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ABSTRACT

The neXtProt knowledgebase (https://www.nextprot.
org) is an integrative resource providing both data
on human protein and the tools to explore these.
In order to provide comprehensive and up-to-date
data, we evaluate and add new data sets. We describe
the incorporation of three new data sets that provide
expression, function, protein-protein binary interac-
tion, post-translational modifications (PTM) and vari-
ant information. New SPARQL query examples illus-
trating uses of the new data were added. neXtProt has
continued to develop tools for proteomics. We have
improved the peptide uniqueness checker and have
implemented a new protein digestion tool. Together,
these tools make it possible to determine which pro-
teases can be used to identify trypsin-resistant pro-
teins by mass spectrometry. In terms of usability, we
have finished revamping our web interface and com-
pletely rewritten our APL. Our SPARQL endpoint now
supports federated queries. All the neXtProt data are
available via our user interface, APl, SPARQL end-
point and FTP site, including the new PEFF 1.0 for-
mat files. Finally, the data on our FTP site is now CC
BY 4.0 to promote its reuse.

INTRODUCTION

Comprehensive, current, high quality data, as well as inno-
vative and powerful tools are necessary for researchers to
make the most of the ever-increasing data relevant to hu-
man biology. neXtProt (1), a knowledgebase focusing exclu-
sively on human proteins, leverages the expert manual an-
notation carried out at specialist resources and in-house to
provide a single point of reference. Information concerning
human protein function, cellular localization, tissular ex-
pression, interactions, variants and their phenotypic effect,

post-translational modifications (PTMs), as well as peptide
identified in mass spectrometry experiments and epitopes
recognized by antibodies have been integrated from a num-
ber of resources. By doing so, neXtProt extends the contents
of UniProtKB/Swiss-Prot (2) to provide a more compre-
hensive data set.

However, data alone is not sufficient for scientists to
comprehend complex information rapidly. For this reason,
neXtProt organizes the information concerning an entry in
several views, with interactive viewers that allow the user to
select the data displayed. We also provide tools to analyze
and explore the data. A basic, full text search, as well as an
advanced, SPARQL-based search, allow users to search the
data in neXtProt. Additional tools have been implemented.
Users can store and compare private lists of entries. The
peptide uniqueness checker (3) determines which peptides
are unambiguous and can thus be used to confidently iden-
tify protein entries (4).

In this manuscript, we describe the latest progress on de-
veloping neXtProt. Since 2016, three major data sets have
been integrated. Firstly, high quality, tissular expression
data from the Human Protein Atlas (HPA) obtained by
RNA-seq (5) has been added. Secondly, information anno-
tated from the literature on the function, cellular localiza-
tion, interactions and phosphorylations carried out by hu-
man protein kinases has been incorporated. Lastly, variant
frequency data from the Genome Aggregation Database
(gnomAD) (6) extends the information on sequence vari-
ations at the protein level. We also report on improvements
made to the peptide uniqueness checker and the implemen-
tation of the new protein digestion tool. Finally, we present
improvements to the web site and SPARQL endpoint to im-
prove the accessibility and usability of the neXtProt data.

neXtProt data overview

The first neXtProt release in April 2011 contained data from
UniProtKB, Ensembl, HPA, Bgee and GOA. Since then

“To whom correspondence should be addressed. Tel: +41 22 379 58 41; Email: lydie.lane@sib.swiss

© The Author(s) 2019. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

610Z Jaqweoa( gl uo 1sanb Aq 0455295/S662)16/41BU/S60 101 /I0P/10BISqB-8[01B-80UBADE/IBU/WOD dNO"0lWapeo.//:sdny WoJj papeojumoq


http://orcid.org/0000-0003-1813-6857
https://www.nextprot.org

2 Nucleic Acids Research, 2019

neXtProt has been steadily incorporating new data from
additional resources, with a particular emphasis on expres-
sion data, proteomics data and variant data. The current
neXtProt release was built using human genome assembly
GRCh38 (7). The data from UniProtKB (2) is currently sup-
plemented with data from Bgee (8), HPA (5,9), PeptideAt-
las (10), SRMAtlas (11), GOA (12), dbSNP (13), Ensembl
(14), COSMIC (15), DKF GFP-cDNA localization (16,17),
Weizmann Institute of Science’s Kahn Dynamic Proteomics
Database (18), IntAct (19), GlyConnect (20), gnomAD (6),
as well as in-house curated data (21,22). Table 1 summarizes
the changes in the content since our last neXtProt update
(1).

The data in the UniProtKB/Swiss-Prot (Reviewed) en-
tries for Homo sapiens (TaxID: 9606) having the keyword
Complete proteome (KW-0181) provide the groundwork
for neXtProt. In order to evaluate the improvement in cov-
erage through the integration of data from sources other
than UniProtKB, we determined the number of entries
in neXtProt with data from UniProtKB with that hav-
ing data from any source using SPARQL queries (Table
2). UniProtKB provides excellent coverage for a single re-
source; it thus provides a good foundation for the con-
struction of neXtProt. The incorporation of data from ad-
ditional sources considerably improves the coverage—over
78% of entries in neXtProt have information about the func-
tion, cellular localization, interactions, expression, post-
translational modifications and variants.

RNA-seq

We incorporated the RNA-seq data from 37 different nor-
mal tissues from Human Protein Atlas. As RNA-seq data is
highly accurate for quantifying expression levels with high
reproducibility, this improved the expression data provided
in neXtProt at the level of the transcript, which until then
came from microarray and expressed sequence tag (EST)
data. While RNA-seq is quantitative, the semi-quantitative
expression values (undetected, low, medium and high) pro-
vided by HPA were taken and are displayed in the same
manner as the other data in the Expression view to make for
easier comparison (Figure 1). This also enables the RNA-
seq data to be queried in the same manner using SPARQL.

Protein kinases

Another new large set that was integrated is a set of manual
annotations that we have created to capture a wide range of
published experimental results concerning 300 protein ki-
nases. The proteins phosphorylated by these kinases, as well
as whenever possible the specific amino acid residue which
is phosphorylated, were annotated. This phosphorylation
data set complements that of PeptideAtlas, which only pro-
vides phosphorylation sites. With this data, neXtProt now
contains 10 725 entries (52%) with a phosphorylation on a
serine, threonine or tyrosine residue. Of the 115 822 phos-
phorylation sites, only 5219 are associated with a specific
protein kinase. The substrates of a specific protein kinase
can be retrieved using a SPARQL query; for instance, the
query NXQ_00069 retrieves all proteins phosphorylated by
SYK. The protein’s molecular function and its involvement

in a biological process were captured using Gene Ontology
(GO) terms (23,24). Binary interactions with human pro-
teins were also annotated and are displayed in the Interac-
tions view.

As with the phenotypic data described in our previous re-
port (1), this protein kinase data is available in the new Pro-
tein kinase function portal. Accessible from the top menu
‘Portals’, the data are presented in tabular form, with each
column being searchable and sortable. More details con-
cerning the experimental context for the data in all portals
is now provided. Two new columns, labeled Cell line / Tis-
sue and Experimental details, can be used to filter the data.
The data in the portals can be downloaded in CSV format,
copied or printed. The entry accession (AC) corresponding
to the annotation subject has also been added.

Variant frequency

To date the corpus of variant data in neXtProt covers vari-
ants observed in health and disease, as well as the pheno-
typic effect of the variants. The neXtProt database con-
tains over six million single amino acid variations imported
from UniProtKB, dbSNP, COSMIC and manually anno-
tated from the literature, but it is difficult to make use
of this variant data in the absence of information about
their frequencies in human populations. The Genome Ag-
gregation Database (gnomAD) (6) spans 126 216 exome
sequences and 15 136 whole-genome sequences extracted
from a variety of large-scale sequencing projects and pro-
vides computed allele frequencies for most of the reported
variants. We have thus integrated variant frequency infor-
mation from the gnomAD version 2.1.1.

neXtProt now contains 18 685 entries (92%) and 2 691
323 variants (45%) with frequency data from gnomAD. We
display the number of times the allele was sequenced (allele
count), the number of individuals homozygous for the allele
(homozygous count), the total number of alleles sequenced
(allele number) and the allele frequency in the evidence (Fig-
ure 2). SPARQL queries can be used to answer questions
such as which variants have a frequency greater than 0.1
(NXQ_00255) or which variants are frequently found in a
homozygous state (NXQ_00256).

Peptide uniqueness checker

The peptide uniqueness checker (3) allows scientists to de-
fine which peptides can be used to validate the existence
of human proteins by determining whether a peptide maps
uniquely versus multiply to human protein sequences taking
into account isobaric substitutions, alternative splicing and
single amino acid variants. It was adapted to take into ac-
count the entries with identical isoform sequences. Peptides
matching such sequences were considered to be ‘Found in
other entries’; such peptides are now considered ‘Pseudo-
unique’ and entries or isoforms having identical sequences
are labelled with an asterisk in the results. We also added a
brief description of what the tool does and examples cover-
ing all cases in the input section of the interface. In response
to user requests, we added in the display of the results icons
so as to help color-blind users to distinguish whether pep-
tides are ‘unique’, ‘pseudo-unique’ or ‘not unique’.
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Change since data release

Entries Statistics 2016-08-25 Source(s)

Entries 20399 +338 UniProtKB

Isoforms (Sequences) 42410 +386 UniProtKB

Binary interactions 240 010 +99 740 IntAct, neXtProt
Post-translational modifications 190921 +48 468 UniProtKB, neXtProt, PeptideAtlas,
(PTMs) GlyConnect

Variants (including disease 6019871 +1 075957 UniProtKB, COSMIC, dbSNP,
mutations) neXtProt, gnomAD
Phenotypic annotations 19 602 +11 588 neXtProt

Entries with a molecular function 17177 +654 GOA, neXtProt

Entries with a biological process 16 964 +692 GOA, neXtProt

Entries with an expression profile 19 367 +1038 Bgee, HPA, neXtProt

Entries with a disease 4553 +637 UniProtKB

Entries with proteomics data 18 727 +1448 PeptideAtlas, neXtProt

Entries with an experimental 3D 6505 +765 PDB via UniProtKB

structure

Cited publications 115935 +16 013 All resources

Table 2. Coverage in neXtProt data release 2019-08-22

Annotations

Entries with evidence from UniProtKB (%)

Entries with evidence from any source (%%)

GO molecular function

GO biological process

GO cellular component

Subcellular location

Binary interactions

Expression

Peptide mapping

Antibody mapping

Post-translational modifications (PTMs)
Variants

12 360 (60%)
11 665 (57%)
14 581 (71%)
16 590 (81%)
8653 (42%)
9876 (48%)
0 (0%)

0 (0%)

14 000 (69%)
12919 (63%)

17 177 (84%)
16 964 (83%)
18 129 (89%)
18 527 (91%)
16 411 (80%)
19 527 (96%)
18 727 (92%)
16 423 (80%)
15905 (78%)
19 621 (96%)

4The total number of entries is 20 399.

Ontological view Tabular view

Tissue / Cell type

Adipocyte Ts-0012 [EE]

Adipose tissue Ts-0013 [EAL

Adrenal cortex Ts-0015 el

Adrenal gland Ts-0016 L]

Adrenal gland glandular cell T5-2177 [EE
Amniotic fluid T5-0034 [EEIE)

Amygdala T5-0037 L]

Aorta Ts-0046 [

Appendix T5-1267 [

Appendix glandular cell T5-1271 &I
Appendix lymphoid tissue Ts-1268 [l
Artery Ts-0054 L]

Bile duct Ts-0075 [ERL

Blood Ts-0079 AL

Bone Ts-0088 [T

Bone marrow T5-0087 [EL)

mRNA expression

Export datain TSV

Protein expression

RNA-seq EST IHC
(&
O
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@
@
(]
@
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Figure 1. Tabular view showing the expression data for insulin (NX_P01308). Expression data at the mRNA and protein level are displayed in the same
semi-quantitative manner for easier comparison. Four levels of expression (undetected, low, medium, high) are possible. Mousing-over the data point

displays the expression level textually.
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= Search for gnomAD ID
Y PROTEIN v et o fostre
: Q 17-41276053-T-C X Yy &

Function "
Medical Name Position Length Description Evidence
Expression Variant 21 1 1—V;Found inbreast-ovarian m A "
Interactions cancer patients; unknown

pathological significance ; =
Localization dbSNP:rs80357406 (Z';

gnomAD: 17-41276053-
Sequence el - Gold \

, Link to gnomAD
Proteomics
NI S Bl experimental evidence used in manual assertion
Structures P38398 (7
Peptides 3 L Evidence 2: [
Phenotypes rs80357406 (2
Exons L Evidence 3: 5
rs80357406 (2
Identifiers
CEvidence 4: [ IOl - Gold

REFERENCES v 17-41276053T-C (7

Allele frequency: 3.98276E-6 (1/251082)
Number of homozygotes: 0

* Evidence 5:

Identifying the effects of BRCA1 mutations on homologous recombination using cells that

Curated publications ED

Additional publications m

— gnomAD exome data

prot. (D

Figure 2. Allele frequency information in the Sequence view for BRCA1 (NX_P38398) variants. To find a gnomAD variant, search in the feature table with
the gnomAD ID. A link to the corresponding variant in gnomAD is found in the description of the variant and the evidence. The allele frequency, with
the allele count and allele number in brackets, as well as the homozygote count, are displayed in the evidence.

Protein digestion

A new tool that performs in silico protein digestion is
now available at https://www.nextprot.org/tools/protein-
digestion. This tool allows the user to input the neXtProt
accession for a specific isoform of an entry and re-
turns the peptide sequences obtained upon digestion.
Combined with the peptide uniqueness checker, it can
be used to determine which proteases can be used to
identify trypsin-resistant proteins by mass spectrometry.
For example, trypsin digestion of the cancer-testis anti-
gen CTAGEI! isoform 1 (NX_Q9HC47-1) does not yield
a peptide of 9-35 aa (Figure 3A and B); however di-
gestion with high specificity cleavage with chymotrypsin
(CHYMOTRYPSIN_HIGH _SPEC) results in two, non-
overlapping proteotypic peptides (Figure 3C).

Web site and API

In our last update (1), we reported changes in the home
page, the navigation and the documentation. Since then,
we have completely revamped the neXtProt website. All en-
try, publication and controlled vocabulary term pages have
been rewritten so that they load faster, thereby improving
their usability. This was necessary, as the amount of data
in neXtProt has increased considerably over the years. We
also introduced a Tabular view in the Expression view (Fig-
ure 1). This new view shows the expression level for every
tissue assayed. An export functionality allows all the ex-

perimental expression data for the entry to be downloaded
in tab-delimited format. We also combined the Gene Iden-
tifiers and Protein Identifiers entry views in a single view.
This allows users to find all the identifiers for an entry in
the Identifiers view. Having completed the revamping of
our web site, our original website and the associated API
were disconnected. Users should now use the API at https:
/lapi.nextprot.org/.

Querying using SPARQL

In the last four years, neXtProt has been promoting the
use of SPARQL, a semantic query language for databases,
to explore human data. Semantic technologies can help to
generate innovative hypotheses where classical data min-
ing tools have failed (protein function prediction, drug
repositioning, etc.). neXtProt provides over 160 pre-built
queries in its Advanced search (https://www.nextprot.org/
proteins/search?mode=advanced) and SNORQL (https://
snorql.nextprot.org/) interfaces. The former retrieves en-
tries, while the latter retrieves any data, meeting the defined
criteria. The queries illustrate the types of questions that can
be answered using SPARQL. The data model documenta-
tion is provided in the SNORQL Help and a user guide to
help the user in his/her first steps in SPARQL has been pub-
lished (25).

The use of SPARQL allows users to run federated queries
across multiple resources relevant to human biology. Thus
SPARQL allows queries to be carried out on data both in
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A Protein digestion ST a »

The protein digestion tool allows scientists to determine which enzymes and experimental conditions would yield peptides that could
be used to confidently identify a protein of interest.

neXtProt weicomes feedback and suggestions!
a The documentation of this tool is available on this link O Please use Contact to request new features, suggest modifications to

— existing features or report bugs.

Max mesd beavages Min pegtide length Max pephide leng

B DIGESTED PEPTIDES FOR EACH PROTEASE :

Copy CSV Excel Print

Showing 110 27 of 27 entries 1 row selected Search
Protease name Peptide count Unique peptide count ¥

O CHYMOTRYPSIN_LOW_SPEC (] () ,

O CNSR 0 0

[ ENTEROKINASE 0 0

O GLU_C_BICARBONATE 0 0

O wsc 0 [}

O PEPSIN_PH_1_3 0 [}

() PEPSIN_PH_GT_2 0 0

O PROTEINASE_K 0 [}

() THERMOLYSIN [} [} |
1

Sebect a protease
C Q CHYMOTRYPSIN_HIGH_SPEC

Copy CSV Excel Primt

Showing 110 2 of 2 entries Search

Peptide sequence Length Missed Position |L Unique without variants Natural in neXtProt Synthetic in neXtProt

cleavages

Filter 13 5 0 1 Filter Fites Filter

Q = = Q Q Q

VISLHNCWISF 13 0 315 Yeos No No
TSVGVUMLVLCSAF 15 0 4862 Yes No No

Show 10 = entries Previous n et

% SEE PEPTIDE VIEW

Figure 3. Protein digestion tool. (A) Input form requiring the neXtProt isoform accession number for the protein to be digested. Default digestion parame-
ters (maximum number of miscleavages, minimum peptide length and maximum peptide length) can be modified by the user. (B) Peptide count and unique
peptide count for the digestion with 27 proteases or conditions. Select a protease to see the peptides obtained. (C) Table displaying information about the
peptides obtained with the selected digestion conditions. The peptide sequence, length, number of missed cleavages, position in the sequence, whether the
peptide is unique or not (without taking into account variants) and whether the peptide is found in neXtProt, as a natural and synthetic (SRM peptide)
are displayed. A link to the neXtProt Peptide view of the entry is provided.

and beyond neXtProt. Figure 4 shows examples of feder- Data availability
ated queries. Currently these also query data in ChEMBL,
DrugBank, PDB, Rhea, UniProtKB and WikiPathways.
The neXtProt SPARQL endpoint (https://api.nextprot.org/
sparql) also supports federated queries.

High-throughput identification and quantification of pro-
teins, including sequence variants and post-translational
modifications (PTMs) in biological samples by mass
spectrometry-based proteomics is becoming commonplace.
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federated query~ = Filter spargl examples

NXQ_00094 - Proteins which are targets of antipsychotic drugs and highly expressed in

brain

drug expression federatedquery tutorial

NXQ_00096 - Proteins which are targets of drugs for cardiac therapy

drug federatedquery tutorial

NXQ 00139 - Protein kinases which are drug targets according to CHEMBL

CHEMBL drug federatedquery tutorial

NXQ_00140 - Proteins that interact with viral proteins

federated query interaction PPl tutorial UniProt

NXQ 00141 - Human proteins highly expressed in brain and observed in a PDB structure

involving a virus protein

expression federatedquery interaction PDB snorqgl-only tutorial UniProt

NXQ_00246 - Proteins which are enzymes catalyzing a reaction involving lipids

enzyme federated query tutorial

NXQ_00253 - Human pathways in which at least one protein is mitochondrial GOLD

federatedquery pathway snorgl-only subcellular location

tutorial

NXQ_00254 - Proteins with associated pathways in WikiPathways

federatedquery pathway snorgl-only tutorial

Figure 4. Federated SPARQL query examples. Screenshot showing all queries tagged ‘federated’ in the neXtProt SNORQL interface.

While sequence variations need to be taken into account in
the search space used to analyze the data, doing so remains
a challenge. The Proteomics Standards Initiative (PSI) has
designed and implemented the PSI extended FASTA for-
mat (PEFF) (26) to facilitate the search for known sequence
variants and PTMs. Based on the FASTA format, PEFF
encodes substantially more metadata about the sequence
collection as well as individual entries, including support
for encoding known sequence variants, PTMs, and prote-
oforms. We have worked closely with PSI with the outcome
that neXtProt was the first resource to implement the PEFF
v1.0 format. This ensures the interoperability of neXtProt
data with the sequence search engine Comet. We expect that
the PEFF format will soon be adopted by other MS soft-
ware tools.

All the neXtProt data, dating back to the first release in
2011, can be downloaded. In order to foster the reuse of
the data in neXtProt, we have lifted the ‘no derivatives’ re-
striction applying to the data available from our FTP site
(ftp://ftp.nextprot.org/pub/). As of 21 February 2018, the li-
cense applying to the use of our data available is CC BY 4.0.

CONCLUSION

The past years have seen numerous changes in neXtProt.
We have incorporated new, high quality RNA-seq expres-

sion, protein kinase function and variant frequency data,
and updated the data from practically all our sources, in
order to provide an up-to-date, comprehensive data set.
Some changes, such as the rewriting of our user interface,
have been necessary to cope with the increase in data. Oth-
ers, such as the modification to the peptide uniqueness
checker, were prompted by changes in the data and feed-
back from users. We continue to support research in pro-
teomics and have implemented the protein digestion tool
to enable researchers to find alternatives to trypsin when
planning experiments to validate the existence of a pro-
tein. We welcome feedback on our data, tools and web-
site and encourage users to contact us using the e-mail
support@nextprot.org, Twitter (@neXtProt_news) or Re-
searchGate (neXtProt project).
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