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Abstract

Many publicly available data repositories and resources have been developed to support protein
related information management, data-driven hypothesis generation and biological knowledge
discovery. To help researchers quickly find the appropriate protein related informatics resources,
we present a comprehensive review (with categorization and description) of major protein
bioinformatics databases in this chapter. We also discuss the challenges and opportunities for
developing next-generation protein bioinformatics databases and resources to support data
integration and data analytics in the Big Data era.
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1. Introduction

Use of high-throughput technologies to study molecular biology systems in the past decades
has revolutionized biological and biomedical research, allowing researchers to
systematically study the genomes of organisms (Genomics) [1], the set of RNA molecules
(Transcriptomics) [2], and the set of proteins including their structures and functions
(Proteomics) [3]. Since proteins occupy a middle ground molecularly between gene and
transcript and many higher levels of molecular and cellular structure and organization, and
most physiological and pathological processes are manifested at the protein level, biological
and biomedical scientists are increasingly interested in applying high-throughput proteomics
techniques to achieve a better understanding of basic molecular biology and disease
processes [4, 5].

The richness of proteomics data allows researchers to ask complex biological questions and
gain new scientific insights. To support data-driven hypothesis generation and biological
knowledge discovery, many protein-related bioinformatics databases, query facilities, and
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data analysis software tools have been developed (http://www.oxfordjournals.org/
our_journals/nar/database/cap/) to organize and provide biological annotations for proteins
to support sequence, structural, functional and evolutionary analyses in the context of
pathway, network and systems biology. With the recent extraordinary advances in genome
sciences and Next-Generation Sequencing (NGS) technologies [6] that have uncovered rich
genomic information in a huge number of organisms, new protein bioinformatics databases
are also being introduced and many existing databases have been enhanced. As more and
more genomes are sequenced, the protein sequences archived in databases have increased
dramatically in recent years (see Figure 1 for an example). This poses new challenges for
computational biologists in building new infrastructure to support protein science research in
the age of Big Data.

We present a summary review (with categorization and description) of protein
bioinformatics databases and resources in Table 1. The databases and categories presented in
Table 1 are selected from the databases listed in the Nucleic Acids Research (NAR) database
issues and database collection, as well as the databases cross-referenced in the UniProtKB.
The reason we choose them is because they: 1) are protein related and well grouped; 2) are
well-documented with papers and websites; 3) have been peer reviewed or/and selected by
the UniProt consortium for UniProtKB database cross-references; and 4) are supposed to be
well maintained.

Protein bioinformatics databases can be primarily classified as sequence databases, 2D gel
databases, 3D structure databases, chemistry databases, enzyme and pathway databases,
family and domain databases, gene expression databases, genome annotation databases,
organism specific databases, phylogenomic databases, polymorphism and mutation
databases, protein-protein interaction databases, proteomic databases, PTM databases,
ontologies, specialized protein databases, and other (miscellaneous) databases. Please visit
http://proteininformationresource.org/staff/chenc/MiMB/dbSummary2015.html to access the
databases reviewed in this chapter through their corresponding web addresses (URLS). For
many of these databases, their identifiers can be mapped to UniProtKB protein AC/IDs [7].
Our coverage of protein bioinformatics databases in this chapter is by no means exhaustive.
Our intention is to cover databases that are recent, high quality, publicly available, and are
expected to be of interest to more users in the community. It is worth noting that certain
databases can be classified into more than one category.

As an update to our previously contributed MiMB series chapter [8], we now focus on
databases that are aligned with the content of this book and emphasize the types of data
stored and related data access and data analysis supports. For each category of databases
listed in Table 1, we select some representatives and describe them briefly in section 2. In
section 3, we discuss the challenges and opportunities for developing next-generation
protein bioinformatics databases and resources to support data integration and data analytics
in Big Data era. We conclude the chapter in section 4.
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2.1. Sequence Databases
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2.1.1. RefSeg—The National Center for Biotechnology Information Reference Sequence
(NCBI RefSeq) database [13] provides curated non-redundant sequences of genomic
regions, transcripts and proteins for taxonomically diverse organisms including Archaea,
Bacteria, Eukaryotes, and Viruses. RefSeq database is derived from the sequence data
available in the redundant archival database GenBank [12]. RefSeq sequences include
coding regions, conserved domains, variations etc. and enhanced annotations such as
publications, names, symbols, aliases, Gene IDs, and database cross-references. The
sequences and annotations are generated using a combined approach of collaboration,
automated prediction, and manual curation [13]. The RefSeq release 73 on November 6,
2015 includes 54,766,170 proteins, 12,998,293 transcripts and 55,966 organisms. The
RefSeq records can be directly accessed from NCBI web sites by search of the Nucleotide or
Protein databases, BLAST searches against selected databases and FTP downloads. RefSeq
records are also available through indirect links from other NCBI resources such as Gene,
Genome, BioProject, dbSNP, ClinVar and Map Viewer etc. In addition, RefSeq supports
programmatic access through Entrez Programming Utilities [145].

2.1.2. UniProt—The UniProt Consortium consists of research teams from the European
Bioinformatics Institute (EBI), the Swiss Institute of Bioinformatics (SIB) and the Protein
Information Resource (PIR). The UniProt Consortium provides a central resource for protein
sequences and functional annotations with four core database components to support protein
bioinformatics research.

. The UniProt Knowledgebase (UniProtKB) is the predominant data store for
functional information on protein sequences with rich and accurate annotations
(protein name or description, taxonomic information, classification, cross-
reference and literature citation) [14]. The UniProtKB consists of two parts:
UniProtKB/Swiss-Prot, which contains manually annotated records with
information extracted from literature and curator-evaluated computational
analysis, and UniProtKB/TrEMBL, which contains computationally analyzed
records with automatic annotation and classification. Comparative analysis and
query for proteins are supported by UniProtKB extensive cross-references,
functional and feature annotations, classification, and literature-based evidence
attribution. The 2015_12 release on December 09, 2015 of UniProtKB/Swiss-
Prot contains 550,116 sequence entries, comprising 196,219,159 amino acids,
and 55,270,679 UniProtKB/TrEMBL sequence entries comprising
18,388,518,872 amino acids.

. The UniProt Archive (UniParc) [146] is a comprehensive and non-redundant
archival protein sequence database from all major publicly accessible resources.
UniParc contains protein sequences and cross-references to their source
databases. UniParc stores each unique protein sequence with a stable and unique
identifier and tracks sequence changes in its source databases.
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The UniProt Reference Clusters (UniRef) [147] are clustered sets of sequences
from the UniProt Knowledgebase (including isoforms) and selected UniParc
records. UniRef merges sequences and sub-fragments with 100% (UniRef100), >
90% (UniRef90), or = 50% (UniRef50) identity and 80% overlap with the
longest sequences in the cluster (seed) into a single UniRef entry and select the
highest ranked protein sequences as the cluster representatives.

The UniProt Proteomes [14] provides sets of proteins that are considered to be
expressed by organisms whose genomes have been completely sequenced. A
UniProt proteome consists of all UniProtKB/Swiss-Prot entries plus those
UniProtKB/TrEMBL entries mapped to Ensembl Genomes for that proteome.
Some well-studied model organisms and other organisms of interest to
biomedical research and phylogeny have been manually and computationally
[148] selected as reference proteomes.

The UniProt web site (http://www.uniprot.org) is the primary access point to its data and
documentation. The site provides batch retrieval using UniProt identifiers; BLAST-based
sequence similarity search; Clustal Omega based sequence alignment; and Database
identifier mapping [7]. The UniProt FTP download site provides batch download of protein
sequence data in various formats, including flat file TEXT, XML, RDF and FASTA.
Programmatic access to data and search result is supported via RESTful web services. For
more details about UniProt databases, we refer the readers to chapter 2 of this book.

2.2. 2D Gel Databases: World-2DPAGE

The World-2DPAGE Constellation [18] is an effort of the Swiss Institute of Bioinformatics
to promote and publish two-dimensional gel electrophoresis proteomics data online through
the EXPASYy proteomics server. The World-2DPAGE Constellation consists of three
components:

World-2DPAGE List (http://world-2dpage.expasy.org/list/) contains references
to known federated 2-D PAGE databases, as well as to 2-D PAGE related servers
and services.

World-2DPAGE Portal (http://world-2dpage.expasy.org/portal/) is a dynamic
portal that serves as a single interface to query simultaneously worldwide gel-
based proteomics databases that are built using the Make2D-DB package [149].

World-2DPAGE Repository (http://world-2dpage.expasy.org/repository/) is a
public repository for gel-based proteomics data with protein identifications
published in the literature. Mass-spectrometry based proteomics data from
related studies can also be submitted to the PRIDE database [117] so that
interested readers can explore the data in the views of 2D-gel and/or MS.

The World-2DPAGE Constellation also provides a set of tools:

Make2D-DB package (ver. 3.10.2) is open source packages that can be used to
build a user’s own 2-D PAGE web site, access and integrate federated 2D-PAGE
databases, portals or data repositories.
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. Melanie Viewer (ver. 7.0) is a free viewer that can be used to visualize gels and
related data obtained through the use of the full version of Melanie 2D
electrophoresis gel analysis software.

. MIAPEGelDB can be used to produce MIAPE-compliant gel experiments
documents.

2.3. 3D Structure Databases: wwPDB

The worldwide PDB (wwPDB, http://www.wwpdb.org) [150] was established in 2003 as an
international collaboration to maintain a single and publicly available Protein Data Bank
Archive (PDB Archive) of macro-molecular structural data. The wwPDB member includes
Protein Data Bank in Europe (PDBe) [22], Protein Data Bank Japan (PDB;j) [23], Research
Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB) [26], and
Biological Magnetic Resonance Bank (BMRB) [151]. The “PDB Archive” is a collection of
flat files in three different formats: the legacy PDB format; the PDBx/mmCIF (http://
deposit.pdb.org/mmcif/) format; and the Protein Data Bank Markup Language (PDBML)
[152] format. Each member site serves as a deposition, data processing and distribution site
for the PDB Archive, and each provides its own view of the primary data and a variety of
tools and resources. As of December 1, 2015, there are 113,971 biological macromolecular
structures in the wwPDB database including 37,049 distinct protein sequences, 30,099
structures of human sequences, 8,096 Nucleic Acid containing structures.

2.4. Chemistry Databases: ChEMBL

ChEMBL [29] is a large-scale bioactivity database containing binding, functional, in vivo
absorption, distribution, metabolism, excretion, and toxicity (ADMET) information about
drug-like bioactive compounds. ChEMBL data are manually curated from the published
literature together with data drawn from other databases. ChEMBL are standardized for
using in many types of chemical biology and drug-discovery research problems. ChREMBL
database can be accessed from a web-based interface where a variety of search and browsing
functionality are provided. ChEMBL data is freely available from their FTP site in the
formats of Oracle, MySQL, PostgreSQL, structure-data file (SDF), FASTA and RDF.
Programmatic access is also supported by a set of RESTful web services. The ChEMBL
release 20 (prepared on Jan 14, 2015) contains 1,715,135 compound records, 1,463,270
compounds (of which 1,456,020 have mol files), 13,520,737 activities, 1,148,942 assays,
10,774 targets, and 59,610 documents.

2.5. Enzyme and Pathway Databases

2.5.1. MetaCyc and BioCyc—MetaCyc is a reference database of non-redundant,
experimentally elucidated metabolic pathways and enzymes curated from the scientific
literature [31]. MetaCyc stores pathways, compounds, proteins, protein complexes and genes
associated with these pathways with extensive links to protein sequence databases, nucleic
acid sequence databases, protein structure databases and literature. MetaCyc can also be
used as a reference database to predict the metabolic network in sequenced genomes by
Pathway Tools software [153] using machine-learning methods [154]. The 2015 release of
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MetaCyc includes 2,411 metabolic pathways, 13,074 reactions, 10,789 enzymes, 10,928
genes, 12,792 chemical compounds, 2,740 organisms, and 47,838 citations.

BioCyc is a collection of Pathway/Genome Databases (PGDBs) [31]. Each BioCyc PGDB
contains the metabolic network of one organism predicted by the Pathway Tool software
using MetaCyc as a reference database. The BioCyc databases are organized into three tiers:
Tier 1 databases are those that have received at least one person-year of literature-based
curation. Tier 2 and Tier 3 databases are computationally predicted metabolic pathways.
Web-based query, browsing, visualization and comparative analysis tools are also provided
from MetaCyc and BioCyc web sites. A collection of data files in different formats is
provided for download. BioCyc also provides RESTful web services, MySQL server and
Perl, Java and Lisp APIs access to its data. The 2015 release of BioCyc includes 7,667
Pathway/Genome Databases.

2.5.2. BRENDA—BRENDA (BRaunschweig ENzyme DAtabase) [32] is an information
system for functional and molecular properties of enzymes and enzyme-ligands obtained by
manual extraction from literature, text and data mining, data integration and computational
predictions. BRENDA stores enzyme data in textual, single numeric, numeric range, and
graphic formats. The content of BRENDA is based on the IUBMB (International Union of
Biochemistry and Molecular Biology) enzyme classification system. BRENDA includes the
following databases generated by text mining approach.

. KENDA contains kinetic values and kinetic expressions mined from PubMed
abstracts.
. DRENDA contains disease-related enzyme information (causal interaction,

therapeutic application, diagnostic usage, and ongoing research) mined from
PubMed abstracts using MeSH terms.

. FRENDA contains references found in PubMed abstracts that have the enzyme
name and organism combination.

. AMENDA is a subset of FRENDA providing organism-specific information on
the enzyme sources and the subcellular localization.

The user can access the data and information in BRENDA by searching (Quick Search,
Advanced Search, Full text Search, Substructure Search, and Sequence Search) and
browsing (TaxTree Explorer, EC Explorer, Ontology Explorer, and Genome Explorer). The
search results can be downloaded as CSV file. The BRENDA release 2015.2 in July 2015
contains 6,759 enzymes.

2.5.3. Reactome—Reactome [34] is an open source, expert-curated and peer-reviewed
database of biological reactions and pathways with cross-references to major molecular
databases. Reactome provides the visual representation of classical intermediary
metabolism, signaling, innate and acquired immune function, transcriptional regulation,
apoptosis and disease process etc. Reactome website supports the navigation of pathway
knowledge and pathway-based analysis and visualization of experimental or computational
data. Interaction, reaction and pathway data are downloadable as flat file, MySQL, BioPAX,
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SBML and PSI-MITAB files. They are also accessible through RESTful web services.
Software tools such as Pathway Browser, Analyze Data, Species Comparison, Reactome FI
Network are provided to support data mining and analysis of large-scale data sets. The
Reactome release 54 in September 2015 contains 101,670 proteins, 74,357 complexes,
68,659 reactions, and 20,261 pathways.

2.6. Family and Domain Databases

2.6.1. InterPro—InterPro [40] is an integrated resource of predictive models or
‘signatures’ representing protein domains, families, regions, repeats and sites from major
protein signature databases including CATH-Gene3D [38], HAMAP [37], PANTHER [41],
Pfam [42], PIRSF [43], PRINTS [44], ProDom [45], PROSITE [46], SMART [48],
SUPERFAMILY [49] and TIGRFAMs [50]. Each entry in the InterPro database is annotated
with a descriptive abstract name and cross-references to the original data sources, as well as
to specialized functional databases. The search by sequence or domain architecture is
provided by InterPro web site. The InterPro signatures in XML format are available via
anonymous FTP download. InterPro also provides a software package InterProScan [155]
that can be used locally to scan protein sequences against InterPro’s signatures.
Programmatic access to InterProScan is possible via RESTful and SOAP web service APIs.
The InterPro BioMart [156] allows users to retrieve InterPro data from a query-optimized
data warehouse that is synchronized with the main InterPro database, and to build simple or
complex queries and control the query results through a unified interface. The InterPro
release 54.0 on October 15, 2015 includes 28,462 entries containing signatures of 19,110
families, 8,191 domains, 284 repeats, 115 active sites, 74 binding sites, 672 conserved sites
and 16 PTMs.

2.6.2. Pfam—Pfam is a database of protein families represented as multiple sequence
alignments and Hidden Markov Models (HMMs) [42]. Pfam entries can be classified as
Family (related protein regions), Domain (protein structural unit), Repeat (multiple short
protein structural units), Motifs (short protein structural unit outside global domains).
Related Pfam entries are grouped into clans based on sequence, structure or profile-HMM
similarity. The Pfam database web site provides search interface for querying by sequence,
keyword, domain architecture, taxonomy, and browse interfaces for analyzing protein
sequences for Pfam matches and viewing Pfam annotations in domain architectures,
sequence alignments, interactions, species and protein structures in PDB [26]. The Pfam
data can be downloaded from its FTP site or programmatically accessed through RESTful
web service APIs. The Pfam release 28.0 in May 2015 contains 16,230 families.

2.6.3. PIRSF—The PIRSF classification system [43] provides comprehensive and non-
overlapping clustering of UniProtKB [14] sequences into a hierarchical order to reflect their
evolutionary relationships based on whole proteins rather than on the component domains.
The PIRSF system classifies the protein sequences into families, whose members are both
homologous (evolved from a common ancestor) and homeomorphic (sharing full-length
sequence similarity and a common domain architecture) [43]. The PIRSF family
classification results are expert-curated based on literature review and integrative sequence
and functional analysis. The classification report shows the information on PIRSF members
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and general statistics, family and function/structure relationships, database cross-references
and graphical display of domain and motif architecture of seed members or all members.
The web-based PIRSF system has been demonstrated as a useful tool for studying the
function and evolution of protein families [43]. It provides batch retrieval of entries from the
PIRSF database. The PIRSF scan allows searching a query sequence against the set of fully
curated PIRSF families with benchmarked Hidden Markov models. The PIRSF membership
hierarchy data is also available for FTP download. The current release of PIRSF contains
11,800 families, which cover 5,407,000 UniProtKB protein sequences.

2.6.4. PROSITE—PROSITE [46] is a database of documentation entries describing protein
domains, families and functional sites as well as associated patterns and profiles to identify
them. The entries are derived from multiple alignments of homologous sequences and have
the advantage of identifying distant relationships between sequences. PROSITE includes a
collection of ProRules based on profiles and patterns of functionally and/or structurally
critical amino acids that can be used to increase PROSITE’s discriminatory power [46]. The
PROSITE web site provides keyword-based search and allows browsing by documentation
entry, ProRule description, taxonomic scope and number of positive hits. The software tool
ScanProsite [157] supports three options for users to scan proteins for matches to PROSITE
motifs or their own sequence patterns: 1) scan protein sequence against the PROSITE
motifs; 2) scan motifs against a protein sequence database; 3) submit protein sequences and
motifs and scan them against each other. The PROSITE documentation entries and related
tools can be downloaded from its FTP site. The PROSITE release 20.120 on November 4,
2015 contains 1,742 documentation entries, 1,309 patterns, 1,139 profiles and 1,138
ProRules.

2.7. Gene Expression Databases: Expression Atlas

The Expression Atlas database [54] provides gene, protein and splice variant expression
patterns in different cell types, organism parts, biological and experimental conditions. The
high quality Microarray and RNA-Seq data imported from ArrayExpress [158] and Gene
Expression Omnibus [12] were manually curated, annotated and processed using
standardized analysis methods to detect the expression patterns under the original
experimental conditions. Expression Atlas consists of two components: Baseline Atlas and
Differential Atlas. The Baseline Atlas is about genes and their expression pattern under the
“normal” conditions using only RNA-Seq data. The Differential Atlas is about genes that are
up- or down- regulated in differential biological or experimental conditions using both
Microarray and RNA-Seq data. Expression Atlas web interface supports query both the
Baseline Atlas and Differential Atlas by gene, protein and splice variant. The search for
sample attributes and experimental conditions are also supported. All Expression Atlas
analysis results can be downloaded from their FTP site. The differential expression data and
meta-data can be used in R Bioconductor (https://www.bioconductor.org/) package. The
APIs to programmatically access Expression Atlas is under development. The October 29,
2015 release of Expression Atlas contains 2,373 datasets (93,057 assays).
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2.8. Genome Annotation Databases

2.8.1. Ensembl—Ensembl is a genome annotation database that provides up-to-date
annotations for chordates and model organism genomes [55]. Additional metazoan genomes
are available from EnsemblMetazoa [56], Plant and fungal genomes are available from
EnsemblPlants [56] and EnsemblFungi [56], Unicellular eukaryotic and prokaryotic
genomes are available from EnsemblProtists [56] and EnsemblBacteria [56]. Ensembl
supports variety of access routes to their data. Small data set can be exported from online
search results. Large dataset or complex analyses can be accessed from MySQL server, Perl
and RESTful APIs. Complex cross databases queries are supported by BioMart data mining
tool [156]. The whole database can be downloaded from FTP site in FASTA, EMBL,
GenBank, GVF, VCF, VEP, GFF formats or through MySQL dumps. In addition, Ensembl
also provides a set of data processing software tools. For example, Variant Effect Predictor,
BLAST/BLAT, Assembly converter, ID History converter etc. The Ensembl release v83 in
September 2015 contains 69 species with annotations for gene and transcript, gene sequence
evolution, genome evolution, sequence and structural variants and regulatory elements.

2.8.2. Entrez Gene—Entrez Gene [57] is a NCBI gene-specific database that provides
GenelDs (unique integer identifiers) for genomes that have been completely sequenced. The
data in Entrez Gene database (nomenclature, map location, gene products and attributes,
markers, phenotypes, citations, sequences, variations, maps, expression, homologs, protein
domains etc.) are results of manual curation and automated computational analysis of data
from RefSeq [13] and many other NCBI databases [12]. The data in Entrez Gene database
can be accessed in several ways: 1) query Entrez from the NCBI home page and display the
results in Gene, 2) enter a query in any Entrez query bar and restrict the database search to
Gene, 3) cross links from other NCBI resources such as GenBank, BLAST, RefSeq, Map
Viewer. Entrez Gene data can be downloaded from NCBI FTP site and accessed by Entrez
Programming Ultilities [145]. The Entrez Gene release on December 4, 2015 includes 13,778
taxa and 12,841,400 genes.

2.8.3. UCSC—UCSC Genome Browser database [60] contains large collection of genome
assemblies and annotations for vertebrate and selected model organisms. The major sources
of genome annotations include RefSeq, GENCODE, Ensembl, GenBank, ENCODE,
RepeatMasker, dbSNP, the 1000 Genome project and other resources. In addition to Genome
Browser, the UCSC bioinformatics group also provides web-based and command-line based
tools to facilitate the use of genome annotations data. For example, BLAT can be used to
quickly find sequences of 95% and greater similarity and 25 bases or more in length. The
Table Browser can retrieve the data associated with a track in Genome Browser and
calculate intersections between tracks. The Variant Annotation Integrator can associate
UCSC Genome Browser annotations with the user-uploaded variants. The Gene Sorter can
be used to show expression, homology and other information on groups of genes. User data
can be viewed together with UCSC annotations via ‘custom track’, ‘track data hubs’,
‘assembly hub’ and ‘Genome Browser in a Box (GBIiB)’ [159]. Genome data and source
codes are downloadable. UCSC Genome Bioinformatics group also provides public MySQL
server access. Currently (December 11, 2015), there are 95 genomes in UCSC Genome
Browser database.
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2.9. Organism Specific Databases

2.9.1. FlyBase—FlyBase [72] is a database of Drosophila melanogaster related genetic
and genomic information. The sequence and annotation data for Drosgphila melanogaster
genome assembly can be downloaded from FlyBase FTP site in multiple formats (GFF3,
FASTA, GTF, Chado XML, and Chado PostgreSQL dump). FlyBase uses generic genome
browser 2 (GBrowse 2) to display the genome annotations and genome-aligned evidence on
the reference genome assembly. FlyBase database can be searched for genes, alleles,
aberrations and other genetic objects, phenotypes, sequences, stocks, images and movies,
controlled terms. FlyBase provides a standalone BLAST server for 50 different arthropod
genomes and supports query results analysis such as hit list refinement and batch download.
The latest FlyBase is FB2015_05 released on November 20, 2015 that consists of 212,991
references, 141,104 stocks and 1,258 images.

2.9.2. MGD—The Mouse Genome Database (MGD) [84] is a database of integrated
genomic, genetic and biological data on the laboratory mouse that is a model for
translational research. MGD integrates mouse genome annotations from NCBI, Ensembl and
Havana into a single non-redundant resource. MGD is the authoritative source for the unified
catalog of mouse genome features, Gene Ontology (GO) annotations (functional
associations) of mouse protein-coding genes, and mouse phenotype annotations. The
Human-Mouse: Disease Connection (http://www.diseasemodel.org) is a translational
research tool that provides simultaneous access to human-mouse genomic, phenotypic and
genetic disease information. MGD uses a powerful new genome browser called JBrowse
[160] to integrate mouse gene and protein annotations with large-scale sequence data. In
addition to online search tools for genes, genome features and maps, phenotypes, alleles and
disease models, gene expression, GO functional annotations, strains, SNPs and
polymorphisms, sequences, references, vocabularies, MGD also provides bulk data
download as FTP reports and batch query tool and programmatic access by Web services
and BioMart [156]. MGD is updated on a weekly basis.

2.9.3. neXtProt—neXtProt [87] is a new protein-centric knowledge platform serves as a
central hub for all knowledge about human proteins. neXtProt integrates high-quality and
manually curated UniProt/Swiss-Prot entries with large amount of additional human protein
related information from other resources such as Human Protein Atlas [79], ArrayExpress
[158], UniGene [12], PeptideAtlas [116], Gene Ontology Annotation [126], Ensembl [55],
dbSNP [12] etc. Ontologies and controlled vocabularies (CVs) are extensively used in
neXtProt to support consistent annotation and data retrieval. neXtProt’s Google-like search
interface supports free text search and complex queries with results displayed as lists or
short summaries. neXtProt provides export functionality for protein entries in TEXT, Excel,
FASTA and XML formats and bulk download from the FTP site. neXtProt release on
September 1, 2015 contains 20,066 protein entries, 153,556 controlled vocabularies and
465,706 publications.

2.10. Phylogenomic Databases: OMA

The Orthologous Matrix (OMA) [103] is a method and associated database that infers
evolutionary relationships amongst complete proteomes. OMA’s inference algorithm
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includes three steps: 1) infer homologous sequences (sequences of common ancestry); 2)
infer orthologous pairs (subsets of homologs related by speciation events); 3) cluster
orthologs into: (i) OMA groups (cliques of orthologous pairs) and (ii) HOGs (groups of
genes descended from a common ancestral gene in a given taxonomic range). OMA can be
accessed through the OMA browser and programmatic interfaces. OMA genomes including
all-against-all computations can be downloaded with OMA stand-alone program to do
orthology prediction using user’s custom data. The OMA release in September 2015
contains 1,970 species, 1,001,242 OMA groups, and 10,129,468 proteins.

2.11. Polymorphism and Mutation Databases: dbSNP

The NCBI dbSNP database [12] is a database for short genetic variations from variety of
organisms. dbSNP catalogs single nucleotide variations, short nucleotide insertions and
deletions, short tandem repeats and microsatellites. doSNP homepage provides search
interface for querying variations by simple term or complex queries. The details of matched
variation record is displayed as the Reference SNP Cluster Report that contains summary of
the allele, mapping information in Human Genome Variation Society (HGVS)
nomenclature, gene-centric view, map table with chromosomal coordinates, variation view,
and link to the 1000 Genomes Browser. dbSNP integrates disease-related variations
collected by OMIM [86]. dbSNP variation data are accessible through links from other
NCBI databases. dbSNP data can also be downloaded from a FTP site and accessed by
EUtils API (https://www.ncbi.nlm.nih.gov/books/NBK25500/). dbSNP build 146 on
November 24, 2015 for Homo sapiens contains 150,482,731 RefSNP Clusters, among them
100,135,281 are validated.

2.12. Protein-protein Interaction Databases: IntAct

IntAct [111] is an open source database and toolkit for the storage, presentation and analysis
of rich curated molecular interaction data in community accepted standard formats. IntAct
provides relevant experimental details of protein interactions curated from literatures or
directly deposited. All the entries in the database are fully compliant with the IMEx [162]
guidelines and MIMIx [163] standard. IntAct web site provides multiple search
functionalities: 1) search by anything that might be related to interactions, for example, gene
name, identifiers, GO term, publication, and experimental method etc.; 2) search on four
ontologies: Gene Ontology [126], InterPro [40], PSI-MI [164], ChEBI [165]; 3) draw all or
part of a chemical structure and search for chemical compounds. IntAct data is released
monthly and available as FTP download. IntAct release 194 on December 2, 2015 consists
of 577,297 binary interactions from 13,952 curated publications and 1,378 biological
complexes.

2.13. Proteomics Databases

2.13.1. PeptideAtlas—PeptideAtlas [116] provides an approach and framework to archive
proteomic data that enables the data exchange and integration with genomic data.
PeptideAtlas statistically validates peptides identified by high-throughput tandem mass
spectrometry (MS/MS) experiments and maps peptide sequences to eukaryotic genomes.
PeptideAtlas uses a uniform statistical validation process to ensure consistent and high-
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quality peptide and protein identifications. The raw data used to build PeptideAtlas includes
raw MS/MS files, MS/MS files in mzXML [166] format, SEQUEST [167] search results.
The user can also download PeptideProphet [168] results and ProteinProphet [169] outputs.
The PeptideAtlas builds are available for download or browse via PeptideAtlas web
interface. As of December 7, 2015, there are total 72 builds covering 19 organisms.

2.13.2. PRIDE—The PRoteomics IDEntifications database (PRIDE) [117] is a repository
for mass-spectrometry based proteomics data including identifications of proteins, peptides
and post-translational modifications that have been described in the scientific literature,
together with supporting mass spectra and related technical and biological metadata. PRIDE
supports tandem MS (MS/MS) and Peptide Fingerprinting datasets with search/analysis
workflows originally analyzed by the submitters. PIRDE provides several services such as
the Protein Identifier Cross-Reference (PICR) [170], the Ontology Lookup Service (OLS)
[171] and Database on Demand [172]. The data in PRIDE database can be accessed in
different ways: 1) The PRIDE web interface can be used to explore all public datasets
currently available in the repository; 2) Batch data retrieval and integration with other
databases can be achieved by PRIDE BioMart [156]; 3) PRIDE public experiments data in
mzData (http://www.psidev.info/mzdata) and PRIDE XML formats can be downloaded via
FTP, Aspera, and HTTP; 4) A set of RESTful web services can be used to get programmatic
access to data in the PRIDE repository. PRIDE supports submissions of protein and peptide
identification/quantification data with the accompanying mass spectral evidence by
following the ProteomeXchange (PX) consortium [173] guidelines. PRIDE also provides a
set of software tools: PRIDE Converter 2 for converting common mass spectrometry data
formats into PRIDE XML for data submission, and PRIDE Inspector for visualizing and
analyzing MS dataset, such as: mzML [174], mzldentML (http://www.psidev.info/
mzidentml), and PRIDE XML. As of December 8, 2015, PRIDE repository includes 3,774
projects and 55,873 assays.

2.14. PTM Databases

2.14.1. DEPOD—The human DEPhOsphorylation Database (DEPOD) [119] is a
comprehensive, high quality, manually curated database for human phosphatases, their
experimentally verified protein and non-protein substrates, dephosphorylation sites, involved
pathways with cross-references to kinases and small molecule modulators. The human
phosphatase substrate information is integrated from a variety of sources including
‘dephosphorylation’ post-translational modification data in Human Protein Reference
Database [175], ‘dephosphorylation’ interaction data from PSICQUIC service [176],
substrate information from UniProt annotation [14], and scientific literature from PubMed
and Google. DEPOD database can be browsed by Human Phosphatases, Protein Substrates,
Non-Protein Substrates, Pathway Mapping, and Dephosphorlation Network. DEPOD also
allows direct deposit substrate candidates for human active phosphatases. The Human active
phosphatase data can be downloaded in XSLX format. The Human phosphatase-substrate
interaction and dephosphorylation sites data are available for download in PSI-MI Tab 2.5
format. In addition, KEGG [58], NCI Nature PID and Reactome [34] pathways mapped on
phosphatases and substrates are available in TXT format. The latest release of DEPOD on
August 15, 2015 contains 228 human active and 11 inactive phosphatases (194 phosphatases
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have substrate), 298 protein substrates, 89 non-protein substrates, 1,096 dephosphorylation
interactions, 213 KEGG pathways, 206 NCI Nature PID pathways and 560 Reactome
pathways.

2.14.2. iPTMnet—iPTMnet [120] is an integrated resource for protein post-translational
modification network discovery which combines text mining, data mining, and ontological
representation to capture rich PTM information, including PTM enzyme-substrate
relationships, PTM-specific protein-protein interactions (PPIs) and PTM conservation across
species to support PTM analysis in the context of systems biology. It employs RLIMS-P
[177] and eFIP [178] text mining tools developed by PIR group for full-scale mining of
PubMed abstracts to identify PTM information (kinase, substrate, and site) and
phosphorylation-dependent PPI. Experimentally observed PTMs, including high-throughput
proteomic data from curated PTM databases, are incorporated. Proteins and PTM protein
forms (proteoforms) are organized using the Protein Ontology (PRO) [127], enabling
representation and annotation of forms modified on combinations of PTM sites and
orthologous relationships between forms. iPTMnet thus serves as an integrated resource that
connects between knowledge about biologically relevant modified proteins from disparate
sources. Covering seven major PTM types (phosphorylation, acetylation, ubiquitination,
methylation, glycosylation, sumoylation and myristoylation), the current iPTMnet database
contains more than 250,000 PTM sites in more than 45,000 modified proteins, along with
more than 1,000 PTM enzymes for human, mouse, rat, yeast, Arabidopsis and several other
organisms. The web portal supports online search and visual analysis for scientific queries.
For more details about iPTMnet database, we refer the readers to chapter 21 of this book.

2.14.3. PhosPhAt—The Arabidopsis Protein Phosphorylation Site Database (PhosPhAt)
[121] catalogs published information on large-scale Mass Spectrometry experiments
identified phosphorylation sites in Arabidopsis. It contains information about the peptides,
their annotated biological functions, and experimental and analytical contexts. In addition,
PhosPhAt provides a plant specific phosphorylation site predictor trained using Serine,
Threonine and Tryosine phosphorylation (pSer, pThr, pTyr) experimental data. The user can
access the pre-computed prediction using Arabidopsis gene identifiers or do *“on-the-fly”
prediction of phosphorylation of user submitted protein sequences. Both the experimentally
determined phosphorylation sites and high confidence predicted sites are available for
download. As of December 8, 2015, PhosPhAt includes 9,159 experimental phosphoproteins
with 19,100 unique tryptic phosphopeptides, and 31,916 predicted proteins with 2,176,360
predicted phosphosites.

2.14.4. Phospho.ELM—Phospho.ELM [122] is a manually curated database of
experimentally verified eukaryotic phosphorylation sites. Each entry in Phospho.ELM
database is manually annotated with information about the phosphorylated proteins, the
positions of known phosphorylations, the kinases responsible for phosphorylation, and
literature citations. Additional information such as structure, interaction partners, sub-
cellular compartment, and tissue specificities are also provided whenever they are available.
Phospho.ELM data can be searched from its web interface. The data sets are also available
for download upon request. PhosphoBlast server can be used to search protein (UniProt
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ID/AC or amino acid sequence) against the curated dataset of phosphorylated peptides.
Phospho.ELM (v9.0, September 2010) contains 8,718 substrate proteins covering 3,370
tyrosine, 31,754 serine and 7,449 threonine instances.

2.14.5. PhosphoGrid—PhosphoGrid [123] is a database of experimentally verified /in
vivo protein phosphorylation sites of Saccharomyces cerevisiae curated from literatures.
Both high-throughput MS phospho-proteomics studies and focused low-throughput analyses
of individual proteins or complexes are integrated into PhosphoGrid. Each in vivo
phosphorylation site is annotated by a hierarchy of experimental evidence codes,
experimentally defined protein kinases and/or phosphatases, specific condition(s) under
which the phosphorylation event occurs and the effect(s) of phosphorylation on protein
function. The user can search PhosphoGrid web-based interface for any substrate, protein
kinase or phosphatase. Each record is cross-referenced with BioGRID [109], Saccharomyces
Genome Database (SGD) [93], NCBI protein database [12] and its original PubMed articles.
Latest release of PhosphoGrid contains 20,177 phosphorylation sites, 3,011 kinases, 266
phosphatases, and 563 publications.

2.14.6. PhosphoSitePlus—PhosphoSitePlus (PSP) [124] is a curated and highly
interactive systems biology knowledgebase for studying experimentally observed
mammalian post-translational modifications (PTMs) in the regulation of biological process.
PSP provides a comprehensive coverage of protein phosphorylation, acetylation,
methylation, ubiquitination, and O-glycosylation. PSP includes structural and functional
information about the topology, biological function and regulatory significance of
modification sites integrated from both low- and high-throughput (LTP and HTP) data. The
Homepage of PSP includes “Simple Search” that allows query of all known phosphorylation
sites in a specific protein and “Advanced Search” that allows search by Protein, Sequence or
Reference. PSP also supports retrieval of a list of modified sites that possess certain
specified attributes and browsing curated MS/MS records by disease type, cell line and
tissue. Multiple types of datasets and tools are available for download such as PTMVar
dataset, Modification site datasets, Regulatory sites, Disease-associated sites, Kinase-
substrate dataset, Cytoscape plugin etc. The latest release of PSP (accessed on December 9,
2015) contains 52,872 proteins, 21,619 Low throughput (LTP) sites, 456,434 High
throughput (HTP) MS sites, 2,130,888 MS peptides and 19,704 curator-reviewed papers. For
more details about PhosphoSitePlus database, we refer the readers to chapter 8 of this book.

2.14.7. UniCarbKB—UniCarbKB [125] is a curated knowledgebase for glycomics and
glycobiology research. UniCarbKB provides comprehensive information about the
structures, pathways and networks involved in glycosylation and glycol-mediated processes.
UniCarbKB integrates GlycoSuiteDB [179] and EUROCarbDB [180] to provide a unified
portal to support glycol-bioinformatics research and knowledge dissemination. The content
of UniCarbKB is mainly eukaryotic glycoproteins curated from GlycoSuiteDB and a
selected few datasets from EUROCarbDB. The data in GlycosuiteDB, EUROCarbDB and
GlycoBase [181] can be queried by Taxonomy, Tissue, Protein Name, Protein Accession and
Composition. Glycan structures can be searched using carbohydrate sequences in GlycoCT
format. The user can browse the curated collection of proteins or search them by names.
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Glycan Builder provides a GUI interface for building and displaying glycan structures.
GlycoDigest is a tool that simulates exoglycosidase digestion, based on controlled rules
acquired from expert knowledge and experimental evidence available in GlycoBase. The
latest release of UniCarbKB (accessed on December 9, 2015) contains 899 Glycoproteins,
3,238 GlycoSuite structures, 520 UniCarb-DB MS/MS datasets and 909 publications.

2.15. Ontology Databases: Gene Ontology (GO)

The Gene Ontology (GO) [126] is a bioinformatics effort to create the consistent
computational representation of gene functions at the molecular, cellular and tissue system
levels across all organisms. GO provides controlled vocabulary of terms (ontologies) to
describe gene products in terms of the biological processes, cellular components and
associated molecular functions. The user of GO terms enables the uniform query and
association across many biological databases. From GO web site, the user can search for GO
terms, annotations to gene products, and metadata across multiple species and perform GO
enrichment analysis. GO web site provides the download of the gene association files
(Annotation), Gene Ontology (Ontology) and mappings of GO terms to those in a number of
external vocabularies (Mapping). The Gene Ontology as of December 8, 2015 consists of
29,033 biological process terms, 4,039 cellular component terms, and 10,920 molecular
function terms.

2.16. Specialized Protein Databases: MEROPS

MEROPS [133] is an integrated database of information about peptidases (also termed
proteases, proteinases and proteolytic enzymes) and the proteins that inhibit them. A
homologous set of peptidases and protein inhibitors are grouped into peptidase and inhibitor
species. Protein species are grouped into family that contains statistically significant
similarities in amino acid sequence. Families are grouped into clans that contain related
structures. Both family (sub-family) and clan can be browsed by index page with links to
their summary page. Each peptidase has a summary page that can be browsed by Name,
Identifier, Gene name, Organism and Substrates. The peptidase summary page includes
information of Gene Structure, Alignment, Tree, Sequences and their features, Distribution,
Structure, Literature, Human EST, Mouse EST, Substrates, Inhibitors and Pharma. The
MEROPS database can be searched for a peptidases or inhibitor, peptidases or inhibitor
genes, structures of peptidases or inhibitors. User can also search via specificity, organism
and citation. MEROPS supports searching peptidase and protein inhibitor sequences with a
protein or nucleotide query sequence by WU-BLAST. MEROPS also provides batch
substrate cleavage analysis. MEROPS allows online submission of protein cleavage site,
however login is required for data download.

2.17. Other (Miscellaneous) Databases: Gene Wiki

Gene Wiki [141] is a collection of community written Wikipedia articles about human genes
in NCBI Gene database [57]. Gene Wiki starts with a set of seed stub Wikipedia articles,
populated and expanded by community contributors with focus on the functions and disease
relevance of gene and corresponding protein. Gene Wiki has an automated system to keep
the article structures in sync with the data from trusted primary databases and use WikiTrust
[161] reputation system to assess and display the trustworthiness of authors and their
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contributions. Gene Wiki has over 10,000 distinct gene pages, spanning 2.07 million words
and 82 megabytes of data.

3. Challenges and Opportunities

Although a large number of protein bioinformatics databases and resources have been
developed to catalog and store different information about proteins, there are challenges and
opportunities to develop Next-Generation databases and resources to facilitate data
integration, data-driven hypothesis generation, and biological knowledge discovery. Recent
rapid developments of high-throughput sequencing technologies bring the molecular biology
researchers to the age of Big Data, where the research paradigm has shifted from hypothesis-
driven to data-driven. Big Data opens new avenues to study molecular biology as well as
brings new challenges for computational biologist to explore ways to efficiently manage and
analyze data, and eventually turn data into usable and actionable knowledge. Next, we will
review and discuss some recent technology developments that can help addressing some of
the challenges.

3.1. Characteristics of Big Data

Big data is a broad term for data sets so large or complex that traditional data processing
applications are inadequate (Wikipedia, http://www.wikipedia.org/). In a more articulated
definition, Big Data has the following characteristics.

. Volume The size of data is definitely an important aspect of Big Data. Large
volume of data demands scalable storage solution and distributed information
processing and retrieval.

. Variety The types of data determine how the data would be analyzed. The
heterogeneity of data requires non-trivial analysis methods.

. Velocity The speed the data were generated and processed challenges novel real-
time data analytics.

. Variability The inconsistency of data calls for effective data management and
handling.
. Veracity The accuracy of data analysis depends on high quality data and data

capture methodology.

3.2. Data Storage and Management

The first challenge computational biologists have to face is the efficient storage and
management of large volume of data. In addition to better hardware support, massive
parallel storage systems (distributed file systems, cluster file systems, and parallel file
systems) have been explored. Examples include Lustre [182] and Hadoop Distributed File
System (HDFS) [183]. On top of that we need framework for user specific solutions where
several tools have been developed. Apache Hive [184] is a distributed data warehouse
framework for analyzing data stored in HDFS and compatible systems using SQL-like
language called HiveQL. Apache Pig [185] further simplifies the complex data analysis
using simpler scripting language targeting domain experts. Traditional relational database
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management systems often have difficulty handling Big Data. Because they lack horizontal
scalability, require hard consistency and become very complex when dealing with large
volume of heterogeneous data. Non-relational databases (NoSQL) are alternative to Big
Data storage and management because they focus on the scalability and flexibility. The
popular NoSQL database management systems include key-value stores, columnar
databases, graph databases and document-oriented databases.

3.3. Data Analytics

Data storage and management is only one side of the same coin. In the field of biomedical
research and healthcare system, the purpose of high-throughput omics studies is to turn
biomedical data into knowledge. In order to accomplish the goal of personalized medicine
and better treatments, we need scalable computational facilities and efficient data analytics
framework. Compared to traditional HPC cluster computing, cloud computing emerges as
economical solution to large-scale data analysis. By hosting large volume high-throughput
data in the cloud, bioinformatic analysis is now changing the way the analysis is done.
Instead of moving data to the analysis code, code is now moving to the data. In addition,
novel and efficient machine learning and data mining algorithms and computational
framework are also essential to the success of turning data into knowledge. Apache Spark
[186] is a recently developed fast and general computing engine for large-scale lightning-fast
in-memory clustering computing. It supports a rich set of higher-level tools including Spark
SQL for SQL and structured data processing, MLIib for machine learning, GraphX for graph
processing, and Spark Streaming for scalable streaming applications.

3.4. Data Integration

The most challenging task in Big Data research is to deal with the heterogeneity, diversity
and complexity of the data and to find a better way to integrate them. In addition to explore
the flexibility of NoSQL technology, another promising area is to apply the ontologies and
Semantic Web technology. As a formal, explicit specification of a shared conceptualization
of a domain of interest, ontology plays a perfect role in addressing the issues of
heterogeneity in data sources. Rapid development and adoption of ontologies have enabled
the research community to annotate and integrate biological and biomedical data using
standardized ontologies, and automate the discovery and composing bioinformatics web
services and workflows. Linked Data technology provides a method for publishing
structured data on the web and making them interconnected. The successful Linked data
projects in the field of bioinformatics include Bio2RDF [187] and EBI RDF platform [188].
They use Semantic Web technologies to build and provide the largest network of Linked
data for the Life Sciences by defining a set of simple conventions to create RDF(s)
compatible Linked Data from a diverse set of heterogeneously formatted sources obtained
from multiple data providers. The challenge for data integration using Linked Data is to
develop applications that can consume such data, extract meaningful biological knowledge
and present them in a user-friendly fashion.

3.5. User Interfaces

With the pervasiveness of mobile devices (Tablets and Phones), responsive web design that
makes the web page look good on all devices become more and more important. Next-
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generation protein bioinformatics databases should provide user an optimal viewing and
interaction experience across a wide range of devices using technology such as Bootstrap
[189], JQuery [190], and Dojo Toolkit [191] etc. The need for speed, particularly for web-
based applications has also driven the development of NoSQL technology and high
performance index and search platform such as Lucene/Solr [192] for fast information
retrieval.

4. Conclusions

In this chapter, we presented a comprehensive review (with categorization and description)
of major protein bioinformatics databases. We also reviewed and discussed the recent
technology improvements that can help addressing some of the challenges in building Next-
Generation protein bioinformatics databases and resources in Big Data era.
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Figure 1. The total number of protein sequences in UniProtKB
The diagram shows that as the result of the rapid development of genome sequencing

projects, protein sequences archived in UniProtKB have increased dramatically in recent

years.
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