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1 | INTRODUCTION
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Abstract

The Protein Data Bank (PDB) contains more than 235,000 three-
dimensional biostructures and is growing at a rate of nearly 10% per year.
The PDB is essential to gain knowledge on how proteins and ligands inter-
act and how these interactions are correlated with the quantitative activity of
each ligand/target pair. Unfortunately, the lack of a tool that can classify
structures as apo or holo, that is by no means straightforward, and differenti-
ate between covalent and non-covalent ligand—protein complexes makes it
difficult to obtain the structures that belong to each set. To address this
issue, we present PDB-CAT, a user-friendly tool that facilitates the categori-
zation and extraction of key information from PDBx/mmCIF files through an
efficient parallelized implementation. PDB-CAT uses a blacklist-based
approach to automatically identify the ligand in a complex. It then classifies
the PDB files based on ligand presence: structures without a ligand are
classified as apo, whereas those with a ligand are classified as covalently
or non-covalently bound, depending on the type of binding. As well as mak-
ing this classification, the program can verify if there are any mutations in
the protein sequence by comparing it to a reference sequence. An example
is included to illustrate two different uses: the classification of SARS-CoV-2
Main Protease complexes depending on their variant, and the complete
screening of the PDBbindv2020, achieved in <10 min. PDB-CAT is now
available on GitHub (https://github.com/URV-cheminformatics/PDB-CAT)
and the corresponding tutorial on GitBook (https://ariadnallopps-
organization.gitbook.io/pdb-cat).

KEYWORDS
PDBx/mmCIF, protein data Bank, protein—ligand complexes, structural bioinformatics,
structure-based drug discovery

successfully used to discover novel hits for various
therapeutic targets (Kumalo et al., 2015). Computer-

The use of computational approaches, specifically vir-
tual screening (VS), has emerged as an efficient strat-
egy for drug discovery (Gimeno et al., 2019). VS
includes approaches such as molecular docking
and pharmacophore modeling, which have been

aided drug discovery approaches can be divided into
two types: structure-based, which focus on the biologi-
cal target, or ligand-based, which focus on the struc-
tural and physicochemical properties of ligands
(Vazquez et al., 2020). One of the most widely used
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tools in structure-based drug discovery is protein-ligand
docking, which uses the individual structures of both
the protein and ligand to predict the 3D coordinates of
their resulting complex (Paggi et al., 2024). Docking
programs typically generate multiple possible binding
orientations for the ligand, known as docked poses,
and then use a scoring function to rank these poses in
terms of their predicted affinity for the target (Yang
et al., 2022). Training scoring functions with experimen-
tal affinity data from 3D complexes in the PDB (Burley
et al.,, 2023) has proven essential for improving the
quantitative prediction of binding affinity (Wang
et al., 2023).

According to the RCSB PDB data, the PDB con-
tains more than 235,000 structures and it is expanding
rapidly, with more than 6000 new structures released
just in 2025 (Figure 1) (RCSB PDB, 2024a). In the
design of a VS, multiple structures of the same protein
target may exist, and not all will give equal results in a
structure-based strategy. This is the case of the SARS-
CoV-2 main protease (M-pro) (Macip et al., 2021). The
global collaboration triggered by the SARS-CoV-2 pan-
demic has led to an unprecedented accumulation of
data (Adamson et al.,, 2021). As a result, more than
1500 crystal structures of SARS-CoV-2 M-pro have
been deposited in the PDB. This abundance also
underscores the importance of validating a specific set
of structures before making a selection and beginning
the VS process (Macip et al., 2022). Moreover, not all
structures are appropriate for a particular purpose and
some give better results than others for protein-ligand
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docking (Llop-Peir6 et al., 2024). Additionally, drug-
discovery protocols depend on whether the ligands are
covalently or non-covalently bound to the protein
(Macip et al., 2022).

For all these reasons (i.e., to develop better scoring
functions and select the best target structure for a drug-
discovery protocol), it is important to distinguish
between PDB structures with ligands that are cova-
lently or non-covalently bound. The PDB lacks an
option in its advanced filter to distinguish between free
proteins (i.e., the apo-form) and protein—ligand com-
plexes (i.e., holo-form), or between ligand—protein
complexes that are non-covalently or covalently bound.
However, identifying covalent complexes is not a trivial
task. There are no tools that perform this identification
automatically. Therefore, we have developed PDB-
CAT, a tool that can automatically classify PDB struc-
tures in terms of whether they are in their apo-form or if
their ligands are bound covalently or non-covalently.

The PDBx'mmCIF format is now the standard PDB
archive distribution format and it does not have the limi-
tations of the older PDB file format (RCSB PDB, 2024b).
PDB-CAT exclusively works with this modern format and
employs the PDBeCIF library (Van Ginkel et al., 2021),
which allows users to navigate and extract data from
CIF files efficiently. In addition to classifying entries
based on the ligand, PDB-CAT also extracts information
about all entities in a PDB entry and can verify if there
are any mutations in the protein sequence by comparing
it to a FASTA reference file. This option is particularly
useful for SARS-CoV-2 M-pro, as there are multiple

N ® & 0 XN 0D X 0 0 A L9 0
OF O (07 N NE KV K2 N K RE NV P N
,7/0 'LD 'LO ,1/0 ,7/0 ,7/0 ,7/0 ’7/0 O

YEARS

Total Number of Entries Available

FIGURE 1
the number of structures released each year (RCSB PDB, 2024a).
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PDB statistics: Exponential growth of structures deposited in the PDB. In blue, the total number of entries available; in orange,
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variants of the SARS-CoV-2 virus (Saldivar-Espinoza
et al., 2023).

2 | DESIGN

To parse PDBx/mmCIF files, PDB-CAT follows the
entity hierarchy, which is central to the mmCIF format.
This format defines a molecular entity as a chemically
distinct component within an entry. PDB-CAT classifies
each entity into one of three groups: polymer, non-
polymer or branched.

PDB-CAT is designed to work with PDB files that
contain a single model. Since NMR structures consist
of multiple models, they are discarded, as the calcula-
tion of interatomic distances is not straightforward when
several conformations are present. These distances
are essential for classifying ligands as covalently or
non-covalently bound. If an NMR structure is provided,
the program will skip it and print a message “Warning.
NMR structure {name} is not analyzed”. The same
applies to occupancy: occupancy levels are checked,
and only atoms with 1.00 occupancy are considered for
covalent bond detection. In the CSV output, covalent
bonds are reported together with the occupancy values
of the atoms involved, for example, SG (CYS29)
(Occup.: 1.00) — C23 (H9B.) (Occup.: 1.00) — (1.75 A).
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21 | Protein and ligand identification

To identify the main protein and its subunits from an
mmCIF file, they are always defined as polypeptide
polymers, and it has been set that the
polypeptide should consist of more than 20 residues
(Figure 2). Polymer information is located in the entity
and entity_poly categories of the PDBx/mmCIF format.
Figure 2 summarizes the steps PDB-CAT takes to iden-
tify and classify PDB entries based on their bounded
ligands. Alternatively, structures without a ligand are
classified as apo.

The PDB categorizes small molecules such as ions,
cofactors, inhibitors, and drugs as non-polymer entities.
However, identifying polymeric entities, such as pep-
tides or saccharides, as ligands is by no means
straightforward. After the protein has been identified,
PDB-CAT classifies any other polypeptide polymer
entities in the structure as peptide ligands, using a
length threshold that is set to 20 residues by default but
can be modified by the user (Figure 2). If the entity is
longer than the threshold, then it will be classified as
another chain or subunit. The Biologically Interesting
Molecule Reference Dictionary (BIRD) dictionary
(https://lwww.wwpdb.org/data/bird), contains informa-
tion on peptide-like inhibitors and common oligosaccha-
rides. Some of the mmCIF files contain these BIRD

| ENTITY TYPE
L )
NON-POLYMER POLYMER BRANCHED
i o the blackie YES
NON OLIGOSACCHARIDE
DISCARDED FROLYPERTIDE POLYPEPTIDE
LIGANDS
gouree OTHER ENTITIES
NO covalent bond YES
NON-SYNTHETIC SYNTHETIC

SMALL-MOLECULE LIGAND

PEPTIDE LIGAND

Check CCD

NO YES

covalent bond

PEPTIDE LIGAND BRANCHED LIGAND

Check BIRD

saccharide molecules
GLYCOSYLATION

FIGURE 2 Flowchartillustrating the steps taken by PDB-CAT to identify and classify ligands. The process includes ligand detection, and
further categorization based on the presence or absence of a covalent bond.
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IDs, so PDB-CAT checks for BIRD IDs to retrieve more
information about the ligands.

The next entity type is non-polymer and typically
refers to small molecules. PDB-CAT considers a non-
polymer entity as a ligand if it is not on a blacklist
(Figure 2). The blacklist is a text list that contains the
most common solvents, ions, and co-factors and can
be modified by the user based on the target being ana-
lyzed. To remove an element from the blacklist just
comment the line by writing the “#” symbol at the
beginning. For example, a co-factor bound to a viral
protease might be discarded by some computational
chemists, while in other cases it might be important to
consider. If there is a match with any element on the
blacklist, the small molecule is then added to the list of
discarded ligands (Figure 2). PDB-CAT also verifies the
Chemical Component Dictionary (CCD) ID (https:/
www.wwpdb.org/data/ccd), which labels small molecule
components, to gather additional information about the
ligands, in the same way that it uses the BIRD ID.

The last entity type in the PDBx/mmCIF format is
branched, which is what oligosaccharides are usually
classified as. For these entities, PDB-CAT determines
if they are bonded covalently to the protein. When an
oligosaccharide forms a covalent bond with the protein,
it is classified as glycosylation. If it does not, it is classi-
fied as a saccharide ligand (Figure 2).

2.2 | Covalently or non-covalently
bonded ligands

Ligands are classified as covalently or non-covalently
bonded depending on whether there is a covalent bond
between the ligand and the protein.

To retrieve ligand information the program screens
the CIF file annotations, specifically the _struct_conn
field, to identify entries where the conn_type_id variable
contains “covale”. It then verifies whether the atoms of
the covalent bond belong to the protein and a ligand
entity. However, the _struct_conn field is not required
for depositing a CIF file in the PDB. For that reason, the
program identifies potential covalent ligands by check-
ing heavy atom distances between the protein and the
ligand (hydrogen atoms are ignored). By default, a sin-
gle bond is considered covalent if a protein atom is
within 1.95A of a ligand atom. This threshold was
established by analyzing 1035 covalent complexes
from PDBbindv2020 (Figure 3). The covalent_distance
parameter is an argument of the write_output() function,
set by default to 1.95A. Users can customize this
threshold by providing a different value when calling
the function in the notebook, for example, cov-
alent_distance = 2.00, allowing flexibility in defining
covalent bond criteria based on specific analysis
requirements. A ligand is classified as covalent if at
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FIGURE 3 Covalent distance distribution in PDBbindv2020 for implicit covalent complexes. 95% of the covalent bonds are detected within

1.95 A distance.
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least one covalent bond is present; otherwise, it is cate-
gorized as non-covalent (Figure 2). The program can
detect single, double, and triple bonds because the dis-
tances of the latter two are shorter and fall within
the threshold.

This implementation improves classification accu-
racy, as CIF file annotations alone do not fully determine
covalent bonding. For example, in PDBbindv2020, 20%
of covalent complexes are not annotated as covalent but
can be identified using coordinate-based calculations.

2.3 | Mutation analysis

In addition to classifying a set of PDB complexes, the
PDB-CAT algorithm can also identify mutations in
the residues of the protein. This can be defined in the
Boolean variable: mutation. The mutation analysis com-
pares the sequence of the protein entities to a FASTA
file that contains one or more reference sequences.
The algorithm selects the most similar sequence for
each entry to perform the alignment. The CSV output
includes the FASTA sequence ID selected for align-
ment for each entry and information about mutations,
residue locations, percentage of identity, and gaps
obtained with the Pairwise Alignment module of the
Biopython library (Cock et al., 2009). This analysis of
mutations enables the rapid identification of different
versions of the same protein and makes it possible to
distinguish between sequences that are identical and
those that contain either natural or artificial mutations
(e.g., those introduced to analyze the role of a specific
residue or for other experimental purposes).

24 | Output

The PDB-CAT program generates two CSV files: one
protein-centered and the other ligand-centered. In the
first CSV file, each line corresponds to one PDB ID and
provides a comprehensive set of information about the
entry. This information includes details about the pro-
tein, such as the title of the PDB file, a description, the
number of subunits, the subunit IDs (referred to as
chains), and the number of residues for each subunit. It
also indicates whether the protein is part of a complex.
The CSV presents information about ligands, including
their name, type, function, and whether they form a
covalent bond with the protein. In this section, glycosyl-
ation sites are distinguished and differentiated from
other covalent ligand bonds. The CSV also gives infor-
mation about discarded ligands (any element from the
blacklist that is bonded to the protein). The final col-
umns cover mutation information: that is to say, the ID
of the FASTA sequence, the number of mutations, their
locations, identity percentages, and any gaps in the
sequence.
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In the second CSV file, each line corresponds to an
entity bonded to a protein. The format is straightfor-
ward, with information about the ID of the protein and
the bonded molecule including its name, type, function,
and whether it forms a covalent bond. If a covalent
bond is present, the specific residue with which it binds
is specified. Additionally, when the bonded molecule
corresponds to a covalently attached glycan or sugar
moiety, PDB-CAT labels it as “glycosylation” to prevent
misclassification as a covalent ligand.

Finally, the program creates separate folders to cat-
egorize apo structures, covalent complexes, and non-
covalent complexes. When the mutation filter is
applied, this classification occurs within the non-
mutated folder. Additionally, a mutated folder is created
alongside the non-mutated one (Figure 4).

3 | IMPLEMENTATION

3.1 | Availability

The source code is readily available as a Jupyter
Notebook on GitHub (https://github.com/URV-chemin
formatics/PDB-CAT). It can be cloned following the
instructions written in the readme file, or it can be
opened directly in Google Colab for those who are less
familiar with coding.

3.2 | Parallelization

PDB-CAT has been designed to be run in parallel. Our
implementation of parallelization optimizes computa-
tional resource utilization through a structured
approach. A real-time monitoring function, leveraging
psutil, tracks RAM and CPU usage to prevent resource
saturation. The system dynamically detects available
cores using multiprocessing, enabling users to allocate
a fraction of them (cpu_use) for parallel execution. For
instance, on an 8-core system, setting cpu_use = 0.5
results in the creation of four parallel processes, balan-
cing workload distribution while avoiding hardware
overload. The cpu_use parameter is an argument of
the write_output() function, which is set by default to
cpu_use = 1. This value can be customized by provid-
ing a different input when calling the function in the note-
book, allowing users to adjust resource allocation based
on system constraints and analysis requirements.

To ensure efficient execution, files are evenly dis-
tributed among processes, which run independently
before consolidating results. The threading library
allows monitoring to operate separately from the main
execution, preventing performance interference. Addi-
tionally, concurrent.futures (ProcessPoolExecutor)
manages process distribution dynamically, optimizing
parallel execution without requiring manual core
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FIGURE 4 Workflow diagram of the PDB-CAT: In the workspace, you will find a Jupyter Notebook file, a Python module containing some
functions, the blacklist file, and the directory containing the input files in mmCIF format. To execute the mutation mode, the reference file should
be part of the dataset. The program generates two CSV files containing all the relevant information, as well as several folders.

85U SUOWIWOD BARER.D B|eatjdde aup Aq pausenob a1e B YO ‘B8N J0 S3IN. 1o} AReiq 1 8UIIUO A8\ UO (SUORIPUOD-PUE-SWLBILI0D™ /B 1M AFIq 1 [BU1|UO//SAIY) SUORIPUOD PU. SWLS L 83 885 *[9202/60/20] U0 ARe1q1T8ulluo 4|1 ‘(PepIUeS 8p OLBISIUIN) UOSIAOI] [BUOITN 8UBIUR0D USILedS AQ 62€0L 01d/200T 0T/10p/w00" A8 | 1mAriq1euljuo;/Sduy o) papeojumod ‘ZT ‘GZ0Z ‘X968697T



LLOP-PEIRO ET AL.

assignment. This approach minimizes overhead and
enhances computational efficiency.

3.3 | Howtouse

A complete tutorial is available in Gitbook (https://
ariadnallopps-organization.gitbook.io/pdb-cat). The first
step before running the code is to establish the dataset
of structures. This involves downloading the structure
files locally from the PDB. Given the ongoing transition
of PDB to PDBx/mmCIF format, it is essential that the
input files are in this CIF format.

The PDB-CAT program can be executed by a Jupy-
ter Notebook. This notebook contains a cell for code
customization so that interaction with the code is clear
and concise. Four of the variables in the main code can
be modified; explanations are provided on how to do so
in the Gitbook tutorial. Note that the code can be run in
Google Colab.

3.4 | Requirements

This program uses Python 3 and requires the following
packages: biopython, pdbecif, pandas, re, os, and shu-
til. The pdbcat module, which is in the repository,
should also be imported. The GitHub repository
includes a requirements.txt file to simplify the installa-
tion process, which is automatically handled in Google
Colab environments.

4 | RESULTS

The following two examples illustrate different
applications of PDB-CAT: (i) a full screening of
PDBbindv2020, comprising over 19,000 structures,
where the program’s parallelization capabilities help
reduce execution time; and (ii) a classification of
SARS-CoV-2 Main Protease complexes by variant,
using a reference sequence to identify mutations in the
protein sequences.

41 | Full screening of PDBbindv2020

A dataset of protein—ligand complexes was extracted
from the refined set of PDBbindv2020 (Wang
et al., 2004). The PDBbindv2020 database (https://
www.pdbbind-plus.org.cn/) is the largest open-source
collection of protein—ligand complexes, providing infor-
mation on both binding affinities and known 3D crystal
structures. Updated annually, the 2020 version com-
prises 19,443 protein—ligand complexes and experi-
mentally measured binding affinity data. PDB-CAT
efficiently analyzed this dataset in under 10 min. The
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program was run locally with Jupyter Notebook and
used 10 GB of RAM and 15% of the 32 CPU nodes. A
total of 303 NMR structures were discarded. Of the
remaining 19,139 structures, 97% were classified as
protein—ligand complexes, while the remaining 3%
were identified as apo forms. This is because these
entries contained a blacklist component, which had
been labeled as a ligand in the PDBbindv2020 dataset.
Among the 19,139 structures, 1035 were identified as
covalent complexes. Notably, 265 of these complexes
(20%) were detected through the distance-based analy-
sis, despite not being annotated as covalent complexes
in the original PDB entries. Note that the mutation filter
was not used in this validation because of the wide
range of proteins found in the dataset. The CSV of the
PDBbindv2020 is included in the example folder of
the repository.

4.2 | SARS-CoV-2 Main protease

In this example, 1550 PDB structures available in
February 2025 and containing the SARS-CoV-2 M-pro
were analyzed. The corresponding PDBx/mmCIF files
were subject to a thorough analysis, including mutation
categorization. A FASTA file containing the sequence
of the first crystallized M-pro structure (PDB ID: 6LU7)
and that of the M-pro Omicron variant (B.1.1.529)
(Sacco et al., 2022) (PDB ID: 7TOB) was used as
reference.

Out of the 1550 M-pro structures, 1268 had
sequences identical to 6LU7 and 20 matched 7TOB
(Omicron variant), so PDB-CAT classified these 1288
structures as non-mutated. The remaining 262 struc-
tures contained either substitutions at catalytic residues
(e.g., C145A) or mutations such as T21l, L50F, E166V,
and A173V, which have been observed experimentally
in viral passages and may contribute to resistance
against M-pro inhibitors. The non-mutated set was fur-
ther classified into 112 apo structures, 322 covalent
complexes, and 854 non-covalent complexes. For each
structure, information about the exact mutated residues
(if any), sequence identity percentage, and the number
of gaps compared to the reference sequences was
extracted. The CSV file also contains all the crucial
information, and it is available in the example folder.

5 | CONCLUSIONS

PDB-CAT is a unique tool for classifying PDB struc-
tures into apo forms, covalent complexes, and non-
covalent complexes as well as for detecting covalent
bonds when they are not explicitly described in the
PDB file. PDB-CAT also allows the comparison of mul-
tiple variants or mutations of a protein. It is also a valu-
able resource for researchers managing the vast
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amount of data from the Protein Data Bank, especially
for computational chemists who deal with multiple
structures of the same protein or who want to correlate
binding affinity data with the 3D structure of the corre-
sponding complex.
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