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DisProt is the major repository of manually curated data for intrinsically dis-
ordered proteins collected from the literature. Although lacking a stable three-
dimensional structure under physiological conditions, intrinsically disordered
proteins carry out a plethora of biological functions, some of them directly aris-
ing from their flexible nature. A growing number of scientific studies have been
published during the last few decades to shed light on their unstructured state,
their binding modes, and their functions. DisProt makes use of a team of expert
biocurators to provide up-to-date annotations of intrinsically disordered pro-
teins from the literature, making them available to the scientific community.
Here we present a comprehensive description on how to use DisProt in differ-
ent contexts and provide a detailed explanation of how to explore and interpret
manually curated annotations of intrinsically disordered proteins. We describe
how to search DisProt annotations, both using the web interface and the API
for programmatic access. Finally, we explain how to visualize and interpret a
DisProt entry, the SARS-CoV-2 Nucleoprotein, characterized by the presence
of unstructured N-terminal and C-terminal regions and a flexible linker. © 2022
The Authors. Current Protocols published by Wiley Periodicals LLC.
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Support Protocol 1: Downloading options
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INTRODUCTION

Intrinsically disordered proteins (IDPs) are characterized by the presence of unstructured
and highly flexible segments, termed “intrinsically disordered regions” (IDRs), that lack
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a stable three-dimensional structure. IDRs can be easily detected by several biophysical
and biochemical methods, among which X-ray and NMR are the most commonly used
(Tompa, 2010; van der Lee et al., 2014). Missing electron density regions that cannot
be detected on X-ray crystal structures are due to unobserved atoms that fail to prop-
erly scatter X-rays, denoting their structural flexibility (Tompa, 2010, 201; Uversky &
Dunker, 2010). NMR spectroscopy studies are also widely used to assess the presence of
unstructured protein segments, being able to recognize disordered regions that in crystal
structures are visible due to the formation of crystal contacts (Dyson & Wright, 2019).
Several additional methods can assess the presence of intrinsic disorder in a protein,
such as circular dichroism, sensitivity to proteolysis, and small-angle X-ray scattering
(Kragelund and Skriver, 2020; Tompa, 2010).

Intrinsically disordered proteins can also exist as partially structured folding intermedi-
ates, pre-molten globules and molten globules, that exhibit a higher degree of secondary
structure than random coils while being less compact than native structures (van der Lee
et al., 2014). IDPs can play a crucial role in several biological processes, such as mem-
brane localization and interaction with protein chaperones, to name a few (Uversky &
Dunker, 2010). The lack of structure in IDR segments in their unbound state provides a
multiplicity of advantages due to their largely extended conformation, such as: (1) the
possibility for a single IDR to be involved in interactions with more structurally dif-
ferent partners; (2) several structured partners being able to bind to a single region; (3)
the coupled folding and binding that give the ability for high specificity; and (4) a re-
duced binding strength that allows for transient interactions (Bugge et al., 2020; Dogan,
Gianni, & Jemth, 2014). IDRs can undergo a disorder-to-order transition upon binding
of a partner, enabling them to play a central role as protein hubs, as in the case of p53
(DisProt identifier: DP0O0086) and a-synuclein (DisProt identifier: DP00070), or as tar-
gets of a structured hub, e.g., TAZ and KIX (Cumberworth, Lamour, Babu, & Gsponer,
2013; Dosztanyi, Chen, Dunker, Simon, & Tompa, 2006; Oldfield et al., 2008; Wright &
Dyson, 2015). Finally, IDPs can also be involved in the regulation of several biological
processes, interacting with different types of binding partners such as proteins, nucleic
acids, lipids, and small molecules (Tompa, 2005; van der Lee et al., 2014). Strikingly,
some of the most well characterized and crucial functions of IDPs arise from their flexi-
ble nature: they can be flexible linkers connecting structured domains of a protein, or they
can act as entropic clocks, bristles, and springs due to their entropic features (Uversky &
Dunker, 2010; van der Lee et al., 2014).

DisProt is a service of the Italian node of ELIXIR, the European infrastructure for bi-
ological data, and a key resource for the recently established ELIXIR IDP user com-
munity (Davey et al., 2019). It is also the largest repository of manually curated anno-
tations of intrinsically disordered proteins (IDPs) collected from the literature (Hatos
et al., 2020; Piovesan et al., 2017; Quaglia et al., 2022a). A team of expert DisProt cu-
rators looks for new data on IDPs/IDRs from relevant publications and annotates them
through a dedicated curation interface by means of intrinsic disorder—related annotation
terms. DisProt relies on three different ontologies to annotate intrinsically disordered re-
gions: the Intrinsically Disordered Proteins Ontology (IDPO), the Gene Ontology (GO),
and the Evidence and Conclusion Ontology (ECO). IDPO is used to describe structural
aspects of an IDP/IDR, self-functions and functions directly associated with their disor-
dered state. Gene Ontology (Ashburner et al., 2000; Gene Ontology Consortium, 2021)
is used to describe functional aspects of an IDP/IDR. The Evidence and Conclusion On-
tology (Nadendla et al., 2022) describes the technique associated with an annotation. A
DisProt entry corresponds to a protein isoform and unambiguously maps to a UniProt
entry. DisProt annotations describe local properties of the protein sequence (e.g., in-
trinsically disordered regions), which are always supported by experimental evidence
taken from the literature. Each DisProt annotation is uniquely identified by the DisProt
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entry accession number followed by a suffix starting with a lowercase letter r (example
DP00086r003).

In this article, we provide detailed protocols explaining how to perform a search in Dis-
Prot (Basic Protocol 1), explore the ontologies used in DisProt (Basic Protocol 2), and
visualize and interpret annotations of a DisProt entry (Basic Protocol 3). We also describe
the downloading options in DisProt (Support Protocol 1) and programmatic access with
the DisProt REST API (Support Protocol 2).

PERFORMING A SEARCH IN DisProt

DisProt is freely accessible at https://disprot.org/. This protocol describes how to search
entries and to retrieve information in DisProt. From the home page, users can also nav-
igate the DisProt blog (https://disprot.org/blog) to read posts describing our updates or
explore the DisProt Twitter account (https://twitter.com/disprot_db) (Fig. 1).

Necessary Resources

Hardware

While DisProt works best on laptop or desktop computers, it is also easily
accessible from smartphones and tablets. An active and stable internet
connection is required.

Software

Internet browser, e.g., Firefox (http://www.mozilla.org/firefox), Google Chrome
(http://www.google.com/chrome), or Safari (http://www.apple.com/safari)
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Figure 1 DisProt main page.
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Figure2 Browse page—Text search. Users can perform advanced text searches, look for specific
queries, and customize the results of their search.

Input data

Free text search against the database

Performing a text search
Open a web browser and connect to DisProt at https://disprot.org/.

1.
2.

Searches in DisProt can be performed either using the “Search” box on the top-
middle of the DisProt home page, or by clicking on the “Browse” button available

on the top-left of the

home page.

a. Users can perform a search using the “Search” box on the top-middle of the Dis-
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Prot home page to look for protein entries or entries referencing a specific publi-
cation.
Users can look for specific proteins, e.g., nucleoproteins, by typing the protein name

Nucleoprotein. Users will be redirected to a list of all the nucleoprotein entries
available in DisProt, e.g., Nucleoprotein from Measles virus (DisProt entry: DP00640).

Users might also be interested in looking for a specific publication. In this case, enter the
corresponding PubMed identifier (PMID) of the publication in the search box. All entries
that have at least one evidence referencing that publication will be displayed.

b. Alternatively, it is possible to perform an advanced search by clicking on the

“Browse” button available on the top-left of the home page. Users will be redi-
rected to an advanced search page, where they can refine their search and look
for a specific query or a combination of them (Fig. 2), e.g., a protein name and an
organism.

3. Select “Text search” on the top-left side of the Browse page, then select a term from
the drop-down menu.
Users can look for the following aspects:

a.

b.
c.

A specific protein: select a “Protein name”, e.g., Nucleoprotein, or “UniProt”,
e.g., PODTCO.

A specific DisProt entry: select “DisProt”, e.g., DP03212.

A set of proteins from a specific organism: choose an “Organism”, e.g., “Gallus”,
the “Taxon”, or “NCBI Taxon”.

. UniProt Reference Clusters (UniRef). UniRef databases cluster UniProtKB se-

quences by gathering together proteins based on their sequence similarity (Suzek,
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Wang, Huang, McGarvey, & Wu, 2015). Terms available are “UniRef50”,
“UniRef90”, and “UniRef100” (clustering the sequences at 50%, 90% and 100%
identity, respectively).

e. Entries from a specific curator: select the “Curator name” term and start typing
the name you are looking for.

f. A specific reference: users can look for a specific PMID, e.g., 8632448, by se-
lecting the “Reference identifier” term or for the title of the corresponding pub-
lication, e.g., “Alternative arrangements of the protein chain are possible for the
adenovirus single-stranded DNA binding protein”, by selecting the “Reference
name” term.

g. A specific term from the ontologies adopted in DisProt:

i. An IDPO term: select a “IDPO identifier”, e.g., “flexible linker/spacer”,
and “IDPO term name”, e.g., IDPO:00502.

ii. A Gene Ontology (GO) term: select a “GO identifier”, e.g., “modulation by
virus of host cell cycle”, or the “GO term name”, e.g., GO:0060153.

iii. An Evidence and Conclusion Ontology (ECO) term: select a “ECO iden-
tifier”, e.g., “modulation by virus of host cell cycle”, or the “ECO term
name”, e.g., ECO:0006163.

Users that wish to have a better insight on the terms of our ontology and read

their descriptions can refer to the Ontology page available at https://disprot.org/
ontology.

h. Entries from a specific dataset: select “Dataset”, e.g., “Viral proteins”.
i. It is also possible to perform a free text search by selecting the “all fields” term
in the drop-down menu.

It is possible to customize the table columns to visualize more details of an entry in
the displayed results. Default columns include “DisProt ID”, “UniProt Accession”,
“Protein Name”, “Organism”, “Sequence length”, and “Disorder content”. We sug-
gest adding at least the “annotated terms” column to have an insight on the disorder
aspects available for each entry.

Download the search results using the “Download selected” button at the top-left
of the Browse page. Users can also choose to include ambiguous and/or obsolete
entries by selecting the corresponding buttons above “Download selected”.

a. Select the type of pieces of evidence you want to download among: structural
state (IDPO), structural transition (IDPO), disorder function (IDPO), molecular
function (GO), biological process (GO), or cellular component (GO)

b. Select the type of desired data, i.e., “regions” or “consensus”.

c. Select the file format. Available options for download are JSON, TSV, FASTA,
and GAF.

Performing a sequence similarity search

6.
7.

Open a web browser and connect to DisProt at https://disprot.org/.

Click on the “Browse” button on the top-left side of the home page (Fig. 3) to be
redirected to the advanced search page.

Select “BLAST” on the top-left side of the Browse page to perform a BLAST
(Altschul, Gish, Miller, Myers, & Lipman, 1990) sequence similarity search against
DisProt entries.

Insert a protein sequence in the corresponding box and click on “Submit”.

DisProt entries that match the query will be displayed in the results.

Current Protocols
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Figure 3 Browse page—BLAST. Users can perform BLAST searches of a specific protein se-
quence against the entries available in DisProt.

10. It is possible to customize the table columns to visualize more details of an entry
in the displayed results. Default columns include “DisProf”’, “UniProt”, “Protein
name”, “Organism”, “Sequence length”, and “Disorder content” along with “Bit-
score”, “E-value”, “Identity”, and “Coverage”.

Entries are sorted by lowest E-value.

11. Click on “See alignment” to visualize where the query and the subject sequences

align.

12. Download the search results using the “Download selected” button at the top-left
of the Browse page. Users can also choose to include ambiguous and/or obsolete
entries by selecting the corresponding buttons above “Download selected”.

a. Select the type of pieces of evidence you want to download among: structural
state (IDPO), structural transition (IDPO), disorder function (IDPO), molecular
function (GO), biological process (GO), and cellular component (GO).

b. Select the type of desired data, i.e., “regions” or “consensus”.

c. Select the file format. Available options for download are JSON, TSV, FASTA,

and GAF.

DOWNLOADING OPTIONS

From the DisProt “Download” page (https://disprot.org/download), users can download
a specific release of the database, datasets and annotated aspects, or a specific version of

the IDP ontology (Fig. 4).

Necessary Resources

Hardware

While DisProt works best on laptop or desktop computers, it is also easily
accessible from smartphones and tablets. An active and stable internet

connection is required.

Software

Internet browser, e.g., Firefox (http://www.mozilla.org/firefox), Google Chrome
(http://www.google.com/chrome), or Safari (http://www.apple.com/safari)
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Figure 4 Download page. Users can download a specific release of the database, datasets, and
annotated aspects, or a specific version of the IDP ontology, in different file formats.

Input data

No input data are required

Downloading a release, a dataset, or a specific ontology aspect of DisProt
1. Open a web browser and connect to DisProt at https://disprot.org/.

2. Click on the “Download” button on the top bar of DisProt (https://disprot.org/
download).

3. Users can select the DisProt data they want to download, by using the dedicated drop-
down menus, i.e.:

a. Release: a specific release of the database, e.g., “2021_12".

b. Dataset: a specific thematic dataset, e.g., “viral proteins”.

c. Aspect: a specific ontology aspect annotated in DisProt, e.g., “Structural state
(IDPO)” or “Molecular Function (GO)”.

4. Users can choose the type of data they want to download, i.e., “regions” or “consen-
sus”. It is possible to include ambiguous and/or obsoleted regions by selecting them
from the “Include” options; otherwise leave the corresponding boxes unchecked.

5. Select the format of the output file. Available options for download are JSON, TSV,
FASTA, and GAF formats.

Downloading the IDP ontology
6. Open a web browser and connect to DisProt at https://disprot.org/.

7. Click on the “Download” button on the top bar of DisProt (https://disprot.org/
download).

8. Users can select a version of the ontology they are interested in, e.g., 0.3.0 (Current),
from the “Ontology” drop-down menu.

9. Select the format of the output file. Available options for download are JSON, OWL,
and OBO formats. OBO and OWL formats correspond to the Biomedical Ontology
and Web Ontology Language, respectively.

The downloadable output files described here are the same obtainable with the DisProt
REST API, described in detail in the Support Protocol 2.
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PROGRAMMATIC ACCESS WITH DISPROT REST API

DisProt can be accessed programmatically via REST API to retrieve a single entry
(or region) and to perform large-scale database searches. DisProt API documentation
(https://disprot.org/api) is available as a Swagger representation that follows OpenAPI
specifications.

All API endpoints are available from https://disprot.org/api/{endpoint_name}. In this
support protocol we introduce three different endpoints—the first one can be used to
retrieve a single entry, the other two to search entries in the database.

Necessary Resources

Hardware

Laptop or desktop computer. An active and stable internet connection is required.

Software

Python 3.5+, Requests Python library 2.234

Input data

No input data are required

1. Get a single entity.

Users can retrieve a single entity, i.e., a protein entry or one of its manually curated
regions, by using its corresponding identifier. The following syntax must be used to
retrieve a single entity from DisProt disprot .org/api/{identifier}, where
the “identifier” must be a valid DisProt ID, DisProt region ID, or UniProt accession.
The query is customizable with various parameters, e.g., file format and release. Here
we provide two pieces of code to retrieve a single entry in JSON format written on
the standard output (Sample code 1) and write a file in FASTA format (Sample code
2). In Sample code 2 the API version of DisProt is also specified.

Sample code 1

#!/usr/bin/env python3

import requests

disprot_id = "DP00086"
url = "https://disprot.org/api/" + disprot_id
resp_json = requests.get (url) .json()

print (resp_json)

Sample code 2

#!/usr/bin/env python3

import requests

disprot_id = "DP00086"

params = {

'format’ :’fasta’,

}

url = "https://disprot.org/api/" + disprot_id
resp_fasta = requests.get (url, params=params) .text
f = open("DP00086.fasta", "w")

f.write(resp_fasta)

f.close()
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2. Results.

DisProt currently provides three output formats: JSON (default), FASTA, and TSV.
Due to the inherent limitations of the FASTA and TSV file formats, the JSON for-
mat renders the most comprehensive description of intrinsic disorder. The TSV and
FASTA files provide details about regions or different types of consensus.

Searching entries in DisProt database
3. Performing a text search.

DisProt provides an extensively customizable search engine. It is possible to perform
afree text search or formulate complex queries against combined fields, e.g., organism
and UniRef50. The search query is sent to https://disprot.org/api/search with URL
parameters. Note that whitespace and other special characters must be converted into
a valid ASCII format; the space is usually replaced with $20. Multiple search fields
can be combined in the same query by joining them with an AND operator (& symbol),
e.g., disprot.org/api/search?organism=homo%20sapiens&name=
kinase returns all the human proteins with “kinase” in the protein name.
Given that some fields are interpreted as regular expressions, it is also possible
to use the OR operator (| symbol). This is the case with the following query,
e.g., https://disprot.org/api/search?organism=homo%?20sapiensimus%20musculus,
which returns both human and mouse entries. The user can choose to customize the
output format. Currently available output formats are JSON, FASTA, and TSV. By
default, the endpoint returns the results in JSON; however, users can select another
format using the “format” field in the parameters or headers. It is possible to use an
older version of the API for legacy reasons by specifying accept-version in the
URL header of a request. By default, the server responds with the latest version of
the APL

Sample code

#!/usr/bin/env python3

import requests

parameters= {

‘ncbi taxon id’ :’9606',

’format’ :’tsv’
url = "https://disprot.org/api/search"
resp tsv = requests.get (url, params=parameters) .text

print (resp_tsv)
4. Results.

DisProt returns an object with “data” and “size” fields. “Data” contains a list of en-
tries, and these entry objects are the same described in the previous section. “Size”
corresponds to the number of matched entries. Note that when the pagination param-
eters are provided, only the data field is affected, whereas the size field always refers
to the full query result.

Sequence Similarity Searches in DisProt Database

5. Performing a sequence similarity search.
The users can also perform a BLAST sequence similarity search against the database
with a POST request to https://disprot.org/api/blast.

Sample code

Current Protocols
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6.

#!/usr/bin/env python3

import requests

data = {

'seq’ : ' KKPLDGEYFTLQIRGRERFEMFRELNEALELKDAQAGKEPGGSRAHSSHLKSKKGQSTSR' ,
url = "https://disprot.org/api/blast"
resp_json = requests.post (url, data=data).json()

print (resp json)
Results.

The output provided is the same as that available for the text search described above,
i.e., JISON (by default), TSV, or FASTA. In addition, DisProt returns the correspond-
ing “Bit-score”, “E-value”, “Identity”, and “Coverage”, as provided by BLAST.

EXPLORING THE DISPROT ONTOLOGY PAGE

The ontologies adopted in DisProt are available at https://disprot.org/ontology. DisProt
relies on three ontologies to provide structured annotations of IDRs: (i) the IDPontology
(IDPO) to describe structural states, transitions, and disorder-associated functions, (ii)
the Gene Ontology (GO) to describe functional aspects of an IDP/IDR, (iii) the Evidence
and Conclusion Ontology (ECO) to describe the methods used to assess the presence
of disorder or one of its associated aspects. From the Ontology page (Fig. 5), users can
explore the available ontology terms used in DisProt.

Necessary Resources

Hardware

While DisProt works best on laptop or desktop computers, it is also easily
accessible from smartphones and tablets. An active and stable internet
connection is required.

Software

Internet browser, e.g., Firefox (http://www.mozilla.org/firefox), Google Chrome
(http://www.google.com/chrome), or Safari (http://www.apple.com/safari)

Input data

No input data are required

Exploring the IDPontology terms

1.
2.

Open a web browser and connect to DisProt at https://disprot.org/.

Click on the “Ontology” button on the top bar of DisProt (https://disprot.org/
ontology).

The Intrinsically Disordered Proteins Ontology (IDPO) features three disorder-
related branches, i.e., structural state, structural transitions, and disorder function.

Users can explore the IDPO terms by using the filter option or, alternatively, by
opening the ontology branch of interest and looking for the available child terms.

By typing in the “Filter” box an IDPO term, such as flexible linker/spacer
and hitting the “Search” button, users will visualize the definition of the term and its
parent term entropic chain.

Clicking on the IDPO identifier in brackets, users will be redirected to the dedi-
cated IDPontology page of that term (https://disprot.org/idpo/IDPO:00502). Each
IDPontology page is divided in two sections (Fig. 6):
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Ontology

Ontology

DisProt relies on three diff ttologies t tate intrinsically di d regions, the Intrinsically Disordered Proteins Ontology (IDPO), the Gene Ontology (GO) and the
Evidence and Conclusion Ontology (ECO). IDPO is used to describe aspects of an IDP/IDR, self-fu i irectly associated with their disordered state.
GO is used to describe functional aspects of an IDP/IDR. ECO describes the technique or evidence associated with an annotation.

Each IDPO term has a dedicated page listing proteins annotated with that term and its child terms (example IDP0:00502).

Intrinsically Disordered Proteins Ontology (IDPO)

The Intrinsically Disordered Proteins Ontology (IDPO) is maintained by the DisProt consortium (please use citations at about page). The IDPO has three main branches, each
representing a different aspect. The IDPO was originally inspired by the following works:

+ Uversky VN. Protein Sci. 2002 Apri11(4):739-56
« Dunker AK, Brown €J,L », bradovi i Biocheistry. 200

Branches

Namespace Description

TS The structural state populated by a given protein region, i.e. disorder, pre-molten globule, molten globule, order

The possible transitions occurring between different structural states, e.q. disorder-to-order, order-to-disorder

Itincludes both self-functions and functions associated with the ability of IDPs/IDRs to shift between conformational states.

Explore IDPO

Filter type term name or term identifer here Search  Clear
» structural state (IDPO:000754 possit pop gion.

> structural transition (IDPO:00049) The p ing b str tate

> disorder function (IDP0:00000&) Th f an IDP/IDR. Includes both active f 5 ie. perf proteins, and self f

Gene Ontology (GO)

DisProt is part of the Gene Ontology Consortium and contributes to the definition of disorder-related logy terms and to the annotation of IDPs/IDRs. The GO is

divided in three aspects:
Namespace Description
EETTTIITTTT  Molecular-level activities performed by a given protein region
The larger processes accomplished by multiple molecular activities

‘The locations relative to cellular structures in which an IDRs/IDPs performs a function.

Explore GO
AMIGO 2 is the official web-based set of tools for searching and browsing the Gene Ontology database. QuickGO is the alternative tool hosted at EMBL-EBI used to explore the GO.

Evidence and Conclusion Ontology (ECO)

DisProt supports Evidence and Conclusion Ontology (ECO) & to describe the technique or evidence used to assess the presence of disorder in an IDP/IDR or one of its associated
disorder aspects

Explore ECO

Filter type the ECO term name here

Search  Clear

author inference used in manual assertion (ECO:0006216£) A type of author inference that i used in a manual assertion.

author statement used in manual assertion (EC0:0000302¢) A type of author- is used in a manual assertion.

> combinatorial evidence used in manual assertion (EC0:0000244 &) A type of combinatorial analysis that is usedin a. (

combinatorial experimental and curator inference evidence used in manual assertion (EC0:0007014¢) A type of combinatorial evidence from curator knowledge and
experimental evidence that s used in a manual assertion.

> curator inference used in manual assertion (EC0:0000305 &) A type of curator inference that is used in a manual assertion.

> experimental evidence used in manual assertion (ECO:0000269£) A type of experimental evidence that is used in a manual assertion.

Figure 5 Ontology page. Users can explore the ontologies adopted in DisProt-IDPO, GO, and
ECO-along with the terms available for annotation.

Prot
S

IDPontology

Term Information

Identifier 1DPO:00502

Name Flexible linker/spacer

Definition d
disordered motifs.

Isa entropic chain (IDPO:00501 &)

Flexible linker/spacer annotation in DisProt

Disprot Sequence  Disorder
: UniProt  Protein name Organism length content
P034%  Nomstructural protein 1 Infiuenza A virus (strain A/Puerto Rico/8/1934 HINT) 230 16.09%
A0A2Z5U133 Nucleoprotein Influenza A virus 498 863%
Nucleoprotein Crimean-Congo hemorhagic fever virus strain a2 228%
Nigeria/IbAr10200/1970)
Nucleoprotein Lassa virus strain Mouse/Sierra Leone/Josiahy/1976) 569 633%
Nucleoprotein Lassa mammarenavirus 569 633%
Q046378 Isoform 8 of Eukaryotic translation initation factor  Homo sapiens. 1600 1031%
4gamma 1
Q9VKI9  Coiled-coil and C: i ini 1Hlike 816 3.06%
QSUPP1  Histone lysine demethylase PHF8 Homo sapiens. 1060 123%
QI3153 Serine/threonine-protein kinase PAK 1 Homo sapiens 545 3028%
Q9IMK1  Phosphoprotein Menangle virus 388 18.04%
paget @ @ Selected entries @3 Show {1 €3 €3

Figure 6 IDPontology term page: the “flexible linker/spacer” example.
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a. The first section describes the information about that specific term, i.e., Iden-
tifier (IDPO:00502), Name (flexible linker/spacer), Definition (unstructured re-
gion connecting, providing separation, and permitting movement between adja-
cent functional regions, e.g., structured domains or disordered motifs), and its
parent term, Is a (entropic chain, IDPO:00501).

b. The second section lists all the available DisProt entries with at least one piece of
evidence annotated using that term, e.g., DPO0018.

Exploring the Gene Ontology (GO) terms

7.
8.

Open a web browser and connect to DisProt at https://disprot.org/.

Click on the “Ontology” button on the top bar of DisProt (https://disprot.org/
ontology).

Users can explore all the GO terms, classified into one of the three aspects—i.e.,
Molecular Function, Biological Process, and Cellular Component—by clicking on
the AmiGO 2 (http://amigo.geneontology.org/amigo; Carbon et al., 2009) or on the
QuickGO (https://www.ebi.ac.uk/QuickGO/; Binns et al., 2009) tools linked.

Exploring the Evidence and Conclusion Ontology (ECO) terms

10.
11.

12.

13.

Open a web browser and connect to DisProt at https://disprot.org/.

Click on the “Ontology” button on the top bar of DisProt (https://disprot.org/
ontology).

Users can explore all the ECO terms available for annotation in DisProt, along with
their child terms, i.e.:

a. Author inference used in manual assertion (ECO:0006216): A type of author
inference that is used in a manual assertion.

b. Author statement used in manual assertion (EC0O:0000302): A type of author
statement that is used in a manual assertion.

c. Combinatorial evidence used in manual assertion (EC0O:0000244): A type of
combinatorial analysis that is used in a manual assertion.

d. Combinatorial experimental and curator inference evidence used in manual as-
sertion (EC0O:0007014): A type of combinatorial evidence from curator knowl-
edge and experimental evidence that is used in a manual assertion.

e. Curator inference used in manual assertion (EC0O:0000305): A type of curator
inference that is used in a manual assertion.

f. Experimental evidence used in manual assertion (ECO:0000269): A type of ex-
perimental evidence that is used in a manual assertion.

By typing in the “Filter” box the technique of interest, such as circular
dichroism and hitting the “Search” button, users will visualize all the available
terms along with the parent term, e.g.:
a. Circular dichroism evidence used in manual assertion (EC0O:0006200): A type
of circular dichroism evidence that is used in a manual assertion.
1. Far-UV circular dichroism evidence used in manual assertion (ECO:0006204):
A type of far-UV circular dichroism evidence that is used in a manual assertion.
ii. Near-UV circular dichroism evidence wused in manual assertion
(ECO:0006206): A type of near-UV circular dichroism evidence that is
used in a manual assertion.
iii. Synchrotron radiation circular dichroism evidence used in manual assertion
(EC0:0006202): A type of synchrotron radiation circular dichroism evidence
that is used in a manual assertion
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VISUALIZING AND INTERPRETING DisProt ENTRIES-THE SARS-CoV-2
NUCLEOPROTEIN USE CASE

Here, we present a use case, the SARS-CoV-2 Nucleoprotein (DisProt entry: DP03212),
to explain how to visualize and interpret a DisProt entry page and its annotations. The
SARS-CoV-2 Nucleoprotein entry, also shown among the SARS-CoV-2 home page ex-
amples, has been recently released (DisProt release 2021_12) and currently includes
more than 30 pieces of evidence annotated from nine scientific articles. The SARS-
CoV-2 Nucleoprotein is characterized by the presence of three intrinsically disordered
regions, i.e., the N- and C-termini (Cubuk et al., 2021; Schiavina, Pontoriero, Uversky,
Felli, & Pierattelli, 2021) and a flexible linker that connects the RNA-binding domain
(RBD) with the dimerization domain (Cubuk et al., 2021; Schiavina et al., 2021). The N-
terminal IDR plays a role in phase separation (Perdikari et al., 2020), and a deletion of the
flexible linker has been associated with a reduction of turbidity and of LLPS-associated
droplet formation (Perdikari et al., 2020), while the C-terminus appears to be involved
in droplet formation and in contributing to the protein RNA-binding activity (Wu et al.,
2021). Overall, up to 50% of the SARS-CoV-2 Nucleoprotein consists of disordered re-
gions. Interestingly, Nucleoprotein mutation hotspots cluster in disordered regions: 89%
of mutations occurring in the 12 major variants of SARS-CoV-2 map to these IDRs,
while in the Omicron variant and its lineages (BA.1 and BA.2), all the mutated positions
localize in unstructured regions (Quaglia et al., 2022b).

DisProt entries are annotated by biocurators that collect all experimental evidence related
to disorder available from a publication. In DisProt, an entry corresponds to a protein iso-
form, and each IDR annotation is an evidence about its flexible nature or function. The
minimal information required to annotate a region in DisProt include reference to the
publication (PMID or a DOI); the boundaries of the region (start and end position on
the amino acid sequence); the Evidence and Conclusion Ontology (ECO) term that de-
fines the experimental technique and the type of information, i.e., an IDPontology term
(structural state, structural transition, disorder-derived functions); or a Gene Ontology
term defining a molecular function, biological process, or cellular component associated
with the annotated IDRs. To support annotations, curators report authors’ statements as
snippets of text from the corresponding publication. Finally, a selected team of reviewers
carefully check all annotations, to ensure a high-quality standard. Each entry page con-
sists of two main sections. The first provides information about the protein and includes
a feature viewer to visualize DisProt region annotations on the sequence. The second
section lists all annotations in a tabular format.

Necessary Resources
Hardware

While DisProt works best on laptop or desktop computers, it is also easily
accessible from smartphones and tablets. An active and stable internet
connection is required.

Software

Internet browser, e.g., Firefox (http://www.mozilla.org/firefox), Google Chrome
(http://www.google.com/chrome), Safari (http://www.apple.com/safari)

Input data
No input data are required

1. Select the “Nucleoprotein” example, DP03212, from the DisProt home page (https:
//disprot.org/).
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Dataset(s) Viral proteins
Last update 2022-02-14
[ Expand Feature-viewer |
V [ ] ] [
v = J =—D—"77++—~ =
> disorder — fEE——] P
v Molecular function = =——""1 =
> RNAbinding -
> molecula condensatescafold g Pr—
> MHC class | protein binding a
> immunoglobulin binding ] )
> protein homodimerization =) )
> RNA stem-loop binding —— )
+ Disorder function o
> molecular recognition display °
> Flexible linker/spacer
+ Celutar component - o
> intracellular non-membrane- -
> MHC class 1 pr -
+ Biological process ®
> response to host immune ®
> Domains
P o o 180 200 >i0 B o 20 a0
Filter regions
Example fitters Selected regions 35 /35

14 of 17

Figure 7 SARS-CoV-2 Nucleoprotein entry page in DisProt. Entry information, feature viewer,
sequence viewer, and all the features described in steps 1-6 of Basic Protocol 3 are shown.

2.

On the top of each entry page, the following details are available: the DisProt iden-
tifier (DP03212) and protein name (Nucleoprotein); organism (Severe acute respira-
tory syndrome coronavirus 2); sequence length (419); disorder content (51.8%); and
cross references with other databases, MobiDB (Piovesan et al., 2018) and UniProt
(UniProt Consortium, 2019; UniProt accession code: PODTC9).

Users can select the release they want to visualize from the history of the entry by
clicking the “Entry history” button on the top-right of the entry page.

The feature viewer, which can be expanded and collapsed, allows users to visual-
ize regions’ annotations on the sequence (Fig. 7). By default, two tracks are shown,
the first showing DisProt annotations and the other including domain data as defined
by Pfam (El-Gebali et al., 2019), which provides conserved domain families, and
Gene3D (Lewis et al., 2018), which provides globular domains. It is possible to ex-
pand the feature viewer to visualize the sub-tracks and each disorder evidence an-
notated for a specific structural or functional aspect. By hovering each region on the
sequence viewer, a tooltip provides additional information such as annotated terms,
identifiers, cross-references, the name of the curator who annotated the region, the
experimental method, and the reference supporting that annotation.

Users can open (“toggle”) the sequence viewer, which dynamically highlights amino
acids of the selected IDR directly on the protein sequence.

It is also possible to select a subset of annotations using the “Filter” box under the
sequence viewer.

The bottom section of the entry page lists all the DisProt annotations. Among them, the
N-terminal disordered tail of Nucleoprotein is described in evidence DP03212r009, while
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DP03212r019 Structural state

Term disorder, IDPO:00076&  Fragment 176 - 263
Evidence nuclear magnetic resonance spectroscopy evidence used in manual assertion, ECO:0006165&
Cross references BMRB:50557 ¢ BMRB:50558¢

Reference 'H, 13C and >N Backbone chemical shift assignments of the n-terminal and central intrinsically disordered domains of SARS-CoV-2
nucleoprotein. Guseva S, Perez LM, Camacho-Zarco A, Bessa LM, Salvi N, Malki A, Maurin D, Blackledge M. Biomol NMR Assign,

2021, pmid:33730325¢

Statements Abstract "N is a 419 amino acid multidomain protein, comprising two folded, RNA-binding and dimerization domains spanning residues
45-175 and 264-365 respectively. The remaining 164 amino acids are predicted to be intrinsically disordered, but there is currently no atomic
resolution information describing their behaviour. Here we assign the backbone resonances of the first two intrinsically disordered domains (N1,
spanning residues 1-44 and N3, spanning residues 176-263)."

Curator Federica Quaglia validated by Edoardo Salladini

Figure 8 Structural state evidence, DP03212r019, describing the flexible linker of SARS-CoV-2
Nucleoprotein.

the C-terminal IDR is represented in evidence DP03212r011. The Nucleoprotein entry
includes pieces of evidence annotated both with disorder-related functions (IDPontology)
and with Gene Ontology terms. The unstructured linker—evidence DP03212r019 (Fig. 8)—
has also associated the corresponding disorder-related function from the IDPontology,
flexible linker/spacer (pieces of evidence DP03212r008 and DP03212r017). The functions
of the disordered C-terminus, instead, are described with specific Gene Ontology terms,
e.g., protein homodimerization activity (evidence DP03212r030), RNA stem-loop binding
(DP03212r034), and molecular condensate scaffold activity (evidence DP03212r035).

GUIDELINES FOR UNDERSTANDING RESULTS

In DisProt, a team of expert professional and community biocurators manually anno-
tates experimental intrinsic disorder data from peer-reviewed publications. Each Dis-
Prot entry corresponds to a UniProt entry, i.e., the canonical sequence or one of its iso-
forms. An entry consists of a set of manually curated intrinsically disordered regions—
each one of them is an evidence, together with all the information about its flexible na-
ture and other associated aspects. The minimal information included in the evidence is
the reference (PMID or DOI) to a scientific publication, the (ECO) term that defines
the experimental technique used to detect the annotated aspect, the start and end posi-
tions of the region, and a disorder aspect associated with the IDR. The aspects anno-
tated in DisProt cover the main features of an IDR: the structural state and the struc-
tural transition, along with disorder-related functions—defined by IDPontology terms—
and Gene Ontology—derived functions. Curators also add statements, i.e., sentences from
the publication that support the disordered nature of the region or one of its aspects, to
provide the users with an exhaustive description of each protein region. Additional in-
formation useful to unambiguously characterize a disorder-related experiment can be
annotated using the MIADE (Minimum Information About Disorder Experiments) stan-
dard. A standardized curation effort is one of the main goals of DisProt. In line with this,
DisProt curators benefit from a regularly updated curation manual describing in detail
the DisProt curation process, along with dedicated training sessions. Researchers inter-
ested in contributing to DisProt, whether by volunteering in curation or by sharing articles
from their research groups, can find detailed information in the DisProt Biocuration page
(https://disprot.org/biocuration).

COMMENTARY

Background Information of them corresponding to a UniProt accession
The DisProt database is the main resource  (Syuzek et al., 2015).

for manually curated annotations of Intrinsi- The database includes not only data about

cally Disordered Proteins (IDPs) and regions disordered regions, but also information on
(IDRs) from literature. The database features their state transitions, functions, and inter-

more than 2300 annotated entries, each one actions with other proteins, nucleic acids,
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and small molecules. In addition, DisProt
holds specific information on the experimen-
tal setup and conditions by implementing the
Minimum Information about a Disorder Ex-
periment (MIADE) guidelines. To improve
interoperability, DisProt now relies on two on-
tologies, the Evidence and Conclusion Ontol-
ogy (Nadendla et al., 2022) and the Gene On-
tology (Ashburner et al., 2000; Gene Ontology
Consortium, 2021).

Critical Parameters

Each DisProt identifier is mapped to a spe-
cific UniProt accession number. Please keep
in mind that the DisProt identifier can refer
to an isoform of the protein—e.g., the Dis-
Prot entry DP02025 is mapped to the canon-
ical isoform of Cell death protein 4 (UniProt
accession: P30429), while DP03045 is asso-
ciated with the second isoform of Cell death
protein 4 (UniProt accession: P30429-2). Dis-
Prot also provides the corresponding protein
amino acid sequence. However, given the fact
that the updating of DisProt is not synchro-
nized with the UniProt releases, the user may
experience differences between the sequences
in both resources. For any application, we rec-
ommend that users compare the sequences (or
the checksums) to verify the synchronicity and
the boundaries of IDR regions.

Moreover, polyproteins in UniProt are pro-
vided with a single UniProt accession. Simi-
larly, each polyprotein corresponds to a spe-
cific DisProt entry. This may cause issues
when interpreting data such as the “disorder
content”, as users should consider that the dis-
order content refers to the whole polyprotein
sequence and not to the single smaller proteins
that compose the polyprotein.

Troubleshooting

Potential errors that may arise with the ba-
sic and support protocols described in this ar-
ticle can be addressed at the email address
available on the “About” page (https://disprot.
org/about) under the “Contact Us” section. Fi-
nally, database documentation is provided on
the DisProt “Help” page (https://disprot.org/
help).
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