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ABSTRACT

Atomic-level knowledge of protein-ligand interac-
tions allows a detailed understanding of protein
functions and provides critical clues to discovering
molecules regulating the functions. While recent in-
novative deep learning methods for protein struc-
ture prediction dramatically increased the structural
coverage of the human proteome, molecular inter-
actions remain largely unknown. A new database,
HProteome-BSite, provides predictions of binding
sites and ligands in the enlarged 3D human pro-
teome. The model structures for human proteins
from the AlphaFold Protein Structure Database were
processed to structural domains of high confidence
to maximize the coverage and reliability of inter-
action prediction. For ligand binding site predic-
tion, an updated version of a template-based method
GalaxySite was used. A high-level performance of
the updated GalaxySite was confirmed. HProteome-
BSite covers 80.74% of the UniProt entries in the Al-
phaFold human 3D proteome. Predicted binding sites
and binding poses of potential ligands are provided
for effective applications to further functional studies
and drug discovery. The HProteome-BSite database
is available at https://galaxy.seoklab.org/hproteome-
bsite/database and is free and open to all users.

INTRODUCTION

Recent innovative deep learning methods for protein struc-
ture prediction have dramatically increased the structural
coverage of the human proteome (1,2). The AlphaFold Pro-
tein Structure Database (AFDB, https://alphafold.ebi.ac.
uk) allows free access to the predicted structures by Al-
phaFold (AF) (1) for proteosomes of 20 organisms, includ-
ing human (3). AFDB, along with AF itself, has served as
a resource for extensive research. For example, Kincore, a
program for protein kinase structure labelling, was applied
to AF-predicted human kinase domain structures (4). AP-

PRIS, a database of principal protein isoforms annotation,
was updated by including AFDB to predict the splicing ef-
fect on protein structures (5).

Many proteins function by interacting with small bioac-
tive ligands. Knowledge of the protein-ligand interactions,
i.e. the identity of ligands interacting with the given pro-
tein, ligand binding sites, and 3D binding poses, can serve
as a basis for protein functional studies and drug discov-
ery (6). Information on the interactions of protein and lig-
and molecules has been collected from the experimentally
resolved structures in Protein Data Bank (PDB) (7) in var-
ious databases including PDBbind (8), BioLip (9), Binding
MOAD (10), and sc-PDB (11). Databases like PocketDB
(12) and ProBis-Dock (13) augmented the information on
interaction by including predicted pockets for protein struc-
tures deposited in PDB.

Despite the continuous increase in PDB, many pro-
teins still lack binding information. Recently, databases
that provide ligand binding information on the enlarged
structure database AFDB have been reported. For exam-
ple, AlphaFill (14) reports structurally transplanted small
molecules to AF structures from template protein-ligand
complex structures selected based on sequence identity. The
transplanted compounds are limited in diversity, includ-
ing 400 ligands, cofactors, and metal ions that are com-
monly found in PDB. CavitySpace (15) provides predicted
ligand binding sites of human AF model structures using a
geometry-based binding site prediction method that detects
potential cavities on protein surfaces. PrankWeb (16) and
ScanNet (17) are examples of web servers that allow the pre-
diction of protein binding sites on AF structures. PrankWeb
also allows bulk download of precomputed predictions
on AF structures. The machine-learning-based (PrankWeb)
and geometry-based (CavitySpace and ScanNet) prediction
methods do not provide potential binding partners. All of
the previous databases and web servers use the raw model
structures of AFDB. However, the structures in AFDB
show varying model accuracy within each model, contain-
ing low-quality regions which can affect the reliability of
binding site prediction.

Here, we present HProteome-BSite, a new database of
predicted binding sites, putative ligands, and 3D binding
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poses for the 3D human proteome of AFDB. Binding sites
and ligands were predicted by a template-based method
GalaxySite (18), covering 24,691 different ligands. For more
effective binding prediction, only the structural domains
predicted with higher confidence were considered. This
database provides ligand binding site prediction for 16,554
unique human protein UniProt entries, covering 80.74%
of the human proteome. The predicted binding sites and
ligands could serve as a useful resource for further func-
tional studies or drug discovery for previously unexplored
proteins (19). HProteome-BSite is freely available at https:
//galaxy.seoklab.org/hproteome-bsite/database with a user-
friendly interface and a help page that can guide non-expert
users.

METHODS FOR DATA PREPARATION

Curation of the 3D human proteome

The HProteome-BSite database provides binding informa-
tion on the AlphaFold human proteome database. Since
many AF structures contain low-quality regions, the struc-
tures were processed into high-quality domains before bind-
ing prediction, as shown in Figure 1. First, low-quality re-
gions of longer than 10 consecutive residues with residue-
wise pLDDT <70 (20,21) were deleted, producing multi-
ple fragments. Second, fragments with high inter-fragment
contacts compared to intra-fragment contacts were merged.
Finally, high-quality fragments were assigned as domains
based on size and contact density. Further details on the
domain assignment process are provided in Supplemen-
tary Method SM 1. This curation of the structure database
can increase the performance of binding prediction, as dis-
cussed below.

Prediction of ligand binding sites

Ligand binding sites, potential ligands, and binding poses
were predicted for each of the processed domain structures
from the curated 3D human proteome using an updated
version of GalaxySite (18), as outlined in Figure 2. Up-
dates made to GalaxySite are described in detail in Sup-
plementary Method SM 2. Interaction templates to the
query protein are detected by both sequence- and structure-
based searches on the interaction template database. This
database was curated in-house from the protein-ligand com-
plex structures in PDB, as described in SM 2. The sequence-
based method used the sequence alignment score HH-
score (21), and the structure-based search used the struc-
ture alignment score TM-score to select interaction tem-
plates from the database. The binding sites and ligands were
taken from the top-ranking templates. Binding poses were
predicted by the protein-ligand docking program Galaxy-
Dock2 (22) using the interaction restraints extracted from
the template complex structures (18).

The performance of the updated GalaxySite was tested
on a benchmark set called COACH420 set (23), a subset of
COACH (24,25) which consists of 420 single-chain protein
targets. GalaxySite was run on the benchmark mode, dis-
carding templates with sequence identity higher than 70%
to the target from the interaction template database. The
high sequence identity was chosen because a large fraction

of proteins in the curated AFDB have protein-ligand com-
plex templates of high similarity (median TMscore of 0.76,
median sequence identity of 0.32). The protein crystal struc-
tures were used as input for the structure-based site predic-
tion method in this binding site prediction test. The perfor-
mance of GalaxySite was enhanced by the current update
from 74% to 88% on the COACH420 set when a protein-
wise success rate is considered, as shown in Supplementary
Table ST 1. The performance increased slightly when the
sequence- and structure-based search methods were com-
bined.

The ligand binding poses obtained by docking can be dif-
ferent from those of templates, and the distribution of the
ligand RMSD between the ligand pose aligned to the tem-
plate and the predicted ligand pose is shown in Supplemen-
tary Figure SF 1A. An example where the ligand pose de-
viation after docking is large is also presented SF 1B and
C.

Database statistics

Out of 20 504 UniProt entries in the AlphaFold human
proteome DB, HProteome-BSite provides ligand binding
site predictions for 16 554 entries, which correspond to a
coverage of 80.7%. Among the entries not included in the
database, 60.5% of the entries were excluded due to low
model quality resulting in no structural domain with high
confidence. Our database provides binding site informa-
tion for 95% of the entries with at least a single assigned
structural domain. The binding site information also in-
cludes possible interacting ligands with an average (me-
dian) of 41.5 (14.0) ligands per entry. The proteins with pre-
dicted interactions in HProteome-BSite cover diverse pro-
tein families with high coverage, GPCRs (98.7%), ion chan-
nels (96.9%), kinases (99.5%), nuclear hormone receptors
(96.8%) and proteases (99.2%). About 70% of human drugs
on the market target GPCRs, ion channels, kinases and nu-
clear hormone receptors (26). The predicted interactions
could aid further functional studies and drug developments
targeting these proteins.

UTILIZING THE DATABASE

All predictions in the HProteome-BSite database can
be accessed through the website https://galaxy.seoklab.
org/hproteome-bsite/database which runs on all modern
browsers. The website provides a search engine for find-
ing proteins of interest, pages containing statistics of the
database, and a help section about using the database. It
also supports the visualization of protein structure and
binding pose of potential ligands using Mol* (27) and
a WebGL-based viewer PV (https://biasmv.github.io/pv/).
The viewer also runs on phone and tablet screens without
the need for additional plugins.

Each entry in the database corresponds to an interaction
prediction on each structural domain of the query protein.
For each entry, information on the binding sites and lig-
ands is provided, along with information on the interac-
tion templates used for the prediction. As a measure of the
reliability of the prediction, the structure similarity score
(TM-score) of the query structure to the template protein
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Figure 1. Domains of high-quality structures are assigned after removing low-quality regions. In this example, three domains are assigned after deleting
four low-quality regions.

Figure 2. Outline of GalaxySite binding prediction on the AlphaFold hu-
man structure database.

structure is also given. For the top three binding sites pre-
dicted from each of the sequence-based and the structure-
based search, the protein-ligand docking results of repre-
sentative ligands are provided. Alternative ligands that were
predicted to bind to the same binding sites are listed in addi-
tion, and a further binding pose prediction for those ligands
is possible by submitting a docking run through a provided
link to the docking web server within the same system.

Searching for proteins of interest

The search engine allows users to search for proteins of in-
terest by UniProt ID or protein name. Proteins belonging
to key protein families (GPCRs, proteases, kinases, nuclear

hormone receptors, and ion channels) can also be browsed.
The search results page shows a list of UniProt IDs for each
search, as shown in Figure 3. Each UniProt ID is linked
to a report page containing a list of binding predictions on
individual structural domains. Each domain can be iden-
tified by a unique entry title composed of its UniProt ID,
AF structure fragment number, and domain number (e.g.
Q8TB40 F1 d1).

Interpreting the report page

The report page for each entry provides information on pre-
dicted binding sites on the structural domain. Each page
contains a 3D structure viewer that shows a protein struc-
ture (when the ‘See structural domain only’ is clicked) or
a protein–ligand complex structure (when the ‘View on
PV’ link of a representative ligand is clicked), as shown in
the left panel of Figure 4. Detailed view of the complex
structure using Mol* which allows visualization of interac-
tions between the ligand and the protein is available on a
separate page (when the ‘See Ligand Details (Mol*)’ link
is clicked). The ligand details page (Figure SF 5) shows
all available information on that specific ligand. The AF
protein structure and the predicted protein-ligand com-
plex structure can be downloaded in PDB and MOL2 for-
mat, respectively. A table of the maximum top 10 predicted
binding sites for each of the sequence-based and structure-
based searches is provided (upper right panel of Figure 4).
Lists of full predictions can be downloaded in CSV for-
mat through the links below the tables (lower right panel
of Figure 4). Each row of the table corresponds to a pre-
dicted binding site, with information on a representative
ligand (with a predicted docking pose for the top three
binding sites), templates used to predict ligands (with TM-
score, which can be considered as a confidence measure),
and alternative ligands. For the lower-rank representative
ligands, docking poses were not pre-calculated, but dock-
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Figure 3. A search example on the HProteome-BSite database. Proteins of interest can be searched for by UniProt ID, protein name, or protein family (left
panel). If multiple targets match the search keyword, a list of all matching UniProt IDs is given on the search results page (upper right panel). Clicking on
the UniProt ID leads to a report page showing a list of structural domains for which binding predictions are available (lower right panel).

Figure 4. An example report page for the entry Q9H0K1 F1 d1 (https://galaxy.seoklab.org/hproteome-bsite/database/domains/39056).

ing can be run by clicking on the template name. For al-
ternative ligands, docking can be run on the docking web
server within the system (https://galaxy.seoklab.org/cgi-bin/
submit.cgi?type=SITE DOCK) using the provided infor-
mation on the ligand, the protein domain, and the inter-
action template. A detailed explanation of how to interpret
the results on the report page is also available on the website
for the example shown in Figure 4. (https://galaxy.seoklab.
org/hproteome-bsite/database/help result).

CASE STUDIES

Salt-Inducible Kinase 2 (SIK2). Salt-inducible kinase 2
(UniProt ID Q9H0K1) is an AMP-activated protein kinase-
related protein kinase that has been proposed as a target for
ovarian cancer therapy (28,29). Despite its therapeutic im-
portance, its structure has not been resolved by experiments.
Two structural domains were compiled in our database,
corresponding to residues 14–273 and 295–341, where the
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first domain was highly similar to that of the known kinase
domain of SIK2 (residues 20–271). While the full protein
structure deposited in the AlphaFold human proteome DB
has a very low median pLDDT of 41.8, the first domain in
our database shows a high median pLDDT of 95.0 (Sup-
plementary Figure SF 2). This example illustrates that the
structure processing step could retrieve functional domains
with high confidence even when the overall AF structure is
of low quality.

The top 1 predicted binding site for the kinase domain
of SIK2 (residues 14–273) from both the structure- and
sequence-based methods corresponds to the known ATP
binding site of SIK2. To confirm this, a known inhibitor
of SIK2 targeting the ATP binding site, HG-9–91-01, was
docked using GalaxyDock3 (30) to the identified bind-
ing site. The docking results showed interactions consistent
with previous findings that HG-9–91-01 targets not only the
ATP-binding site of SIK2 with K49 as key residue but also a
small hydrophobic pocket near the active site created by the
presence of T96 at the gatekeeper site (31) (Supplementary
Figure SF 3).

Diacylglycerol O-acyltransferase 2 (DGAT2). DGAT2
(UniProt ID Q96PD7) is a therapeutic target related to liver
disease without any 3D structure resolved by experiments
(32). This target was highlighted earlier as one of the useful
predictions in the AlphaFold human proteome paper (33).
In our database, the binding pocket of DGAT2 was suc-
cessfully predicted by the structure-based search. When a
known inhibitor, PF-06424439 (34), was docked to the bind-
ing site of the top-ranked ligand, the known key interactions
between DGAT2 and the ligand involving residues H163,
T194 and S244 were reproduced (33,35), as illustrated in
Supplementary Figure SF 4.

CONCLUSION

A new database HProteome-BSite provides predictions of
binding sites, potential ligands and binding poses of the
ligands on human proteome structures predicted by Al-
phaFold. An updated version of GalaxySite was employed
to enhance the binding site prediction performance. The 3D
human proteome was curated to retrieve structural domains
of high confidence to facilitate binding site prediction and
ligand docking. The HProteome-Bsite database provides at
least a single binding site prediction for 81% of the human
proteome, accounting for 95% of moderately accurate AF
structures.

Further improvements in the database would be pos-
sible through advanced protein structure prediction and
binding prediction in the future. Currently, 25% of Al-
phaFold human protein structures are of low quality (me-
dian pLDDT < 70), and many structures are only partially
resolved. The accuracy of template-based and template-free
binding prediction would be improved by employing deep
learning techniques, especially with increasing interaction
data generated by both experiments and predictions.

Structural information on the ligand binding site of a pro-
tein can provide insights into the potential binding partners
and their interactions with the protein. The information de-
posited in the HProteome-Bsite database would be useful

for various applications, including protein functional study
and drug discovery for previously unexplored proteins.

DATA AVAILABILITY

All predicted interaction information in HProteome-BSite
is freely accessible at https://seoklab.galaxy.org/hproteome-
bsite/database. The website is accessible and legible on both
phone and tablet screens.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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