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Abstract

The detection of ligand binding sites for proteins is a fundamental step in Structure-
Based Drug Design. Despite notable advances in recent years, existing methods,
datasets, and evaluation metrics are confronted with several key challenges: (1)
current datasets and methods are centered on individual protein–ligand complexes
and neglect that diverse binding sites may exist across multiple complexes of
the same protein, introducing significant statistical bias; (2) ligand binding site
detection is typically modeled as a discontinuous workflow, employing binary seg-
mentation and subsequent clustering algorithms; (3) traditional evaluation metrics
do not adequately reflect the actual performance of different binding site prediction
methods. To address these issues, we first introduce UniSite-DS, the first UniProt
(Unique Protein)-centric ligand binding site dataset, which contains 4.81 times
more multi-site data and 2.08 times more overall data compared to the previously
most widely used datasets. We then propose UniSite, the first end-to-end ligand
binding site detection framework supervised by set prediction loss with bijective
matching. In addition, we introduce Average Precision based on Intersection over
Union (IoU) as a more accurate evaluation metric for ligand binding site predic-
tion. Extensive experiments on UniSite-DS and several representative benchmark
datasets demonstrate that IoU-based Average Precision provides a more accurate
reflection of prediction quality, and that UniSite outperforms current state-of-the-
art methods in ligand binding site detection. The dataset and codes will be made
publicly available at https://github.com/quanlin-wu/unisite.

1 Introduction

The detection of ligand binding sites on target proteins is one of the most critical steps in modern
drug discovery strategies [1, 2, 3]. Structure-based drug design approaches begin with the three-
dimensional structure of the target protein, from which deep, druggable cavities are identified. These
regions, referred to as binding sites or binding pockets, are composed of sets of protein residues. Once
the protein’s sites are recognized, virtual screening of a molecular library can be performed using
methods such as protein–ligand docking and protein–ligand affinity prediction [4, 5]. Alternatively,
de novo molecular design [6, 7] can be conducted based on the local structure of the binding sites to
identify potential candidate compounds. As a fundamental step, the accurate identification of protein
binding sites can significantly facilitate and influence subsequent steps in drug discovery.
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Over the past several decades, some endeavours have been made to detect protein ligand binding
sites. These methods have evolved from traditional techniques based on geometry [8], template
searching [9], and energy probes [10], to machine learning methods based on surface features [11],
and further to deep learning methods utilizing convolutional neural networks (CNNs) [12] and graph
neural networks (GNNs) [13, 14, 15]. Concurrently, a series of protein–ligand datasets have also
been established progressively, including scPDB [16] and PDBbind [17] datasets for protein–ligand
complex structures, as well as benchmark datasets such as HOLO4K [18] and COACH420 [19] for
evaluating binding site detection methods.

Although the above efforts have significantly advanced the field of ligand binding site detection,
current methods, datasets, and evaluation metrics are confronted with substantial challenges:

Issue 1. All previous methods and datasets are PDB (Protein Data Bank file)-centric, specifically
focusing on individual protein–ligand structures, which introduces considerable statistical bias.
Due to experimental constraints, only a limited number of binding sites in the protein are typically
observed in one single protein–ligand structure where ligands are bound. However, one protein can be
associated with numerous distinct protein–ligand structures, which exhibit high structural similarity
in their protein components yet considerable variation in their binding site regions [20, 21, 22]
(Figure 1). But existing datasets and methods only regard these structures as individual data entries,
focusing on limited binding sites in single PDB structure. Training and evaluating on PDB-centric
datasets introduces significant statistical bias, as the annotation paradigm of individual PDB structures
overlooks many other ground truth binding sites.

Issue 2. Existing methods employ discontinuous workflows for binding site detection. Most
approaches [8, 11, 13, 14] first perform semantic segmentation to generate binary masks of potential
binding residues/atoms, then cluster them into discrete binding sites. Alternative implementations
only predict binding site centers [15], and the associated residues need to be extracted using external
methods. These fragmented pipelines highly rely on the post-processing methods (e.g. clustering
algorithms), inherently limit end-to-end optimization and struggle with overlapping binding sites.

Issue 3. Traditional evaluation metrics inadequately reflect the actual performance of binding
site detection. The most widely used evaluation metrics are DCC and DCA [11]. DCC represents
the distance between the predicted binding site center and the ground truth binding site center. DCA
denotes the shortest distance between the predicted binding site center and any heavy atom of the
ligand. These metrics suffer from two fundamental limitations (Figure 4): (1) they completely
disregard the structural properties such as shape, size, and residue composition of binding sites,
which are crucial for downstream tasks (Appendix A), and (2) the absence of proper matching criteria
between predictions and ground truth may lead to double-counting of predictions.

To address the issues mentioned above, this paper makes the following contributions:

1) We introduce UniSite-DS, a manually curated, UniProt (Unique Protein)-centric dataset
of protein ligand binding sites. Leveraging the unique identifiers assigned to protein sequences in
UniProt [23], we systematically integrated all ligand binding sites associated with given unique protein
across multiple PDB structures. To the best of our knowledge, it is the first UniProt-centric dataset.
Notably, UniSite-DS includes 4.81 times more multi-site proteins than existing datasets [16, 17], and
the overall size of the dataset is 2.08 times larger. The Uniprot-centric dataset corrects the statistical
bias of previous PDB-centric datasets, thereby resolving Issue 1 and significantly broadening the
available data.

2) We propose UniSite-1D and UniSite-3D, two end-to-end methods for protein ligand binding
site detection. Both models utilize a transformer encoder-decoder architecture, supervised by a set
prediction loss with bijective matching. UniSite 1D/3D directly predict N potentially overlapping
binding sites without requiring post-processing clustering steps, thus completely resolves Issue 2.
The UniSite-1D variant operates exclusively on 1D protein sequence inputs, providing structure-free
binding site detection capability. For enhanced performance, the UniSite-3D variant incorporates 3D
structural information while maintaining the same end-to-end prediction framework.

3) To overcome the limitations inherent in traditional evaluation methods outlined in Issue 3, we
introduce an Average Precision (AP) metric based on Intersection over Union (IoU) for fair and
comprehensive binding site assessment. Extensive experiments have demonstrated that the IoU-based
AP maintains strong concordance with method rankings under traditional metrics while overcoming
their key limitations, providing a more accurate reflection of prediction quality.
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4) Extensive experiments on UniSite-DS and classical datasets have demonstrated that our methods
outperform the current state-of-the-art methods in protein ligand binding site detection. These results
indicate that the end-to-end detection framework, which operates without the need for specialized
feature engineering, is already capable of exhibiting strong performance for binding site detection.

Figure 1:Comparison between UniSite-DS and previous datasets. (Top left)In PDBbind2020,
only one ligand binding site and one structure are recorded for UniProt ID Q8WS26.(Top right) In
contrast, UniSite-DS integrates distinct binding sites across all available structures (highly similar,
mean TM-Score=0.99), identifying 17 unique ligand binding sites derived from 13 representative
PDB entries.(Bottom left and center)Comparison of UniSite-DS with other widely used datasets
in terms of multi-site entries and the number of unique proteins. For HOLO4K and COACH420, the
most widely usedmlig subsets were selected, where each entry corresponds to a PDB structure, while
in UniSite-DS, each entry corresponds to a UniProt ID.(Bottom right) Distribution of the number of
unique proteins in UniSite-DS with respect to the number of distinct binding sites they contain.

2 UniSite-DS: The First Uniprot-centric Dataset

A key challenge in detecting protein binding sites is how to identify all potential binding sites [20, 21].
Most proteins contain an inherently conserved binding site, commonly referred to as the active site.
The active site is shared among members of the same protein family, which means that molecules
targeting this site will simultaneously target all other proteins within the family, which is highly likely
to lead to off-target effects and side effects [24]. Identifying other binding sites within the protein
that can be targeted is a crucial strategy. These sites are often located in regions topologically distant
from the active site and can modulate the protein's function through allosteric effects [25, 26, 27].

As illustrated in Figure 1, one single protein can correspond to a large number of different ligand-
bound structures. While the overall protein structure tends to be highly conserved, the ligand binding
site regions vary considerably across these structures. The motivation behind constructing UniSite-DS
lies in the recognition that identifying all potential binding sites of a protein requires a comprehensive
examination of all its ligand-bound structures—an important consideration that has been overlooked
by previous methods and datasets.

To construct UniSite-DS, we performed the following search and processing steps: (1) We utilized
AHoJ [28] to systematically search for all protein–ligand interactions in the PDB database [29];
(2) To ensure dataset quality, we excluded entries with a resolution greater than 2.5Å or those
determined by non-crystallographic methods; (3) Following P2Rank's �ltering criteria [11], we
removed solvent molecules and ligands composed of fewer than �ve atoms, resulting in a total
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