amino acids, has been pointed out by Minkiewicz et al. [13]. Table 1 provides examples of
bioinformatics and cheminformatics tools suitable for research with peptides whose

composition is not restricted to canonical amino acids only.

Table 1. List of databases, programs, and websites cited in this article (accessed 6 July 2026).

Name Website Ref.
ADMETIlab 3.0 https://admetlab3.scbdd.com/ [18]
BIOPEP-UWM https://biochemia.uwm.edu.pl/en/biopep-uwm-2/ [19]

CAS https://commonchemistry.cas.org/ [20]
CFM-ID https://cfmid.wishartlab.com/ [21]
ChEMBL https://www.ebi.ac.uk/chembl/db/ [22]

ChemSpider https://www.chemspider.com/ [23]
CycPeptMPDB http://cycpeptmpdb.com/ [24]
DFBP http://www.cqudfbp.net/ [25]
HMDB https://www.hmdb.ca/ [26]
IIIT, Raghava’s group https://webs.iiitd.edu.in/raghava/webservices.html
iNClusive https://non-canonical-aas.biologie.uni-freiburg.de/ [27]
LIPID MAPS https://www lipidmaps.org/ [28]
NCBI Protein https://www.ncbi.nlm.nih.gov/protein/ [29]
Norine https://bioinfo.cristal.univ-lille.fr/norine/ [30]
Open Babel https://www.cheminfo.org/ Chemistry/ Cheminformatics/FormatCon [31]
verter/index.html
pepADMET https://pepadmet.ddai.tech [32]
PepFoundry https://github.com/BilodeauGroup/PepFoundry [33]
https://www-cohsoftware.ch.cam.ac.uk/;

PepINVENT https:l/o/github.com/MoIecularAI/PepINVENT/ [34]

PepSMI https://www.novoprolabs.com/ ‘Fools/ convert-peptide-to-smiles-

string
PepTherDia https://peptherdia.herokuapp.com/ [35]
Peptipedia https://app.peptipedia.cl/ [36]
Protein Line Notation (PLN) Guide  http://www.biochemfusion.com/doc/PLN_Guide/PLN_Guide.html
PubChem https://pubchem.ncbi.nlm.nih.gov/ [37]
http://crdd.osdd.net/raghava/satpdb/;

SATPdb https://webs.iiitd.edu.in/raghava/vaxinpad/index1.html [38]
SwissDock https://www.swissdock.ch/ [39]
SwissLipids https://www.swisslipids.org/#/ [40]
SwissSideChain https://www .swisssidechain.ch/ [41]
SwissTargetPrediction https://www.swisstargetprediction.ch/ [42]
UniProt https://www.uniprot.org/ [43]

Several databases contain peptides composed not only of canonical amino acids.
Examples include SATPdb [38], Norine [30], PepTherDia [35], CycPeptMPDB [24], and
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Peptipedia [36] databases. The DFBP database contains y-glutamyl peptides [25].
Canonical and non-canonical amino acids are cataloged in specialized databases, such as
SwissSideChain [41] or iNClusive [27]. They are also annotated in general chemical
compound databases focused on low-molecular-mass compounds, including PubChem
[37], Chemical Abstract Service (CAS) [20], ChemSpider [23], or ChEMBL [22].

Publicly available datasets of monomers (amino acids and other components of
peptides), associated with peptide databases are valuable resources for users. As peptide
databases continue to expand, increasing demands are placed on their search
functionalities. Finding short peptides (especially dipeptides) within databases containing
more than thousands of compounds requires the possibility to search for exact sequence
matches, i.e., peptides of identical length and sequence. Otherwise, the query results in all
peptides containing dipeptide as a fragment (including from dozens to even thousands of
irrelevant sequences). The application of the above option to peptides containing
monomers beyond canonical (proteinogenic) amino acids requires a univocal code for
such amino acids. Their symbols should be readily available to users before initiating the
search. Otherwise, users must first identify a peptide containing monomers other than a
canonical amino acid to determine the symbol required to query the database. Databases
such as Norine [30] and CycPeptMPDB [24], or the PepFoundry program [33], which
provide separate datasets of monomers, represent models of best practice and served as
reference databases in the present study.

The annotation of peptides containing non-canonical amino acids requires using
symbols that go beyond amino acid sequences. Codes such as HELM [44—46], BILN [47],
MAP [48], Protein Line Notation (PLN), and our own proposal [49] represent attempts to
introduce annotation schemes capable of describing peptides using symbols beyond those
corresponding to canonical amino acids. Chemical codes, based on explicit atom-level
representations, such as SMILES [50], serve as a universal language for annotating the full
diversity of chemical compounds, including peptides. The above-mentioned notation is
currently the most extensively used chemical language [51,52]. Among the tools
summarized in Table 1, the SMILES code is utilized by databases such as the Chemical
Abstracts Service (CAS) [20], Norine [30], PubChem [37], ChemSpider [23], and ChEMBL
[22] as well as by programs such as ADMETLab 3.0 [18], CFM-ID [21],
SwissTargetPrediction [42], SwissDock [39], and PepADMET [32]. SMILES
representations are also recommended as an input for machine-learning models involving
peptides that contain non-canonical and modified amino acids [53] and may be converted
into many other chemical formats using programs such as OpenBabel [31].

The BIOPEP-UWM database is one of the standard tools in research on food-derived
peptides [19]. User expectations regarding its further development were summarized in
a review article published by Mamoudou and Mune Mune [16], who highlighted, among
other priorities, the expansion of the range of annotated bioactivities and the inclusion of
peptides containing non-canonical amino acids. Although the most extensively studied
bioactivities, such as the inhibition of angiotensin-converting enzymes (EC 3.4.15.1),
dipeptidyl peptidase IV (EC 3.4.14.5) and antioxidative activity, continue to dominate in
the BIOPEP-UWM database, the number of annotated activities has been steadily
increasing. In 2019, peptides annotated in the BIOPEP-UWM database of bioactive
peptides represented 42 activity categories [54], whereas more recently (1 October 2025)
this number has risen to 96. In contrast, some recently proposed classification systems
include fewer activity categories than those currently presented in the BIOPEP-UWM [55].
Several less extensively studied peptide bioactivities are represented both by short
peptides, containing 2 or 3 canonical amino acid residues (likely to be found in food
protein sequences) and compounds containing other monomers. Examples include
inhibitors of glutamate carboxypeptidase II (EC 3.4.17.21) [56] or tripeptidyl peptidase II
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(EC 3.4.14.10) [57]. Another expectation identified by Mamoudou and Mune Mune [16]
was the expansion of the BIOPEP-UWM database through the inclusion of peptides
containing non-canonical and modified amino acids. However, extending the set of
monomers in BIOPEP-UWM to include non-canonical or modified amino acids and other
residues requires the implementation of a biological code compatible with workflows
involving peptide and protein sequences [19,54]. In addition, the structural features and
chirality of each monomer should be described as comprehensively as possible, in
accordance with recommendations of Lopez-Lopez and coworkers [3]. Another essential
element is the extension of the existing application for translating peptide sequences into
the SMILES code [54] by enabling the conversion of a set of monomers beyond canonical
amino acids and their enantiomers. The fourth requirement is making monomer data
directly accessible to users, as described by Flissi et al. [30], Li et al. [24], and Garzon-Otero
et al. [33]. Finally, the repository should facilitate straightforward incorporation of newly
described monomers as they become available. The BIOPEP-UWM repository of amino
acids and modifications was launched in 2023 as an attempt to address the above
requirements and has been announced in our earlier publications [19,58], but is not
described in detail to date.

The aim of this article is to provide a detailed description of the BIOPEP-UWM
repository of amino acids and modifications and its potential for research in the area of
peptide science.

2. Construction of the Repository

Data concerning the structure of monomers were retrieved from the literature or
from existing databases, including PubChem in particular. The following information was
manually mined from the above resources: compound name and structural
representations. The biological code used for the annotation of compounds is an extension
of our previous proposal [49]. Rules of the code, illustrated by examples of monomers, are
available on the BIOPEP-UWM repository of amino acids and modifications page, via the
Tab entitled “Annotation of the amino acids and their modifications” (see Figures 1 and
2). This tab provides access to a downloadable pdf file. This option allowing the
publication of the above rules enables their update and extension if necessary. Briefly,
canonical amino acids and their D-enantiomers are annotated using a one-letter code,
while other amino acids are annotated using symbols containing more characters. Acyl
and alkyl residues are described using an extension of the code designed for the
description of fatty acids in lipid databases [28,40]. Abbreviations of names are used to
denote monosaccharide residues.

The application for translating amino acid sequences into the SMILES code is based
on the CHUCKLES format, described by Siani et al. [59] and recommended in other
publications [33,34,54,60,61]. Initially, this format has been designed to enable the
construction of SMILES representations of peptides. The workflow for the arrangement of
amino acid representations in the above format is well established and has been described
by Siani et al. [59] and later by Minkiewicz et al. [61]. SMILES strings of amino acids bound
via the a-peptide bonds were arranged using a typical order: amine group, asymmetric
carbon atom, side chain, and carboxyl group. A general order of symbols in the
CHUCKLES format is as follows: representation of a functional group 1, representation of
monomer core structure, and representation of a functional group 2 ended by oxygen
symbol. Monomer core in the case of a-amino acids includes an asymmetric carbon atom
and a side chain. Functional group 1, in compounds annotated to date in the BIOPEP-
UWM repository of amino acids and modifications, comprises -NH2, -NH-, -OH, or -
SH. A monomer core is characteristic for individual compounds. Functional group 2
comprises -COOH, -OH or -CSOH to date. The notation including the terms functional
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group 1 and functional group 2 is an extension of the proposal of Garzon Otero et al. [33].
Functional group 1 or 2 in residues that are N- or C-terminal modifications, respectively,
can be omitted. Examples of the SMILES representations of monomers are presented in
the Supplementary Materials (Part S1). SMILES representations of canonical amino acids
(20 compounds) and their D-enantiomers (19 compounds) were publicly available in
the(unfortunately recently withdrawn) source code of the CycloPs program [60] and in
the SwissSideChain database [37]. All other SMILES representations of amino acids and
other monomers required rearrangement. The order of representation of groups order is
changed if amino acid residues form other kinds of bonds (see Supplementary Materials
Parts S1 and S2). SMILES representations of N-terminal acyl groups possess carboxyl
groups on the right. Representations of alkyl or aryl groups at the N-terminus are finished
by the symbol of the hydroxyl group, whereas at the C-terminus they start from a
hydroxyl or amine group. In monosaccharide residues at the N-terminus, the symbol of
the hydroxyl group bound to an anomeric carbon atom is on the right, whereas in residues
that are parts of modified amino acid residues this is on the left. We used the Kekule
version of SMILES for annotation of aromatic compounds, as recommended by Hahnke
etal. [62] and applied it to the PubChem database. SMILES representations of amino acids
and other monomers were constructed or adapted to the CHUCKLES version manually
and verified as recommended in our earlier works [49,61]. The molecule editor
MarvinSketch 17.28 (ChemAxon, Budapest, Hungary) served to convert SMILES
representations into the InChl code [63] and InChlKey. Two correct SMILES
representations of the same molecule are converted to the same InChIKey [63], indicating
that the adaptation to the CHUCKLES format is appropriate. Another criterion of the
correctness of SMILES representations was for the identity of InChlKeys to match with
those available in the databases (PubChem and others). The molecule editor also served
to check the correctness of the structure and configuration of chirality centers in the
modified amino acid residues and other compounds. There are two possibilities: the order
of substituents according to the priority rules of Cahn et al. [64] may be changed due to
the modification or may remain the same. A change in substituents’ order leads to a
change in the absolute configuration (from Rectus to Sinister or from Sinister to Rectus).
Finally, if peptides containing residues beyond canonical amino acids possess correct
SMILES representations and hence InChlKeys, it is possible to find them in a databases
(e.g., PubChem). Examples of the manual validation of SMILES representations of
monomers are presented in the Supplementary Materials (Part 52). To date, we have only
annotated the BIOPEP-UWM amino acids without any known errors identified during
curation. We have not found errors in SMILES peptide representations. This does not
imply that the BIOPEP-UWM database is generally free of errors, but manual curation
allows them to be corrected as quickly as possible after detection. This is achievable for a
relatively small dataset. Manual curation is not enough in the case of datasets containing
at least thousands of compounds, such as those used for design of the PepINVENT
program [34].

The algorithm for calculating molecular masses of particular monomers is currently
outlined as follows. Molecular mass increments of residues built into peptide sequences
are calculated based on their formulas, being part of the InChl representations [62].
Atomic masses were introduced according to Danikiewicz [65]. Monoisotopic masses
involving the most abundant isotopes and chemical (average) masses accounting for
isotope distribution were used. The molecular mass increment of a residue was calculated
using Equation (1), whereas the molecular mass of a peptide was calculated using
Equation (2).

MI = £nMe — Mo 1)
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where
Me—atomic mass of a given element;
n—number of atoms of a given element in a molecule;
Mmz20—molecular mass of water.
Mpept = YMI + Mmzo (2)
where
MI—mass increment of a particular residue.
N
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Figure 1. Screenshot of a homepage of the BIOPEP-UWM database (accessed 6 July 2026). (1) Tab of
the repository of amino acids and modifications providing information concerning amino acids and

other monomers that are building blocks of peptides.

The term “mass increment” is understood as the mass of a monomer residue being
part of a peptide or a protein chain. The difference between mass increment and molecular
mass corresponds to the removal of a water molecule. This mass defect corresponds to the
formation of a peptide bond. This method of calculation implies the use of compounds
containing hydroxyl groups (alcohols or phenols) as precursors for N-terminal amine
group modifications although it does not correspond to the actual chemical reactions. The
mass defect corresponding to the removal of a water molecule is not always enough to
annotate cyclic or branched peptides. An example of the calculation of peptide molecular
mass using Equations (1) and (2) is provided in the Supplementary File, Part S3.
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The BIOPEP-UWM database has been constructed using the WordPress 5.7 content
management system, whereas accompanying applications were written in the PHP
language, as stated previously [66].

BIOPEP-UWM: Repository of amino acids and modifications

1 é | Annotation of amino acids and their modifications \

Number of amino acids in database: 230

ID  Symbol Name Chem.  Vonols.
Amino acid / modification data 239 {ph!} Phenol as a precursor of N-terminal phenyl group 76.0958 76.0312
Amino acid / modification data 240 {C4:0'} Butan-1-ol as a precursor of N-terminal butyl group 56.1060 56.0624
Amino acid / modification data 241 {A[3!cC6:0]} Cyclohexylalanine 153.2209 153.1150
Amino acid / modification data 242 {Y[10!C1;11!ph]} O-benzyltyrosine 253.2952 253.1099
Amino acid / modification data 243 {~!C2:0} Aminoethane as a part of C-terminal amide group 27.0682 27.0472
Amino acid / modification data 244 {~!C3:0[3ph]} 3-Phenylpropan-1-amine as a part of C-terminal amide group 117.1905 117.0940
Amino acid / modification data 245 {A[3!Bnph]} 3-(2-Naphthyl)-L-alanine 197.2321 197.0838
Amino acid / modification data 246 {Aad} L-2-Aminoadipic acid 143.1402 143.0580
Amino acid / modification data 247 {C2:0[2SH]} Thioglycolic acid — N-terminal modification 741027 73.9826
Amino acid / modification data 248 {H3PO4} Phosphoric acid 79.9799 79.9663
Amino acid / modification data 249 {F[7NO2]} p-Nitrophenylalanine 192.1711 192.0533
Amino acid / modification data 250 {A[3!(4)tz]} 3-(4-thiazolyl)-L-alanine 154.1905 154.0200
Amino acid / modification data 251 {A[3!(4)itz]} 3-(4-isothiazolyl)-L-alanine 154.1905 154.0200
Amino acid / modification data 252 {(S)BS} (S)B-Serine 87.0771 87.0319
Amino acid / modification data 253 {(R)BS} (R)B-Serine 87.0771 87.0319

First Previous Page: | | (L8 Next Last
Page 13/ 16
2 é Search: | | by: ' v @ (] exact
ID (e.g. 2572) '
Symbol
Name (e.g. lactorphin)
InChiKey
PubChem CID

Compound formula

Figure 2. Screenshot of a fragment of the list of compounds in the BIOPEP-UWM database of amino
acids and modifications. (1) The link to a .pdf file entitled “Annotation of amino acids and
modifications”, containing a detailed description of the rules of the biological code used in the
database and a translation of this code into SMILES. (2) Search engine for amino acids and other
monomers. A more detailed description of search options is presented in Table 2, and examples of
search results are provided in Part 54 of the Supplementary Materials (accessed 6 July 2026).

Table 2. Search options in the BIOPEP-UWM repository of amino acids and modifications (accessed
6 July 2026). Examples of search results are presented in the Supplementary Materials, Part S4.

Search Option Comment

ID of the compound may be found on the page showing the peptide or protein containing
1D residues other than unmodified, canonical amino acids (tab: additional information). Layout
of peptide information is described in the Minkiewicz et al. article [54].

Compound symbol may be found on the page showing the peptide or protein containing

Symbol
ymbo residues other than unmodified, canonical amino acids (tab: additional information).
Name of the compound may be found on the page showing the peptide or protein
Name containing residues other than unmodified, canonical amino acids (tab: additional

information).
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InChIKey

Univocal representation of chemical compounds that are suitable as a query in database
searching [62].

PubChem CID

Compound ID in the PubChem database [37]; the biggest database of chemical compounds,
commonly used as a reference database for other cheminformatics and bioinformatics tools.

Compound formula

Compound formula written as follows: carbon, hydrogen and other elements in order of

increasing atomic numbers (e.g., C3H8NO5PS for compound with ID 264). Formula written

using the above rule, e.g., part of InChl representation of compound [62] and is used in
major chemical databases, such as PubChem [37] or ChemSpider [23].

3. Overview of the Repository

The location of the BIOPEP-UWM repository of amino acids and modifications on
the website is presented in Figure 1. A fragment of the list of compounds annotated in the
repository is presented in Figure 2. The layout of this list is consistent with the standard
format used throughout the BIOPEP-UWM database [54,66]. The list includes links to the
pages of individual compounds, the ID in the repository, symbols in the biological code,
as well as the compound names and molecular masses.

The BIOPEP-UWM repository of amino acids and modifications contains 20
canonical amino acids and their 19 D-enantiomers, bound via a-peptide bond. It
comprises not only amino acid residues but also building blocks representing N- or C-
terminal modifications, e.g., phenol as a precursor of the N-terminal phenyl group (ID
239) or butanol as a precursor of the N-terminal butyl group (ID 240) (see Figure 2).

Monomers belonging to classes other than canonical amino acids and their
enantiomers are summarized in Table 3. The first class comprises amino acids bound via
bonds other than a-peptide. They are represented in the repository by separate entries
reflecting their different modes of attachment. For example, glutamic acid is annotated as
an amino acid residue bound via the a-carboxyl group (ID 68) or via the y-carboxyl group
(ID 77). Although these two annotations differ in their symbols and SMILES
representations, which are adapted to the CHUCKLES format [59], all other information
associated with IDs 68 and 77 is identical. The framework enabling the introduction of
peptides containing peptide bonds other than those formed between a-carboxyl and a-
amine groups also addressed expectations expressed by BIOPEP-UWM users [67]. The
remaining monomers are classified according to their chemical structure rather than their
origin (natural or synthetic). Modified canonical amino acids and other (non-canonical)
amino acids are the largest classes of compounds in the repository. Compounds beyond
amino acids (N- and C-terminal modifications) have previously been included in the list
of monomers of the Norine database [30], but their SMILES representations are not
arranged in the CHUCKLES format in this database. Examples of rearranged SMILES
strings of N-terminal acyl groups were included in the compound dataset described by
Orsi and Reymond [5]. The inclusion of monomers, such as alkyl, aryl or monosaccharide
residues, with SMILES representations, arranged in the CHUCKLES format represents a
distinctive strength of the BIOPEP-UWM repository.

Table 3. Number of monomers belonging to particular classes beyond canonical amino acids and

their enantiomers (version from 6 July 2026).

Class of Monomers Beyond Canonical Amino Acids and Their Enantiomers, Bound via a- Number of Monomers

Peptide Bonds in the Class
Amino acids bound via bonds other than a-peptide 6
Chemical or enzymatic modifications of canonical amino acids 101
Other (non-canonical) amino acids 48
Acyl residues (N-terminal) 8

https://doi.org/10.3390/app16157490
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Alkyl residues (N-terminal or C-terminal) 10

Aryl residues (N-terminal or C-terminal)

Monosaccharide residues (N-terminal)

Inorganic acids

=N |O1

Other residues

The tab entitled “Annotation of amino acids and modifications” provides a link to a
file, containing the rules of the BIOPEP-UWM code, mentioned in Section 2. One
important change has been introduced compared with the initial version [49], used in our
previous publications [58,68]: the characters indicating the start and the end of multi-
character symbols are now “{” and “}” instead of “<” and “>”, respectively. This change is
justified by the fact that the symbols “<” and “>” have other important functions in
informatics and are thus not generally used for encoding biopolymers (except for Protein
Line Notation). In contrast, symbols “{” and “}” are typically used for biopolymer
annotation; their application is relatively easy and thus are desired from the perspective
of cooperation between biochemists and informaticians [69]. The BIOPEP-UWM code may
serve not only to encode peptides, but also to annotate other compounds, even without
amino acid residues.

A summary of external IDs of compounds is presented in Table 4. Most compounds
(205 from 230) are annotated in other databases, especially in PubChem. Only one
compound is present in ChemSpider and not present in PubChem. This fact is the
rationale for the choice of PubChem CID (Compound ID) as a query for search in the
repository.

Table 4. Number of external IDs in the BIOPEP-UWM repository of amino acids and modifications
(data from 6 July 2026).

Database Number of IDs
CAS 168
ChEMBL 86
ChemSpider 186
HMDB 76
Norine 55
PubChem 204
SwissSideChain 55
No IDs in the above databases 26

An example of information about an individual compound annotated in the BIOPEP-
UWM repository of amino acids and modifications is presented in Figure 3 and Table 5,
based on O-benzyltyrosine (ID 242), which is an amino acid residue occurring in a
synthetic peptide that inhibits tripeptidyl peptidase II—EC 3.4.14.10 [51] (peptide ID in
the BIOPEP-UWM database of bioactive peptides —10804).

Information available on the website includes compound ID, name, symbol in the
biological code, InChlKey, SMILES representation, arranged according to CHUCKLES
format rules [59], as well as Compound ID (CID) in the PubChem database and molecular
formula. If a given compound is not annotated in PubChem, “0” is displayed instead of
the CID. Any of the above information, except SMILES, can be used as a query in the
repository search engine (see Table 2). Compound information includes residue mass
increments, calculated according to Equation (1) (see Section 2), and the compound’s
structure with continuous atom numbering, also used in symbols. The continuous
numbering system is explained in our previous publication [49] and was designed to
overcome the limitations of traditional atom numbering, which allows for the assigning
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of the same number to a few atoms in the same molecule. Continuous atom numbering
enables the unambiguous localization of any modification in the amino acid residue and
facilitates machine-readability of amino acid representations compared with traditional
conventions. It is not the first proposal of atom numbering other than the traditional
approach, ie. that recommended by the International Union of Pure and Applied
Chemistry. Unambiguous atom numbering has been proposed in InChl [62] and
ReactionCode [70] representations. Our approach seems to be more intuitive than the
alternatives, which may enhance human-readability of the code, although it may be less
universally applicable than the numbering systems used in InChl and ReactionCode.

BIOPEP-UWM: Amino acids Data

ID ‘242 ‘ Name |O-benzyltyrosine

Symbol ‘ {YT10IC1; 1 Iph]}

InChiKey ‘ KAFHLONDOVSENM-HNNXBMFYSA-N ‘

SMILES ‘ N[C@@H](CC1=CC=C(C=C1)OCC1=CC=C({C=C1))C(=0)0 |

apehem | 725701 |
compound | [C16H17NO3 |
Chemical Mass ‘ 253.2952 Meonoisotopic Mass |253_1099
Structure
reference additional information database references
screen and print BIOPEP-UWM dataset of amino acids and modifications Browse entire list of compounds
Figure 3. Screenshot of data of O-benzyltyrosine (ID 242; “Structure” tab) as an example of a non-
canonical amino acid (accessed 6 July 2026).
Table 5. Information about O-benzyltyrosine (ID 242) as an example of a non-canonical amino acid
(see Figure 3) (data from 6 July 2026).
ID 242
Name O-Benzyltyrosine
Symbol {Y[10!C1,11!ph]}
InChIKey KAFHLONDOVSENM-HNNXBMFYSA-N
SMILES N[C@@H](CC1=CC=C(C=C1)OCC1=CC=C(C=C1))C(=0)O
PubChem CID 725701
Compound formula C16H17NO3
Residue chemical mass increment (Da) 253.2952
Residue monisotopic mass increment (Da) 253.1099

Additional information

SMILES:
N[C@@H](CC1=CC=C(C=C1)OCC1=CC=C(C=C1))C(=O)O
InChI=15/C16H17NO3/c17-15(16(18)19)10-12-6-8-14(9-7-
12)20-11-13-4-2-1-3-5-13/h1-9,15H,10-11,17H2,(H, 18,19)/t15-

https://doi.org/10.3390/app16157490



Appl. Sci. 2026, 16, 7490 11 of 22

/m0/s1
InChIKey=KAFHLONDOVSENM-HNNXBMFYSA-N
Database reference:

CAS: Registry No 16652-64-5

ChEMBL: ID CHEMBL147608

ChemSpider: ID 633643

PubChem: CID 725701

Table 5 provides complete information about a compound, available via the tab
entitled “Screen and print BIOPEP-UWM dataset of amino acids and modifications”.
Apart from the information mentioned in Figure 3, it includes the content of the tab
“Additional information” with compound representations in chemical codes and other
information if necessary. The “Database reference” tab contains IDs of a given compound
in other databases (if available). Examples of peptides annotated using multi-character
symbols from the BIOPEP-UWM repository of amino acids and modifications are
presented in Table 6, whereas a summary of applications of the symbols from the
repository of amino acids and modifications in other parts of the BIOPEP-UWM database
can be found in Table 7. Information about non-canonical amino acids or other residues
present in a given peptide, such as their names and IDs in the repository of amino acids
and modifications (right column in Table 6), is available via the “Additional information”
tab.

Table 6. Examples of peptides from the BIOPEP-UWM database of bioactive peptides containing

residues other than canonical amino acids, bound via a-peptide bonds (accessed 6 July 2026).

Residues Other Than Canonical Amino Acids Bound via a-Peptide
ID of Peptide! Sequence Bonds (Symbols, Names, IDs in the Repository of Amino Acids and

Modifications and Monomer Classes According to Table 3)

{C3:1(2E)[3ph;60H,;70OH]} — caffeic acid; ID 107 (monomer class: acyl
10390 {C3:1(2E)[3ph;60H;7OH]}AH~residue)

~—C-terminal amide group, ID 75 (monomer class: other residues)

{C1}—Formic acid —N-terminal modification; ID 157 (monomer class:

10432 {C1]MLF )
acyl residue)

{GABA}—vy-Aminobutyric acid; ID 196 (monomer class: non-
10582 {GABA}{Thea}P canonical amino acid)
{Thea} — Theanine; ID 208 (monomer class: non-canonical amino acid)

{C4:0!} —N-terminal butyl group; ID 240 (monomer class: alkyl
residue)

-0!
10765 (C4:00{H2CO3}ViNle} {H2CO3}—Carbonic acid; ID 228 (monomer class: inorganic acid)
{Nle}—Norleucine; ID 231 (monomer class: non-canonical amino acid)
10862 (E5IE {E;5} —Glutamic acid bound via y-carboxyl group; ID 77 (monomer

class: amino acids bound via bonds other than a-peptide)
11D in the BIOPEP-UWM database of bioactive peptides.

Table 7. Number of items annotated in the BIOPEP-UWM using symbols beyond canonical amino

acids and their enantiomers (accessed 6 July 2026).

Number of Compounds Containing

1 f
Class o Total Number of Compounds Within the Class Monomers Other Than Canonical Amino
Compounds . . .
Acids and Their D-Enantiomers
Proteins 773 34
Bioactive peptides 5787 142
Allergenic proteins 136 0
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Sensory.peptlfies 614 18
and amino acids
Virtually bioactive 704 0

peptides !

! Peptides with bioactivity predicted in silico (e.g., using molecular docking), but not verified
experimentally. Such peptides are annotated in the BIOPEP-UWM Virtual database [66].

The role of the repository of amino acids and modifications in the BIOPEP-UWM
database is shown in Figure 4. Symbols from the repository are available for use across all
databases within the BIOPEP-UWM. Symbols of monomers, listed in the repository, may
serve to construct query sequences for sequence-based searches. Search options, listed in
our previous publications [19,54], utilize sequences annotated using symbols of non-
canonical amino acids or non-amino acid residues. Search results that include symbols of
monomers other than canonical amino acids can be exported to Microsoft Excel files. In
the case of profiles showing the potential biological activity of a peptide or protein
fragments, the results can be sorted by ID, activity or sequence prior to export.
Incorporating these symbols into the application system associated with the BIOPEP-
UWM is the major strength of the repository of amino acids and modifications. However,
matching modified peptides with protein sequences, annotated using exclusively
canonical amino acids, such as those retrieved from the UniProt database, remains a
challenge. As pointed out previously [49], this would require the conversion of modified
peptides into their corresponding unmodified sequences. Nevertheless, the use of
symbols other than canonical amino acids is essential for an exact search option (see

Figure 2).
Amino acids and > Sequence analysis —_—
modifications l 7
Anier=Eisn .°f Search based on Profiles of potential
— sequencesin <equences bioactiity <
databases

= Proteins | | Calculations |
—> | Bioactive peptides | [ simulation of proteolysis | <
— | Allergenic proteins | [ ,,Find” option |
—> | Sensory peptides | [ Batch processing | €
Virtually bioactive Conversion of sequences “

— peptides into SMILES code
Find the enzyme for ya

peptide release

[ Export of results to Excel | €—

Figure 4. Application of symbols from the section “Repository of amino acids and modifications” in
the BIOPEP-UWM database and associated programs (version from 6 July 2026). Examples of use

of particular applications are presented in the Supplementary Matierals Part S5.

Comparison of BILN, HELM, MAP, and PLN codes and versions of SMILES
(CHUCKLES format) used in existing datasets is presented in Table 8.
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Table 8. Comparison of encoding monomers using a biological code and a CHUCKLES format of
the SMILES code used in the BIOPEP-UWM and other biological codes and versions of the
CHUCKLES format (version from 6 July 2026).

Code or Version of

Comparison with the Code or CHUCKLES Used in the BIOPEP-UWM

CHUCKLES Format
BILN code offers the possibility to annotate linear, cyclic and branched peptides containing
BILN diverse set of monomers, i.e., offers more options than the BIOPEP-UWM code. BILN allows
sequence alignments.
HELM code is to date more universal than the BIOPEP-UWM code, but not compatible with
HELM one-letter notation of peptide and protein sequences written using symbols of canonical
amino acids. It is more complicated than the BIOPEP-UWM code in the case of sequence
matching and proteolysis simulation.
Format is extension of conventional sequences written in a one-letter code. In contrast to the
MAP BIOPEP-UWM code, it offers the possibility to annotate cyclic peptides with a diverse set of
monomers. MAP enables the annotation of additional information together with a sequence.
PLN In contrast to the BIOPEP-UWM code, PLN enables the annotation of cyclic peptides
containing a broad array of monomers (not only amino acids).
CHUCKLES format in CHUCKLES‘ format ve;sion fI'O'II'l PepFoundry is more easily readable by humans althougl.’l
more complicated for informaticians than that used in the BIOPEP-UWM. It fosters potential
the PepFoundry dataset . .
to annotate monomers beyond amino acids.
CHUCKLES format in Format proposed by Orsi and Reymond is simple compared with the classical CHUCKLES

the dataset of Orsi and
Reymond [5]

format used in the BIOPEP-UWM, but less universal. It is unable to annotate bonds with
chirality centers, such as glycosidic bonds (see Supplementary Materials Part S6).

The above-mentioned codes offer an opportunity to annotate branched or cyclic
peptides, not available to date in the BIOPEP-UWM code. In turn, the latter is applied for
sequence matching, conversion into SMILES and proteolysis simulation, i.e., for work in
applications available in the BIOPEP-UWM database. The above options are more
important for the BIOPEP-UWM users (predominantly food scientists) than the possibility
of describing branched and cyclic amino acids.

All options of the BIOPEP-UWM were initially designed for work with sequences
containing canonical amino acids only [54]. Taking the above into account, we need a code
as similar as possible to the conventional single letter code used in the UniProt and peptide
databases such as DFBP, Peptipedia, SATPdb and many others. Using sequences
containing amino acid symbols separated by dashes or dots (in BILN and HELM,
respectively) in options presented in Figure 4 and Part S5 of the Supplementary Materials
would require conversion to traditional amino acid sequences and hence cause additional
complications in all programs associated with the BIOPEP-UWM database.

Another limitation of the BIOPEP-UWM code is the fact that its rules are restricted
to the molecules present in the repository of amino acids and modifications. Inclusion of
new classes of compounds may require adding new rules.

BILN and HELM codes are applied in programs that serve to predict
physicochemical properties of peptides and features important from the drug discovery
standpoint [4,71-74]. The HELM code is also used in databases, such as CycPepDB [24]
and PubChem [37]. A comparison of the MAP format with HELM and BILN has been
discussed by Shendre and coworkers [48]. We can expect broader applications of these
codes in the future.

4. Examples of the Compounds Annotated in the Repository

The biological activity of peptides containing modified amino acid residues can be
simulated or predicted in silico, even if there is no protocol for the synthesis or
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identification of particular compounds. The structures from the BIOPEP-UWM database
may be used for computational studies, such as molecular docking [12], to account for all
details of the structure and the chirality of amino acids and other residues that are
fragments of linear peptides. In the case of the examples mentioned below, this includes
all isomers or sugar moieties or chirality of sulfur atoms in sulfoxides. Results from such
computational studies, involving these and other compounds as peptide building blocks,
can be annotated in the BIOPEP-UWM Virtual database [66].

Two examples illustrating the potential of the BIOPEP-UWM repository of amino
acids and modifications in the context of recommendations for annotating complete
information about compound structure and chirality [3], are presented in Figures 5 and 6.

a . b

OH OH NH, NH,
®) ® H (l) H 1
HO. & o N &) o
< N \
H H %(7/\(5)‘\“ \
OH OH i
(5) OH
/\,‘R’/
HO B
HO
C Iile ’ile
HO H HO H
Z Q) HO Y
Ho, Ty O Y, ‘(s‘x\\\\“‘\N ©
s N ~
H 1T H
o] ® 0 OH
) OH
N)/ HO ®
HO B
/;’ HO
HO'
HO H
s ® /\/\>Y

3

)
&

HO

Figure 5. Structures of products of lysine glycation, annotated in the BIOPEP-UWM repository of
amino acids and modifications: (a) N(6)-D-fructosyl-L-lysine (ID 145); (b) N(6)-a-D-fructofuranosyl-
L-lysine (ID 146); (c) N(6)-p-D-fructofuranosyl-L-lysine (ID 147); (d) N(6)-a-D-fructopyranosyl-L-
lysine (ID 270); and (e) N(6)-3-D-fructopyranosyl-L-lysine (ID 271). Symbols (R) and (S) indicate
configuration around asymmetric atoms “Rectus” and “Sinister”, respectively. Arrows indicate

anomeric carbon atoms.

Figure 5 shows the structures of five isomers of D-fructosyl-L-lysine, a product of
non-enzymatic glycation. According to current knowledge [75,76], reaction products of
hexoses with compounds containing amine groups may exist as a- and 3-anomers of
pyranose or furanose rings, as well as in linear form. Pyranoses are the most stable and
hence the most abundant isomers of glycation products; however, other isomers can also
occur in significant amounts. Bearing this in mind, five isomers of D-fructosyl-L-lysine
have been included in the repository section. Other glycated amino acids of interest, such
as those described by Kijewska et al. [77], can also be annotated. To the best of our
knowledge, the influence of the type of sugar ring and the configuration around the
anomeric carbon atom on the biological activity of peptides containing glycated lysine has
not yet been investigated.
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Figure 6 illustrates examples of cysteine derivatives, including sulfoxides. The
phenomenon of methionine oxidation is well documented [78,79]. Cysteine derivatives
with modified sulfhydryl groups are substrates for the same type of reaction. Sulfoxides,
formed upon the oxidation of amino acids and their derivatives, possess asymmetric
sulfur atoms. The chirality of the sulfur atom in methionine sulfoxide was first described
in 1947 [80]. Any sulfoxide with two different substituents around the sulfur atom forms
two enantiomers or diastereoisomers. The chirality of sulfur atoms is in the focus of
interest to chemists [81,82] in the context of designing new potential drugs. However, to
the best of our knowledge, no studies so far have addressed the chirality of sulfur atoms
in food peptides or its influence on their bioactivity. Although the biological activity of
peptides containing oxidized methionine has been reported [83,84], the configuration of
substituents around asymmetric sulfur atoms has not been specified. Furthermore, while
methods of separation and identification of methionine sulfoxide diasteroisomers have
been published [85,86], studies involving the identification of chirality of sulfur atoms in
residues that are parts of food peptides are currently lacking. On the other hand,
configuration of substituents around asymmetric atoms in compound representations
may be omitted if the existing information about chirality is incomplete. The above-
presented option enables the annotation of peptides containing methionine sulfoxide
without defined configuration around the sulfur atom [83,84].

H;C CH,4
Y\/\/@;\/\l/ NH,

(E) =
| ®)
CH, CH, \/s\/\(o
OH

HsC CHs;
=z ﬁ)?\/\[/ o NH,
© I B
| ® ®
CH, CH, S \/\(o

5

OH
HsC . CH,
M}’W 0 NH,
i ® ®
CH, CH, \/S"/// /YO
iy
OH

Figure 6. Structures of cysteine derivatives, annotated in the BIOPEP-UWM repository of amino
acids and modifications: (a) S-farnesylcysteine (ID 158); (b) S-farnesylcysteine (R)-sulfoxide (ID 198);
and (c) S-farnesylcysteine (S)-sulfoxide (ID 199). Symbols (R), (S), and (E) indicate configuration
“Rectus” or “Sinister” around asymmetric atoms and configuration “Entgegen” around the double

bond, respectively. Arrows indicate asymmetric sulfur atoms.
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5. Present and Possible Applications of the BIOPEP-UWM Repository
of Amino Acids and Modifications

The first applications of the repository of amino acids and modifications have been
reported by Minkiewicz et al. [58], Vuong et al. [68], and Dulinski et al. [87]. All these
publications described in silico studies with protein sequences, modified by the insertion
of post-translational modifications, such as cysteine residues involved in the formation of
disulfide bonds, phosphorylated serine and threonine residues or N-terminal
pyroglutamic acid. Research with protein sequences included calculations of quantitative
parameters describing proteins as precursors of bioactive peptides and simulations of
proteolysis. Incorporating amino acid sequences with modifications allows for the
avoidance of false-positive results regarding the occurrence of bioactive peptides in amino
acid sequences of proteins. Minkiewicz et al. [58] additionally presented predictions of the
bioactivity of peptides containing phosphorylated amino acids and pyroglutamic acid
residues, made using the SwissTargetPrediction program.

The modified protein sequences, described by Minkiewicz et al. [58] and Vuong et al.
[68], are available in the BIOPEP-UWM database of proteins (ID: 1834-1846, 1849-1850 and
1859-1867). Symbols of modifications have been changed compared with those included
in the articles cited above (Symbols: “{” and “}” instead of “<” and “>" respectively).
Peptides annotated using the older version of the BIOPEP-UWM code are also available
in the Peptipedia database [36].

Direct incorporation of modifications of amino acid residues into amino acid
sequences represents a potential advancement in protein sequence annotation compared
with the standard system used in the NCBI Protein database [29] or UniProt [43], and
identifies their availability for bioinformatics tools, such as searches for bioactive
fragments or proteolysis simulations. The current state-of-the-art in sequence analysis [88]
involves traditionally annotated proteins. In turn, the applicability of notations used in
the BIOPEP-UWM is restricted to linear peptides and does not encode all information
displayed by PLN, BILN, or MAP codes. It concerns information about the location of
disulfide bonds or peptide cyclization. Among these notations, MAP is being
progressively introduced in databases maintained by the G.P.S. Ragahava’s group at
Indraprastha Institute for Information Technology (IIIT) in Delhi, India, whereas PLN
representations of peptides are provided in the PubChem database [37]. Lopez-Lopez et
al. [3] have pointed out problems with human-readability as a weak point of codes when
they are extensions of a single-letter code of protein and peptide sequences. In our
approach, we have tried to mitigate this problem by, for instance, adapting compound
encoding rules applied in lipid databases, such as SwissLipids [40] or LIPID MAPS [28],
for the annotation of acyl and alkyl residues. A formal comparison of human-readability
between our proposed code and HELM, BILN, PLN or MAP should be performed by
independent users, with experience in various systems of annotation of non-canonical and
modified amino acids.

Cooperation of BIOPEP-UWM with other databases, datasets or programs utilizing
non-canonical amino acids may require adaptation of the biological code or SMILES
representations. Recently (6 July 2026), making a search in the Peptipedia required using
the older version of the BIOPEP-UWM code (using characters “<” and “>” to indicate the
start and the end of the monomer symbol, respectively). In turn, possible data exchange
between the BIOPE-UWM and PepFoundry would require adaptation of SMILES strings.
SMILES representations of amino acids in the PepFoundry dataset are written in the
CHUCKLES format, but use symbols [NH2:1], [NH1:1] and [C:2](=O)O for the primary or
secondary amine group forming a peptide bond with a preceding amino acid residue and
a carboxyl group forming the peptide bond with the following residue in the peptide
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sequence, respectively [33]. Such symbols are not used in the BIOPEP-UWM database.
SMILES representations of amino acids and N-terminal acyl groups in the CHUCKLES
format in the set described by Orsi and Reymond [5] contain carboxyl groups denoted as
C(=0) instead of C(=0)O (such notation corresponds to the aldehyde group). Data
exchange between these sets would require either the removal or addition of a symbol of
the terminal oxygen atom. SMILES representations of amino acids in the iNClusive [27]
and the dataset for the translation of the BILN code [47] are not written using the
CHUCKLES format.

Although BIOPEP-UWM remains a peptide database, it may also serve to construct
SMILES strings for other compounds (e.g., peptidomimetics). Examples of non-peptide
chemical compounds, encoded wusing the BIOPEP-UWM code and SMILES
representations obtained by our application, are provided in Part S6 of the Supplementary
Materials.

6. Final Remarks

Until recently, the BIOPEP-UWM database processed only sequences composed of
proteinogenic amino acids or their D-enantiomers. The set of monomers that can serve as
peptide components has been significantly enlarged and may be continuously enriched.
The database aligns with contemporary trends involving modifications of amino acid
residues in bioinformatic analysis of peptides and proteins. The enriched set of building
blocks enables annotating linear peptides containing canonical and non-canonical amino
acids as well as other residues. Possible future development of the code describing
peptides and their monomers entails providing an opportunity for encoding branched
and cyclic peptides and for applications for translation of their sequences into the SMILES
code and the simulation of proteolysis as well as developing profiles of the potential
biological activity of such peptides. Another avenue of repository expansion involves the
enrichment of the diversity of monomers, which includes implementation of the
possibility for encoding peptides and their monomers. Users of the BIOPEP-UWM
database are encouraged to submit new sequences of bioactive peptides and their building
blocks to further expand the database.
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Abbreviations

The following abbreviations are used in this manuscript:

ACS American Chemical Society

ADMET Absorption, distribution, metabolism, excretion, toxicity
BILN Boehringer Ingelheim Line Notation

CAS Chemical Abstract Service

CFM Competitive Fragmentation Modeling

CID Compound ID (in the PubChem database)
CycPeptMPDB  Cyclic Peptide Membrane Permeability Database
DFBP Database of Food Bioactive Peptides

EMBL European Molecular Biology Laboratory

HELM Hierarchical Editing Language for Macromolecules
HMDB Human Metabolome Database

1T Indraprastha Institute for Information Technology Delhi
InChI International Chemical Identifier

MAP Modification and Annotation in Proteins

NCBI National Center for Biotechnology Information
PepTherDia Peptide Therapeutics and Diagnostics

PHP Personal Homepage

PLN Protein Line Notation

PLoS Public Library of Science

SATPdb Structurally Annotated Therapeutic Peptide Database
SMILES Simplified Molecular Input Line Entry System

UWM University of Warmia and Mazury in Olsztyn
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