Methods in
Molecular Biology 1415

Oliviero Carugo
Frank Eisenhaber Editors

Data M

Techni
the Lif

Second Edition

EXTRAS ONLINE



METHODS IN MoOLEcCcULAR BioLoOGY

Series Editor
John M. Walker
School of Life and Medical Sciences
University of Hertfordshire
Hatfield, Hertfordshire, AL10 9AB, UK

For further volumes:
http://www.springer.com/series/7651


http://www.springer.com/series/7651
http://www.springer.com/series/7651




Data Mining Techniques
for the Life Sciences

Fdited by
Oliviero Carugo

Department of Chemistry, University of Pavia, Pavia, ltaly; Department of Structural
and Computational Biology, MFPL—Vienna University, Campus Vienna, Vienna, Austria

Frank Eisenhaber

Bioinformatics Institute (BIl), Agency for Science,
Technology and Research (A*STAR), Singapore, Singapore

M2,

>« Humana Press



Editors

Oliviero Carugo Frank Eisenhaber
Department of Chemistry Bioinformatics Institute (BIT), Agency for Science
University of Pavia, Pavia, Italy Technology and Research (A*STAR)

Department of Structural and Computational Singapore, Singapore

Biology
MFPL—Vienna University, Campus Vienna
Vienna, Austria

ISSN 1064-3745 ISSN 1940-6029 (electronic)
Methods in Molecular Biology
ISBN 978-1-4939-3570-3 ISBN 978-1-4939-3572-7 (eBook)

DOI10.1007/978-1-4939-3572-7
Library of Congress Control Number: 2016935704

© Springer Science+Business Media New York 2016

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction
on microfilms or in any other physical way, and transmission or information storage and retrieval, electronic adaptation,
computer software, or by similar or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not
imply, even in the absence of a specific statement, that such names are exempt from the relevant protective laws and
regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book are believed to
be true and accurate at the date of publication. Neither the publisher nor the authors or the editors give a warranty,
express or implied, with respect to the material contained herein or for any errors or omissions that may have been made.

Printed on acid-free paper

This Humana Press imprint is published by Springer Nature
The registered company is Springer Science+Business Media LLC New York



Preface

The new edition of this book is rather different from the first edition, though the general
organization may seem quite similar. A new, small part, focused on the Big Data issue, has
been added to the three parts already present in the first edition (Databases, Computational
Techniques, and Prediction Methods). And the contents of the old parts have been sub-
stantially modified.

The book philosophy was maintained. Since the theoretical foundations of the biologi-
cal sciences are extremely feeble, any discovery must be strictly empirical and cannot over-
take the horizon of the observations. The central importance of empirical information is
mirrored in the fact that experimental observations are being produced ceaselessly, in a
musical accelerando, and Biology is becoming more and more a “data-driven” scientific
field. The European Bioinformatics Institute, part of the European Molecular Biology
Laboratory, is one of the largest biology-data repositories with its 20 petabytes of data—
20,000 terabytes hard disks, like those that are commonly installed in our personal comput-
ers—and the development of innovative procedures for data storage and distribution
became compelling [1, 2].

However, it must be remembered that “data” is not enough. For example, the prom-
ises of full human genome sequencing with regard to medical and biotechnological applica-
tions have been realized not even nearly to the expectations. Most importantly, more than
half of the human genes still remain without any or with grossly insufficient functional
characterization, the understanding of noncoding RNA functions is enigmatic and, most
likely, three quarters of molecular pathways and assemblies in human are still open for dis-
covery [3, 4]. In other words, with no appropriate scientific questions, data remain inert
and discoveries are impossible. Without the observations made during the voyage on the
Beagle, Darwin would have never written On the Origin of the Species. Similarly, rules of
heredity were discovered by the friar Gregor Mendel and not by his sacristan. In other
words, good science is made by good questions.

Databases and data mining tools are nevertheless indispensable in the era of data abun-
dance and excess, which contrasts the not-so-ancient era when the problem was the access
to the scarce data. In this book, the reader can find a description of several important data-
bases: First, the genomic databases and their accession tools at the National Center for
Biotechnology Information (1); then the archives of macromolecular three-dimensional
structures (2). A chapter is focused on databases of protein—protein interactions (3) and
another on thermodynamics information on protein and mutant stability (4). A further
chapter is devoted to the “Kbdock” protein domain structure database and its associated
web site for exploring and comparing protein domain—domain interactions and domain—
peptide interactions (5). Structural data are archived also in PDB_REDO databank, which
provides re-refined and partially rebuilt crystallographic structure models for PDB entries
(6). This addresses a crucial point in databases—the quality of the data [4 ]—which is con-
sidered also in the next chapter, focused on tools and problems in building high-quality
subsets of the Protein Data Bank (7). The last chapter is devoted to large-scale homology-
based annotations (8).
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The second part of the book, dedicated to data mining tools, hosts two chapters focused
on data quality check and improvement. One focuses the attention on the identification
and correction of erroneous sequences (9) and the other describes tools that allow one to
improve pseudo-atomic models from Cryo-Electron Microscopy experiments (10). Then,
a chapter describes tools in the ever-green motif of the substitution matrices (11). The
problem of reproducibility of biochemical data is then addressed in Chapter 12 and tools
to align RNA sequences are described in Chapter 13.

New developments in the computational treatment of protein conformational disorder
are then summarized in Chapter 14, while interesting procedures for kinase family/sub-
family classifications are described in Chapter 15. Then, new techniques to identity latent
regular structures in DNA sequence (16) and new tools to predict protein crystallizability
(17) are described. Chapter 18 is then focused on new ways to analyze sequence align-
ments, Chapter 19 describes tools of data mining based on ontologies, and Chapter 20
summarizes techniques of functional annotations based on metabolomics data. Then, a
chapter is devoted to bacterial genomics data analyses (21) and another to prediction of
pathophysiological effects of mutations (22). Chapter 23 is focused on drug—target interac-
tion predictions, Chapter 24 deals with predictions of protein residue contacts, and the last
Chapter (25) of this part describes the recipe for protein sequence-based function predic-
tion and its implementation in the latest version of the ANNOTATOR software suite.

Two chapters are then grouped in the final part of the book, focused on the analyses of
Big Data. Chapter 26 deals with metagenomes analyses and Chapter 27 describes resources
and data mining tools in plant genomics and proteomics.

Pavia, Italy Oliviero Carugo

Vienna, Austria

Singapore, Singapore Frank Eisenbaber
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Chapter 1

Update on Genomic Databases and Resources at
the National Genter for Biotechnology Information

Tatiana Tatusova

Abstract

The National Center for Biotechnology Information (NCBI), as a primary public repository of genomic
sequence data, collects and maintains enormous amounts of heterogeneous data. Data for genomes, genes,
gene expressions, gene variation, gene families, proteins, and protein domains are integrated with the
analytical, search, and retrieval resources through the NCBI website, text-based search and retrieval
system, provides a fast and easy way to navigate across diverse biological databases.

Comparative genome analysis tools lead to further understanding of evolution processes quickening
the pace of discovery. Recent technological innovations have ignited an explosion in genome sequencing
that has fundamentally changed our understanding of the biology of living organisms. This huge increase
in DNA sequence data presents new challenges for the information management system and the visualiza-
tion tools. New strategies have been designed to bring an order to this genome sequence shockwave and
improve the usability of associated data.

Key words Bioinformatics, Genome, Genome assembly, Database, Data management system,
Sequence analysis

1 Introduction

Genome science together with many other research fields of life sci-
ences had entered the Era of Large-scale Data Acquisition in the early
1990s. The Era was led by the fast accumulation of human genomic
sequences and followed by similar data from other large model organ-
isms. Microbial genomics has also been pursued into both metage-
nomics[ 1,2 ]and pan-genomics| 3]. Recentadvancesin biotechnology
and bioinformatics led to a flood of genomic (and metagenomic)
data and a tremendous growth in the number of associated databases.
As of June 2015, NCBI Genome collection contains more than
35,000 genome sequence assemblies from almost 13,000 different
organisms (species) representing all major taxonomic groups in
Eukaryotes (Fig. 1), Prokaryotes (Fig. 2), and Viruses. Prokaryotic
genomes are the most abundant and rapidly growth portion of
assembled genomes data collection in public archives.

Oliviero Carugo and Frank Eisenhaber (eds.), Data Mining Techniques for the Life Sciences, Methods in Molecular Biology,
vol. 1415, DOI 10.1007/978-1-4939-3572-7_1, © Springer Science+Business Media New York 2016
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Update on Genomic Databases and Resources at the National Center... 5

NCBI, major public sequence archive, accepts primary submis-
sion from the large sequencing centers, small laboratories, and indi-
vidual researches. Raw sequence data and alignments of the read
data produced by Next Generation Sequencing (NGS) are stored in
SRA (Sequence Read Archive) database. Massively parallel sequenc-
ing technologies (Illumina, 454, PacBio) [4] have opened an exten-
sive new vista of research possibilities—personal genomics, human
microbiome studies, analysis of bacterial and viral disease outbreaks,
generating thousands of terabytes of short read data. More recently,
new technologies of third and fourth generation sequencing [5]
such as single cell molecule [6], nanopore-based [7] have been
applied to whole-transcriptome analysis that opened a possibility for
profiling rare or heterogeneous populations of cells. New genera-
tion sequencing platforms offer both high-throughput and long
sequence reads. The new Pacific Bioscience RS (PacBio) third-gen-
eration sequencing platform offers high throughput of 50,000-
70,000 reads per reaction and a read length over 3 kb. Oxford
Nanopore released the MinlON® device, a small and low-cost sin-
gle-molecule nanopore sequencer, which offers the possibility of
sequencing DNA fragments up to 60 kB. These advanced technol-
ogies may solve assembly problems for large and complex genomes
[8] and allow to obtain a highly contiguous (one single contig) and
accurate assemblies for prokaryotic genomes [9, 10]. NCBI
Sequence Read Archive accepts data submission in many different
formats originated from various platforms adding additional for-
mats as they become available (see Submission section 2.1 below).

Assembled nucleotide sequence data and annotation with
descriptive metadata including genome and transcriptome assem-
blies are submitted to the three public archive databases of the
International Nucleotide Sequence Database Collaboration
(INSDC, www.insdc.org)—European Nucleotide Archive (ENA)
[11], GenBank [12], and the DNA Data Bank of Japan (DDBJ)
[13]. Two new datatypes (GenBank divisions) have been recently
introduced to accommodate the data from new sequencing tech-
nologies: (1) Whole Genome Shotgun (WGS) archives genome
assemblies of incomplete genomes or chromosomes that are gener-
ally being sequenced by a whole genome shotgun strategy; (2)
Transcriptome Shotgun Assembly (TSA) archives computationally
assembled transcript sequences from primary read data. See Fig. 3
for the growth of sequence data in public archives.

As the volume and complexity of data sets archived at NCBI
grow rapidly, so does the need to gather and organize the associ-
ated metadata. Although metadata has been collected for some
archival databases, previously, there was no centralized approach at
NCBI for collecting this information and using it across databases.
The BioProject database [14] was recently established to facilitate
organization and classification of project data submitted to NCBI,
EBI and DDBJ databases. It captures descriptive information
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about research projects that result in high volume submissions to
archival databases, ties together related data across multiple archives
and serves as a central portal by which to inform users of data avail-
ability. Concomitantly, the BioSample database [ 14 ] is being devel-
oped to capture descriptive information about the biological
samples investigated in projects. BioProject and BioSample records
link to corresponding data stored in archival repositories.

Additional information on biomedical data is stored in an
increasing number of various databases. Navigating through the
large number of genomic and other related “omic” resources and
linking it to the metagenome (epidemiological, geographical) data
becomes a great challenge to the average researcher. Understanding
the basics of data management systems developed for the mainte-
nance, search, and retrieval of the large volume of biological data
will provide necessary assistance in navigating through the infor-
mation space.

This chapter is an update of the previous report on NCBI
genome sequence data management system [15]. The updated
version provides a description of new and/or completely rede-
signed genomic resources that became available since the first 2008
edition. NCBI, as a primary public repository of biomolecular
information, collects and maintains enormous amounts of hetero-
geneous data. The databases vary in size, data types, design, and
implementation. They cover most of the genomic biology data
types including sequence data (genomic, transcript, protein
sequences); metadata describing the objectives and goals of the
project and environmental, clinical, and epidemiological data that
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is associated with the sample collections (BioSample); and related
bibliographical data.

All these databases are integrated in a single data management
system and use a common engine for search and retrieval. This
provides researchers with a common interface and simplifies navi-
gation through the large information space.

This chapter focuses on the primary genome sequence data
and some related resources, but many other NCBI databases such
as GEO, Epigenomics, dbSNP dbVar, and dbGaP, although
related, are not in scope for the current review.

There are many different ways of accessing genomic data at
NCBI. Depending on the focus and the goal of the research proj-
ect or the level of interest, the user would select a particular route
for accessing the genomic databases and resources. These are: (1)
text searches, (2) direct genome browsing, (3) searches by sequence
similarity, and (4) pre-computed results of analysis. All of these
search types enable navigation through pre-computed links to
other NCBI resources. Recently redesigned genome FTP directo-
ries provide easy access to the individual genome assemblies as well
as to large datasets arranged in organism groups.

2 Primary Data Submission and Storage

The National Center for Biotechnology Information was estab-
lished on November 4, 1988 as a division of the National Library
of Medicine (NLM) at the National Institutes of Health (NIH) in
order to develop computerized processing methods for biomedical
research. As a national resource for molecular biology information,
NCBI’s mission is to develop automated systems for storing and
analyzing knowledge about molecular biology, biochemistry, and
genetics; facilitating the use of such databases and software by the
research and medical community; coordinating efforts to gather
biotechnology information both nationally and internationally;
and performing research into advanced methods of computer-
based information processing for analyzing the structure and func-
tion of biologically important molecules.

The fundamental sequence data resources at NCBI consist of
both primary databases and derived or curated databases. Primary
sequence databases such as SRA [16], GenBank [12] and metadata
repositories such as BioProject and BioSample [17, 18] archive the
original submissions that come from large sequencing centers or
individual experimentalists. The database staft organizes the data
but do not add additional information. Curated databases such as
Reference Sequence Collection [14, 15] provide a curated /expert
view by compilation and correction of the data. For more detailed
information on all NCBI and database resources see also most
recent NCBI databases review [19].
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2.1 Primary Raw
Sequence Data:
Sequence Read
Archive (SRA)

This section provides an overview of genome submission pro-
cessing, from the management of data submission to the genera-
tion of publicly available data products.

Most of the data generated in genome sequencing projects is pro-
duced by whole genome shotgun sequencing, resulting in random
short fragments - raw sequence reads.

For many years the raw sequence reads remained out of the
public domain because the scientific community has focused its
attention primarily on the end product: the fully assembled final
genome sequence. As the analysis of genomic data progressed, the
scientific community became more concerned with the quality of
the genome assemblies and thought they’d need a place to store
the primary sequence read data. Also, having all the read data in a
single repository could also provide an option to combine reads
from multiple sequencing centers and/or try different assembly
algorithms on same public set of reads. Trace Archive has success-
fully served as a repository for the data produced by capillary-based
sequencing technologies for many years. New parallel sequencing
technologies (e.g., 454, Solexa, Illumina, ABI Solid,) have started
to produce massive amounts of short sequence reads (20-100 kb).
More recently, Pacific Biosystems (PacBio) and Oxford sequencing
technologies have started producing much longer reads (10-15 kB
on average) with really massive throughput.

In addition to raw sequence data SRA can store alignment
information from high-throughput sequencing assembly projects.
The alignments provide the important information on mapping
the reads to the consensus or reference assembly as well as the
duplicated and not-mapped reads. The importance of storing the
alignment of raw reads to the consensus sequence in public archives
was emphasized from the very beginning af large-scale genome
sequencing projects [21]. Trace archive has an option to capture
and display assembly alignments. More recently, the research com-
munity in collaboration with major sequence archives have devel-
oped the standard formats for the assembly data.

SAM, which stands for Sequence Alignment/Map format, is a
TAB-delimited text format consisting of a header (optional) and an
alignment. Typically, each alignment represents the linear align-
ment of a segment. BAM is a binary version of SAM format.

NCBI SRA submission portal is accepting assembly data files in
SAM/BAM formats. For more details see online specification of
SAM/BAM format at https://samtools.github.io/hts-specs/
SAMvl1.pdf

For more information on SRA submission protocol and data
structure see SRA documentation at http://www.ncbi.nlm.nih.
gov/Traces/sra/sra.cgi?view=doc and NCBI SRA Handbook at
http: //www.ncbi.nlm.nih.gov,/books/NBK242623 /


https://samtools.github.io/hts-specs/SAMv1.pdf
https://samtools.github.io/hts-specs/SAMv1.pdf
http://www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?view
http://www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?view
http://www.ncbi.nlm.nih.gov/books/NBK242623/
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2.2 Primary Sequence
Data—Genome

and Transcriptome
Assemblies Rapidly

NGS parallel sequencing approach results in high level of redun-
dancy in the sequence runs. By aligning the reads to the reference
identical bases can be identified and collapsed, only the mismatch-
ing bases are stored. The original sequence may be restored by
applying a function to the reference and the stored only differences.
Continues growth of primary raw data requires further develop-
ment of data compression and reducing the redundancy. At some
point the need to store every read generated by sequencing machine
may become unnecessary. The major objective of storing all primary
data was the concern about data reproducibility. With the cost of
sequencing dropping down so fast the cost of re-sequencing may
become lower than the cost of storage of terabytes of data.

Sequences assembled from raw machine reads are traditionally sub-
mitted to GenBank/EMBL/DDB] consortium. Two new data
types were recently created to accommodate assembled data from
NGS projects.

TSA is an archive of computationally assembled sequences from
primary data such as ESTs, traces and Next Generation Sequencing
Technologies. The overlapping sequence reads from a complete
transcriptome are assembled into transcripts by computational
methods instead of by traditional cloning and sequencing of cloned
cDNAs. The primary sequence data used in the assemblies must
have been experimentally determined by the same submitter. TSA
sequence records differ from EST and GenBank records because
there are no physical counterparts to the assemblies. For more
details see http: //www.ncbi.nlm.nih.gov/genbank/tsa

Whole Genome Shotgun (WGS) projects are genome assem-
blies of incomplete genomes or incomplete chromosomes of pro-
karyotes or eukaryotes that are generally being sequenced by a
whole genome shotgun strategy. A whole genome assembly may
be a large hierarchical sequence structure: http://www.ncbi.nlm.
nih.gov/genbank /wgs

Shotgun technology generates high volume of reads that rep-
resent random fragments of the original genome or transcriptome
sequence. A computational process of the reconstructing of the
original sequence by merging the fragments back together is called
assembly. The resulting sequence (gapless contig) or a collection of
sequences represents assembly as on object. In large genome
sequencing project a set of contigs can be linked (by employing
linking information) together forming scaftolds. Scatfolds can be
mapped to the chromosome coordinates if physical or genetic
mapping information is available.

Assembly instructions can be formally described in AGP for-
mat. A tab delimited file describes the assembly of a larger sequence
object from smaller objects. The large object can be a contig, a
scaffold (supercontig), or a chromosome. Each line (row) of the


http://www.ncbi.nlm.nih.gov/genbank/tsa
http://www.ncbi.nlm.nih.gov/genbank/wgs
http://www.ncbi.nlm.nih.gov/genbank/wgs
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2.3 Primary
Metadata: BioProject,
BioSample

2.4 Submission
Portal

AGP file describes a different piece of the object. These files are
provided by primary submitters of Whole Genome Sequence
(WGS) data. For details see: http://www.ncbi.nlm.nih.gov/proj-
ects/genome /assembly /agp /AGP_Specification.shtml.

As the diversity, complexity, inter-relatedness and rate of genera-
tion of the genome sequence data continue to grow, it is becoming
increasingly important to capture scholarly metadata and allow the
identification of various elements of a research project, such as
grant proposals, journal articles, and data repository information.
With the recent advances in biotechnology researches gain access
to new types of molecular data. The genome studies have expanded
from just genome sequencing to capturing structural genome vari-
ations, genetic and phenotypic data, epigenome, trasncriptome,
exome sequencing and more.

The BioProject database [14] replaces NCBI's Genome Project
database and reflects an expansion of project scope, a redesigned
database structure and a redesigned website. The BioProject data-
base organizes metadata for research projects for which a large vol-
ume of data is anticipated and provides a central portal to access the
data once it is deposited into an archival database. A BioProject
encompasses biological data related to a single initiative, originating
from a single organization or from a consortium of coordinating
organizations.

Project materials (sample) information is captured and given a
persistent identifiers in BioSample database [14]. Given the huge
diversity of sample types handled by NCBI's archival databases,
and the fact that appropriate sample descriptions are often depen-
dent on the context of the study, the definition of what a BioSample
represents is deliberately flexible. Typical examples of a BioSample
include a cell line, a primary tissue biopsy, an individual organism
or an environmental isolate.

Together, these databases offer improved ways for users to
query, locate, integrate, and interpret the masses of data held in
NCBI's archival repositories.

Submission portal is a single entry point that allows submitters to
register a project (or a multiple projects) and deposit data to differ-
ent NCBI databases. All primary data including metadata on the
biological material, raw sequence reads, assembled genome, tran-
scriptome, and functional genomic assays can be submitted using
the same interface (https://submit.ncbi.nlm.nih.gov/).

The data submission process at NCBI include multiple steps
aiming to ensure the data quality and integrity. Quality Control is
implemented as a set of automatic validation checks followed by
manual review by NCBI staff. Figure 4 shows the major steps of
primary submission process.


http://www.ncbi.nlm.nih.gov/projects/genome/assembly/agp/AGP_Specification.shtml
http://www.ncbi.nlm.nih.gov/projects/genome/assembly/agp/AGP_Specification.shtml
https://submit.ncbi.nlm.nih.gov/
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Fig. 4 Primary submission data processing

3 Text Search and Retrieval system

3.1 Basic Organizing
principles

Entrez is the text-based search and retrieval system used at NCBI
for all of the major databases and it provides an organizing princi-
ple for biomedical information.

Entrez integrates data from a large number of sources, formats,
and databases into a uniform information model and retrieval sys-
tem. The actual databases from which records are retrieved and on
which the Entrez indexes are based have different designs, based on
the type of data, and reside on different machines. These will be
referred to as the “source databases”. A common theme in the imple-
mentation of Entrez is that some functions are unique to each source
database, whereas others are common to all Entrez databases.

An Entrez “node” is a collection of data that is grouped and
indexed together. Some of the common routines and formats for
every Entrez node include the term lists and posting files (i.e., the
retrieval engine) used for Boolean Query, the links within and
between nodes, and the summary format used for listing search
results in which each record is called a DocSum. Generally, an
Entrez query is a Boolean expression that is evaluated by the com-
mon Entrez engine and yields a list of unique ID numbers (UIDs),
which identify records in an Entrez node. Given one or more
UIDs, Entrez can retrieve the DocSum(s) very quickly.
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Query Examples

Each Entrez database (“node”) can be searched independently by
selecting the database from the main Entrez Web page (http://
www.ncbi.nlm.nih.gov/sites /gquery).

Typing a query into a text box provided at the top of the Web
page and clicking the “Go” button will return a list of DocSum
records that match the query in each Entrez category. These
include, for example, nucleotides, proteins, genomes, publications
(PubMed), taxonomy, and many other databases. The numbers of
results returned in each category are provided on a single summary
page and provide the user with an easily visible view of the results
in each of ~35 databases. The results are presented differently in
each database but within the same framework which includes the
common elements such as search bar, display options, page format-
ting, and links.

In processing a query, Entrez parses the query string into a
series of tokens separated by spaces and Boolean operators (AND,
NOT, OR). An independent search is performed for each term,
and the results are then combined according to the Boolean
operators.

Query uses the following syntax:

term [field] OPERATOR term [field]

where “term” refers to the search terms, “field” to the Search Field
defined by specific Entrez database, and “OPERATOR” to the
Boolean Operators.

More sophisticated searches can be performed by constructing
complex search strategies using Boolean operators, for example, in
Genome database a query

(Bacteria[organism] OR Archaealorganism]) AND
complete[ Status ]

will return all genome records (species) from bacteria and Archaea
domain for which complete genome sequence assemblies are
available.

The main goals of the information system are reliable data
storage and maintenance, and efficient access to the information.
The retrieval is considered reliable if the same information that
was deposited can be successfully retrieved. The Entrez system
goes beyond that by providing the links between the nodes and
pre-computing links within the nodes. The links made within or
between Entrez nodes from one or more UIDs (Unique
IDentifier) is also a function across all Entrez source databases.
Linking mechanisms are described in detail in the previous ver-
sion [15]. On public facing Web pages links to other databases
are presented to the user in Find related data section where the
name of the related database can be selected from pulldown menu
(Fig. 5a).
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Fig. 5 New features improving the presentation of search results: (a) pre-computed links to related data in other
resources; (b) sensor, a provisional navigation path based on the analysis of the search query; (c) Faucets (filters)

3.1.2 Towards Discovery:

Sensors and Adds, Faucets
(Filters) and Alerts

More recently, several new features have been developed aiming to
help the researches with understanding the results of the search and
provide a provisional navigation path that is based on the analysis of
the search query (Fig. 5b). Various filters can be applied to the
search results to limit the result set to subset of a particular interest.
In the previous version these filters can be applied using complex
Boolean Query or using a custom-designed Limits page. In the
recently redesigned version all filters applicable to the results set are
shown on the result page and are implemented as faucets providing
upfront options to focus on the subset of interest (Fig. 5¢).

Alert option provides a subscription to My NCBI which allows
to retain user information and database preferences to provide cus-
tomized services for many NCBI databases.

My NCBI subscription provides various useful features that
allow to save searches and create automatic e-mail alerts when new
results become available: save display format preferences and filter
options, store recent activity searches and results for 6 months, and
many more. More information about Entrez system can be found
from NCBI online Help Manual at http://www.ncbi.nlm.nih.
gov/books/bv.fcgi’rid=helpentrez.chapter.EntrezHelp.


http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=helpentrez.chapter.EntrezHelp
http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=helpentrez.chapter.EntrezHelp
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3.2 Tools
for Advanced Users

The Entrez Programming Utilities (E-Utils) are a set of eight
server-side programs that provide a stable interface to the Entrez
query and database system. The E-Utils use a fixed URL syntax
that translates a standard set of input parameters into the values
necessary for various NCBI software components to search for and
retrieve data, and represent a structured interface to the Entrez
system databases.

To access these data, a piece of software first posts an eUtils
URL to NCBI, then retrieves the results of this posting, after
which it processes the data as required. The software can thus use
any computer language that can send a URL to the eUtils server
and interpret the XML response, such as Perl, Python, Java, and
C++. Combining e-Utils components to form customized data
pipelines within these applications is a powerful approach to data
manipulation. More information and training on this process is
available through a course on NCBI Powerscripting: http://www.
ncbi.nlm.nih.gov/Class /PowerTools /eutils /course.html.

4 Genomic Databases; Public Reports

4.1 Sequence Read
Archive (SRA)

The genome sequencing era that started about 20 years ago has
brought into being a range of genome resources. Genomic studies
of model organisms give insights into understanding of the biology
of humans enabling better prevention and treatment of human dis-
eases. Comparative genome analysis leads to further understanding
of fundamental concepts of evolutionary biology and genetics.
Species-specific genomic databases comprise a lot of invaluable
information on genome biology, phenotype, and genetics.
However, primary genomic sequences for all the species are
archived in public repositories that provide reliable, free, and stable
access to sequence information. In addition NCBI provides several
genomic biology tools and online resources, including group-spe-
cific and organism-specific pages that contain links to many rele-
vant websites and databases.

The access to the SRA data is provided through SRA Web browser
and specialized SRA BLAST search application. NCBI has devel-
oped a set of tools that allow the users to download sequencing
files directly from SRA database. For the detailed description of
SRA Toolkit visit documentation page http://www.ncbi.nlm.nih.
gov/Traces/sra/?view=toolkit_doc.

SRA data are organized in SRA studies, experiments and
runs. SRA studies are registered in BioPorject database (see
Subheading 2.3); the metadata include the aims and objectives of
the project, title and brief description, and optional funding sources
and publications. The description of biological material (sample)
used in the experiment(s) within the study is captured and


http://www.ncbi.nlm.nih.gov/Class/PowerTools/eutils/course.html
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maintained in BioSample database (see Subheading 2.4). It includes
description of the sample (collection date and location, age, gender,
cell line, etc.) as well as information on sequencing methods and
instrumental models used in the experiments.

Multiple experiments can be performed with a same sample
but using multiple samples in a same experiment is not allowed in
the SRA data model. Data sets within an experiment are organized
in runs usually associated with the sequencing libraries.

Run browser (http://www.ncbi.nlm.nih.gov/Traces/sra/
sview=run_browser) allows the user to search data for a single run
with the run accession number. SRA Run selector

Allow the user to search with accession(s) of the studies, sam-
ples, or experiments. The search, indexing, and Web presentation
(Fig. 6) are implemented with the Solr database technology
(http://lucene.apache.org/solr/).

Special version of BLAST is using megablast [21 ]—nucleotide
blast version optimized for highly similar sequences (see Subheading 5
below)

4.2 NCBI Taxonomy The NCBI Taxonomy Database [22 ] serves as the standard nomen-
clature and classification for the International Sequence Database
(INSDC). Taxonomy was first indexed in Entrez in 1993—at the
time there were just over 5000 species with formal scientific names
represented in GenBank. As of June 2015 sequences from over
300 000 species are represented in INSDC. However, with com-
mon estimates of the species on the planet around two million the
subset with sequence in GenBank represents only 15 % of the total.
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Fig. 6 SRA Run browser
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4.3 GenBank

Several initiatives (e.g., Barcode of Life) are explicitly focused on
extending sequence coverage to all species of life.

Sequence entries in GenBank are identified with varying degrees
of certainty. Some are taken from specimens (or cultures) that can be
independently identified by a specialist—some of these come with
species-level identifications (formal binomial names), the others get
informal names of several sorts. Species with a formal name in the
appropriate code of nomenclature are indexed in Taxonomy Entrez
with the specified [property]. Taxonomy identifier often serves as
the primary key that links together different data types related by
organism. More recently, NCBI has started a project to curate
sequence from type material [22]. Type material is the taxonomic
device that ties formal names to the physical specimens that serve as
exemplars for the species. For the prokaryotes these are strains sub-
mitted to the culture collections; for the eukaryotes they are speci-
mens submitted to museums or herbaria. The NCBI Taxonomy
Database (http://www.ncbi.nlm.nih.gov/taxonomy) now includes
annotation of type material that is used to flag sequences from type
in GenBank, Genomes, and BLAST (see below).

GenBank is the NIH genetic sequence database, an archival collec-
tion of all publicly available DNA sequences [12]. Many journals
require submission of sequence information to a database prior to
publication to ensure an accession number will be available to
appear in the paper. GenBank archives assembled nucleotide
sequence data and annotations with descriptive metadata including
genome and transcriptome assemblies. Due to the increasing vol-
ume of short genome survey sequences (GSS) and expressed
sequence tags (EST) generated by high throughput sequencing
studies the data in Nucleotide have been split into three search
sets: GSS, EST and the rest of nucleotide sequences (nuccore).

These sequences are accessible via Web interface by text Query
using Entrez. Searching any of the three databases will provide links
to results in the other using sensor mechanism described above
(see Subheading 2). Unless you know that you are trying to find a
specific set of EST or GSS sequences, searching the Nucleotide data-
base (http://www.ncbi.nlm.nih.gov/nuccore/) with general text
Query will produce the most relevant results. You can always follow
links to results in EST and GSS from the Nucleotide database results.

Quarterly GenBank releases are also downloadable via FTP
(see Subheading 6).

As of June, 15 2015 GenBank release 208.0 (ftp://ftp.ncbi.
nih.gov/genbank /gbrel.txt) contains almost 194 billion bases in
over 185 million sequence entries (compare to 80 million in 2008
at the time of previous addition). The data come from the large
sequencing centers as well as from small experimental labs.


http://www.ncbi.nlm.nih.gov/taxonomy
http://www.ncbi.nlm.nih.gov/nuccore/
ftp://ftp.ncbi.nih.gov/genbank/gbrel.txt
ftp://ftp.ncbi.nih.gov/genbank/gbrel.txt
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4.4 Whole Genome Genome assembly especially for large eukaryotic genomes with
Shotgun (WGS) highly repetitive sequence remains one of the major challenges in
genome bioinformatics [8-10].

While the cost of sequencing drops down dramatically, the
genome assembly still takes considerable amount of time and effort.
In some research projects (comparative analysis, population and vari-
ation studies) the researches might work with a high quality reference
assembly and bunch of lower quality variant genomes for the same
species. Thousands of draft genomes are assembled up to the contig
level only, sometimes with very low assembly quality (low N50,/L50,
large number of contigs). These genomes typically remain unanno-
tated. These fragmented genomes with no annotation might not be
very useful compared to complete genome with full gene/protein
complement. However, the contig sequences can be used for com-
parative analysis. These draft contig-level assemblies are treated dif-
ferently than traditional sequence records. The contigs are not loaded
to the main sequence repository, general identifiers (GI number) are
not assigned, contigs sequences are not indexed and therefore are not
searchable in Entrez Nucleotide except for the master record (Fig. 7).
These projects can be browsed by organism in a custom made viewer
(http://www.ncbi.nlm.nih.gov/Traces /wgs/).

projeet

ot B - T——
BASPOOIO0NN | Arsbidopsis hrats subsp. pelrasy
et g oo

Fig. 7 WGS and TSA customer reports. (a) organism browser; (b) contig report; (¢) customized WGS project
overview; (d) traditional GenBank flat file view of WGS project master record


http://www.ncbi.nlm.nih.gov/Traces/wgs/
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4.5 Genome
Collection Database
(Assembly)

The Assembly database (http://www.ncbi.nlm.nih.gov/assembly/)
has information about the structure of assembled genomes as repre-
sented in an AGP file or as a collection of completely sequenced
chromosomes. The database tracks changes to assemblies that are
updated by submitting groups over time with a versioned Assembly
accession number. The Web resource provides meta-data about
assemblies such as assembly names (and alternate names), simple sta-
tistical reports of the assembly (type and number of contigs, scaf-
folds; N50s), and a history view of updates. It also tracks the
relationship between an assembly submitted to the International
Nucleotide Sequence Database Consortium (INSDC) and the
assembly represented in the NCBI Reference Sequence (RefSeq)
project. More information can be found at (http://www.ncbi.nlm.
nih.gov/assembly /help /#find) Many genomes assemblies coming
from single cell sequencing technology give only partial representa-
tion of DNA in a cell, ranging from 10 % to 90 %.

Genome representation can be validated by comparative analy-
sis if other genomes are available in closely related groups (species
or genus). Assemblies with partial genome representation can be
found in Entrez Assembly database by using the following query:

Avchaealorgn] OR Bacteriafovgn] AND "partial genome
representation” [Properties]

Some genome assemblies come from mixed cultures, hybrid
organisms and chimeras; these “anomalous” assemblies do not
represent an organism. These assemblies are valid results of the
experimental studies and are legitimate genome records in GenBank;
however, they should be filtered out in genome analysis and com-
parative genome studies These assemblies can be found in Entrez
Assembly database by using the following query:

Avchaeaforgn] OR Bacteviaforgn] AND "anomalous"
[Properties]

Modern high-throughput sequencing technologies vary in the
size of raw sequence reads and the patterns of sequencing errors.
Despite many computational advances to genome assembly, com-
plete and accurate assembly from raw sequence read data remains a
major challenge. There are two major approaches that have been
used: de novo assembly from raw sequence reads and reference
guided assembly if the closest reference genome is available. The
quality of genome assembly can be assessed using a number of dif-
ferent quality metrics. For many years N50 and L50 contig and
scaffold lengths have been major measure of assembly quality. N50
defines the length of contig (or scaffold) for which the set of all
contigs of that length or longer contains at least 50 % of the total
size of the assembly (sum of the lengths of all contigs). 150 is the
number of sequences evaluated at the point when the sum length
exceeds 50 % of the assembly size. More recently, a number of dif-
ferent metrics have been suggested [22, 23]. Some of the standard


http://www.ncbi.nlm.nih.gov/assembly/
http://www.ncbi.nlm.nih.gov/assembly/help/#find
http://www.ncbi.nlm.nih.gov/assembly/help/#find
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Genome by Assembly Quality
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Fig. 8 Genome by assembly quality

4.6 BioProject

global statistics measures and reference based statistics are used for
quality assessment. Figure 8 illustrates the differences in N50 for
eukaryotic genome assemblies.

The user can access to assembly data by using Entrez text searches
from the home Web page: (http://www.ncbi.nlm.nih.gov/assem-
bly/), or by browsing and filtering assemblies by organism, and
download the data from the FTP site (see Subheading 6).

The BioProject resource [14] became public in May 2011, replac-
ing the older NCBI Genome Project database, which had been
created to organize the genome sequences in GenBank [12] and
RefSeq [16]. The BioProject database was created to meet the
need for an organizational database for research efforts beyond just
genome sequencing, such as transcriptome and gene expression,
proteomics, and variation studies. However, because a BioProject
is defined by its multiple attributes, there is flexibility for additional


http://www.ncbi.nlm.nih.gov/assembly/
http://www.ncbi.nlm.nih.gov/assembly/
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4.7 Genome

Table 1

types of projects in the future, beyond those that were included in
2011. The new BioProject database allows more flexible grouping
of projects and can collect more data elements for each project,
e.g., grant information and project relevance.

BioProjects describe large-scale research efforts, ranging from
genome and transcriptome sequencing efforts to epigenomic anal-
yses, genome-wide association studies (GWAS), and variation anal-
yses. Data are submitted to NCBI or other INSDC-associated
databases citing the BioProject accession, thus providing naviga-
tion between the BioProject and its datasets. Consequently, the
BioProject is a robust way to access data across multiple resources
and multiple submission time points, ¢.g., when there are different
types of data that had been submitted to multiple databases, or
sequential submissions deposited over the course of a research
project. Web access to all publicly registered bioporjects (http:/
www.ncbi.nlm.nih.gov/bioproject/) has typical text search and
browse by project data types options.

Entrez Genome, the integrated database of genomic information at
the NCBI, organizes information on genomes including sequences,
maps, chromosomes, assemblies, and annotations. The genome
paradigm has transitioned from a single reference genome of an
organisms to multiple genome representing the whole population.
To reflect the change in the genome paradigm the Genome data-
base has been completely redesign in 2013. In the past an entry in
Genomes database used to represent a complete sequence of a single
replicon such as a chromosome, organelle, or plasmid.

New Genome records pull together genome data at various levels
of completion, ranging from recently registered projects with SRA/
trace data to genomes represented by scaffolds/contigs or fully
assembled chromosomes with annotation. Genome information is
grouped by organism so that each record in the Entrez Genome
database represents a taxonomic node at species level for the most
part. In addition, group-specific pages provide links to relevant exter-
nal websites and databases and to aggregated data and tools.

As of June 2015 Entrez Genomes houses a collection of almost
13,000 entries (organism level) for almost 55,000 assemblies.
Table 1 shows the number of genome records (species) and assem-
blies in major taxonomic groups.

Data statistics in major organism groups and data categories

Eukaryota Prokaryota Viruses Organelles Plasmids Total

1424
2291

6726
35,211

4658 6268 1024 12,808 (unique) Genome (species)
4714 6821 5954 53,991 Assembly
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Differences between Entrez databases presenting genome and metagenome data

Database Definition Central portal Grouping
Genome Total genetic content A single portal to genome Defined by organism
contained within an sequence and annotation
organism
BioProject A set of related data tied A higher order organization of Defined by submitter, by
together with unique the data deposited into funding source, by
identifier several archival databases, it named collaboration
provides a central point to
inform customers of data
availability in these databases
BioSample Biological material under A single portal to sample Defined by the context of
investigation in a project.  description and attributes experimental study
The attributes describe
the role the sample holds
in the project
Taxonomy The conception, naming,  Organism groups organized in Rank-based biological
and classification of a hierarchical classification classification: Kingdom,
organism groups Phylum, Class, Order,
Family, Genus, Species
Assembly A data structure that maps  Assembly structure, assembly  Primary data defined by
the sequence data to a version history submitter or Refseq data
putative reconstruction defined by NCBI staff
of the target
Nucleotide A collection of genomic A single portal to all DNA and Primary data defined by

and transcript sequences

RNA sequences

submitter or Refseq data
defined by NCBI staft

The BioProject, Genome, and Assembly databases are intercon-
nected and can be used to access and view genomes in different
ways. Every prokaryotic and eukaryotic genome submission has
BioProject, BioSample, Assembly, and GenBank accession numbers,
so users can start in any of those resources and get to the others. The
BioProject and BioSample databases allow users to find related data-
sets, e.g., multiple bacterial strains from a single isolation location,
or the transcriptome and genome from a particular sample. The
Assembly accession is assigned to the entire genome and is used to
unambiguously identify the set of sequences in a particular version of
a genome assembly from a particular submitter. Finally, the Genome
database displays all of the genome assemblies in INSDC and RefSeq,
organized by organism. A brief description of genome-related
resources is summarized in Table 2.
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4.7.1 Genome Browser

4.7.2 Entrez Text-Based
Searches

Genome information is accessible via Entrez text-based search
Query or by browsing sortable tables organized by organism and
BioProject accession. Links to Genome records may be found in
several other Entrez databases including Taxonomy, BioProject,
Assembly, PubMed, Nucleotide, Gene and Protein. Accessing
actual sequence data, for example, all the nucleotide sequence data
from a particular WGS genome is easily found via the Genome
database from the organism overview page or browser table in two
ways. First, by using the link to the assembly database and follow-
ing the link to the Nucleotide database located under the related
information heading. Second, from the assembly database the link
to the WGS browser provide access to a table with a list of contigs
and statistics as well as GNU zipped archive files for download.

The browser (http://www.ncbi.nlm.nih.gov/genome/browse /)
divided in four tables each with genome attributes statistics. Table
summaries include (1) an overview by organism and then lists of
genome sequencing assemblies for (2) Eukaryotes, (3) Prokaryotes,
(4) Viruses, (5) Organelles, and (6) Plasmids. Table displays can be
filtered by lineage information and/or genome status and the
results downloaded. Various filters can be applied to create a data
set of interest. The Genome top level records can be filtered by the
organisms groups at phylum and/or family level. Assemblies can
be filtered by completeness and the highest level off assembly
(complete, chromosome, scaffold, contig). Selected records can
be downloaded in tab-delimited text files. The whole report can be
downloaded from this FTP site (ftp://ftp.ncbi.nlm.nih.gov/
genomes/GENOME_REPORTS/).

The organism search is expected to be the most frequent method to
look for the data in Entrez Genome. One of the features of the
Entrez system is “organism sensor” allowing to recognize a organ-
ism name in a query. Advanced searching in Entrez Genome allows
for refined Query by specifying “organism” (or short version
“orgn”) field in square brackets (e.g., yeast[orgn]). When a search
term, for example “human” is recognized as an organism name, the
original query is transformed to the organism-specific one “Homo
sapiens [Organism] OR human[All Fields]”. Take note, a nonspe-
cific search term such as “human” can result in the listing of several
genome records which contain the word “human” as part of the
text. However, the Entrez Genome record for human will be at the
top of the list since the query has been transformed (http://www.
ncbi.nlm.nih.gov/genome /?term=human). Only the search term
“human [orgn]” or latin binomial “ Homo sapiens orgn]” will provide
the specific Genome page for Homo sapiens (http://www.ncbi.nlm.
nih.gov/genome /?term=human+[orgn]). A list of all fields indexed
for a more refined search is available in the Genome Advanced


http://www.ncbi.nlm.nih.gov/genome/browse/
ftp://ftp.ncbi.nlm.nih.gov/genomes/GENOME_REPORTS/
ftp://ftp.ncbi.nlm.nih.gov/genomes/GENOME_REPORTS/
http://www.ncbi.nlm.nih.gov/genome/?term=human
http://www.ncbi.nlm.nih.gov/genome/?term=human
http://www.ncbi.nlm.nih.gov/genome/?term=human+[orgn]
http://www.ncbi.nlm.nih.gov/genome/?term=human+[orgn]

4.7.3 Organelle
and Plasmid
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Search Builder (http: / /www.ncbi.nlm.nih.gov/genome /advanced).
The Limits page provides an easy way to limit a search by certain
fields without having to use complex Boolean operations. Genome
searches can be limited by organism groups or cell location of genetic
content (chromosome, organelle, or plasmid).

An organelle is a specialized structure that is enclosed within its
own membrane inside a eukaryotic cell. The mitochondria and
chloroplasts are maintained throughout the cell cycle, and replicate
independently of the mitosis or meiosis of the cell. Mitochondrial
and chloroplast DNA sequences are often used for phylogenetic
analysis and population genetics, as well as cultivar identification
and forensic studies. Due to the relatively small size, conserved
gene order, and content of animal mitochondria, whole genome
sequencing and comparisons across many species have been possi-
ble for many decades. NCBI maintains a special collection of refer-
ence organelle genomes. However, the organelle genome alone
does not represent the full genetic content of an organism. The
Entrez Genome organism search does not include organelle and
plasmid data in the result listing but provides a short summary at
the top of the search page linked to Genome records with organ-
elle or plasmid data only. The search results are automatically
weighted by scientific relevance, high quality genomes, model
organisms will be shown at the top of the list. For example, the
search for “Fungi” will result in 650 species-level records;
Saccharomyces cerevisiae, the most studied model organism will be
shown at the top of the list. The individual Genome report include
Organism Overview, Genome Assembly and Annotation Report,
and Protein Table. Organism Overview typically contains a short
description of the organism, a picture if available, lineage as defined
by NCBI Taxonomy, related publications, and summary statistics
for the genome sequence data. For many species hundreds and
thousands of genome assemblies are being sequenced and the
number continues to grow. In Genome database a reference
genome assembly is selected to serve as a single representative of a
particular organism. A representative genome or genomes are cho-
sen either by the community or calculated by comparative sequence
analysis (see more details in [17]). Genomes of the highest quality
sequence and annotation, often the most important isolates, his-
torically used by the research community for clinical studies, exper-
imental validation are marked as “Reference” genomes. One of the
best known examples of the “Reference” genome is the genome of
the non-pathogenic strain K-12 of Escherichia coli first obtained
from a patient in 1922. The genome has been sequenced in 1997
[24] and was extensively curated by the research community ever
since [25]. The genome information panel that provide a quick
and easy access to the sequence data for the representative (or
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Fig. 9 Genome reports: organism overview

4.7.4  Graphical View

reference) genome is provided at the very top of the Organism
Overview page (Fig. 9). The list of all representative and reference
prokaryotic genomes is available at http: / /www.ncbi.nlm.nih.gov/
genome/browse /reference /.

Since the genome structure and biology of eukaryotes, prokaryotes
and viruses are very different, the genomic data display between
taxonomic groups varies to some extent. Virus genomes are small
enough to display the whole annotated genome in graphic form
and also have links to a virus specific genome resource. Hundreds
of prokaryotic genomes are available for particular species thus
making the display of the relationship of prokaryote genomes from
a specific bacterial species relevant. Genome relationships are dis-
played in the form of a dendrogram based on genomic BLAST
scores (Fig. 10). In addition, the prokaryotic genome can be dis-
played in a graphic form (like a virus genome) when an individual
strain is selected from the dendrogram or table. The human
Genome record on the other hand has a detailed ideogram of the
24 chromosomes with links to MapViewer. The ideogram display
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Fig. 10 Genome reports: BLAST based dendrogram

4.7.5 Assembly

and Annotation

4.7.6 Protein
Details Report

for a eukaryote organism originates from a single representative
genome and may not represent the full variation in karyotypes

observed in particular organisms (e.g., Fungi).

This section provides full details of the assembly and annotation

Report (different feature types) for each assembly represented in a single
Genome record (usually species). Microbial genomes represented
by thousands of isolates are organized in clades and tight genomes
groups calculated by sequence similarity as described in [17].

The Protein Details page provides a length histogram with descrip-
tive statics (minimum, maximum, average and median) of all the
relevant proteins listed in the table which expand over several
pages (Fig. 11). Details about each protein are given in each row
which includes protein name, accession, locus tag, location coor-
dinates, strand info, length, a related structure link and links to
other NCBI resources such as Entrez Gene, Protein, and Protein

Clusters.
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Fig. 11 Genome reports: The

Protein Details page provides a length histogram with descriptive statics and a

table of protein information and links to related NCBI resources

5 Searching Data by

5.1 Exploring NGS
Experiments
with SRA-BLAST

Sequence Similarity (BLAST)

The Basic Local Alignment Search Tool (BLAST) [20] finds
regions of local similarity between sequences. By finding similari-
ties between sequences, scientists can infer the function of newly
sequenced genes, predict new members of gene families, and
explore evolutionary relationships. New features include searching
against SRA experiments, easy access to genomic BLAST databases
by using auto-complete organism query option, Redesigned
BLAST pages include new limit options; and a Tree View option
that presents a graphical dendrogram display of the BLAST results.

SRA-BLAST offers two different ways of finding data sets to search.
The BLAST service itself provides an autocomplete feature under
“Choose Search Set” that finds matches to experiment, study,
and run accessions as well as text from experiment descriptions.
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Fig. 12 New feature on BLAST home page provide an easy way to organism-specific blast with assembled

genomes
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with Assembled
Eukaryotic Genomes

5.3 Microbial
Genomic BLAST:
Reference

and Representatives

You can now also use the Entrez SRA system to identify experi-
ments of interest and load these as BLAST databases in SRA
BLAST through the “Send to” menu from the SRA search results

In addition to the BLAST home page, the BLAST search tool can
also be found on the Organism Overview page of the Genome
database. Accessed from the Organism Overview page this search
tool has BLAST databases limited to genome data of that specific
organism. For each organism, if the data exist, the following default
list of organism specific BLAST databases are available to search
against: HTG sequences, ESTs, clone end sequences, RefSeq
genomic, RefSeq RNA, RefSeq protein, non-RefSeq RNA, and
non-RefSeq protein. These BLAST databases are defined by Entrez
Query. In addition, some organisms have custom databases avail-
able. Specifying the BLAST database to genomes of a specific taxon
is not only limited to the search tool found on the Organism
Overview page in the Genome database. BLAST databases can be
limited to any taxonomic level at the BLAST home page. For
example Fig. 12 shows how to start searching against mouse
genome from BLAST home page and select the search set from all
datasets available for mouse on the specialized Mouse BLAST

page.

Microbial Genomic BLAST provides access to complete and Whole
Genome Sequence (WGS) draft assemblies, and plasmids. Sequenced
microbial genomes represent a large collection of strains with differ-
ent levels of quality and sampling density. Largely because of interest
in human pathogens and advances in sequencing technologies, there
are rapidly growing sets of very closely related genomes representing
variations within the species. Many bacterial species are represented
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in the database in thousands of variant genomes. If the users are
interested in multi-species comparative analysis they would need a
single genomes which is designated to represent a species. Refseq
group at NCBI has introduced new categories of “reference” and
“representative” genomes defined as following.

Reference Genome—manually selected “gold standard” complete
genomes with high quality annotation and the highest level of experi-
mental support for structural and functional annotation. They include
community curated genomes if the annotation quality meets “refer-
ence genome” requirements that are manually reviewed by NCBI
staft (http://www.ncbi.nlm.nih.gov/genome /browse /reference /).
Representative Genome—representative genome for an organism
(species); for some diverse species can be more than one.
Corresponds to Sequence Ontology—[SO:0001505] [10] (www.
ncbi.nlm.nih.gov/genome /browse /representative /).

The users interested in the organism diversity in BLAST results
have an option to select a search database of reference and repre-
sentative genomes only.

6 FTP Resources for

Genome Data

NCBI has redesigned the genomes FTP site to expand the content
and facilitate data access through an organized predictable directory
hierarchy with consistent file names and formats. The updated site
provides greater support for downloading assembled genome
sequences and /or corresponding annotation data. The new FTP site
structure provides a single entry point to access content representing
either GenBank or Refseq data. More detailed information can be
found at (http://www.ncbi.nlm.nih.gov/genome /doc/ftpfaq/).
Refseq dataset is organized by major taxonomic groups. It pro-
vides curated sequence records for genomes, transcripts, and proteins.
Download the curated RefSeq full release or daily updates

(ftp:/ /ttp.ncbi.nih.gov/refseq/).

7 Conclusion

The tremendous increase in genomic data in the last 20 years has
greatly expanded our understanding of biology. Genome sequenc-
ing projects now span from draft assemblies, complete genomes,
large-scale comparative genomic projects, and the new field of
metagenomics where genetic material is recovered directly from
environmental samples and the entire complement of DNA from a
given ecological niche is sequenced. Although these provide an
ever greater resource for studying biology, there is still a long way
to go from the initial submission of sequence data to the
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understanding of biological processes. By integrating different
types of biological and bibliographical data, NCBI is building a
discovery system that enables the researcher to discover more than
would be possible from just the original data. By making links
between different databases and computing associations within the
same database, Entrez is designed to infer relationships between
different data that may suggest future experiments or assist in
interpretation of the available information. In addition, NCBI is
developing the tools that provide users with extra layers of infor-
mation leading to further discoveries.

Genomics is a very rapidly evolving field. The advance in
sequencing technologies has lead to new data types which require
different approaches to data management and presentation. NCBI
continues to add new databases and develop new tools to address
the issue of ever increasing amounts of information.

The authors would like to thank, in alphabetic order, Boris Fedorov
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Chapter 2

Protein Structure Databases

Roman A. Laskowski

Abstract

Web-based protein structure databases come in a wide variety of types and levels of information content.
Those having the most general interest are the various atlases that describe each experimentally determined
protein structure and provide useful links, analyses, and schematic diagrams relating to its 3D structure
and biological function. Also of great interest are the databases that classify 3D structures by their folds as
these can reveal evolutionary relationships which may be hard to detect from sequence comparison alone.
Related to these are the numerous servers that compare folds—particularly useful for newly solved struc-
tures, and especially those of unknown function. Beyond these are a vast number of databases for the more
specialized user, dealing with specific families, diseases, structural features, and so on.

Key words Protein structure, Protein Data Bank, PDB, wwPDB, JenaLib, OCA, PDBe, PDBsum,
ESD, Pfam, CATH, SCOP, Secondary structure, Fold classification, Protein-ligand interactions

1 Introduction

Looking back to 1971, when the Protein Data Bank was founded
[1], one cannot help feeling that the study of protein structure
must have been a lot simpler then. There were only seven experi-
mentally determined protein structures at the time, and the data
for each, including the proteins’ atomic coordinates, were stored in
simple, fixed-format text files. Admittedly, accessing and displaying
this information was trickier, and computers with graphics capabili-
ties tended to be bulky and expensive things. These days, access
and display of the data over the Web are vastly easier, but with this
comes the problem, not only in the huge increase in the amount of
information, but in the multiplicity of sources from which it can be
obtained. New servers and services continually appear, while exist-
ing ones are modified and improved. Conversely, other servers are
abandoned, switched off or neglected, becoming more and more
out of date with time. Thus it has become really difficult to know
where to go to get relevant answers most easily. Various lists are
available on the Web—for example the Nucleic Acids Research
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(NAR) list at http: //www.oxfordjournals.org/our_journals/nar/
database /a. This chapter aims to highlight some of the more use-
ful, and up-to-date (at time of writing), sources of information on
protein structure that are currently available.

2 Structures and Structural Data

2.1 Terminology

2.2 The Protein Data
Bank (PDB)
and the wwPDB

Firstly, it is important to define what is meant by the term “protein
structure.” It is a term that tends to be somewhat loosely used. A
preferable term is “model,” as the 3D structures of large molecules
such as proteins are models of the atom types, atomic x-, y-, z-coor-
dinates and other parameters that best fit the experimental data.
The reason the term “structure” is so commonly used for these
models is to distinguish them from “theoretical,” or “homology-
built,” models. Nevertheless, it is important to remember that all
are models of reality and that only the former type is based on
experimental evidence.

Another loosely used term is “database.” Technically, the data-
bases mentioned here are not databases at all, but rather “data
resources”—many of which rely on a database for storing and serv-
ing up the data. However, the term “database” is becoming com-
mon usage for the types of resources described here (e.g., the NAR
Database issues), so it is the meaning we adopt here.

The primary repository of 3D structural data on proteins (and other
biological macromolecules, including RNA, fragments of DNA,
carbohydrates, and different complexes of these molecules) is the
Protein Data Bank. As mentioned above, this was founded in 1971
and was located at Brookhaven National Laboratories. In October
1998, the management of the archive was taken over by the
Research Collaboratory for Structural Bioinformatics (RCSB), a
consortium consisting of Rutgers University, the National Institute
of Standards and Technology (NIST) and the San Diego
Supercomputer Center [2]. Since 2003 the archive has been man-
aged by an international consortium called the world-wide Protein
Data Bank (wwPDB) whose partners comprise: the RSCB, the
Protein Data Bank Europe (PDBe) at the European Bioinformatics
Institute (EBI), the Protein Data Bank Japan (PDBj) at Osaka
University, and, more recently, the BioMagResBank (BMRB) at the
University of Wisconsin-Madison [ 3, 4]. Access to the primary data
is via the wwPDB’s website: http://www.wwpdb.org. The data
come in three different formats: old-style PDB-format files, macro-
molecular Crystallographic Information File (mmCIF) format [5],
and a XML-style format called PDBML/XML [6]. Due to format
limitations, the old-style PDB-format files are no longer available
for extremely large structural models (i.e., those having too many
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atoms, residues or chains than the fixed-format fields allow for). For
many of the structures, the wwPDB also make the original experi-
mental data available. Thus, for structural models solved by X-ray
crystallography, one can often download the structure factors from
which the model was derived, while for structures solved by nuclear
magnetic resonance (NMR) spectroscopy, the original distance and
angle restraints can be obtained. As of July 2015, the wwPDB con-
tained over 110,000 structural models, each identified by a unique
4-character reference code, or PDB identifier.

A key task the wwPDB have performed is the remediation of
the legacy PDB archive to fix and make consistent the entire PDB
data, in particular relating to ligands and literature references [7].
The PDBe and UniProt groups at the EBI have mapped the
sequences in the PDB entries onto the appropriate sequences in
UniProt [8]. More recently, the focus has been on validation of the
structural data, with the establishment of several Validation Task
Forces [9-11], and the reporting of quality indices or validation
information for each structure.

Rather than download the raw data from the wwPDB for each
protein of interest, it is usually more convenient to obtain the
required information directly from one of the myriad protein
structure databases on the Web. These come in many shapes and
sizes, catering for a variety of needs and interests.

At the simplest level are the sites that provide “atlas” pages—
one for every PDB entry—each containing general information
obtained from the relevant PDB file. There are usually graphical
representations of the structural model together with links that
provide interactive 3D visualizations using Java-based, or other,
viewers. Each of the founding members of the wwPDB have their
own atlas pages: the RCSB, the PDBe, and PDBj. In addition,
there are several other sites that have much to commend them, and
some of these are mentioned below.

Beyond the atlases, there are a host of other types of sites and
servers. These include those providing information on specific
structural motifs, focus on selected protein families, classify protein
folds, compare protein structures, provide homology-built models
for proteins for which no structure has been determined, and so
on. This chapter cherry-picks a few of the more interesting and
useful sites to visit.

3 Atlases

Table 1 lists the seven best-known and useful of the atlas sites. All
have been developed independently and, not unexpectedly, all have
much in common as the information comes from the same source:
the PDB entry. The protein name, authors, key reference,
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Table 1

Protein structure atlases

Roman A. Laskowski

Server URL References
JenaLib Fritz Lipmann Institute, Jena, jenalib.fli-leibniz.de / [30]
MMDB www.ncbi.nlm.nih.gov/Structure / [55]
MMDB ,/mmdb.shtml

OCA Weizmann Institute, Israel oca.weizmann.ac.il [56]

PDBe EBI, Cambridge, UK www.ebi.ac.uk/pdbe [26]

PDB;j Osaka University, Japan www.pdbj.org [57]
PDBsum EBI, Cambridge, UK www.ebi.ac.uk/pdbsum [32, 33]
RCSB Rutgers and San Diego, USA www.rcsb.org,/pdb [18]

experimental methods, atomic coordinates, and so on are obviously
identical on all sites. Also common are certain derived data, includ-
ing quality assessment of each structural model, and information
about the protein’s likely “biological unit.”

Quality assessment is a crucial issue as not all models are equally
reliable, and much has been written on this topic over the years [9,
12-16]. The main problem is that the results of any experiment
contain errors, but for structural models it is difficult to estimate
the extent of those errors. For X-ray models, a rough guide of
quality is provided by the resolution at which the structure was
solved and its R-factor, but for NMR models there is no such ready
measure. Some atlases do provide indications of which models are
more reliable, as described shortly.

The second important issue is knowing what a given protein’s
biological unit is. This is not always obvious from the PDB entry.
The problem is that the deposited coordinates from an X-ray crystal
structure determination correspond to the molecule(s) in the asym-
metric unit. This may give a false impression of how the protein
operates in vivo. For example, what may look like a monomer from
the PDB entry, is, in real life, a dimer, or a trimer, etc. Conversely,
the PDB entry might give the coordinates of a dimer, yet the bio-
logical unit happens to be a monomer—the dimeric structure being
the result of packing in the crystal. For any structural analysis it is
crucial to know what the true biological unit is. For some proteins
the biological unit has been determined experimentally, and so is
known with great confidence. In others it has to be deduced com-
putationally by analysis of the packing of the individual chains in the
crystal. Some interfaces are more substantial than others and hence
likely to represent genuine biological interactions rather than hap-
penstance crystal contacts. Most of the atlases provide information
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on the known, or predicted, biological unit. The most commonly
used prediction method is Protein Interfaces, Surfaces and Assemblies
(PISA) [17].

Beyond these general similarities, the atlases differ in sufficient
respects to make them complement one another; they differ in
what additional information they pull in, the links they make to
external resources, and the analyses of the 3D structures they pro-
vide. Consequently, the atlas of choice can be either a matter of
personal preference or depend on the type of information required
at the time.

Here we focus only those aspects that make each one unique,
useful or interesting. We start with the atlases provided by the found-
ing members of the wwPDB, and then discuss some of the others.

The RCSB’s website [18] has been revamped several times and is
an extremely rich source of information about each PDB entry. It
used to be a little overwhelming for novices, but recently a great
deal of effort has gone into simplifying the design as well as adding
new information—such as the relationship of structures to their
corresponding genes and to associated diseases and therapeutic
drugs. A specific aim of the website has been to “bring a structural
view of biology and medicine to a general audience.”

Figure 1 shows the summary page for PDB entry layy, a glycosyl-
asparaginase. The top box shows the primary citation for this entry,
being the published description of the experiment that resulted in
the structural model and any analysis the authors might have per-
formed on it, including relating the structure to the protein’s bio-
logical function. To the right is a thumbnail image of the protein
and links for viewing it in one of three molecular graphics viewers.
The “More Images” link shows the asymmetric unit and the bio-
logical unit, as described above (although in many cases they are
identical). The latter is either as defined by the depositors or as
predicted by the PISA algorithm.

The Molecular Description box provides a schematic diagram
of the protein’s sequence and structural domains, together with its
secondary structure, and which parts of the protein the structure
corresponds to. An expanded view can be obtained by clicking on
“Protein Feature View,” as shown in Fig. 2. Often structural mod-
els are not of the whole protein but merely cover one or two
domains or, in some cases, are mere fragments of the protein. The
diagram makes it clear what the coverage is. The little plus symbol
at the bottom opens up a window showing other known structures
of the same protein—which is particularly useful in identifying
structures that may be more complete, or solved at a higher resolu-
tion. The sequence domains are as defined by Pfam [19], while the
structural domain definitions come from SCOP [20].
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Fig. 2 The Protein Feature View of PDB entry 1ayy on the RCSB PDB server. The diagram shows the protein’s
sequence (Pfam) and structural (SCOP) domains, its hydrophathy, secondary structure, and structural coverage

The large box at the bottom of Fig. 1 is a “validation report
slider” providing an at-a-glance assessment of the structure’s likely
quality (only available for X-ray models). The graphic indicates how
the structure compares on a number of quality-related parameters
against all other structures in the database as well as structures
solved at the same resolution. The parameters include the Rg.., an
atom-atom “clash score,” number of Ramachandran plot outliers as
computed by the MolProbity structure validation program [21],
and the real-space R-value Z-score as computed by the Uppsala
Electron-Density Server [22]. An almost identical schematic is pro-
vided by the PDBe website (see Fig. 3). A link above the schematic
provides the full validation report for the structure in question.

3.1.2  Other Information Besides the summary information, further structural details are pre-
sented on additional pages titled: 3D View, Sequence, Annotations,
Seq. Similarity, 3D Similarity, Literature, Biology & Chemistry,
Methods, and Links.

For ligands there is the 3D Java-based Ligand Explorer [23]
which allows you to select and view difterent types of protein—ligand
interactions. There is also a schematic 2D PoseView [24] diagram
of the protein-ligand interactions.
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Fig. 3 Validation schematics for PDB entry 1sqt, as shown on the PDBe website. Above the thumbnail images
of the protein on the left are two “quality sliders.” The top one shows how well the overall model quality com-
pares against all other structures in the PDB, and the second how well the model fits the experimental data
from which it was derived. The red end of the slider indicates a poor model/fit, while the blue indicates the
model is a good one. The right-hand set of sliders show the quality of the model as judged by four different
global quality criteria: the R:.., an atom-atom clash score computed by MolProbity, number of Ramachandran
plot outliers, and the real-space R-value Z-score as computed by the Uppsala Electron-Density Server. The
black vertical box on each slider corresponds to the percentile rank of the given score with respect to the
scores of previously deposited PDB entries, while the white vertical box shows the rank with respect to entries
solved at a similar resolution

The advanced search option allows for quite complex queries
and subqueries on the data, telling you how many hits each set of
conditions returns as you refine your search.

3.1.3  Molecule One particularly eye-catching feature of the RCSB site is the

of the Month “Molecule of the Month” pages written by David S. Goodsell of
The Scripps Research Institute and illustrated with his beautiful
plots [25]. Each month the structure and function of a different
protein or protein family is described, with specific references to
the PDB entries that have contributed to the understanding of
how the proteins achieve their biological roles. The collection of
short articles, which are suitable for specialists and non-specialists
alike, dates back to the year 2000 and now numbers over 180
entries, providing a nice reference and educational resource.
Additionally, and particularly useful as teaching materials, are the
accompanying videos, posters, lesson plans and curricula provided
by the PDB-101 educational portal.

3.2 The PDBe The website of the Protein Data Bank Europe (PDBe) [26] has
many similarities to the RCSB’s. The atlas pages for each entry
show the usual summary information describing the structure and
the experimental details used to obtain it. Additional pages relate
to Structure analysis, Function and Biology, Ligands and
Environments, and Experiments and Validation. The Molecular
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Fig. 4 The “Molecule details” of PDB entry 20ig, a mouse dCTP pyrophosphatase 1, from the PDBe website.
The tracks at the top represent the protein’s sequence and structure domains, its secondary structure and
residue-by-residue quality indicators. It is similar to the RCSB’s Protein Feature View in Fig. 2. At botfom leftis
a topology diagram of the secondary structure elements—here four helices. Clicking on the diagram identifies
the residues, and the corresponding residues are highlighted in the diagram above (by a shaded grey box) and
in the JSmol 3D image on the right

3.2.1 PDBeFold

Details link shows the protein’s sequence features, a diagram of its
secondary structure topology and a 3D JSmol view (Fig. 4). These
are connected such that clicking on one diagram highlights the
corresponding residues in the others.

In addition to the atlas pages, the PDBe website has a number of
useful applications. These include PDBeFold which performs fold
matching of any one or more protein structures against one or
more others. The server makes use of the secondary structure simi-
larity matching program SSM [27]. You can match a single PDB
entry against another, or against all structures in the PDB. You can
upload your own PDB-format file, or a list of PDB pairs to com-
pare. The outputs include structure-based alignments with com-
puted rmds values and various scores of significance. The superposed
structures can be viewed or their coordinates downloaded.
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3.2.2 PDBeMotif

3.2.3 PDBePISA

3.3 Jenalib

3.4 0CA

PDBeMotif [28, 29] allows searches for sequence and structural
motifs as well as for ligands and specific protein-ligand interactions.
Structural motifs can be defined in terms of patterns of secondary
structure, @/y and y angles, and C* and side-chain positions.
Searches are entered either via a simple Web form or using a graphi-
cal query generator. The hits from a search can be viewed in three
dimensions, aligned by ligand, PROSITE pattern, active site resi-
dues or by environment. One can generate various statistics on pro-
tein-ligand interactions (e.g., to compare the different distributions
of residues binding to ATP and GTP). Of particular use is an option
to upload a PDB file and scan its ligands and active sites against the
PDBe data.

PDBePISA is a service for computing the stability of protein—protein
or other macromolecular complexes (protein, ligands, and
DNA/RNA). It uses the PISA [17] program and provides an anal-
ysis of the surfaces, interfaces, and assemblies to suggest which
groupings are likely to be biological assemblies rather than crystal
packing ones. The assessment is based on the number, type, and
strength of interactions across each interface. The service is espe-
cially useful for obtaining the full biological units for large multi-
meric complexes where the PDB entry consists only of a single
protein chain.

The Jena Library of Biological Macromolecules, JenaLib [30], was
one of the earliest sites offering atlas pages for each PDB entry,
specializing in hand-curated images of the structures showing
functionally informative views. Rather than split information across
several pages, Jenalib shows all the information on a single page
but has a collapse/expand mechanism for controlling what is
shown and what is hidden. In addition to several of the standard
3D viewers the site features its own: the JenLib Jmol viewer. This
viewer is an extension of Jmol which has a number of options not
found in other viewers, such as highlighting of PROSITE motifs,
single amino acid polymorphisms and CATH [31] or SCOP
domain structures.

JenaLib has more links to external databases than the other
atlas sites and is particularly strong on its many visualizations of
each entry—both in terms of its interactive viewing options and its
preprepared still images.

A particularly useful feature is a form for generating lists of
PDB entries according to a number of criteria. Additionally, there
are a number of precomputed lists of structures; for example, all
nucleic acid structures without protein, all carbohydrate structures,
and so on.

OCA’s main difference from the other atlases is its linkage between
proteins and the diseases associated with them. It differs also in
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that its home page is a search form, with searches possible on gene
name, function, disease and membrane orientation (for membrane-
spanning proteins).

The last of the atlases described here is PDBsum [32, 33]. Its origi-
nal aim was to provide pictorial structural analyses where other
sites were presenting tables of numbers, but the other atlases have
come to include more schematic diagrams over the years. It still
provides some unique features, including an option that allows
users to upload their own PDB files and get a set of password-
protected PDBsum pages generated for them.

Each entry’s summary page has a thumbnail image of the struc-
ture, the usual header information and a clickable schematic dia-
gram showing how much of the full-length protein sequence is
actually represented by the 3D structural model. The diagram
shows the protein’s secondary structure and annotates it with any
Pfam sequence domains and CATH structural domains. Also
included is a thumbnail Ramachandran plot of the protein and the
primary citation.

Hovering the mouse over the thumbnail Ramachandran pops up a
full-size version. A reliable model will have more points in the core
regions (colored red) and, ideally, none in the cream-colored, dis-
allowed regions. Residues in the latter are labeled, so if a model has
many labeled residues, it might be an idea to look for an alterna-
tive. Clicking on the plot goes to a page showing the summary
results from the PROCHECK quality assessment program [34]
and from this page you can generate a full PROCHECK report.

For enzymes, the relevant reaction catalyzed by the enzyme is
shown by a reaction diagram where possible. If any of the ligands
bound to the protein correspond to any of the reactants, cofactors
or products, the corresponding molecule in the diagram is boxed
in red. If'a ligand is merely similar to one of these, a blue box sur-
rounds the molecule instead and a percentage similarity is quoted.

The majority of experimentally determined protein structures are
reported in the scientific literature, often in high profile journals,
and each PDB file cites the “key” reference—i.e., the one describ-
ing the structure determination, analysis and biological significance
of the protein. Like the other atlas sites, PDBsum cites this refer-
ence, shows its abstract and provides links to both the PubMed
entry and to the online version of the article. Where PDBsum dif-
fers is that for many of these references it also gives one or two
figures (plus figure legends) taken directly from the key reference
itselt [35]. This is done with permission from the relevant publish-
ers and is useful for two reasons. Firstly, a carefully selected figure
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3.5.5 Secondary
Structure and Topology
Diagrams

3.5.6 Intermolecular
Interactions

can speak volumes about an important aspect of the protein’s
structure or function. And secondly, each paper’s lead author is
requested to review which figures have been selected by the auto-
mated process and, if need be, suggest better choices. About one
in six authors take the trouble to do this. And some even add an
additional comment to appear on the entry’s summary page (e.g.,
PDB entry 1hz0).

From the summary page are various additional pages giving
schematic diagrams of different aspects of the 3D structure. The
“Protein” page shows a diagram of the chain’s secondary structure
elements, much like the RCSB’s diagram shown in Fig. 2. Additional
features include the annotation of residues that are catalytic—as
defined in the Catalytic Site Atlas (CSA) [36]—or are included in
the SITE records of the PDB file, or interact with a ligand,
DNA/RNA or metal, or belong to a PROSITE pattern [37]. CATH
structural domains are marked on the sequence, in contrast to the
RCSB’s diagram which uses SCOP. Where there is information on
the conservation of each residue in the sequence—obtained from
the ConSurf-HSSP site [38]—the secondary structure plot can be
redisplayed with the residues colored by their conservation.

Next to the secondary structure plot is a topology diagram
either of the whole chain or, where it has been divided into its con-
stituent CATH domains, of each domain (Fig. 5). The diagram
shows the connectivity of the secondary structure elements, with
the constituent p-strands of each p-sheet laid side-by-side, parallel
or antiparallel, to show how each sheet in the chain/domain is
formed, and where any helices are found relative to the sheets.

Some of the other pages are devoted to schematic representations of
intermolecular interactions. Thus for each ligand molecule or metal
ion in the structure there is a schematic LIGPLOT diagram [39] of
the hydrogen bonds and non-bonded interactions between it and
the residues of the protein to which it is bound (see Fig. 6). Similarly,
any DNA-protein interactions are schematically depicted by a
NUCPLOT diagram [40]. Protein—protein interactions at the inter-
face between two or more chains are shown by two plots: the first
shows an overview of which chains interact with which (Fig. 7b),
while the second shows which residues actually interact across the
interface (Fig. 7¢).

4 Homology Models and Obsolete Entries

4.1 Homology
Modeling Servers

As mentioned above, there were over 110,000 structural models in
the wwPDB as of July 2015. However, some were not of proteins
and many were duplicates: that is the same protein solved under
different conditions, or with different ligands bound, or with one
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Fig. 5 A topology diagram taken from PDBsum for the second domain of chain A in PDB entry 2b6d: a bovine lac-
toferrin. The diagram illustrates how the p-strands, represented by the block arrows, join up, side-by-side, to form
the domain’s central 3-sheet. The diagram also shows the relative locations of the o-helices, here represented by
cylinders. The small arrows indicate the directionality of the protein chain, from the N- to the C-terminus. The
numbers within the secondary structural elements correspond to the residue numbering given in the PDB file

or more point mutations. In terms of unique protein sequences, as
defined by the UniProt identifier, this 110,000 corresponded to
only about 33,000 unique proteins. (Compare this number with
the 620 million protein sequences in the European Nucleotide



44 Roman A. Laskowski

“Tyr 340(A)

‘lle 336(A)
07‘\‘65 'Val 281(A)

. C1
Ala 293(A

. ‘Leu 393(A)
Ile 294(A)

‘Phe 405(A)

‘Lys 295(A)

Glu 310(A)

OE} "His 384

Fig. 6 LIGPLOT for PDB entry 20ig, tyrosine kinase c-Src, as given in PDBsum showing the interactions between
the bound molecule imatinib (a drug, brand name Gleevec) with the residues of the protein. Hydrogen bonds
are represented by dashed lines. Residues that interact with the ligand via non-bonded contacts only are
represented by the eyelashes

Archive (ENA) [41]). Moreover, for many of these, the 3D struc-
ture represents only a part of the full sequence—a single domain or
just a fragment.

So for many proteins there is no corresponding structural
model in the PDB. In these cases it is common to build a homol-
ogy model based on the 3D structural model of a closely related
protein (if there is one). The PDB used to accept homology-built
models together with the experimentally determined ones but, as
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Fig. 7 Extracts from the protein—protein interaction diagrams in PDBsum for PDB entry 1cow, bovine mitochon-
drial F1-ATPase. (@) Thumbnail image of the 3D structural model which contains seven protein chains: three of
ATPA1_BOVIN (chains A, B, and C), three of ATPB_BOVIN (chains D, E, and F), and a fragment of ATPG_BOVIN
(chain G). (b) Schematic diagram showing the interactions between the chains. The area of each circle is pro-
portional to the surface area of the corresponding protein chain. The extent of the interface region on each
chain is represented by a colored wedge whose color corresponds to the color of the other chain and whose
size signifies the interface surface area. (c) A schematic diagram showing the residue—residue interactions
across one of the interfaces, namely that between chains D and G. Hydrogen bonds and salt bridges are shown
as solid lines while non-bonded contacts are represented by dashed lines

of 1 July 2002, moved its holding of theoretical models out of the
standard PDB archive to a separate ftp site and then, as of October
15, 2006, stopped accepting any new ones. As of July 2015 there
were only 1358 models on the ftp site so, with such a small num-
ber, it is unlikely that one’s protein of interest will be among them.

The alternative is to build a homology model oneself, and there
are various servers that will perform the process largely, or completely,
automatically. The best-known is SWISS-MODEL [42]. This accepts
a protein sequence and will return a 3D model if it is able to build
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one. More advanced users can submit multiple sequence alignments
and manually refine the final model. It is important to remember that
any homology-built model will, at best, be imperfect and at worst
totally misleading—particularly if one or more of the structural mod-
els that act as a template for the model contain errors. So a key part
of SWISS-MODEL are the various validation checks applied to each
model to provide the user with an idea of'its likely quality.

Table 2i shows a list of automated homology modeling Web
servers.

Aside from building a model yourself, it may be possible to
download a ready-built, off-the-shelf one. The SWISS-MODEL
Repository [43] contained over three million models in July 2015,
each accessible by its UniProt accession number or identifier.
Similarly ModBase [44] contains a large number of precomputed
models for sequences in the SwissProt and TrEMBL databases—34
million models for 5.7 million proteins in July 2015. Table 2iii
gives the URLs and references for these servers.

Table 2
Homology model servers

Server Location URL References

1. Automatic homology modeling

3D-JIGSAW  Imperial Cancer Research bmm.cancerresearchuk.org/~3djigsaw [58]
Fund, UK

CPHmodels  Technical University of ~ www.cbs.dtu.dk /services/CPHmodels [59]
Denmark

ESyPred3D  University of Namur, www.fundp.ac.be /urbm/bioinfo/esypred [60]

Belgium
SWISS- Biozentrum Basel, Swissmodel.expasy.org [42]
MODEL Switzerland

1i. Evaluation of modeling servers

CAMEO Swiss Institute of www.cameo3d.org/ [61]
Bioinformatics and
Biozentrum Basel,
Switzerland

113 Precomputed homology models

SWISS- Biozentrum Basel, Swissmodel.expasy.org/repository [43]
MODEL Switzerland
Repository
ModBase University of California ~ modbase.compbio.ucsf.edu [44]
San Francisco, USA
PDB archive RCSB, USA ftp:/ /ftp.rcsb.org/pub/pdb/data/

structures/models
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What if there is no sufficiently similar protein of known structure
and thus no possibility of building a homology model? In these
cases, it is sometimes necessary to resort to desperate measures
such as secondary structure prediction and fold recognition, or
“threading.” The results from these methods need to be treated
with extreme care. Occasionally, these methods approximate the
right answer—usually for small, single-domain proteins where they
may produce topologically near correct models [45]—and they are
improving all the time [45], but perhaps should only be used only
as a last resort.

As experimental methods improve, better data sets are collected or
earlier errors are detected, so some structural models in the PDB
become obsolete. Many are replaced by improved structural mod-
els, whereas others are simply quietly withdrawn. None of these
obsolete entries disappear entirely, though. Some of the atlases
mentioned above include the obsolete entries together with the
current ones. The RCSB website provides a full list at: http://
www.rcsb.org/pdb,/home/obs.do.

5 Fold Databases

5.1 Classification
Schemes

In 2006, it was estimated that there are around 900 known fold
groups [46]. Many proteins comprise more than one structural
domain, with each domain being described by its own fold and
often able to fold independently of the rest of the protein. There
have been a number of efforts to classify protein domains in a
hierarchical manner. The two current market leaders in this field
are the SCOP and CATH hierarchical classification systems
(see Table 3i). In CATH, protein structures are classified using a
combination of automated and manual procedures, with four
major levels in the hierarchy: Class, Architecture, Topology (fold
family) and Homologous superfamily [31, 47]. In SCOP the clas-
sification is more manual, although some automated methods are
employed. Comparisons between the two classification schemes
have shown there to be much in common, although there are
differences, primarily in how the structures are chopped into
domains [48].

However, it appears that protein folds are not the discrete units
that these classification schemes might imply, but rather that protein
structure space is a continuum [49 ] and folds can lose core element
by a process of “domain atrophy” [50]. Nevertheless, the two data-
bases are very valuable resources because they group domains by
their evolutionary relationships even where this is not apparent from
any similarities in the sequences.
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Table 3

Fold classification and comparison servers

Server Location URL References

1. Automatic homology modeling

CATH University College London, www.cathdb.info [62]
UK

SCOP2 University of Cambridge, UK scop2.mrc-Imb.cam.ac.uk/ [63]

4. Fold comparison

RCSB PDB Protein ~ RCSB, USA www.rcsb.org/pdb/ [64]

Comparison Tool workbench /workbench.do

Dali University of Helsinki, ekhidna.biocenter.helsinki.fi/  [65]
Finland dali_server

DBAIi University of California San www.salilab.org/DBAli / [66]
Francisco, USA

MATRAS Nara Institute of Science strcomp.protein.osaka-u. [67]
and Technology, Japan ac.jp/matras

PDBeFold European Bioinformatics www.ebi.ac.uk/msd-srv/ssm [27]
Institute, UK

TOPSCAN University College London, www.bioinf.org.uk /topscan [68]
UK

VAST+ NCBI, USA www.ncbi.nlm.nih.gov/ [55]

Structure /vastplus/

vastplus.cgi

5.2 Fold Comparison

Often a given structural domain is associated with a specific biological
function. However, the so-called superfolds, which are more common
than other folds, tend to be responsible for a wide range of functions
[51]. There are a large number of Web servers, such as PDBeFold
mentioned above, that can identify all proteins sharing a given pro-
tein’s fold. Each server has a different algorithm or a different way of
assessing the significance of a match. Table 3ii lists a selection of the
more popular servers. A fuller list, together with brief descriptions of
the algorithms and a comparison between them, can be found in vari-
ous comparisons that have been made between them [52, 53].

6 Miscellaneous Databases

6.1 Selection
of Data Sets

For any bioinformatics analysis involving 3D structural models it is
important to get a valid and representative data set of models of as
high a quality as possible. To help in this process there are various
servers that allow you to obtain such lists based on various selec-
tion criteria. Table 4 lists several such servers.
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Selection of data sets
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Server Location URL References
ASTRAL University of Berkeley, USA scop.berkeley.edu/astral [69]
JenaLib Fritz Lipmann Institute, jenalib.fli-leibniz.de /

(Entry Lists) Jena, Germany
PISCES Fox Chase Cancer Center, dunbrack.fccc.edu/PISCES.php [70]

Philadelphia, USA

6.2 Uppsala Electron
Density Server (EDS)
and PDB_REDO

6.3 Curiosities

As has been mentioned a couple of times already, a key aspect of
any structural model is how reliably it represents the protein in
question. A poor quality model limits what structural or functional
conclusions can be drawn from it. For X-ray models, in addition to
the geometrical checks mentioned in passing above, the most use-
ful guide to reliability is how well the model agrees with the experi-
mental data on which it was based. The Uppsala Electron Density
Server, EDS [22], displays the electron density maps for PDB
entries for which the experimental structure factors are available.
The server also provides various useful statistics about the models.
For example, the plots of the real-space R-factor (RSR) indicate
how well each residue fits its electron density; any tall red spikes are
regions to be wary of. Other useful plots include: the occupancy-
weighted average temperature factor and a Z-score associated with
the residue’s RSR for the given resolution. The latter is used in the
wwPDB’s quality slider (see Fig. 3).

The above calculations require the original experimental data.
Another use for the data is to rerefine the structural models. As
refinement methods and software improve, so it is possible to
revisit structural models solved in the past and rerefine them to,
possibly, get better models. A server devoted to such improvement
is PDB_REDO [54] (http://www.cmbi.ru.nl/pdb_redo). This
provides validation measures before and after the new refinement
showing the degree of improvement of the model.

Finally, there are various sites which deal with slightly more oftbeat
aspects of protein structure. Some are included in Table 5. A cou-
ple detect knots in protein folds: Protein Knots and the pKnot Web
server. The former lists 44 PDB entries containing knotted pro-
teins, classified according to the type of knot. Another interesting
site, which can while away part of an afternoon, is the Database of
Macromolecular Movement which holds many movies showing
proteins in motion. Also included is a “Morph Server” which will
produce 2D and 3D animations by interpolating between two sub-
mitted protein conformations—very useful for producing anima-
tions for presentations or websites.
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Table 5
Miscellaneous servers

Server Location URL References

3D Complex MRC, Cambridge, UK www.3dcomplex.org/ [71]

Database of Macromolecular Yale, USA molmovdb.org [72]
Movements

Electron Density Server (EDS) Uppsala, Sweden eds.bmc.uu.se/eds [22]

Orientations of Proteins in
Membranes (OPM)

pKnot server

Protein Knots

University of Michigan, USA opm.phar.umich.edu [73]

National Chiao Tung pknot.life.nctu.edu.tw  [74]
University, Taiwan

Massachusetts Institute of knots.mit.edu [75]
Technology, USA

7 Summary

This chapter describes some of the more generally useful protein
structure databases. There are many, many more that are not men-
tioned. Some are very small and specialized, such as the so-called
“hobby” databases, created by a single researcher and lovingly
crafted and conscientiously updated—until, that is, the funding
runs out, or the researcher moves on to another post and the data-
base is abandoned and neglected. The larger and more widely used
databases have better resources to keep them ticking over, but tend
to suffer from a great deal of duplication and overlap. This can be
seen in the large numbers of PDB atlases and fold comparison serv-
ers. Perhaps one day, a single server of each type will emerge com-
bining the finer aspects of all others to make life a lot easier for the
end users of the data.
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Chapter 3

The MintAct Project and Molecular Interaction Databases

Luana Licata and Sandra Orchard

Abstract

Molecular interaction databases collect, organize, and enable the analysis of the increasing amounts of
molecular interaction data being produced and published as we move towards a more complete under-
standing of the interactomes of key model organisms. The organization of these data in a structured format
supports analyses such as the modeling of pairwise relationships between interactors into interaction net-
works and is a powerful tool for understanding the complex molecular machinery of the cell. This chapter
gives an overview of the principal molecular interaction databases, in particular the IMEx databases, and
their curation policies, use of standardized data formats and quality control rules. Special attention is given
to the MIntAct project, in which IntAct and MINT joined forces to create a single resource to improve
curation and software development efforts. This is exemplified as a model for the future of molecular inter-
action data collation and dissemination.

Key words Molecular interactions, Databases, Manual curation, Molecular interaction standards,
Controlled vocabulary, Bioinformatics

1 Introduction

Each organism, from the simplest to the more complex, is an ensem-
ble of interconnected biological elements, for example, protein—pro-
tein, lipid—protein, nucleic acids—protein,and small molecules—protein
interactions, which orchestrates the cellular response to its immedi-
ate environment. Thus, a system wise understanding of the com-
plexity of biological systems requires a comprehensive description of
these interactions and of the molecular machinery that they regulate.
For this reason, techniques and methods have been developed and
used to generate data on the dynamics and complexity of an interac-
tion network under various physiological and pathological condi-
tions. As a result of these activities, both large-scale datasets of
molecular interactions and more detailed analyses of individual inter-
actions or complexes are constantly being published.

In order to archive and subsequently disseminate molecular
interaction data, numerous databases have been established to system-
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atically capture molecular interaction information and to organize it
in a structured format enabling users to perform searches and bioin-
formatics analyses. In the early 2000s, DIP [1] and BIND [2] were
the first protein—protein interaction (PPI) repositories to contain
freely available, manually curated interaction data. Since then, many
others have been established (Table 1). A fuller list of molecular
interaction databases is available at: http: / /www.pathguide.org.

However, due to the increasing amount of interaction data
available in the scientific literature, no individual database has suf-
ficient resources to collate all the published data. Moreover, very
often these data are not organized in either a user-friendly or struc-
tured format and many databases contain redundant information,
with the same papers being curated by multiple different resources.
In order to allow easier integration of the diverse protein interac-
tion data originating from different databases, the Human Proteome
Organisation Proteomics Standards Initiative (HUPO-PSI) [3]
developed the PSI-MI XML format [4], a standardized data format
for molecular interaction data representation. Following on from
this, a number of databases have further cooperated to establish the
International Molecular Exchange (IMEx) consortium (http://
www.imexconsortium.org/) [5], with the aim of coordinating and
synchronizing the curation effort of all the participants and to offer
a unified, freely available, consistently annotated and nonredundant
molecular interaction dataset. Active members of IMEx consortium
are IntAct [6], MINT [7], DIP, MatrixDB [8], MPIDB [9] and
InnateDB [10], 12D, Molecular Connections, MBInfo, and the
UniProt Consortium [11]. MPIDB was a former member of the
IMEx Consortium but no longer exists as an actively curated data-
base. Under the IMEx agreement, however, when MPIDB was
retired, the IMEx data it contained was imported into the IntAct
data repository and has since been updated and maintained by the
IntAct group. In September 2013, MINT and IntAct databases
established the MIntAct project [ 12], merging their separate efforts
into a single database to maximize their developer resources and
curation work.

2 Molecular Interaction Databases

To date, more than 100 molecular interaction database exist (as
listed in the PathGuide resource). Many of these resources do not
contain experimentally determined interactions but predictions of
hypothetical interactions or protein pairs obtained as a result of
text-mining or other informatics strategies. Primary repositories of
experimentally determined interactions use expert curators to anno-
tate the entries while others import their data from these primary
resources. The primary molecular interaction databases can be fur-
ther divided into archival database, such as IntAct, MINT, and DIP
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that extract all PPIs described in the scientific literature, and thematic
databases that select only the interactions related to a specific topic,
often correlated to their research interest. MatrixDB (extracellular
matrix protein interactions), InnateDB (innate immunity interac-
tions network), and MPIDB (microbial protein interactions) are
typically examples of thematic databases.

Molecular interaction databases can also be classified by the type
of data that are captured or by their curation policy. Many resources
curate only protein—protein interactions (PPIs), for example MINT
and DIP. However, there are others (MatrixDB, IntAct) that also
collect interactions between proteins and other molecule types
(DNA, RNA, small molecules). Additional resources, such as
BioGRID [13], collect genetic interactions in addition to physical
protein interactions. Finally, databases can be differentiated accord-
ingly to their curation policies and by the accuracy of their quality
control procedures. For example, the IMEx consortium databases
have committed to curating all the articles they incorporate to a
consistent, detailed curation model. According to this standard, all
the protein—protein interaction evidences described in the paper, in
enough detail to be captured by the database, must be annotated
and the entries thus created are curated to contain a high level of
experimental details. All entries are subject to strict quality control
measures. Other databases may choose to describe interaction evi-
dences in less detail, which may allow curators to curate a larger
number of papers. However, significant increases in curation
throughput may come at the expenses of data quality.

3 The Manual Curation Process

Irrespective of the curation level adopted by a database, the cura-
tors have the task of manually extracting the appropriate data from
the published literature. Any interaction is described by a specific
experiment, and all the details of that experiment, such as how the
interaction was detected, the role each participant played (for
example bait, prey), experimental preparation, and features such as
binding sites have to be carefully annotated. In this meticulous
annotation, the identification and mapping of the molecular iden-
tifier is the most critically important piece of information.

In the literature, there are several ways the authors may choose
to describe molecules, especially proteins. Commonly, the authors
utilize the gene name together with a general or detailed descrip-
tion of the characteristics of the protein. Occasionally, a protein or
genomic database identifier is specified. It is also very common that
authors of a paper give an inadequate description of protein con-
structs; in particular, there is frequently a lack of information on
the taxonomy of a protein construct. Consequently, curators have
to try to trace the species of the construct by going back to the
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original publication in which the construct had been described or
by writing to the author and asking for information about the spe-
cies of the construct. Both procedures are time consuming and
often do not lead to any positive results.

In 2007, in order to highlight this problem, several databases
worked together in writing the “The Minimum Information about a
Molecular Interaction experiment (MIMIx)” paper [14]. The main
purpose of MIMIx was to assist authors by suggesting the informa-
tion that should be included in a paper to fully describe the method-
ology by which an interaction has been described, and also to
encourage journals to adopt these guidelines in their editorial policy.

Once a protein has been identified, the curator has to map it
onto the reference sequence repository chosen by its database.
UniProtKB [15] is the protein sequence reference database chosen
by the majority of the interaction databases. Choosing UniProtKB
has the advantage of enabling the curator to annotate the specific
isoform utilized in an experiment or to describe all isoforms simul-
taneously, by using the canonical sequence, or to specify a peptide,
resulting from a post-translational cleavage. As interaction data-
bases started to collate protein—small molecule data, and drug tar-
get databases such as ChEMBL [16] and DrugBank [17] came
into existence, a need for reference resources for small molecules
was recognized. ChEBI [18] is a dictionary of chemicals of bio-
logical interest and serves the community well as regards naturally
occurring compounds and metabolites and small molecules
approved form commercial sale but larger, less detailed resources
such as PubChem [19] and UniChem [20] are required to match
the production of potential drugs, herbicides and food additives
produced by combinatorial chemistry. The annotation of nucleic
acid interactions provides fresh challenges. Genome browsers, such
as Ensembl [21], and model organism databases provide gene
identifiers for gene—transcription factor binding. RNA is described
by in an increasing number of databases, unified by the creation of
RNAcentral [22], which enables databases to provide a single iden-
tifier for noncoding RNA molecules.

4 Molecular Interaction Standards

The first molecular interaction databases independently established
their own dataset formats and curation strategies, resulting in a
mass of heterogeneous data, very complicated to use and interpre-
table only after downstream meticulous work by bioinformaticians.
This made the data produced unattractive to the scientific commu-
nity and it was therefore rarely used. The molecular interaction
repositories community recognized that it was therefore necessary
to move toward unification and standardization of their data. From
2002 onwards, under the umbrellas of the HUPO-PSI, the
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molecular interaction group has worked to develop the PSI-MI
XML [23] schema to facilitate the description of interactions
between diverse molecular types and to allow the capture of infor-
mation such as the biological role of each molecule participating in
an interaction, the mapping of interacting domains, and the capture
of any kinetic parameters generated. The PSI-MI XML format is a
powerful mechanism for data exchange between multiple sources
molecular interaction resources, moreover data can be integrated,
analyzed, and visualized by a range of software tools. The Cytoscape
open source software platform for visualizing complex networks
can input PSI-MI XML files, and then integrate these with any type
of ‘omics’ data, such as the results of transcriptomic or proteomics
experiments. A range of applications then enables network analysis
of the ‘omics’ data. A simpler, Excel-compatible, tab-delimited for-
mat, MITAB, has been developed for users who require only mini-
mal information but in a more accessible configuration. PSI-MI
XML has been incrementally developed and improved upon.
Version 1.0 was limited in capacity; PSI-MI XML2.5 was developed
as a broader and more flexible format [23], allowing a more detailed
representation of the interaction data.

More recently, the format has been further expanded and
PSI-MI XML3.0 will be formally released in 2015, making it pos-
sible to describe interactions mediated by allosteric effects or exist-
ing only in a specific cellular context, and capture interaction
dependencies, interaction effects and dynamic interaction networks.
Abstracted information, which is taken from multiple publications,
can also be described and can be used, for example to interchange
reference protein complexes such as are described in the Complex
Portal (www.ebi.ac.uk/intact/complex) [24]. The HUPO-PSI
MITAB format has also been extended over time to contain more
data, with MITAB2.6 version and 2.7 being released [23]. The
PSI-MI formats have been broadly adopted and implemented by a
large number of databases and are supported by a range of software
tools. Having the ability to display molecular interactions as a sin-
gle, unified PSI-MI format has represented a milestone in the field
of molecular interactions.

A common controlled vocabulary (CV) was developed in paral-
lel and has been used throughout the PSI-MI schema to standard-
ize interaction data and to enable the systematic capture of the
majority of experimental detail. The controlled vocabularies have a
hierarchical structure and each object can be mapped to both par-
ent and child terms (Fig. 1). The adoption of the CV enables users
to search the data without having to select the correct synonym for
a term (two hybrid or 2-hybrid) or worry about alternative spelling,
and allows the curators to uniformly annotate each experimental
detail. For example, using the Interaction Type CV, it is possible to
specify whether the experimental evidences have shown if the inter-
action between two molecules is direct (direct interaction, M1:0407)
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Fig. 1 The hierarchical structure of the PSI-MI controlled vocabularies as shown in the Ontology Lookup
Service [41], a portal that allows accessing multiple ontologies from a centralized interface

or only that the molecules are part of a large affinity complex
(association, MI1:0914). Over the years, the number of controlled
vocabulary terms has increased dramatically since the original
release and have been expanded and improved in order to be in line
with the data interchange standard updates. The use of CV terms
has also enabled a rapid response to the development of novel tech-
nique such as proximity ligation assays (M1:0813), which have been
developed over the past few years. New experimental methodolo-
gies can be captured by the simple addition of an appropriate CV
term, without a change to the data interchange format.

The use of common standards has also allowed the develop-
ment of new applications to improve the retrieval of PSI-MI stan-
dard data. One example has been the development of the PSI
Common QUery InterfaCe (PSICQUIC) [25] service that allows
users to retrieve data from multiple resources in response to a sin-
gle query. PSICQUIC data are directly accessible from the imple-
mentation view and can be downloaded in the current MITAB
format. MIQL, the language for querying PSICQUIC has been
extended according to the new MITAB2.7 format. From the
PSICQUIC View Web application (http://www.ebi.ac.uk/Tools/
webservices/psicquic/view/home.xhtml), it is possible to query
all the PSICQUIC Services and to search over 150 million binary
interactions. Currently there are 31 PSICQUIC Services and they
are all listed in the PSICQUIC Registry (http://www.ebi.ac.uk/
Tools/webservices /psicquic/registry /registry?action=STATUS).
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Users are assured that the data is continuously updated as each
PSICQUIC service is locally maintained.

5 IMEx Databases

As stated above, the IMEx consortium is an international collabora-
tion between the principal public interaction repositories that have
agreed to share curation powers and to integrate and exchange pro-
tein interaction data. The members of the consortium have chosen
to use a very detailed curation model, and to capture the full experi-
mental details described in a paper. In particular, every aspect of
each experiment is annotated, including full details of protein con-
structs such as the minimal region required for an interaction, any
modifications and mutations and their effects on the interaction,
and any tags or labels. A common curation manual (IMEx Curation
Rules_01_12.pdf) has been developed and approved by IMEx data-
bases and it contains all the curation rules and the information that
has to be captured in an entry.

The IMEx Consortium has adopted the PSI-MI standardized
CV for annotation purposes and utilized the PSI-MI standard for-
mats to export Molecular Interaction data. Controlled Vocabulary
maintenance is achieved through the introduction of new child or
root terms, the improvement description of existing terms, and the
upgrading of the hierarchy of terms. Every IMEx member and
every database curator contribute to CV maintenance during
annual meetings, events or Jamborees or in an independent man-
ner by using the tracker that allows the request of changes to the
MI controlled vocabulary. Curation rule updates are also agreed
with the consortium and workshops at which quality control pro-
cedures are unified are organized periodically.

In order to release high fidelity data, quality control uses a
“double-checking” strategy undertaken by expert curators and also
the use of the PSI-MI validator. A double-check is made on each
new entry annotated in the IMEx databases; any annotation is man-
ually validated by a senior curator before public release. The seman-
tic validator [26] is used to check the XML 2.5 syntax, the
correctness in using the controlled vocabularies, the consistency of
the database cross references using the PSI-MI ontology. Rules
linking dependencies between different branches of the CV, for
example the interaction detection method “two hybrid (MI1:0018)”
will be expected to have participant identification method of either
“nucleotide sequence identification (MI1:0078)” or “predetermined
participant (MI1:0396)”, have been created by the IMEx curators
to enable automated checking of entries. Finally, on release, the
authors of a paper are notified that the data is available in the public
domain, and they are asked to check for correctness. Although it is
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not possible to dispense with all possible human error, all these
quality control steps and rules ensure that IMEx data is of the high-
est quality.

6 The MintAct Project

IntAct is a freely available open-source (http://www.ebi.ac.uk/
intact) database containing molecular interaction data coming
either from manually curated literature or from direct data deposi-
tions. The elaborate Web-based curation tool developed by IntAct
is able to support both IMEx- and MIMIx-level curation. The
IntAct curation interface has been developed as a Web-based plat-
form in order to allow external curation teams to annotate data
directly into the IntAct database. IntAct data are released monthly,
and all available curated publications are accessible from the IntAct
ftp site in PSI-MI XML and MITAB2.5, 2.6, and 2.7 formats.
Alternatively, the complete dataset can be downloaded directly
from the website in RDF and XGMML formats [6, 27]. Data can
also be accessible through PSICQUIC Web service IMEx website.
The Molecular Interaction team at the EBI also produces the
Complex Portal [24], a manually curated resource that describes
reference protein complexes from major model organisms. Each
entry contains information about the participating molecules
(including small molecules and nucleic acids), their stoichiometry,
topology and structural assembly. All data are available for search,
viewing, and download.

MINT (the Molecular INTeraction Database, http://mint.
bio.uniroma2.it/mint/) is a public database developed at the
University of Tor Vergata, in Rome, that stores PPI described in
peer-reviewed papers. Users can easily search, visualize, and down-
load interactions data through the MINT Web interface. MINT
curators collect data not only from the scientific journals selected by
the IMEx consortium but also from papers with specific topics,
often correlated to the experimental activity of the group, such as
for example, SH3 domain-based interactions [28] or virus—human
host interactions. From this interest, in 2006 a MINT sister data-
base was developed, VirusMINT, focusing on virus—virus or virus—
host interactions [29]. One of the major MINT activities was the
collaboration with the FEBS Letters and FEBS Journal editorial
boards, which led to the development of an editorial procedure
capable to integrate each manuscript containing PPIs experimental
evidences with a Structured Digital Abstract (SDA)[30,31]. MINT
data are freely accessible and downloadable via the PSICQUIC
Web service, the IMEx website and from the IntAct ftp site.
Currently, the MINT website is under maintenance, and from the
MINT download page, it is only possible to download data until
August 2013. By the end of 2015, an updated version of MINT
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website will be available and it will be therefore possible to download
all the updated information.

Within the panorama of molecular interaction databases, IntAct
and MINT were individually two of the largest databases, as deter-
mined both by the number of manuscripts curated and the number
of nonredundant interactions. Both have made it their mission to
adopt the highest possible data quality standards. Originally both
databases were separately created and were independent in funding
and organization. The two databases worked closely together on the
data formats and standards, together with other partners of the
Molecular Interaction work group of the HUPO-PSI, and were
founder members of the IMEx Consortium. MINT used a local copy
of the IntAct database to store their curated data but, despite their
common infrastructure, the two databases remained two physically
separate entities. In September 2013, in order to optimize limiting
developer resources and improve the curation output, MINT and
IntAct agreed to merge their efforts. All previously existing MINT
manually curated data has been uploaded into the IntAct database at
EMBL-EBI and combined with the IntAct original dataset and all
the new entries captured by MINT are curated directly into the
IntAct database using the IntAct editorial tool. Data maintenance,
and the PSICQUIC and IMEx Web services are the responsibility of
the IntAct team, while the curation effort is undertaken by both
IntAct and MINT curators. This represents a significant cost saving
in the development and maintenance of the informatics infrastruc-
ture. In addition, it ensures a complete consistency of the interaction
data curated by the MINT and IntAct curation teams. The MINT
Web interface continues to be separately maintained and is built on

Proteins, Interactions, Binary interactions and n-ary interactions =k

MINT MERGE = —g

2004

2005

2006 2007 2008 2008 2010 2011 2012 2013 2014 2015

-8 Proteins -@ Interactions - Binary interactions -8 n-ary interactions

Fig. 2 IntAct data growing and the effect of the MINT merge on data growth
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an IntAct-independent database structure. All the manually curated
papers from VirusMINT were tagged under a new tagged data sub-
set called Virus, and increased by additional IntAct papers containing
virus—virus or virus—host interactions. The first merged dataset was
released in August 2013 and increased the number of publications in
IntAct from 6600 to almost 12,000. To date, IntAct stores 529,495
binary interactions and 13,684 publications (see Fig. 2). The mentha
[32] and virusmentha [33] interactome browser, two resources
developed in the MINT group, continue to utilize the PSICQUIC
Web services of the IMEx databases and BioGRID to merge all the
interaction data in a single resource, as it was before the merge.

The merger of the two databases required intense work by both
curators and developers. However, despite the size of the original
MINT dataset, the procedure took approximately only 1 month,
because of the use of community standard data representation and
common curation strategies. The unification of MINT and IntAct
dataset, curation activities and optimization of the developer
resources provide users with a complete, up-to-date dataset of high
quality interactions.

The IntAct editorial tool has been designed in such a way as to
allow external curators from different institutes to contribute to
the dataset but at the same time giving full credit to their work.
Institute Manager enables the linking of each individual curator to
their parent institute or to a particular grant funding body. Any
external database that uses the IntAct website as curation platform,
can therefore specifically import its own data back into its own
database. Moreover, each group can choose to embed its own
dedicated PSICQUIC Web service within a Web page or tool.

The IntAct Web-based editorial tool allows the systematic capture
of any molecular interaction experiment details to either IMEx or
MIMIx-level. A number of data resources now curate directly into
IntAct and utilize the existing IntAct data maintenance pipeline. For
example, some UniProtKB /Swiss-Prot and Gene Ontology curators
annotate molecular interactions directly into IntAct. Among the vari-
ous databases, there are 12D (Interologous Interaction Database),
which curates PPIs data relevant to cancer development, InnateDB,
capturing both protein and gene interactions connected to innate
immunity process and MatrixDB a database focusing on extracellular
proteins and polysaccharides interactions. The contract curation com-
pany, Molecular Connections (www.molecularconnections.com/),
carries out pro bono public domain data curation through IntAct.
AgBase, a curated resource of animal and plant gene products, cap-
tures data subsequently imported into their host—pathogen database,
HPIDB [34]. The Cardiovascular Gene Ontology Annotation
Initiative at University College London is collecting cardiovascular
associated protein interactions (http://www.ucl.ac.uk/cardiovascu-
largeneontology/) [35].
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In order to annotate molecular interactions other than PPlIs,
the IntAct editorial tool has been extended to enable access to
both small molecule data from ChEBI and gene derived informa-
tion from Ensembl. The ability to access noncoding RNA sequence
data from the RNAcentral database will be added soon.

7 Future Plans

One of the principal aims of the IntAct molecular interaction
database has always been to be able to increase the literature cov-
erage of database with a view to eventually being able to com-
plete the interactomes of key model organisms. Whilst this
remains an ambitious long-term goal, the merge with MINT has
significantly increased the amount of molecular interaction data
currently stored in IntAct. To date, more than half a million
experimentally determined protein interactions are freely avail-
able via the IntAct website, PSICQUIC services and ftp site. This
number could foreseeably grow to 750,000 binary interaction
evidences in the next 5 years. As data become more sophisticated,
new ways of visualizing data need to be developed or imple-
mented, with a particular attention to the new generation of
dynamic interaction data. IntAct has already developed an exten-
sion of the CytoscapeWeb viewer [30] that allows the user to
visualize simple dynamic changes but this will to be extended as
more parameters, such as molecule concentrations needs to be
added to the equation. In the near future, the next challenge for
the molecular interaction curation community will be to collect
and collate the increasing amount of RNA-based interaction data,
and the further development of reference resources such as
RNAcentral will became essential.

Finally, as the experience of MIntAct has taught us, the future
of the molecular interaction databases requires a move towards
the consolidation of yet more disparate resources into a single,
central database, where data, curation effort, software and infra-
structure development will be harmonized and optimized for the
benefit of the end users, thus maximizing return for investment
to grant funders and making the most of limited resources.
Adopting the wwPDB model [37] of a single dataset, which
member databases may then present to the user via their own
customized website, will give the benefit of multiple ways of
searching and displaying the data whilst removing the confusion
engendered by have many separate resources producing overlap-
ping datasets.
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Chapter 4

Applications of Protein Thermodynamic Database
for Understanding Protein Mutant Stability and Designing
Stable Mutants

M. Michael Gromiha, P. Anoosha, and Liang-Tsung Huang

Abstract

Protein stability is the free energy difference between unfolded and folded states of a protein, which lies in
the range of 5-25 kcal/mol. Experimentally, protein stability is measured with circular dichroism, differ-
ential scanning calorimetry, and fluorescence spectroscopy using thermal and denaturant denaturation
methods. These experimental data have been accumulated in the form of a database, ProTherm, thermo-
dynamic database for proteins and mutants. It also contains sequence and structure information of a pro-
tein, experimental methods and conditions, and literature information. Different features such as search,
display, and sorting options and visualization tools have been incorporated in the database. ProTherm is a
valuable resource for understanding/predicting the stability of proteins and it can be accessed at http://
www.abren.net/protherm/. ProTherm has been effectively used to examine the relationship among ther-
modynamics, structure, and function of proteins. We describe the recent progress on the development of
methods for understanding/predicting protein stability, such as (1) general trends on mutational effects on
stability, (2) relationship between the stability of protein mutants and amino acid properties, (3) applications
of protein three-dimensional structures for predicting their stability upon point mutations, (4) prediction of
protein stability upon single mutations from amino acid sequence, and (5) prediction methods for addressing
double mutants. A list of online resources for predicting has also been provided.

Key words Thermodynamics, Database, Protein stability, Prediction

1 Introduction

Protein stability is achieved by a balance between enthalpy and
entropy in the folded and unfolded states, respectively. Enthalpy is
mainly attributed with various interactions such as hydrophobic,
electrostatic, hydrogen bonding and van der Waals and disulfide
bonds whereas entropy is dominant in the unfolded state [1].
Site-directed mutagenesis experiments provide a wealth of data on
the stability of proteins upon amino acid substitutions and
emphasize the importance of these interactions [2]. The
experimental data on protein stability have been accumulated in

Oliviero Carugo and Frank Eisenhaber (eds.), Data Mining Techniques for the Life Sciences, Methods in Molecular Biology,
vol. 1415, DOI 10.1007/978-1-4939-3572-7_4, © Springer Science+Business Media New York 2016

71


http://www.abren.net/protherm/
http://www.abren.net/protherm/

72 M. Michael Gromiha et al.

the form of a database, known as ProTherm, and made them
available for scientific community to understand the stability of
proteins and mutants [3-5].

ProTherm covers the information on protein sequence, struc-
ture, stability, and activity and serves as a unique resource with
more than 25,000 data for understanding and predicting protein
stability as well as designing stable mutants. It has been effectively
used for understanding the relationship between amino acid prop-
erties and stability of protein mutants based on their secondary
structure and locations in protein structure [6], inverse hydropho-
bic effect on the stability of exposed /partially exposed coil mutants
[7], the stability of mutant proteins based on empirical energy
functions [8, 9], stability scale [ 10], contact potentials [ 11 ], neural
networks [12], support vector machines [13, 14], relative impor-
tance of secondary structure and solvent accessibility [15], average
assignment [16], Bayesian networks [17], distance and torsion
potentials [18], decision trees [19], and physical force field with
atomic modeling [20].

This review is broadly divided into two parts: first part deals
with the characteristics of ProTherm with specific examples, and
the second part focuses on the applications of ProTherm and
recent developments on the analysis and prediction of protein sta-
bility upon point and double mutations.

2 Thermodynamic Database for Proteins and Mutants, ProTherm

2.1 Contents
of ProTherm

2.1.1 Sequence
and Structure Information

2.1.2  Experimental
Conditions

2.1.3 Thermo-
dynamic Data

ProTherm is a large collection of thermodynamic data on protein
stability, which has the following information [3, 21]:

Name, source, length, and molecular weight of the protein, codes
for protein sequence and structure databases [22-24], enzyme
commission number [25], mutation details (wild and mutant resi-
due names, residue number, and location of the mutant based on
secondary structure and solvent accessibility), and number of tran-
sition states. The secondary structure and solvent-accessible sur-
face area of each mutant was assigned using the programs, DSSP
and ASC, respectively [26, 27].

pH, temperature (1), buffer and ions, and their concentrations,
protein concentration, measurement, and method.

Unfolding Gibbs free energy change (AGH2°) obtained with dena-
turant denaturation (urea, GdnHCI), difference in unfolding Gibbs
free energy change for the mutants [ AAGH2° = AG™2°(mutant) - AG
H20(wild type)], midpoint of denaturant concentration (C,,), slope
of denaturation curve (m) and reversibility of denaturation,
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2.1.4 Literature

2.2 Search
and Display Options
in ProTherm

unfolding Gibbs free energy change (AG) obtained with thermal
denaturation, difference in unfolding Gibbs free energy change for
the mutants (AAG), melting temperature (7;,), melting temperature
change for the mutant (AT,,), enthalpy change, (A H), heat capacity
change (AC,) and reversibility of denaturation, enzyme activity,
binding constants, etc.

Keywords, reference, authors, and remarks.
A sample input file showing all these information is shown in
Fig. 1.

We have implemented several search and display options for the
convenience to the users.

1. Retrieving data for a specific protein and source. It can also be
searchable with Protein Data Bank (PDB) code.

2. Specifying the type of mutation as single, double, multiple, or
wild type and mutant/mutated residue. In addition, it is pos-
sible to search by specifying the mutations in different second-
ary structures such as helix (H), strand (S), turn (T), and coil
(C) regions as well as based on solvent accessibility /solvent-
accessible surface area (ASA; in % or A%) of mutant residue.
The mutations are classified into buried (ASA <20 %), partially
buried (20 %<ASA<50 %), and exposed (ASA>50 %).

3. Extracting data for a particular measurement (CD, DSC, Fl,
etc.) and a specific method (thermal, GAnHCI, urea, etc.). It is
allowed to limit data for a particular range of T, T;,, AT,,, AG,
AAG, AG™°, AAG™°, AH, AC,, and pH.

4. Obtaining the data reported with two- or three-state transi-
tions and reversible /irreversible denaturation as well as litera-
ture information (authors, publication year, and keywords).

5. Specifying output format by selecting various output items and
by sorting with year of publication, wild-type residue, mutant
residue, residue number, secondary structure, solvent accessi-
bility, pH, T, T;,, AT, AG, AAG, AG™°, AAG"*°, AH, AC,,
and pH.

Detailed tutorials describing the usage of ProTherm are avail-
able at the home page. As an example, inverse hydrophobic effect
on protein stability can be studied by analyzing the relationship
between hydrophobicity and free energy change upon mutation
for coil mutations located at the surface [7, 28]. For this analysis,
the necessary items to be filled or selected to obtain the free energy
change upon single mutations located in exposed coil regions by
thermal denaturation at pH between 5 and 7 are shown in Fig. 2a.
In Fig. 2b, the items to be selected for the output are shown with
sorting options. In the sorting procedure, the first item has the
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EDTA (0.1 mM).

SmM

CD

-,

GdnHCl

6.50 keal/mol

-3.00 keal/'mol

1.20 keal/mol'M

540 M

B

Unknown

2.6

0.04

catalytic triad: PLA2: conformational stability: structural role |

J AM CHEM SOC 115, 8523-8526 (1993) PMID:

LiY. & Tsai M.-D.

additive : EDTA(0.1 mM).

1.3.4,

Fig. 1 Input file showing the contents of ProTherm



Applications of Protein Thermodynamic Database for Understanding Protein Mutant... 75
a ProThem Search
Piease fill or choose necessary entries below, set display and sorting oplions.
Explanations for the terms are here
Entry. BDE Code Stant | | Clear
Protein Source
Mol-weight To
Mutation To ¥ Single . Double | Multiple | Wild Type
Sec.Structure Hellx ) Sheet L Tum # Coil
Accessibility Any ' Buried ' Parbally Buried '* Exposed | ASA To % v
Measyre Absorbance co pbsc Fluorescence NMR Others
Method & Themnal || Denaturants | Cthers
o |5 To 9
AImAmT |dTm ¥ To cor
JHGCDAGHG H20 | dH x. To energy unit: keal v
doGiddG H2O | ddG v |-100 To 100
st H2030s3
Reversipiity |Yes v
Keyword CR v
Author OR
Year Since Unti
b Display Option | Default | | Clear
¥ ENTRY ¥ PROTEIN SOURCE AMING LENGTH| MOL-WEIGHT] PIR
E.CNUMBER| .| PMD.NO ¥ PDB_wild PDE_mutant | # MUTATION SEC.STR.
¥ ASA STATE dG_H20 ddG_H20 4G ¥ 4dG
T Tm dTm dHvH dHcal m
cm dcp ¥ pH BUFFER_NAME 10N_NAME ADDITIVES
MEASURE METHOD Reversibility ACTMITY ACTMTY_Kmf | ACTMTY Kca
ACTMITY Kd) | KEY_WORDS| ¥ REFERENCE]  AUTHOR I REMARKS 1
Sorting By res_no v | ddG v || OFF v || OFF ¥ |ASCENDING v
Stant || Clear

Entries per page. | 300

c

Search Condition

Mutation No.:Smgle.

Sec. SerCoil.

Accessibility: 3-Exposed

Method: Thermal,

Phitw9

ddG 100 10 100

State :2,

Reversiblity: Yes

Sorting by res_no.ddg,
Eantry Protein PDE_wild Mutation ASA(%) ddG pH REFERENCE
21973 Protem G 1PGA V2P 8633 050 550 PROTEIN ENG DES SEL 19, 285289 (2006) PMID: 16349401
13461 Cold shock protem 1690 G23Q 35858 -0.317.00 NAT STRUCT BIOL 7, 380-383 (2000) PMID: 10802734
12182 Cold shock protein IC00  G23Q 5858 3343.357 2
12150 Cold shock protemn 1000 GXBQ 5858
14443 Cold shock protem 1090 GBQ 5858
12184 Cold shock protem 1090 S$24D 8285 019 700]MOL
14462 Cold shock protem 1000 $4D 828 019 TN
14444 Cold shock protem 1000 524D 8285 L
12152 Cold shock protemn 1080 524D 8285
13440 Lambda cro repressor SCRO YW 7623
13441 Lambda cro repressor ~ 3CRO Y26F 7623
13442 Lambda cro repressor ~ 3CRO Y6V 7623 E
13443 Lambda cro repressor JCRO Y 26L 7623 110 7.00 NATURE 344, 363-364 (1990) PMID. 2314473
13444 Lambda crorepressor . JCRO Y26Q 7623 140 7.00 NATURE 344, 363-364 (1990) PMID: 2314475
13445 Lambda cro repressor ~ 3CRO Y26H 7623 190 7.00 NATURE 344, 363-364 (1990) PMID: 2314475
13446 Lambda cro repressor SCRO Y26C 7623 220 7.00 NATURE 344, 363-364 (1990) PMID: 2314475
13447 Lambda crorepressor  SCRO Y 26D 7623 270 7.00 NATURE 344, 363-364 (1990) PMID. 2314475
21759 Cold shock protem 1000 E36K 8180 { ENG 1 3535.
22250 Cold shock protein 1090 E36K 5180
22268 Cold shock protem 1090 E36K 8l80

Fig. 2 An example of searching conditions, display and sorting options, and results of ProTherm. (a) Main menu
for the search options of ProTherm. In this example, items, single (mutation), coil (secondary structure),
exposed (accessibility), and thermal (method) are selected from the menu and pH is specified by filling the
boxes for the values from 5 to 9. For avoiding NULL data, AAG has been set from —100 to 100 kcal/mol. (b)
Display and sorting options of ProTherm. In this example, entry, protein, PDB wild, mutation, ASA, AAG, pH,
and reference are selected for the output. Residue number and AA G are chosen for sorting the results in the
order of priority. (c) Part of the results obtained from ProTherm
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2.3 ProTherm
Statistics

2.4 General Trends
on Mutational Effects
on Protein Stability

topmost priority. In this figure, entry, protein, PDB wild, mutation,
ASA, AAG, pH, and reference are selected for the output. The
selected outputs are sorted with residue number as the first priority
and AAG as the second priority. The final results obtained from the
search conditions (Fig. 2a) and sorting options of necessary items
(Fig. 2b) are shown in Fig. 2c.

Currently, ProTherm has more than 25,000 data, which is more
than eightfold compared with the first release. The data are obtained
from 740 different proteins with 12561 single and 1744 double
mutations. In terms of secondary structure, 5671 mutations are in
helical segments, 4109 in strand, 2176 in turn, and 3157 in coil
region. According to solvent accessibility, 6455 mutations are at
buried, 4237 mutations are at partially buried, and 4052 are at
exposed regions. The frequency of stabilizing and destabilizing
mutations in all single mutants [5] showed that most of the muta-
tional experiments have been carried out with hydrophobic substi-
tutions (replacement of one hydrophobic residue with another,
e.g., Val to Ala) and the mutations from any residue into Ala.
Further, the aromatic mutations (Tyr to Phe) and few polar muta-
tions (Thr to Ser, Asp to Asn, Glu to Gln, etc.) are dominant in
ProTherm. The stability data were obtained by scanning about
2000 research papers.

We have analyzed the effect of mutation for all possible combina-
tions and the frequency of stabilizing and destabilizing mutants
obtained with denaturant denaturation methods is shown in
Table 1. The results reveal that few mutants are specific to stabiliz-
ing or destabilizing a protein. For example, the substitutions
VoA WA YA I0A LG, TG, I-T, etc., mainly
destabilize a protein. On the other hand, N—- I, E—-W, N -V, and
K—S mainly stabilize a protein. Several substitutions such as
K—-M, K—»A V-1, E-K T—1, etc., have the effect of both
stabilizing and destabilizing depending on the location of the
mutant. Further, the effect of most of these mutants is common to
both thermal (AAG) and denaturant denaturation (AAGT0)
methods. However, the effect of several mutants is specific to either
thermal or denaturant denaturation methods. The average free
energy change for all the 380 mutants obtained with denaturant
denaturation is presented in Table 2. These data show the domi-
nance of specific mutants in stabilizing or destabilizing a protein or
have both effects.

The information on stabilizing and destabilizing mutants as
well as their free energy change (or change in melting temperature)
has been utilized for developing an “average assignment method”
to discriminate the stabilizing and destabilizing mutants and pre-
dicting their stabilities. This method could distinguish the stabiliz-
ing and destabilizing mutants to an accuracy of 70-80 % at different
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measures of stability (AT;,, AAG, or AAGH2°). Some of the mutants
have both stabilizing and destabilizing effects as mentioned above
and these mutants could not be assigned correctly. Hence, the
mutants have been classified into nine subclasses based on second-
ary structure (helix, strand, and coil) and solvent accessibility (bur-
ied, partially buried, or surface) and the classification improved the
accuracy of assigning stabilizing/destabilizing mutants to 84-89 %
for the three datasets.

3 Factors Influencing the Stability of Proteins and Mutants

The influence of specific properties, which dictate protein stability,
could be analyzed with the relationship between amino acid prop-
erties and protein stability upon mutation [29]. ProTherm is a reli-
able resource to obtain the experimental data (A T,,, AAG, AAGH20)
and physicochemical, energetic, and conformational properties of
the 20 amino acid residues could explicitly relate the experimental
data to reveal the important features. The values for a set of 49
selected properties of the 20 amino acid residues and their brief
explanations are available at http://www.iitm.ac.in/bioinfo /fold_
rate /property.html.

The mutation-induced changes in property values, AP(7), are
computed using the equation [11]: AP(?)= P,,.(?) - Pyia(2), where
P (2) and P4 (7) are, respectively, the normalized property value
of the sth mutant and wild-type residue; 2 varies from 1 to N, where
N is the total number of mutants. The computed differences in
property values (AP) were related to the changes in experimental
stability values (AT,,, AAG, or AAGH29) using Pearson correlation
coefficient, »=[N XXY-(XX XIN]/{I{N ZX*-(XX)?] [N
212 (2Y)*]}/2, where N, X, and Y are, respectively, the number
of data, property, and experimental stability values, respectively.

In buried mutations, the properties reflecting hydrophobicity
showed a strong correlation with stability indicating the direct
relationship between hydrophobicity and stability [29, 30]. In par-
tially buried and exposed mutations, hydrogen bonds and the loca-
tion of amino acid residues in protein structures are found to be
important for understanding the stability. Further, the inclusion of
neighboring residues along the sequence and surrounding residues
around the mutant did not show any significant improvement in
the correlation between amino acid properties and protein stability
in buried mutation [29, 30]. This might be due to the hydropho-
bic environment of the mutant site, which is surrounded mainly by
hydrophobic residues, and nonspecific interactions dominate in
the interior of proteins. On the other hand, the inclusion of neigh-
boring and surrounding residues remarkably improved the correla-
tion in partially buried and exposed mutations, which indicates
that the information from nearby polar/charged residues and/or
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the residues that are close in space are important for the stability of
partially buried and exposed mutations.
The local sequence effect (neighboring residues information) has

Jj=it+k
been included using the equation [11]: £, Seq { z P J } B )

=ik

where P, (2) is the property value of the 7#th mutant residue and
2 P(1) is the total property value of a segment of (2%+1) residues,
ranging from 7-% to 7+ % about the sth wild-type residue [36]. The
structural information (surrounding residues information) P.(7),

was included using the equation [29]: P, ( Zm] Pj |— P, (i),

where #; is the total number of type j residues surrounding the sth
residue of the protein within the sphere of radius 8 A [31] and Pjis
the property value of the type jresidue.

4 Prediction of Protein Mutant Stability

4.1 Prediction

of Protein Stability
Using Structural
Information

Several methods have been proposed for predicting the stability of
proteins upon single-amino acid substitutions and multiple muta-
tions. The predictions are of two types: (1) discriminating the sta-
bilizing and destabilizing residues and the performance evaluated
with sensitivity, specificity, and accuracy.

Sensitivity = TP / (TP +FN), (1)
Specificity =TN /(TN + FP), (2)
Accuracy =(TP+TN) /(TP + TN+ FP + FN), (3)

where TP, TN, FP, and FN are true positives (stabilizing resi-
dues predicted as stabilizing), true negatives (destabilizing residues
predicted as destabilizing), false positives (destabilizing residues
predicted as stabilizing), and false negatives (stabilizing residues
predicted as destabilizing), respectively, and (2) predicting the
change in free energy upon mutation (real value), which is evalu-
ated with correlation and mean-absolute error (MAE). The MAE
is defined as the absolute difference between predicted and experi-

mental stability values: MAE = Z|X Y|, where Xi and 77 are

the experimental and predicted stability values, respectively, and 2
varies from 1 to N, where N is the total number of mutants.

The online servers available for predicting protein mutant
stability are listed in Table 3.

The availability of protein three-dimensional structures has been
effectively used to predict the stability of proteins upon point
mutations. Ditferent energy functions and potentials have been
derived using structural information, which have been utilized for
developing methods to predict protein mutant stability. The major
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Table 3

Online resources for protein stability

Name Web site URL Ref.
Thermodynamic database for proteins and mutants
ProTherm http://www.abren.net/protherm/ [3,21]
Prediction of protein mutant stability

FOLD-X http://fold-x.embl-heidelberg.de [8]
CUPSAT http://cupsat.tu-bs.de/ [35]
I-Mutant2.0 http://folding.biofold.org/i-mutant/i-mutant2.0.html [13]
MUpro http://www.ics.uci.edu/~baldig/mutation.html [14]
iPTREE-STAB http://bioinformatics.myweb.hinet.net/iptree.htm [19]
Eris http://eris.dokhlab.org [20]
AUTO-MUTE http://proteins.gmu.edu/automute [36]
MuStab http://bioinfo.ggc.org/mustab/ [54]
PoPMusSiC 2.1 http://dezyme.com [37]
ProMaya http://bental.tau.ac.il/ProMaya/ [56]
SDM http://www-cryst.bioc.cam.ac.uk/~sdm/sdm.php [41]
iStable http://predictor.nchu.edu.tw/iStable / [59]
NeEMO http://protein.bio.unipd.it/neemo/ [47]
mCSM http://structure.bioc.cam.ac.uk /mesm [48]
DUET http://structure.bioc.cam.ac.uk /duet [49]
INPS http://inps.biocomp.unibo.it/ [55]
ENCoM http://bcb.med.usherbrooke.ca/encom [50]

features include environment-dependent amino acid substitution
matrices [32], contact potentials [ 11], distance and torsion poten-
tials [ 33-35], empirical energy functions [9], physical force fields
with atomic modeling and packing [20], and free energy of unfold-
ing using the contributions from van der Waals interactions, solva-
tion energy, hydrogen bonds, and electrostatic interactions [8].
Recently, the potentials and energy functions have been refined
on various aspects, which improved the performance of prediction
methods significantly. The refinement includes four-body statistical
potential [ 36], linear combination of statistical potentials [ 37], four-
residue fragment-based potential [38], and temperature-dependent
statistical potential [39]. Further, energy-based methods have also
been updated with various sources of information, such as alchemi-
cal free energy simulations [40], environment-specific amino acid
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4.2 Prediction

of Protein Mutant
Stability from Amino
Acid Sequence

4.3 Prediction

of Protein Stability
upon Multiple
Mutations

substitution frequencies within homologous protein families [41],
linear interaction energy (LIE) approximation [42 ], combination of
semiempirical energy terms with sequence conservation [43], and
pairwise atom-type non-bonded interaction term [44].

Lonquety et al. developed the “most interacting residues algo-
rithm” to position tightened end fragments, which is essential for
defining core stability [45]. Zhang et al. reported an approach,
which is based on variation of the molecular mechanics, generalized
Born method to predict the free energy change [46]. Giollo et al.
developed a NeEMO tool for evaluating the stability changes using
residue interaction networks [47]. Pires et al. represented protein-
residue environment using graph-based signatures and utilized the
information for predicting protein stability upon missense muta-
tions [48]. Later, they integrated two complementary approaches
based on (1) structural environment-dependent amino acid substi-
tution and propensity tables and (2) potential energy functions and
optimized with support vector machines to improve the prediction
accuracy [49]. Frappier et al. introduced a coarse-grained normal
mode analysis to predict the effect of single-point mutations [50].

Owing to the large-scale analysis of protein mutants, methods have
been developed to predict the stability of protein mutants from
amino acid sequence. These methods utilize the mutation informa-
tion (wild-type and mutant residues), location of residues based on
predicted secondary structure and solvent accessibility [51 ], exper-
imental conditions, neighboring residue information, amino acid
properties [52], and evolutionary information [53] for prediction.
These features were fed into machine learning techniques such as
support vector machines [14, 54, 55], decision trees [19], neural
networks [12], random forests [56], etc., for discriminating the
stabilizing and destabilizing mutants and predicting the change in
free energy upon mutation.

Further, structural information has been combined with
sequence for improving the performance of the method using sta-
tistical methods and machine learning techniques [57, 58]. Chen
et al. developed an integrated predictor, iStable, by combining
sequence information and individual prediction results from differ-
ent methods to predict protein stability changes [59]. For exploring
more information from ProTherm database, Huang et al. devel-
oped a knowledge-based system for predicting the stability [60]
and a human-readable rule generator for integrating amino acid
sequence information and stability of mutant proteins [61].

The mutation of multiple residues in a protein aid for designing
thermostable proteins. It will also help to form or remove specific
interactions, for example, ion pairs, hydrogen bonds, hydrophobic
bonds, and so on. Huang and Gromiha [62] made an attempt to
predict the stability change of double mutations from amino acid
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4.4 Applications
and Evaluation

of Protein Stability
Prediction Tools

sequence. The stability data for a set of 180 double mutants have
been collected from ProTherm database [3, 5] and related them
with sequence based features such as wild-type residue, mutant
residue, and three neighboring residues on both directions of the
mutant site. They have developed a method based on weighted
decision table (WET), which showed an accuracy of 82 % for dis-
criminating the stabilizing and destabilizing mutants and a correla-
tion coefficient of 0.75 between experimental and predicted
stability changes. The prediction method is available at http://
bioinformatics.myweb.hinet.net/wetstab.htm.

Tian et al. subsequently developed Prethermut, based on
known structural changes to predict the effect of single or multiple
mutations [63]. Li and Fang presented an algorithm based on ran-
dom forest, PROTS-RF, for predicting thermostability changes
induced by single, double, or multiple mutations using evolution-
ary information, secondary structure, and solvent accessibility
[64]. Laimer et al. implemented a multi-agent machine learning
system, MAESTRO, to provide the predicted free energy change
for single mutations and multi-point mutations, where sites and
types of mutation can be comprehensively controlled using struc-
ture information [65].

The accurate prediction of protein stability change upon mutation
helps to design thermostable mutants, and several thermostable
proteins such as glucoamylase, trehalose, and xylanase are reported
to have potential industrial applications [66]. Further, those meth-
ods are useful for understanding the effects of nonsynonymous
single nucleotide polymorphisms, nsSNPs [67]. It has been shown
that structurally destabilizing mutants are common among disease
mutations and nearly half of the variants present in the human pop-
ulation may be structurally destabilizing [68-70]. Hence, the pre-
dictors of protein mutant stability aid the experimentalists to avoid
unnecessary amino acid substitutions and suggest probable mutants
to stabilize /destabilize a protein.

The disease-causing variants frequently involve significant
changes in amino acid properties and there is a preference for
amino acid substitutions to be associated with diseases [71].
George et al. investigated missense mutations in the glycolytic
enzyme glucokinase gene using structured-based computational
methods and showed that the disease-causing mutations alter pro-
tein stability mutations along with flexibility and solvent-accessible
surface area of the protein [72]. The risk in von Hippel-Lindau
(VHL) disease is linked to the degree of destabilization resulting
from missense mutations [73]. Further, single nucleotide poly-
morphisms (SNPs) in a protein play an important role in defining
individual’s susceptibility to disease and drug response. Doss and
Chakraborty analyzed the impact of anaplastic lymphoma kinase
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(ALK) missense mutations by integrating in silico prediction methods
on protein mutant stability and functional context, along with
molecular dynamics simulations and docking studies [ 74]. Serohijos
and Shakhnovich revealed that the selection of mutations based on
protein folding/stability predominantly shapes the patterns of
polymorphisms in coding regions [75].

It is noteworthy that most of the methods are developed for
predicting the stability of single mutants and the performance is
good for the mutants that cause moderate stability and not for
those that cause extreme stability. In fact, most of the users are
interested to identify the mutants that affect the stability of a pro-
tein drastically and the available stability predictors are commonly
used for the analysis. However, recent analysis revealed the limita-
tions of these methods and insisted the necessity of additional tools
with high accuracy. Potapov et al. [76] evaluated several computa-
tional methods for predicting protein stability and reported that
those methods are good on an average, yet the accuracy is poor at
predicting the stability of individual mutations. Recently, Khan and
Vihinen [77] analyzed the performance of several protein stability
predictors and showed that the predictions are only moderately
accurate. Hence, significantly better tools are still necessary for the
analysis of mutation effects.

5 Conclusions

We have developed a thermodynamic database for proteins and
mutants, which has a collection of experimental stability data along
with sequence and structure information, methods and conditions,
and literature information. The analysis on protein mutant stability
revealed that the stability of buried mutations is dominated by
hydrophobic interactions whereas the partially buried and exposed
mutations are influenced with hydrophobic, hydrogen bonds and
other polar interactions. The inverse hydrophobic effect is appli-
cable only to partially exposed and exposed coil mutations. The
classification of mutants based on secondary structures and solvent
accessibility could predict the stability of protein mutants with
high accuracy. Different methods have been proposed for predict-
ing protein stability upon amino acid substitution using mutated
and mutant residues, neighboring residues in amino acid sequence,
and structural information in the form of contact and energy
potentials. These predicted stability data have been eftectively uti-
lized to relate the disease-causing missense mutations. Further,
web servers have been set up for discriminating the stabilizing and
destabilizing mutants as well as predicting protein mutant stability,
which can be used for discriminating/predicting the stability of
new mutants.
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