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DATA AVAILABILITY

Does the manuscript use or report the following? If so, please provide details in a Data Availability

statement below and in the manuscript.

New genome expression or sequencing data (ChIP-seq, RNA-seq...)

- Must comply with ENCODE Guidelines.

- All datasets must be validated via biological replicates.

- Must deposit data in GEO or an equivalent publicly available depository and
provide accession numbers, private tokens, reviewer login details and/or private
URLs for Referees.

- Excluding RNA-Seq, data must be viewable on the UCSC (eukaryotes) or other

suitable genome browsers; must provide genome browser session links (even if GEO

entries are publicly available). See next box below.

No

New genome-wide binding/interaction data
- Must be viewable on the UCSC or another suitable genome browser.

- Must provide genome browser session link in the Data availability field below.

No

Novel nucleic acid sequences
- Must deposit in EMBL / GenBank / DDBJ.
- Must provide sequence names and accession numbers.

No

lllumina-type sequencing data
- Must submit data to BioProject/SRA, ArrayExpress or GEO.
- Must provide link for reviewers (BioProject/SRA), login details (ArrayExpress) or

accession numbers and private tokens (GEO).

No

Novel protein sequences
- Must deposit UniProt using the interactive tool SPIN.

- Must provide sequence names and accession number.

No

Novel molecular structures determined by X-ray crystallography, NMR and/or
CryoEM/EM

- Must deposit to a member site of the Worldwide Protein Data Bank (RCSB PDB,
PDBe, PDBj) and provide the accession numbers.

- If structures are unreleased (i.e. status HPUB), MUST upload:
- the validation reports (.pdf)
- molecular coordinates (.pdb or .mmcif).
- one of the following:
e  X-ray data (.mtz, .cif)
e NMR restraints and chemical shift files (.mr, .tbl or .str)
e  CryoEM map files (.map).

No

Novel molecular models based on SAXS, computational modeling, or other
combinations of strategies that are generally not appropriate for deposition in the
PDB

- Must deposit coordinates and all underlying data in appropriate databases
(including but not limited to the Small Angle Scattering Database and PDB-Dev).

- Must report on validation of the structure against experimental data (if available)

No
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or report on statistical validation of the structure by model quality assessment
programs. If applicable, these should be uploaded as a Data file.

Molecular behaviour studies derived from biological NMR spectroscopy data (not
necessarily leading to new structures)

- Must deposit NMR spectral data, including assigned chemical shifts, coupling
constants, relaxation parameters (T1, T2, and NOE values), dipolar couplings, in
BMRB.

No

Novel nucleic acids structure
- Must deposit to NDB (via PDB if possible) and provide accession numbers.

No

Structures of nucleosides, nucleotides, other small molecules
- Must deposit in the Cambridge Crystallographic Data Centre (CCDC) and provide
the structure identifiers.

No

Mass spectrometry proteomics
- Must deposit to ProteomeXchange consortium and provide Dataset Identifier and

reviewer account details. If appropriate, data and corresponding details can also be
deposited in the Panorama repository for targeted mass spec assays and workflows.

No

Microarray data

- Must comply with the MIAME Guidelines

- Must deposit the data to GEO or Array Express, and provide accession numbers and
private tokens (GEO) or login details (ArrayExpress).

No

Quantitative PCR
- Must comply with the MIQE Guidelines.
- Details should be supplied in Materials and Methods section of manuscript.

No

Synthetic nucleic acid oligonucleotides including siRNAs or shRNAs

- The manuscript should include controls to rule out off-target effects, such as use of
multiple siRNA/shRNAs or inclusion of cDNA rescue data.

- Manuscript should provide exact sequences, exact details of chemical
modifications at any position, and source of reagent or precise methods for creation.
These can be included in the main text or in Supplementary Material.

No

Software and source codes
- Must deposit in FigShare and provide link to code and/or DOI or upload source
code as Data file.

No

Gel images, micrographs, graphs, and tables
- Optionally, may deposit in a general-purpose repository such as Zenodo or Dryad. If
applicable, provide access details.

No

REFEREES - you will find data deposition details below

All the data is available from the URL: https://dev.repeatsdb.org
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KEY POINTS

(3 bullet points summarizing the manuscript's contribution to the field)

Expanded STRP coverage with a 15-fold increase, including AlphaFoldDB predicted structures.
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Improved user interface, enhanced search tools, and new statistics page for data exploration.

Advanced STRP detection, integrating manual curation and automatic annotations.
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Abstract

RepeatsDB (URL: https://dev.repeatsdb.org ) stands as a key resource for the classification
and annotation of Structured Tandem Repeat Proteins (STRPs), incorporating data from both
the Protein Data Bank (PDB) and AlphaFoldDB. This latest release features substantial
advancements, including annotations for over 34,000 unique protein sequences from more
than 2,000 organisms, representing a fifteenfold increase in coverage.

Leveraging state-of-the-art structural alignment tools, RepeatsDB now offers faster and more
precise detection of STRPs across both experimental and predicted structures. Key
improvements also include a redesigned user interface and enhanced web server, providing
an intuitive browsing experience with improved data searchability and accessibility. A new
statistics page allows users to explore database metrics based on repeat classifications, while
APl enhancements support scalability to manage the growing volume of data. These
advancements not only refine the understanding of STRPs but also streamline annotation
processes, further strengthening RepeatsDB’s role in advancing our understanding of STRP

functions
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Introduction

Tandem Repeat Proteins (TRPs) are a diverse class of proteins characterized by the repetition
of specific sequence motifs (1). A subset within TRPs, known as Structured Tandem Repeat
Proteins (STRPs), is characterized for preserving specific structural motifs, in the absence of
sequence similarity (2). STRPs are a specialized subset of TRPs distinguished not only by
their sequence repetition but also by their structural characteristics. Defined by regular
secondary structure elements and discernible tertiary structures, STRPs may integrate into
larger molecular assemblies. According to Kajava’s classification (3), most STRPs fall into
Classes lll (elongated) and IV (closed). However, they can also be found in other classes such
as aggregates, fibrous, and bead-on-string repeats. STRPs play pivotal roles in various
biological processes and mechanisms. For example, leucine-rich repeats (LRRs) are crucial
components of the extracellular domains of Toll-like receptors, which activate host immune
responses (4), while STRPs such as DNA sliding clamps are essential in DNA replication
processes (5). Moreover, their ability to interact with numerous and diverse proteins favors
their involvement in complex formation mechanisms, contributing to the regulation of
expression, transcription, and splicing (6). The growing focus on TRPs in recent research
stems from their crucial roles in health-related studies (7, 8) and their utility in the field of
protein engineering (9-11).

The first version of RepeatDB (12) was released over a decade ago, becoming the primary
repository for STRPs with high-quality annotations of repeat regions, units, and insertions on
experimental protein structures according to Kajava’s classification. Subsequent releases in
2016 (12) and 2021 (13) have further enhanced these capabilities, extending the manually
curated and automatic annotations, and expanding the classification to comprehensively
describe STRPs present in the Protein Data Bank (PDB) (14).

The exponential growth in accurate protein structural data in recent years, mostly driven by
state-of-the-art Artificial Intelligence (Al) protein structure prediction methods such as
AlphaFold (15), RoseTTAFold (16), and ESM Fold (17), has revolutionized the structural
bioinformatics community. This surge presents unique challenges in automatically detecting
and classifying STRPs with tools like RepeatsDB-Lite (18), TAPO (19), and RAPHAEL (20).
Recently developed, STRPsearch (21) is a rapid and accurate method for detecting STRPs
from protein structures. This tool enables quick scanning of thousands of structures, facilitating
the detection and classification of repeat regions, and identifying units and insertions.

Here, we introduce the updated version of RepeatsDB, accessible at

https://dev.repeatsdb.org. This version is designed to incorporate the latest structural data and

advances in TRPs, increasing the number of annotated protein sequences fifteen fold

compared to the previous version. Extensive community curation efforts have enhanced the
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database, identifying specific regions, units, and insertions within PDB experimental
structures. Additionally, it features automatic annotations of structural models from SwissProt
proteins deposited in AlphaFoldDB (22), using STRPsearch. It includes a complete re-
annotation of manually curated annotations in order to guarantee their quality, as well as a
revised classification. Furthermore, we have upgraded the website and web server
architecture, introducing a dedicated platform for manual annotations of STRPs. This not only
allows for a faster review process of manually curated annotations but also improves data

accessibility and usability.

Progress and new features

Database content

RepeatsDB aims to establish itself as the fundamental repository for the annotation and
classification of STRPs, sourced from primary structural data databases, such as the PDB for
experimental structures and AlphaFoldDB for structural models. Additionally, continuous
efforts in the community focus on identifying and characterizing novel tandem repeat proteins,
as well as accurately defining repeat protein families. Recently, RepeatsDB has been included
as an external resource in the InterPro (23), providing repeat region annotations and
enhancing interoperability between these databases. This collaboration also contributes to
refining and characterizing repeat protein family boundaries within Pfam at the sequence level
(24) and to better defining repeat units from a structural perspective.

In this new release, the number of entries in RepeatsDB has increased more than fifteen times
in terms of protein sequences with repeat annotations. A total of 34,319 unique protein
sequences, each identified by different UniProtKB identifiers, now feature at least one repeat
region detected in PDB and/or AlphaFoldDB (Table 1). By providing online tools for the
annotation of STRPs, community curation efforts have been directed towards the review of
more than 15,000 experimentally observed structures from the PDB. Using the new algorithm,
STRPsearch (21), over 30,000 repeated regions were automatically extracted from
AlphaFoldDB/Swiss-Prot. STRPsearch utilizes a Tri-Unit Library composed of manually
curated structures from RepeatsDB and employs the fast and accurate structural alignment
method, FoldSeek (25). This tool enables rapid and precise detection and classification of

repeat regions, units, and insertions within protein structures.

Source Annotation | Proteins | Single-chain | Regions | Units
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type structures
Protein Data Reviewed 4,092 15,141 16,282 106,408
Bank
AlphaFoldDB Predicted 30,220 30,220 33,207 250,416

Table 1: RepeatsDB in 2025 data. “Proteins” corresponds to the number of different

UniProtKB identifiers mapping to a single PDB chain.

Classification Schema

This updated version of RepeatsDB retains the 4-level classification scheme introduced in
version 3.0, which is based on Kajava’s class assignment (3) and aims at integrating and
maintaining coherence with the Pfam database. While no new topologies have been
introduced in this update, two existing topologies, namely the “Beta trefoil” and the “Alpha/beta
trefoil”, have been merged into 'trefoil' based on structural clustering.

Several adjustments have been made at the third level, 'Fold', to accommodate new data and
refine the definition of RepeatsDB 'Fold'. For instance, two new folds have been created within
the 'Alpha beads' topology to include 'Spectrin repeats' and 'FF-repeats'. Additionally, two folds
have been established in the 'Beta solenoid' topology to account for solenoid 'handedness',
which refers to the direction in which the chain winds around the molecular axis (26).
Significant progress has also been made in 'Clan' assignment, largely facilitated by clustering
the STRPs based on structural similarity at three hierarchical levels of single unit, tri-unit, and
region, by DBSCAN (Density-Based Spatial Clustering of Applications with Noise) algorithm
of scikit-learn (27). The resulting clusters were analyzed and compared in relation to their
corresponding Pfam annotations of their members. This method improved the refinement of
clan classifications by enabling the merging of existing clans or their division into new ones.
For example, a total of 11 new clans have been assigned across the seven folds of the

'Propeller’ topology.

Data generation and updates

RepeatsDB Biocuration tool
A new feature of this version of RepeatsDB is the dedicated Biocuration tool, developed to
manually curate and verify STRPsearch predictions or perform de novo annotations on protein

structures. The RepeatsDB Biocuration tool offers an easy-to-use user interface that allows
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biocurators to log in and access STRPsearch predictions stored in the staging database (see
the implementation section), or to annotate a protein structure from scratch. It uses the ORCID
authentication service to link annotations to a unique researcher identifier. Biocurators can log
into the Biocuration tool using their ORCID identifiers, gaining access to a personal dashboard
where they can create, edit, and submit annotations to RepeatsDB. All these annotations
remain on hold until an expert curator reviews and approves them for publication in the next

periodic release.

Biocurators can manually define or adjust the boundaries of repeat regions, units, and
insertions, as well as assign the appropriate classifications. To facilitate this, the tool
incorporates the same components (structure and sequence viewer) used throughout the
database interface. Both are updated to reflect changes in units, regions, and insertions
annotated through the main table, located in the bottom right side of the page. Most
importantly, each repeat region is associated with a specific branch of the classification
hierarchy (Class - Topology — Fold — Clan), and each unit and insertion is linked to a specific

repeat region. Once the curation is complete, the user submits it for review.

Data curation on experimental structures

The current version of RepeatsDB includes 15,141 manually curated STRPs based on
experimental structures from the PDB, covering a total of 4,092 distinct UniProt protein
sequences. This represents a nearly threefold increase compared to version 3.0, published in
2022. This achievement reflects a substantial human effort dedicated to ensuring the highest
quality and continuous expansion of our reviewed entries. To achieve this goal, RepeatsDB
was a key resource in the REFRACT project, a Marie Sklodowska-Curie Research and
Innovation Staff Exchange (RISE) Horizon 2020 consortium funded by the European Union
(URL: http://refract-rise.eu). This project involved institutions from Europe and Latin America,
focusing on understanding tandem repeat proteins and establishing a standardized framework
for their classification and annotation. Throughout the project, many seconded staff members
from Latin American institutions made significant contributions to the curation of the
RepeatsDB database.

The overall curation process was divided into two phases. The first phase involved a thorough
review of all curated data from RepeatsDB version 3.0 to check inconsistencies and apply

uniform criteria to all reviewed entries. This initial phase was carried out by expert curators
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with specialized knowledge in the biology and structural aspects of STRPs. The second phase
consisted of running STRPsearch on the PDB to target the curation of those PDB entries that
map to UniProt protein sequences not yet covered in RepeatsDB. The new version ensures
that there is at least one curated experimental protein structure per protein sequence mapping
to the PDB.

AlphaFoldDB entries

In this release, RepeatsDB included potential STRPs detected on AlphaFold structural models
deposited in AlphaFoldDB. To accomplish this, STRPsearch was used to analyze the
AlphaFold models of 542,378 protein structures in the SwissProt database. The parameters
of STRPsearch were set to identify STRPs with an E-value threshold below 10-%, while all other
parameters were left at their default values. This analysis resulted in the identification of
30,220 unique proteins from 2,598 different organisms, containing 33,207 repeat regions and
250,416 repeat units. Figure 1 displays the top 20 organisms based on the number of
predicted STRPs, along with the different topologies represented within the total STRPs for

each organism.
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Homo sapiens (2774)

Mus musculus (2133)

Arabidopsis thaliana (1264)
Rattus norvegicus (930)

Bos taurus (552)

Xenopus laevis (402)
Saccharomyces cerevisiae (398)
Schizosaccharomyces pombe (352)
Drosophila melanogaster (334)
Danio rerio (323)

Dictyostelium discoideum (313)
Oryza sativa subsp. japonica (308)
Caenorhabditis elegans (307)
Gallus gallus (289)

Pongo abelii (284)

Escherichia coli (203)

Xenopus tropicalis (148)

Bacillus subtilis (134)

Emericella nidulans (118)

Pan troglodytes (110)

TIM-barrel

Nucleic Acids Research

- 1 . |
| ]
1

[ ]

[ ‘ [
1 I [ ]

[ ]
[ I
[ ]

Propeller

40

60
Percentage

Alpha-barrel

Page 10 of 16

Beta-beads

Alpha/beta
sandwich

beadsﬁ

Figure 1: Proportion of STRP topologies identified in the top 20 most frequently occurring
organisms in AlphaFoldDB/SwissProt.

Web site

RepeatsDB data is now accessible through both the website and a dedicated server API. Key

improvements in this latest RepeatsDB release include: i) enhancements to the API, which

now offer improved performance with pagination and a RESTful architecture, ensuring

scalability to handle the growing number of entries; ii) a redesigned entry page that more
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effectively highlights repeat regions, associated Pfam domains, external annotations from
InterPro, and structural classifications; iii) a new statistics page that allows users to explore
database metrics based on repeat classifications; and iv) more streamlined browse and search
interface that improves data searchability and accessibility, making it easier for users to find

specific entries.

Browsing and searching data

In the new release of RepeatsDB, the main way of filtering a specific subset of annotations is
through the search page. It presents a search form at the top, which is visible, hence usable,
despite the user scrolling down the page. The forms allow filters for annotated protein
structure, chain and source database. Recognized source databases are currently the PDB
and the AlphaFoldDB. Moreover, it allows one to search for the type of annotation: whether
this is a manually curated or an automatically predicted one by clicking on the top buttons,
namely “reviewed” and “predicted”. Those work as checkboxes. Moreover, the interface allows
searching for region classification and Pfam domain. In both those fields more than one value
can be specified by clicking on the add button, or by pressing enter while focusing the input
field. Each field performs a logical or operation: in case at least one searched term is found in

an annotation, it is returned. Otherwise, it is discarded from the results.

Another way of accessing the search page is through the home page or the search box on the
right corner of the upper navigation bar. In both cases a text form is presented: if the searched
text matches exactly a UniProtKB identifier or a PDB structure and chain identifier, it will
automatically attempt to redirect the user to the associated annotation. Otherwise, it will
redirect the user to the search page, where the form will be partially compiled with the

previously entered information.

It is worth mentioning that the classification tree on the home page is clickable. Thus, by
clicking on one of its nodes the user will be redirected to the search page. In this case, the

search form will be configured to search only for regions in the selected classification branch.

Entry page

The entry page starts with a summary of essential information, including the positions of
repeated regions, their classifications, the corresponding UniProt, Pfam, and InterPro
accessions with cross-links and boundaries for each annotation, as well as the Gene Ontology
terms. The next section features an interactive structure viewer, accompanied by detailed
information for each region displayed in table form. In the table, rows representing regions are

colored violet, repeated units appear in alternating red and blue patterns, and insertions are
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highlighted in yellow. The table details the start and end positions of repeat regions, units, and
insertions, as well as the corresponding region classification or parent region for units and
insertions.

The next section of the page includes a protein feature viewer, which allows users to view
different sequence features from multiple sources in a single visualization. The 'RepeatDB
annotations' track displays repeat regions, units, and insertions (if present) mapped on the
sequence from the source structure, either PDB or AlphaFoldDB. The other two tracks display
external features. For PDB structures, UniProt coverage is shown in blue; for AlphaFold
models, InterPro coverage is shown in blue. Pfam coverage is displayed in green for both.
These tracks can be expanded into sub-tracks for visualizing the accession numbers. All
tracks are zoomable using the mouse wheel or by selecting a specific region.

In the bottom section, users can select a region using the violet buttons to access detailed
sequence and structural analyses of its units. Below this, a breakdown of all classifications
annotated for the entry and a brief description are provided. Multiple sequence alignment is
conducted using Clustal Omega software with default parameters. The alignment is displayed
in a sequence viewer, where residues are colored based on their physicochemical properties
using the Jalview Zappo color scheme. Additionally, a sequence similarity matrix is provided
to visualize the similarities between each pair of unit sequences. Multiple structural alignments
are performed using TM-align (28) with default parameters. The displayed results include the
superimposed unit structures and a matrix displaying TM-scores on the upper diagonal and
Root Mean Square Deviation (RMSD) on the lower between units. Additionally, a sequence
viewer shows the sequence alignment derived from the structural alignment. All this
information can be easily downloaded in several formats by clicking the blue buttons next to

the corresponding titles.

Server and API

RepeatsDB features a novel architecture that integrates data storage and distribution
capabilities. The architecture is divided into two partitions: staging and production. The staging
partition handles biocuration activities, allowing annotations to be created, updated, and
deleted by users. These annotations contain only the minimal information required to describe
themselves. The production partition manages consolidated and enriched data, which has
been processed using external resources and third-party software. Data flows into the
production partition through a specific update pipeline executed before each public release of
the database. This pipeline performs structural and multiple sequence alignments among
units, calculates TM-Score and RMSD matrices, and maps regions annotated on PDB

sequences to their corresponding UniProt sequences using SIFTS (29).
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Annotations are described by the Annotation Graph library. Although based on a NoSQL
database, the library adopts a graph-like data structure where nodes represent generic
biological annotations. This architecture allows the staging partition to remain online without
shutting down the library implementation when releasing a new production version. Moreover,
it decouples bio-curation efforts, ensuring that individual users are unaware of others'
activities. A limited group of trusted users, referred to as reviewers, selects annotations
suitable for the next release and flags them as reviewed. Once an annotation (node) is
reviewed, it becomes immutable; to modify or delete its content, a child node must be created.
This approach ensures that specific snapshots of the staging partition can always be

reproduced.

The Annotation Graph library is included with RepeatsDB. Its implementation has three levels:
the front end, the back end, and the database. The front end is based on the Angular
framework. The back end is developed using NestJS over the Express framework. The
database is a MongoDB instance. In RepeatsDB, there are two different front-end applications:
(1) RepeatsDB Bio-Curation Tool: handles staging data, allowing entries in the database to
be created, modified, or deleted; (2) RepeatsDB User Interface: allows users to browse
through production data. Both applications communicate with the same back end, which in
turn communicates with two different databases within the same MongoDB instance,
implementing staging and production partitioning. To achieve this, ngx-mol-viewers package

(URL: https://biocomputingup.github.io/ngx-mol-viewers/) was developed to provide a

collection of modular and reusable components easily integrated into any Angular-based web
application. This package supports the sequence, structure, and feature viewers used in the

RepeatsDB Ul and Bio-Curation tool.

The Swagger documentation page for the APl (URL: https://dev.repeatsdb.org/api/) provides
a comprehensive overview of the available endpoints, operations, and data models for
interacting with the RepeatsDB API. The page is structured in a user-friendly manner, with a
navigation bar on the left-hand side that allows you to browse through different sections of the
documentation. The main content area displays detailed information about each API endpoint,
including its path, HTTP methods (such as GET, POST, PUT, DELETE), and a brief

description of its purpose.

Conclusions and future work

Understanding STRPs is crucial due to their extensive roles in biological systems and their
potential for biotechnological applications. STRPs are fundamental not only to numerous

cellular functions but also represent a rich domain for therapeutic interventions and biomaterial
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design. Their unique structural features and dynamic roles in cell signaling, molecular
recognition, and self-assembly processes make them a focal point for advanced research in
protein science. RepeatsDB serves as the primary repository for annotating and classifying
these proteins. This new version significantly advances the curation and classification of
STRPs, facilitating integration with broader structural protein data repositories. The
combination of manual and automated curation processes, supported by innovative tools such
as STRPsearch and the Bio-Curation tool, has enabled a comprehensive update and
expansion of the database. RepeatsDB was the core resource of the REFRACT consortium
and is crucial for the efforts pursued by the COST Action “Machine Learning for Non-Globular
Proteins” (MLANGP).

Looking ahead, RepeatsDB plans to integrate with APICURON (30), aiming to recognize and
reward the efforts of biocurators. This integration will foster a more engaged and active
community around STRP data curation, which is particularly crucial as we extend our efforts
to include AlphaFold models from TrEMBL. Additionally, we will continue to enhance our
classification schemas and refine repeat definitions in collaboration with the InterPro
consortium. These initiatives will ensure that RepeatsDB remains a leading resource in the

detection and classification of STRPs, providing essential support for researchers worldwide.

Data Availability

All the data is available from the URL: https://repeatsdb.org.
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