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E‘Oinéozjmaticjé“St‘t”te (EMBL-EBI), The Protein Data Bank (PDB) is the primary global repository for experimen-
ambricee: tally determined 3D structures of biological macromolecules and their com-
plexes with ligands, proteins, and nucleic acids. PDB contains over 47,000
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Protein Data Bank in Europe, European sive data available, the complexity of small-molecule data in the PDB
Motecular Biolagy Laboralon. Eropean necessitates specialized tools for effective analysis and visualization. PDBe
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Wellcome Genome Campus, Hinxton, has developed a number of tools, including PDBe CCDUltils (https://github.
Cambridge CB10 1SD, UK. com/PDBeurope/ccdutils) for accessing and enriching ligand data, PDBe
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Arpeggio (https://github.com/PDBeurope/arpeggio) for analyzing interac-

- i tions between ligands and macromolecules, and PDBe RelLig (https:/
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complexes. The enhanced ligand annotations and data generated by these
tools are presented on the novel PDBe-KB ligand pages, offering a compre-
hensive overview of small molecules and providing valuable insights into
their biological contexts (example page for Imatinib: https://pdbe.org/chem/
sti). By improving the standardization of ligand identification, adding various
annotations, and offering advanced visualization capabilities, these tools
help researchers navigate the complexities of small molecules and their
roles in biological systems, facilitating mechanistic understanding of biologi-
cal functions. The ongoing enhancements to these resources are designed
to support the scientific community in gaining valuable insights into ligands
and their applications across various fields, including drug discovery, molec-
ular biology, systems biology, structural biology, and pharmacology.
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1 | INTRODUCTION

Protein Data Bank in Europe (PDBe) is one of the found-
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providing access to a global repository of macromolecular
structure models, the Protein Data Bank (PDB) (wwPDB
consortium 2019). The PDB contains over 225,000
experimentally determined macromolecular structures,
with around 75% featuring at least one bound small mole-
cule. These small molecules serve various purposes,
including experimental necessities or acting as ligands
with diverse biological functions, like cofactors, metabo-
lites, substrates, and inhibitors. To ensure a standardized
representation of small molecules, the wwPDB devel-
oped the Chemical Component Dictionary (CCD), a com-
prehensive reference resource that includes data for all
unique chemical components found within PDB entries,
including individual amino acids, nucleotides, and ligands
(Westbrook et al. 2015). The CCD provides details such
as chemical descriptors (e.g., chemical formula, molecu-
lar weight, SMILES, and InChl), systematic chemical
names, chemical connectivities, stereochemical assign-
ments, and idealized 3D coordinates generated using
Molecular Networks’ Corina (Schwab 2010) and Open-
Eye’s OMEGA (Hawkins et al. 2010). The CCD is acces-
sible at https://www.wwpdb.org/data/ccd. Each unique
chemical component is assigned a CCD identifier, allow-
ing for the identification of all instances of a specific small
molecule in PDB structures. For instance, adenosine tri-
phosphate has a CCD identifier: ATP, and is bound in
over 3600 macromolecular structures.

Complex ligands are often fragmented into individual
chemical components during the refinement and biocura-
tion, creating challenges for their identification and map-
ping to other databases. To address this, the wwPDB
introduced the Biologically Interesting Molecule Reference
Dictionary (BIRD) in 2013 (Dutta et al. 2014). This manu-
ally curated reference dictionary assigns unique identifiers
and detailed descriptions to peptide-like inhibitors, antibi-
otic molecules, and common oligosaccharides found in
PDB entries. Each entry details the composition, connec-
tivity, chemical structure, and functions of the reference
molecule. The BIRD reference data is accessible at https://
www.wwpdb.org/data/bird, with examples like Vancomy-
cin, identified by the BIRD identifier: PRD_000204. In
2020, the wwPDB standardized the representation of car-
bohydrate polymers, which had been previously fragmen-
ted into individual monosaccharides, by introducing a new
“branched” entity representation (Shao et al. 2021). This
improved system offers a more accurate depiction of com-
plex carbohydrate structures and is supported by consis-
tent 2D representations based on the Symbol
Nomenclature for Glycans (SNFG) (Neelamegham
et al. 2019). While these wwPDB efforts have significantly
improved the handling of peptide-like inhibitors, antibiotics,
and carbohydrates, several multicomponent ligands
remain fragmented into separate components.

To comprehensively tackle complex ligands
fragmentation, PDBe introduced covalently linked com-
ponents (CLCs) (Kunnakkattu et al. 2023). This novel
class of reference small molecules identifies ligands
composed of multiple covalently linked chemical

components (CCDs) across the entire PDB archive and
is found in 5% of the PDB entries. CLCs provide a more
complete and accurate representation of these complex
ligands, filling gaps left by fragmented CCDs not included
in the BIRD or carbohydrate remediation efforts. To
streamline identification and analysis of CLCs, PDBe has
implemented an automatic process to assign unique
identifiers based on InChlKey. For instance, in PDB entry
1D83, there are two carbohydrates. Carbohydrate 1:
2,6-dideoxy-4-O-methyl-alpha-D-galactopyranose-(1-3)-
(2R,3R,6R)-6-hydroxy-2-methyltetrahydro-2H-pyran-3-yl
acetate, composed of subcomponent CCDs: CDR,
CDR, and ERI. Carbohydrate 2: 3-C-methyl-4-O-acetyl-
alpha-L-olivopyranose-(1-3)-(2R,5S,6R)-6-methyltetrahy
dro-2H-pyran-2,5-diol-(1-3)-(2R,5S,6R)-6-methyltetrahy-
dro-2H-pyran-2,5-diol, consisting of subcomponent
CCDs: ARI and 1GL. These two carbohydrates are
covalently linked to the CCD: CPH to form a single small
molecule, Chromomycin. This complex ligand, consist-
ing of the covalently linked CCDs 1GL, ARI, CPH, CDR,
CDR, and ERI, can now be identified as a single entity
using the CLC identifier: CLC_000153 (Figure 1).

Notably, BIRD entries are manually curated, and
some CLCs may eventually transition into BIRD entries.
For example, in PDB entry 1A04, Peplomycin—a gly-
copeptide antineoplastic antibiotic—was previously
fragmented into the CCDs PMY, GUP, and 3FM. How-
ever, it can now be represented as a single entity with
the CLC identifier CLC_000034. If Peplomycin is later
classified as a BIRD, CLC_000034 will be automatically
replaced by the corresponding BIRD identifier. Creating
CLCs to represent chemically complete ligands allows
for improved mapping to other chemical databases
such as PubChem, ChEMBL, and KEGG, overcoming
the limitations of fragmented representation using multi-
ple CCDs. Together, the CCD, BIRD (PRD), and CLC
reference dictionaries provide a comprehensive set of
unique small molecules found within the PDB, enhanc-
ing the understanding and exploration of small mole-
cules bound to biological macromolecules.

The complexity and diversity of small molecules in
the PDB necessitate the development of specialized
tools for their access and analysis. Although existing
small-molecule reference dictionaries provide essential
data, additional tools are required to enhance this infor-
mation within a broader biological context. Further-
more, it is necessary to elucidate the functional roles of
ligands within these complexes and distinguish them
from experimental artifacts, such as buffers and cryo-
protectants. Accurately identifying complete ligand—
macromolecule complexes and key protein-ligand
interactions is essential for understanding protein func-
tions. Here, we discuss PDBe’s strategies to address
these challenges, explore PDBe tools, and provide
tutorials (Table 1) on their utilization for ligand analysis
and visualization. These tools empower researchers to
navigate the complexities of ligand and ligand—
macromolecule complex structures, assess their
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FIGURE 1

PDB ID: 1d83 chain A

PDB ID: 1d83 chain B

3PDBe CCDUtils

THE

PROTEIN 3of14
@ SOCIETY_WI LEY
PDB ID: 1d83 chain A

D

CLC_000153:
Chromomycin

PDB ID: 1d83 chain B

Structure of Chromomycin dimer/DNA oligomer complex (PDB ID 1D83). Originally annotated with four separate ligands per

chain (two copies each of Carbohydrate 1, Carbohydrate 2, CPH, and Mg), the first three components are now unified as a single Chromomycin
ligand (CLC_000153) per chain. The structure features a Chromomycin dimer coordinating an Mg.

TABLE 1

Tutorial

Tutorial 1

Tutorial 2

Tutorial 3

Tutorials demonstrating the use of PDBe tools for in-
depth analysis and visualization of ligands in PDB.

Description

Guide on using various
PDBe tools for
processing and
analyzing ligand
structure data

Using PDBe and PDBe-
KB webpages to answer
various scientific
questions

Programmatically
accessing ligand data
using APIs

Access link

https://github.com/
PDBeurope/pdbe-
notebooks/blob/main/
pdbe_ligands_tutorials/
PDBe_ligand_tools.ipynb

https://github.com/
PDBeurope/pdbe-
notebooks/blob/main/
pdbe_ligands_tutorials/
PDBe_PDBe-KB_
ligands_webpages_
tutorials.pdf

https://github.com/
PDBeurope/pdbe-
notebooks/blob/main/
pdbe_ligands_tutorials/
PDBe_KB_API_tutorials.

ipynb

biological significance, and perform comparative ana-
lyses across various databases (Figure 2).

2 | PDBe TOOLS FOR PROCESSING
LIGAND STRUCTURE DATA AND THEIR
ANALYSIS

21 |

PDBe CCDUtils: Accessing ligands
and their enriched data in PDB

PDBe CCDUtils (Kunnakkattu et al. 2023) is an open-
source chemistry toolkit designed to improve the

parsing, processing, and analysis of small molecules
within the PDB’s reference dictionaries, including CCD,
PRD, and CLC. Built on RDKit (Landrum et al. 2024), it
extends functionality by adding support for the PDBx/
mmCIF file format (Westbrook et al. 2022) and provides
access to a variety of metadata such as chemical
descriptors (SMILES, InChl, InChIKey), 2D depictions,
and 3D coordinates. It computes RDKit-derived physi-
cochemical properties, generates 3D conformers, and
identifies core chemical substructures, such as scaf-
folds. A scaffold is the core structural framework of a
small molecule that forms the basis for its biological
activity, to which functional groups or other modifica-
tions can be added. PDBe CCDUtils supports scaffold
detection methods like Murcko Scaffolds (Bemis and
Murcko 1996) and BRICS (Degen et al. 2008). PDBe
CCDUtils can also be used to search ligand substruc-
tures against a curated library of over 2000 fragments
from PDBe, ENAMINE, and the Diamond-SGC-iNext
Poised Library (DSiP) (Cox et al. 2016). Users can
additionally use their own external libraries for
searches. It can identify similar PDB ligands for any
given ligand using pairwise PARITY comparisons
(Tyzack et al. 2018) and identify compounds related to
a given PDB ligand from over 35 other small-molecule
database identifiers, including ChEMBL, CCDC, Pub-
Chem, and DrugBank, through the UniChem cross-
reference service (Chambers et al. 2013), facilitating
the integration and exploration of ligand information
across diverse data sources.

To ensure accurate representations of complex bio-
logical ligands, such as haem, PDBe CCDUtils incorpo-
rates an enhanced data sanitization process that
iteratively identifies and rectifies unusual valency
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FIGURE 2 Schematic overview of the PDBe ligand tools for ligand analysis and visualization. The PDBe CCDUltils allows access to small
molecules, while PDBe Arpeggio identifies ligand—macromolecular interactions, and PDBe RelLig determines ligand functional roles in ligand—
protein complexes. PDB data is processed weekly through these pipelines and loaded into the PDBe Graph database, supporting up-to-date

data files on FTP, API endpoints, and various web pages, including PDBe entry pages and PDBe-KB Protein and Ligand pages.

issues, adjusting bond types and formal charges as
necessary. To generate high-quality 2D ligand depic-
tions, the toolkit implements a Depiction Penalty Score
(DPS) to evaluate depiction quality based on bond colli-
sions and suboptimal atom positioning. It compares
both template-based and connectivity-based methods
to select the best image, ensuring high-quality visual
representations of ligands.

Furthermore, PDBe CCDUtils identifies CLC com-
pounds in PDB entries, providing a more complete and
precise structural representation for multicomponent
ligands represented using multiple CCDs with covalent
links. Users can export small-molecule data in various
formats, including SDF, CIF, PDB, JSON, XYZ, XML,
and CML. All this enriched data generated by PDBe
CCDUtils is pre-computed and also made available for
download via FTP at https:/ftp.ebi.ac.uk/pub/
databases/msd/pdbechem_v2/ in the respective CCD,
PRD, and CLC folders. The different file formats differ
in structure and content, and further details about these
files can be found in the readme file available at https://
ftp.ebi.ac.uk/pub/databases/msd/pdbechem_v2/READM
E.txt. PDBe CCDUtils is available at https://github.com/
PDBeurope/ccdutils. With its comprehensive features,
PDBe CCDUtils enables researchers to efficiently
parse and enrich ligand data, significantly enhancing
access to various ligand data in PDB. Tutorial 1.1
showcases how to read and generate enriched data for
PDB’s small-molecule reference dictionary. It also

demonstrates how to identify and access multi-
component ligand systems in a given PDB entry.

2.2 | PDBe Arpeggio: Identifying ligand
interactions in PDB

Accurate identification of macromolecule—ligand inter-
actions depends on several key factors, including
appropriate protonation, complete macromolecular
structure in the form of its observed biological assem-
bly, and complete small-molecule definitions. Determin-
ing the ligand protonation state is crucial for precisely
defining and classifying its interactions, as protonation
affects the ligand’'s charge and hydrogen bonding
potential. Since most PDB structures lack the resolution
necessary to model hydrogen atoms directly, a proton-
ation step must be carried out before analyzing ligand
interactions. Utilizing the biological assembly provides
a functional state of a macromolecule, capturing the full
context of interactions. Additionally, considering the
entire small molecule, especially in the case of multi-
component ligands from the PDB, ensures that all rele-
vant structural details are included, offering a holistic
system for interaction analysis.

The PDBe interactions pipeline addresses all these
factors by preparing the ligand—macromolecule system
before analysis. First, the preferred biological assembly
is generated using Mol* Model Server (https://molstar.
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org/docs/data-access-tools/model-server/). This asse-
mbly structure is then protonated using ChimeraX
(Meng et al. 2023), representing the entire molecular
complex rather than just the asymmetric unit for
crystallographic structures. After this, complete bound
molecules are inferred based on the connectivity of the
non-protein chemical components (CCDs) within the
assembly, and each molecule is assigned a unique
identifier (bmID). For each of these bound molecules,
interactions are calculated utilizing PDBe Arpeggio.
PDBe Arpeggio is a software tool based on the Arpeg-
gio Python library (Jubb et al. 2017), designed to calcu-
late interatomic contacts in macromolecules, including
those between ligands and various biomolecules.
PDBe Arpeggio extends the original library with fea-
tures specifically tailored for analyzing structures in the
PDB. Interatomic contacts are based on rules defined
for CREDO, a protein—ligand interaction database
(Schreyer and Blundell 2009), which formed the basis
of the Arpeggio Python package. PDBe Arpeggio sup-
ports input files in PDBx/mmCIF format, the standard
PDB archive format, and categorizes interactions into
four types: atom—atom, atom—plane, plane—plane, and
plane—group contacts. Detailed molecular interaction
information is also available through the PDBe API
(https://www.ebi.ac.uk/pdbe/graph-api/pdbe_doc/#api-
PDB-GetBoundMoleculelnteractions) for individual
atoms in ligands and polymer residues in a PDB entry.
Additionally, protonated biological assemblies are
accessible via PDBe Static file (https://www.ebi.ac.uk/
pdbe/static/entry/download/1cbs_bio_h.cif.gz) and are
used for accurate interaction computation. PDBe
Arpeggio is an open-source python package available
at https://github.com/PDBeurope/arpeggio. The tutorial
1.2 presents how the PDBe interactions pipeline pre-
pares the structure and uses PDBe Arpeggio to calcu-
late macromolecule—ligand interactions.

2.3 | PDBe RellLig: Identifying the
functional role of ligands in PDB

Identifying ligand roles in protein structures is key to
understanding macromolecular functions, enzyme
mechanisms, and drug interactions (Burley et al. 2019;
Credille et al. 2019; Moreira et al. 2019; Richard 2022;
Vetting et al. 2015; Westbrook and Burley 2019). While
cofactors and substrates reveal protein activity, others,
like buffer components or cryoprotectants, may be
introduced during experimental procedures (Caffrey
and Cherezov 2009; Garman 2003; Jang et al. 2022;
McPherson and Cudney 2014; Peat et al. 2005;
Pflugrath 2015). Distinguishing functional ligands from
non-functional ones is crucial for accurate biological
interpretation. The PDBe RellLig (Relevant Ligands)
pipeline addresses this by identifying biologically rele-
vant ligands and categorizing them based on their

PROTEIN 5of14
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functional roles in the entries where they are bound—
such as cofactor-like, reactant-like (similar to substrate

or product), or drug-like—placing them within their bio-
logical context (Figure 3).

231 |
in PDB

|dentifying cofactors-like ligands

The PDBe RelLig pipeline identifies cofactor-like ligands
in the PDB using a semi-automated annotation process
based on the 2D structural similarity of ligands to cofactor
classes in the CoFactor database (Fischer et al. 2010).
The CoFactor database contains 27 classes of manually
curated organic enzyme cofactors and details of associ-
ated enzymes, including EC numbers. For each cofactor
class, we identified a small molecule from the PDB
closely matching the structure of the template molecule
based on PARITY similarity and assigned it as a repre-
sentative molecule (Mukhopadhyay et al. 2019). Addition-
ally, we defined a minimum threshold for each cofactor
and extended the list of enzyme EC numbers associated
with the cofactor classes using the information from the
BRENDA database—a comprehensive resource for func-
tional, biochemical, and molecular biological information
on enzymes, metabolites, and metabolic pathways
(Chang et al. 2021). Using this information, for each
newly released small molecule in the PDB, similarity is
calculated against the template molecules of each cofac-
tor class. If the similarity meets the minimum threshold of
any cofactor class, the ligands are further evaluated
against the representative molecule for the matched
cofactor class. When the similarity score remains above
the threshold and the ligand is present in a PDB entry
with an approved EC number corresponding to the cofac-
tor class, the ligand is classified as cofactor-like
(Mukhopadhyay et al. 2019). Ligands that do not meet
these criteria are flagged for manual annotation, ensuring
accurate identification of biologically relevant ligands.

232 |
in PDB

|dentifying reactant-like ligands

The PDBe RelLig pipeline identifies reactant-like ligands
in the PDB by mapping to the Rhea database (Bansal
et al. 2022), an expert-curated resource that uses the
ChEBI ontology (Hastings et al. 2016) to describe reac-
tion participants and their structures. For each reaction
in Rhea, all associated PDB structures are mapped to
the UniProt accession of the catalyzing protein. Using
the PARITY method, the bound ligands in these PDB
structures are compared to ChEBI compounds involved
in the reaction. Ligands that achieve a minimum similar-
ity score of 0.7 are annotated as reactant-like, ensuring
accurate identification of biologically relevant reactants
(substrate or product of the reaction).


https://molstar.org/docs/data-access-tools/model-server/
https://www.ebi.ac.uk/pdbe/graph-api/pdbe_doc/#api-PDB-GetBoundMoleculeInteractions
https://www.ebi.ac.uk/pdbe/graph-api/pdbe_doc/#api-PDB-GetBoundMoleculeInteractions
https://www.ebi.ac.uk/pdbe/static/entry/download/1cbs_bio_h.cif.gz
https://www.ebi.ac.uk/pdbe/static/entry/download/1cbs_bio_h.cif.gz
https://github.com/PDBeurope/arpeggio

CHOUDHARY ET AL.

s | WILE Y ey

Ligand-Marcomoleular

T s
Ot p

CoFactor
Database

Complex in PDB

Database

@RUGBANK

DrugBank
Database

Retrieve UniProt
«—— ID for a given PDB
entry from SIFTS

Retrieve reaction
data for that
UniProt ID

Calculate similarity to
each Cofactor
template

Retrieve Drug
target information

A,

Similarity Retrlev.e. reaction Match
> participants Target
Threshold mapped to ChEBI UniProt ID.
Yes
A
Compare to PDB Compare to each 3}, )
representative of mapped CHEBl «— § %
matched Cofactor class compound
Y
& Similarity Target
Manial > harmocologically;
anua Threshold active
review
Yes Yes

Common
EC Number
with Cofactor
Class

v v

Al Nt

cofactor-like reactant-like drug-like

FIGURE 3 Schematic overview of the PDBe RellLig pipeline. This schematic outlines the identification of relevant ligands in the PDB and
their categorization based on functional roles within protein structures. Ligands are classified as cofactor-like, reactant-like, or drug-like.

as drug-like, enabling the accurate annotation of ligands
with potential therapeutic relevance. This approach
ensures precise identification of biologically and pharma-
cologically significant drug-like ligands in the PDB.

The PDBe RelLig pipeline is open-source and avail-
able at https://github.com/PDBeurope/rellig. Tutorial 1.3

2.3.3 | Identifying drug-like ligands in PDB

The PDBe RellLig pipeline identifies drug-like ligands in the
PDB by mapping them to the DrugBank database (Knox
et al. 2024). Ligands bound to PDB structures of pharma-
cologically active targets listed in DrugBank are classified


https://github.com/PDBeurope/rellig
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demonstrates how the PDBe RelLig pipeline utilizes
the PARITY method to identify and classify ligands in
PDB structures as reactant-like, cofactor-like, or
drug-like.

3 | PDBe WEB PAGES FOR LIGAND
VISUALIZATION AND ANALYSIS

For any given structure in the PDB, the “Ligands and
Environments” section provides a detailed overview of
bound ligands, cofactors, and modified residues, as
seen in PDB ID 7bvp (Kim et al. 2020), which includes
one cofactor (12 instances), one bound ligand
(6 instances), and no modified residue. By clicking on
the ligand image or ligand identifier (e.g., CCD ID: NAD),
an interactive visualization is launched, showcasing

7bvp » NAD

NICOTINAMIDE-ADENINE-DINUCLEOTIDE

Formula: Cy; Hy; N; O14 P>
Molecular weight: 663 Da

Putative function: Cofactor
Cofactor class: Nicotinamide-adenine dinucleotide
Similarity to cofactor representative (NAD): 1.0

Environment details

NAD 901 bound to chain A v
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PDBe Arpeggio calculated residue-level interactions in
2D using the LigEnv web component and atomic-level
interactions in 3D between ligands and their binding
sites using Mol* (Figure 4). This dual-view visualization
is intercommunicative—if a user clicks on a residue in
the 2D schematic, it is highlighted in the 3D viewer and
vice-versa. This integration facilitates easy analysis of
ligand—protein interactions by visualizing spatial and
molecular relationships intuitively. The LigEnv web com-
ponent ensures that ligands are presented in a consis-
tent orientation and layout across different PDB entries,
facilitating comparison of the same ligands across vari-
ous binding sites. Residues forming the ligand binding
site are color-coded according to their properties,
improving clarity and enhancing the user’s ability to inter-
pret the interactions. Users can export the underlying
interaction data in JSON format for computational

j“ 0. '
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,‘
| G [auth A} + A | VAL 113 [auth 111)

L _CR VAN S W N

del 1 ‘ nstance 1 555

FIGURE 4 Cofactor binding site of aldehyde-alcohol dehydrogenase (PDB ID: 7BVP). The bound ligand NAD is annotated as a cofactor
and required for the reduction of the carbonyl group. Hovering over the ligand’s interaction with residue VAL 111 in the LigEnv web component
automatically highlights it in the Mol* viewer, enabling easy identification of key binding residues and interactions within the 3D structure. This
view is interactive, with movable nodes and edges, allowing users to explore and customize the display as needed. Users can view the color

scheme by accessing the help from the menu button in the LigEnv viewer.
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analysis or export visual representations in SVG format
for documentation. The LigEnv component is an open-
source web component available at https://github.com/
PDBeuropel/ligand-env/.

Additionally, the wwPDB validation reports (Feng
et al. 2021; Gore et al. 2017), accessible through PDBe
entry pages, provide essential information on the qual-
ity of ligands (Figure 5). Using the program Mogul
(Bruno et al. 2004), these reports evaluate ligand
geometry against the small-molecule structures in the
Cambridge Structural Database (CSD) (Ferrence
et al. 2023; Groom et al. 2016). Z-scores are calculated
to quantify deviations in bond lengths, angles, torsion
angles, and ring geometry, with values above 2.0
flagged as outliers. The root-mean-square value of the
Z-scores (RMSZ score), which summarizes the overall
ligand geometry, should ideally range between 0 and
1. For torsion angles, deviations are flagged if their
local density measure is below 5%, while rings are
flagged if their torsion angle RMSD exceeds 60°. Chi-
rality and stereochemistry are also assessed for errors.
Beyond geometric validation, ligand fit to the electron
density is assessed using metrics like the RSR (real-
space R-value) and RSCC (real-space correlation coef-
ficient). Ligands with RSCC values below 0.8 or RSR
values above 0.4 are highlighted for further scrutiny
(Smart et al. 2018).
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These validation tools help identify potential issues
with ligand modeling, allowing users to compare ligand
quality across models and select those with better fit
and geometry for more accurate structural representa-
tion. Tutorial 2.1 demonstrates how to examine PDB—
ligand interactions on PDBe entry pages and assess
the quality of ligands using wwPDB validation reports.

4 | PDBe-KB: ENABLING LIGAND DATA
ANALYSIS IN ITS BIOLOGICAL CONTEXT

The PDBe-Knowledge Base (PDBe-KB), established in
2018 and maintained by the PDBe team at EMBL-EBI,
is an open and collaborative data resource dedicated to
placing macromolecular structure data within its biologi-
cal context (PDBe-KB consortium 2022). PDBe-KB
consortium partner resources contribute biochemical,
biophysical, and functional annotations based on the
analysis of the PDB structures. As of 2024, PDBe-KB
has integrated contributions from 34 consortium part-
ners, including numerous cheminformatics experts who
contribute data on small molecules and their macromo-
lecular binding sites, with collaborators such as can-
SAR (di Micco et al. 2023), 3DLigandSite (McGreig
et al. 2022), P2Rank (Krivak and Hoksza 2018), and
many others, as detailed at pdbe-kb.org/partners.

Electron density
around Chain B:

2mFo-DFc (at 0.7 rmsd)
in gray mFo-DFc (at 3

rmsd) in purple (negative) fi»
and green (positive) “

Bond angles
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Rings °
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FIGURE 5 Ligand validation assessment of scFv 2D10 structures. Comparison of the original structure bound to a-1,6-mannobiose (PDB
ID: 5I4F) and the re-refined structure bound to trehalose (PDB ID: 5VF2) at the same binding site. (a) 2D image of ligand geometric quality.
Commonly observed values are shown in green, unusual values in magenta, and features with insufficient data in gray. (b) The 3D view for the
ligand atomic model fit the experimental electron density map (shown in gray) with positive and negative difference density maps shown in green
and magenta, respectively. The re-refined structure exhibits no geometric outliers and a significantly better fit, indicating improved model quality
and confirming the misidentification of the principal ligand in the original structure model.
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TABLE 2 Small-molecule-related resources and annotations in PDBe-KB.

Number of annotated

Resource name Annotation type

PDB entries (proteins)

Example PDB entry (PDBe-KB aggregated view)

MetalPDB Metal binding sites 14,208 (3748) PDB Id 5czs (https://www.ebi.ac.uk/pdbe/pdbe-kb/
proteins/Q9K169/annotations)

M-CSA (mechanism and Catalytic residues 1004 (918) PDB id 1bg0 (https://www.ebi.ac.uk/pdbe/pdbe-kb/
catalytic site atlas) proteins/P51541/annotations)

canSAR Predicted druggable 22,917 (22,278) PDB id 3nbu (https://www.ebi.ac.uk/pdbe/pdbe-kb/
pockets proteins/POAGT 1/annotations)

ChannelsDB Molecular channels 41,314 (7348) PDB id 246L (https://www.ebi.ac.uk/pdbe/pdbe-kb/
proteins/P00720/annotations)

P2rank Predicted ligand binding 192,703 (57,364) PDB id 246L (https://www.ebi.ac.uk/pdbe/pdbe-kb/
sites proteins/P00720/annotations)

3DLigandSite Predicted ligand binding 916 (478) PDB id 246L (https://www.ebi.ac.uk/pdbe/pdbe-kb/
sites proteins/P00720/annotations)

CATH-FunSites Predicted functional 20,673 (4785) PDB id 246L (https://www.ebi.ac.uk/pdbe/pdbe-kb/
sites proteins/P00720/annotations)

Covalentizer Covalent analogs of 1693 (510) PDB id 5bnr (https://www.ebi.ac.uk/pdbe/pdbe-kb/

bound ligands

These annotations, encompassing curated and pre-
dicted data, are crucial for understanding the roles and
mechanisms of small molecules interacting with pro-
teins and nucleic acids. Examples of these annotations
include catalytic sites, biologically relevant metal ions,
druggable pockets, and predicted ligand binding sites.
Table 2 provides more details on various ligand
resources available in PDBe-KB.

PDBe-KB aims to consolidate the wealth of informa-
tion and enable efficient use of structural data by aggre-
gating all the data in a knowledge graph for a given
biological entity (i.e., complexes, proteins, domains,
ligands). The aggregated protein view, the first PDBe-
KB webpage, was launched in March 2019 and is being
actively developed with new annotations and features.

41 | Ligand annotations on PDBe-KB
protein pages

The PDBe-KB aggregated views of proteins integrate
data for a given protein (based on common UniProt
accession) from multiple PDB entries to present a com-
prehensive web-based visualization of all the relevant
structural data. These web pages feature a sub-page
showcasing an integrated view, “Ligands and
Environments,” of all small molecules from all relevant
entries from the PDB archive that interact with the given
protein, along with annotations regarding their functional
roles, such as drugs, cofactors, or reactants identified
using the PDBe RellLig pipeline (Figure 6a). The ligands
are organized based on their chemical scaffolds,
enhancing visual comparison and accessibility. Each
entry in the gallery displays the chemical structure, its
CCD ID, recommended name, and additional informa-
tion. Users can explore detailed 3D representations of

proteins/POA6R0/annotations)

ligand interactions through the Mol* 3D viewer by click-
ing on the ligand image and by downloading relevant
PDB entries in CSV or JSON formats using the down-
load button.

The “Ligands-binding Residues” section provides a
comprehensive view of ligand binding residues from all
relevant PDB entries containing the given protein, using
a 2D sequence viewer, PDBe ProtVista (Figure 6b).
This viewer uses darker shades of blue to indicate fre-
quently interacting residues, enabling researchers to
gain insights into key binding residues and sites. A col-
lapsed view provides a summary that can help in identi-
fying binding sites that bind a diverse set of small
molecules.

Furthermore, users can access a superposed view
of small molecules from various PDB entries for specific
protein residue ranges (“segment”), highlighting all
binding pockets. By clicking the “3D view of super-
posed ligands” button, users can visualize representa-
tive conformations for a given protein (Ellaway
et al. 2024; PDBe-KB consortium 2022) alongside all
ligands associated with that segment (Figure 6c¢), which
is particularly beneficial for analyzing proteins identified
in fragment screening experiments. Collectively, these
features enhance the understanding of ligand—protein
interactions and support more accurate structural rep-
resentation and analysis. Tutorial 2.2 illustrates how to
identify key binding residues on PDBe-KB aggregated
views of proteins and locate important ligand binding
sites using a 3D view of superimposed ligands.

4.2 | PDBe-KB ligand pages

In the next phase of PDBe-KB development, an aggre-
gated view for individual ligands has been created to
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FIGURE 6 Ligand data for Phenylalanine-4-hydroxylase (P00439) on PDBe-KB Protein Page. (a) Ligand gallery displaying all ligands
bound to Phenylalanine-4-hydroxylase, with cofactors highlighted in green. (b) PDBe ProtVista viewer displaying ligand-binding residues,
facilitating easy identification of common binding residues and those specific to cofactors H2B, HBI, and H4B, which share a common molecular
scaffold. (c) 3D superposition of ligands, highlighting the most prevalent binding pockets.

consolidate data on small molecules from the Protein
Data Bank (PDB) and provide enhanced biological con-
text. By leveraging the integrated PDBe-KB knowledge
graph, this view simplifies the traditionally
labor-intensive process of linking and analyzing macro-
molecular interactions with small molecules. These
ligand-centric pages, keyed on PDB ligand identifiers
such as CCD, PRD, and CLC IDs, present a compre-
hensive overview of each ligand’s chemical, structural,
interaction, and functional information in a user-friendly
and intuitive manner.

The essential ligand features, including molecular
name, synonyms, molecular formula, and chemical
descriptors such as IUPAC InChl, InChlKey, and
SMILES, are displayed in the “Description” tab. Struc-
tural representations are provided in 2D and 3D for-
mats, with distinct views highlighting the overall ligand
structure, individual atoms, the Murcko scaffold, and
specific ligand fragments. Physicochemical properties,
categorized into molecular, ring, conformational, sur-
face, functional group, and stereochemical properties,
are also shown. Additionally, if the CCD is part of a
larger BIRD (PRD) or CLC entry, this information is also
shown here. All data in this tab is generated using
PDBe CCDUtils.

The “Structures” tab provides access to all PDB
entries, where ligand—protein interactions for a given

ligand are observed in a table format. The table
includes key details such as the protein name, UniProt
accession (with link to PDBe-KB aggregated view for
that protein), total number of PDB structures, source
organism, EC number, and the functional role of the
ligand (e.g., drug-like, cofactor-like, or reactant-like) as
determined by the PDBe RellLig pipeline. Since the
same protein may have multiple PDB structures
resolved under different experimental conditions or with
mutations, the data is grouped by default in the “Pro-
teins” view, showing the total number of PDB struc-
tures. Users can switch to the “Structures” view to see
all the individual PDB entries and easily find relevant
protein—ligand complexes.

The “Interaction statistics” tab aggregates atom-
level interaction data for all instances of the ligand
bound to proteins in the PDB. A heatmap displays the
percentage of relative interaction frequency for each
ligand atom with respect to the total number of interac-
tions by the ligand, with darker colors indicating more
frequent interactions (Figure 7). This data is also
mapped onto a 2D ligand image, providing an overview
of interaction hotspots. The heatmap and ligand image
are interactive, allowing users to highlight correspond-
ing atoms across both views simultaneously. Addition-
ally, the heatmap shows the percentage of relative
interaction frequency of each ligand atom—amino acid
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Interaction statistics

Interaction statistics shows the summary of aggregated protein-ligand interaction data of STI from 32 ligand instances in 16 PDB structures and 28 PDB
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FIGURE 7 Aggregated interaction patterns for Imatinib (CCD ID: STI) on PDBe-KB ligand pages. Imatinib primarily interacts with
hydrophobic residues, along with a few aromatic residues as illustrated on the heatmap. Key interaction hotspots for Imatinib are highlighted on
its 2D image, showing that interactions primarily occur through its phenyl, pyridine, and pyrimidine rings. Source: https://pdbe.org/chem/sti

pairs with respect to the total number of interactions of
the amino acid, indicating the likelihood of a given
ligand atom to interact with a specific amino acid. The
relative interaction frequencies can be sorted by either
amino acid types or their values, offering insights into
whether a ligand preferentially interacts with certain
types of residues and allowing for quick identification of
the most frequently interacting amino acids. Interaction
data can also be filtered by interaction types, such as
hydrogen bonds, Van der Waals, polar, or hydrophobic
interactions.

The “Related ligands” tab provides access to struc-
turally similar ligands, identified using the PDBe RelLig
pipeline. The similar ligands are organized into three
subsections based on the type of similarity: ligands with
the same scaffold, those with 260% similarity (similarity
score 0.6 by PARITY method), and any stereoisomers.
Each subsection features an image gallery displaying

the ligand structures, with a 3D view of the ligand upon
clicking an image. Additionally, details such as the ligand
name, CCD ID, percentage similarity, and the number of
PDB structures in which the similar ligands are found are
provided, along with a link to the PDBe search page.
This search page lists all relevant PDB structures and
includes various filtering options on the left menu, such
as experimental method, source organism, sequence,
structural classification, and so on.

Finally, the “Ligand-specific databases” offer cross-
references to other small-molecule data resources gen-
erated using UniChem integration in PDBe CCDUltils. A
data download functionality is integrated within each
section for easy access to data for further analysis. By
integrating chemical, structural, interaction, and func-
tional data, the PDBe-KB Ligand Pages provide an
aggregated view of small molecules, enhancing the
accessibility and biological relevance of ligand data
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within the PDB. Tutorial 2.3 showcases how to answer
scientific questions using PDBe-KB ligand pages.
Users can access PDBe-KB ligand pages in the follow-
ing ways: 1) by searching for a ligand using the PDBe-
Chem landing pages (https://pdbe.org/chem), 2) by
exploring ligand details from the ligand gallery shown
on PDBe-KB protein page for a given protein and click-
ing “More about this ligand” (e.g: https://www.ebi.ac.
uk/pdbe/pdbe-kb/proteins/P00720/ligands), and 3) by
directly accessing the PDBe-KB ligand page if they
know the PDB ligand ID, using the URL format: https://
pdbe.org/chem/{ligand_id} (replacing {ligand_id} with
the actual ligand ID which can be CCD, PRD or
CLC ID).

43 |
access

PDBe-KB programmatic data

All the data displayed on PDBe and PDBe-KB web
pages are served by REST API endpoints, enabling
users to access this information programmatically (Nair
et al. 2021). These API endpoints are organized into
categories such as compounds, proteins (UniProt), res-
idues, PDB entries, and validation for efficient naviga-
tion. The compound-related endpoints provide
information on all PDB entries containing specific
ligands, details about their atoms and bonds, similar
ligands, ligand substructures, and functional annota-
tions. Additionally, they offer summary data, including
descriptors such as InChl, InChlKey, SMILES, and
physicochemical properties. A complete list of API
endpoints is available at https://www.ebi.ac.uk/pdbe/
graph-api/pdbe_doc. These API endpoints query the
PDBe graph database to retrieve the necessary infor-
mation. The PDBe graph database is freely available
for download at https://www.ebi.ac.uk/pdbe/pdbe-kb/
graph, enabling users to conduct advanced queries
and custom analyses. Tutorial 3 illustrates how to pro-
grammatically access ligand data in PDBe and PDBe-
KB through various API endpoints.

44 | Summary files for comprehensive
analysis

PDBe offers summary files to facilitate extensive ana-
lyses of ligand interactions in the PDB archive. Two
essential files are Interacting_chains_with_ligand_func-
tions.tsv and pdb_bound_molecules.tsv, are available
at https://ftp.ebi.ac.uk/pub/databases/msd/pdbechem_
v2/additional_data/pdb_ligand_interactions/. The first
file summarizes ligand interactions, detailing interacting
macromolecule chains, their UniProt accessions, func-
tional annotations, and identifiers such as InChiKey,
bmID, and LigandType. The second file contains infor-
mation on CLC molecules and their composition.

The ChEMBL and PDBe teams have mapped over
17,000 PDB-ligand complexes to approximately
39,000 bioactivity records, encompassing various
experimental data such as binding affinities and func-
tional assays. These results are available at https://ftp.
ebi.ac.uk/pub/databases/msd/pdbechem_v2/additional
_data/bioactivity_reports/, including a comprehensive
report and a simplified version with aggregated values
for each target-ligand complex and direct links for fur-
ther exploration of ChEMBL data.

5 | DISCUSSION
Identifying and accurately representing ligands is cru-
cial for understanding protein—ligand interactions,
which have wide-ranging applications in understanding
protein function, target validation, drug development,
and repurposing. With the introduction of CLCs, PDBe
enables chemically complete and precise representa-
tions of multicomponent ligands. The accurate identifi-
cation and data standardization of small molecules via
PDBe CCDUtils have enabled the mapping of many
previously overlooked small molecules from the PDB to
other databases. This process has significantly
enhanced the completeness and accuracy of ligand
definitions and facilitated the integration of ligand data
across these resources and, as a result, facilitates, for
example, the identification of relevant ligand—target
complexes. The PDBe RelLig pipeline provides annota-
tions that clarify the functional roles of ligands in their
targets, helping researchers distinguish biologically sig-
nificant molecules from experimental artifacts and
streamlining the analysis process.

Moreover, the integrated information on PDBe
ligand pages enables users to view small-molecule
data within a comprehensive structural context. This
holistic view encompasses ligand descriptions, physi-
cochemical properties, ligand—protein complexes, and
the functional roles of ligands within those complexes.
Additionally, it provides overall binding interaction sta-
tistics, related ligands, and cross-links to other small-
molecule databases. This wealth of information aids
researchers in identifying critical patterns in ligand inter-
actions, understanding these molecules’ biological sig-
nificance, and exploring potential applications in
various fields, such as drug discovery, enzyme design,
and biomolecular research.

6 | CONCLUSIONS

The PDB contains a wealth of information on small mol-
ecules and their interactions with macromolecules, but
specialized tools are essential to fully leverage this
data. PDBe has developed several open-access
tools—PDBe CCDUtils, PDBe Arpeggio, and PDBe
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RelLig—that enrich ligand data, enable detailed interac-
tion analysis, and classify ligands based on their biolog-
ical roles. The PDBe-KB ligand pages also provide an
integrated platform for accessing and visualizing this
enriched data. Together, these resources empower
researchers to efficiently explore the properties of small
molecules, analyze their interactions with proteins, and
distinguish between biologically relevant ligands
and experimental artifacts. By integrating these tools
and resources into the PDBe ecosystem, we provide a
comprehensive platform for analyzing and visualizing
small molecules within the PDB, greatly enhancing
understanding of their biological context and functional
significance to facilitate basic and translational
research.
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