Growth of biological databases

1100 published genomes
4543 on-going genome projects

13
50 T T T T
45 |~ Swiss-Prot ]
—-—PDB
4 [ TrEMBL i

Number of
= S»E!EUEHCGSSD
oh " n (] oh

-

05

_—-'-'--_-.-_-_-_--_q
2‘60[] 2001 2002 2003 2004 2005 2006 2007 2008 2009
Year
Figure 1:

Growth of some major biological database. Source: http://www.33rdsquare.com

Databases

Biological data accumulates at a rapid rate (See Figure m) According to GOLD database https://
gold.jgi.doe.gov/, as of 2019, there are > 16,000 genomes sequenced, mostly bacterial. > 52105
unique sequences are available. Experiment is still lagging behind... We have all this data, and as
data scientists, there are many things we can do with it:

1. Compare them to find what is common and different among organisms (Comparative Ge-
nomics)

2. Find out how and which genes encode for which proteins
3. Identify changes that lead to disease

4. Associate structural and functional information with new gene sequences
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What We Expect From a Biological Databases

Biological databases are collections of scientific data containing information about biological se-
quences, structures, function and systems. The data is gathered from scientific experiments, pub-
lished literature and computational analysis. A useful database should, at the least, provide the
following:

e Sequence and/or functional and/or structural information, as well as related bibliography and
documentation.

e It should be well structured and indexed to allow efficient storage and search.
o Well cross-referenced (with other databases)
e It should be periodically updated and maintained

e Provide tools for data analysis and visualization, or at least formatted in a compatible way
with known tools

Database Access: Most databases are accessible to the public free of charge. Everyone can read
the data but very few users can make changes to it. Users can submit information to the database,
but direct modification of the database is reserved to the institutes maintaining the database.
The organization of a database may be hierarchical, where the data is classified and organized
at multiple levels. SCOP and CATH are examples of such databases. There are many databases
available, and it is not always easy to keep track and ensure consistency of the data presented in
them. Most databases limit themselves to a certain subject. Here are some of the major databases:

Nucleotide Sequence Databases

The International Nucleotide Sequence Database Collaboration (INSDC) http://www.insdc.org/
is a collaborative effort operated by the following organizations:

o NCBI (National Center for Biotechnology Information): http://ncbi.nih.gov, which main-
tains the GenBank database, an annotated collection of all publicly available DNA sequences.

o EMBL-EBI (European Molecular Biology Laboratory, European Bioinformatics Institute):
https://www.ebi.ac.uk/, which operates ENA, the European Nucleotide Archive.

« DDBJ (DNA Data Bank of Japan): http://www.ddbj.nig.ac.jp/

INSDC covers the spectrum of nucleotide sequences, from data raw reads, though alignments and
assemblies to functional annotation, enriched with contextual information relating to samples and
experimental configurations. Each one of the three individual databases provides tools for data
submission, retrieval and analysis.

Protein Sequence Databases

UniprotKB/SwissProt, http://www.uniprot.org/ is a universal resource, resulting from a merger
of several databases. It is a manually annotated, non-redundant protein sequence database. The
UniProt databases are the UniProt Knowledge base (UniProtKB), the UniProt Reference Clusters
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Figure 2: An example of a UniprotKB entry

(UniRef), and the UniProt Archive (UniParc). UniProt is a collaboration between the European
Bioinformatics Institute (EMBL-EBI), the SIB Swiss Institute of Bioinformatics and the Protein In-
formation Resource (PIR). The manually annotated and reviewed entries (the Swiss-Prot database),
contain over 500,000 entries as of 2019. TrEMBL (Translated EMBL Nucleotide Sequence Data
Library) entries are computationally analyzed and not reviewed. They are awaiting manual anno-
tation. As of 2019 TrEMBL more than 146,000,000 entries.

UniprotKB provides several analysis tools: BLAST, align, Retrieve/IDmapping and peptide
search.

Figure E shows an example of a Uniprot entry. Figure E shows a Uniprot search example. The
search terms are polymerase from human (H. Sapiens) and only reviewed entries. The boxes on the
left of each entry can be checked and the selected sequence(s) can be search with BLAST, aligned
and saved.

The Pfam database — http://pfam.xfam.org/ is a database of protein families based on con-
served regions.

1 The Protein Databank (PDB)

Now that we have reviewed the basics of protein chemistry, let us turn our attention to the tools.
The most important source of information about protein structure is the Protein Databank (PDB),
maintained by the Research Collaboratory for Structural Bioinformatics (RCSB). In addition to
being an entry point to the structural data itself, the PDB web site, http://www.rcsb.org/pdb,
contains links to many tools database you can apply to individual protein structures as you search
the database. Information from the database is made available through the Protein Structure
Explorer interface. For each protein, you can view the molecular structure using 3D display tools
such as JMol and the Java QuickPDB viewer. PDB files and file headers can be viewed as HTML
and downloaded in a variety of formats. Links to the protein structure classification databases
CATH, FSSP, and SCOP are provided, along with the tools CE (Combinatorial Extension) and
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Figure 3: An example of a UniprotKB search. The search terms are polymerase from human (H.
Sapiens) and only reviewed entries.

VAST (Vector Alignment Search Tool), which search for structures based on structural alignment.
Average geometric properties, including dihedral angles, bond angles, and bond lengths can be
displayed in tabular format with extremes and deviations noted. Sequences can be viewed and
labeled according to secondary structure, and sequence information downloaded in FASTA format.
You can go directly to the page for a particular protein of interest by entering that protein’s four-
letter PDB code in the Explore box on the PDB’s main page. The PDB can also be searched using
two different search tools, SearchLite and SearchFields. SearchLite is a simple search tool that
allows you to enter one or more search terms separated by boolean operators into a single search
field. SearchFields is a tool for advanced searches that provides a customizable search form that
allows you to use separate keywords to search each PDB header field.

SearchFields supports options for searching a dozen of the most important fields in the PDB
header, as well as crystallographic information. SearchFields also allows the database to be searched
using FASTA for sequence comparison, as well as secondary structure features or short sequence
features. From the individual protein page generated by the Structure Explorer, the PDB provides
a menu of links through which to connect to other tools. These features are still evolving rapidly.
Table 9-2 provides a brief overview of the PDB protein page. We also encourage you to explore the
PDB site regularly if you are interested in tools for protein structure analysis.

1.1 The PDB file format

Every PDB entry contains a header with information about the molecule. This information includes:
e The name of the protein and what species it came from.

e Details about how the structure was determined — X-ray crystallography, NMR etc., the
resolution and other experimental and chemical details.



Table 1: Breakdown of structures on the PDB as of 2017 (from the RCSB website)

Experimental Method Proteins | Nucleic Acids | Protein/NA Complexes | Other | Total
X-RAY 113840 1906 5818 4 121568
NMR 10571 1229 246 8 12054
ELECTRON MICROSCOPY | 1328 30 473 0 1831
HYBRID 105 3 2 1 111
other 200 4 6 13 223

[ Total | 126044 | 3172 | 6545 |26 [ 135787 |

e A literature reference.
e The amino acid sequence and secondary structure information.
e Disulphide bridges.

The header is followed by the structural information itself. The most essential information for
modeling a protein structure is the relative position of each atom, given as (x,y, z) Cartesian co-
ordinates. Popular imaging methods such as X-Ray Crystallography, Nuclear Magnetic Resonance
(NMR) and Cryogenic Electron Microscopy (Cryo-EM) are used to experimentally obtain relative
atom positions from protein crystals and solutions. This is precisely the information provided by
Protein Databank (PDB) format coordinate files. PDB format consists of lines of information in a
text file. Each line of information in the file is called a record. A PDB file generally contains several
different types of records, arranged in a specific order to describe a structure. At the top of the
file is an optional header which contains information about the structure: The names of molecules,
primary and secondary structure information, sequence database references, where appropriate, and
ligand and biological assembly information, details about data collection and structure solution,
and bibliographic citations. The header is followed by records that describe, line by line, the atomic
coordinates of a protein molecule.

The atomic coordinates in a PDB file are shown in Figure H The meaning of each record is
given in Figure

Size of the PDB over the years: The PDB was established in 1971. The number of deposited
structures began to increase dramatically due to improved experimental techniques. In October
1998, the management of the PDB became the responsibility of the Research Collaboratory for
Structural Bioinformatics (RCSB). As of 2017, there are over 135,000 structures in the PDB, with
thousands of new structures being added every year.

The breakdown by experimental method shows that the majority of structures were obtained
by X-ray crystallography. Out of the rest, most of the structures were obtained using NMR. Other
methods are still not as popular.

PDB-101: In recent years the RCSB has provided extensive research and educational tools
through the PDB-101 portal (https://pdb101.rcsb.org/). Most prominently, the "Molecule
of the Month” series provides a curated introduction to the structures available in the PDB. It
presents a short description of selected molecules from the PDB. Each article includes an introduc-
tion to the structure and function of the molecule, a discussion of the relevance of the molecule to
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Figure 7: Number of structures in the PDB over the years, as of 2017

human health and welfare, and suggestions for how visitors might view these structures and access
further details.

1.2 The wwPDB

In recent years, the major database for macromolecular structures is the worldwide PDB (wwPDB)
at http://www.wwpdb.org/. It is a joint effort of the RCSB, the Protein Data Bank Europe (at the
European Bioinformatics Institute, EBI), the Protein Databank Japan (based at Osaka University),
and the Biological Magnetic Resonance Data Bank (BMRB).

2 Structural Classification of Proteins

Protein structure classification is important because it gives you an entry point into the world of
protein structure that is independent of sequence similarity. Proteins are grouped not by functional
families, but according to what kind of secondary structure (alpha helix, beta sheet, or both) they
have. Within those larger classes, subclasses are defined based on how the secondary structures
in the protein are arranged. The focus in protein classification is on finding proteins that have
similar chemical architectures; it doesn’t matter if their sequences are related. Over the years,
we’ve learned from classification that there are far fewer unique protein folds than there are protein
sequence families. Protein chemists often are interested in the information that can be extracted
from broader structural classes of proteins, since analyzing that information can help them better
understand how proteins fold.

here isn’t really a consensus as to how to classify protein structures quantitatively. Instead,
structures end up in qualitatively named classes such as ”greek key,” "helix bundle,” and ”alpha-
beta barrel” These fold classes are useful in that they draw attention to prominent structural
features and create a frame of reference for classifying structure. However, qualitative classifications
don’t lend themselves to automated analysis, and such protein classification databases still require
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the involvement of expert curators. If you’re simply concerned with finding the close structural
relatives of a published protein structure, there are a number of online classification databases in
which existing structures have been annotated by a combination of automated analysis and input
from protein structure experts. There are also automated tools for finding structural neighbors by
structure alignment, though like any alignment method, these tools require you to understand the
significance of comparison scores when analyzing results. If you are interested in doing your own
analysis of a protein structure, there are several structure classification processes and tools that
might help.

2.1 The SCOP Database

The Structural Classification of Proteins (SCOP) database is a largely manual classification of pro-
tein structural domains based on similarities of their structures and amino acid sequences [SCOP].
A motivation for this classification is to determine the evolutionary relationship between proteins.
SCOP was created in 1994 in the Centre for Protein Engineering and the Laboratory of Molecular
Biology.

The source of protein structures is the Protein Data Bank. The unit of classification of structure
in SCOP is the protein domain. What the SCOP authors mean by "domain” is suggested by their
statement that small proteins and most medium sized ones have just one domain, and by the
observation that human hemoglobin, which has an o252 structure, is assigned two SCOP domains,
one for the a and one for the 8 subunit.

The shapes of domains are called ”folds” in SCOP. Domains belonging to the same fold have the
same major secondary structures in the same arrangement with the same topological connections.
1195 folds are given in SCOP version 1.75. Short descriptions of each fold are given. For example,
the ”globin-like” fold is described as core: 6 helices; folded leaf, partly opened. The fold to which
a domain belongs is determined by inspection, rather than by software.

The hierarchical levels of SCOP are as follows.

1. Class: Types of folds, e.g., beta sheets.
2. Fold: The different shapes of domains within a class.

3. Superfamily: The domains in a fold are grouped into superfamilies, which have at least a
distant common ancestor.

4. Family: The domains in a superfamily are grouped into families, which have a more recent
common ancestor.

5. Protein domain: The domains in families are grouped into protein domains, which are essen-
tially the same protein.

6. Species: The domains in "protein domains” are grouped according to species.
7. Domain: part of a protein. For simple proteins, it can be the entire protein.

Work on SCOP concluded in June 2009 with the release of SCOP 1.75. SCOP is still available
online but is no longer maintained or updated. The prototype of a new Structural Classification
of Proteins 2 (SCOP2) database has been made publicly available. SCOP2 defines a new approach
to the classification of proteins that is essentially different from SCOP, but retains its best features
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Figure 8: A SCOP2 graph structure example.

[] Rather than using a simple tree hierarchy, the classification of proteins is described in

terms of a directed acyclic graph in which each node defines a relationship of particular type and

is exemplified by a region of protein structure and sequence. Importantly, there can be more than

one parental node for a child node that allows multiple routes to a particular relationship. Figure
shows an example of a graph structure.

By 2009, the original SCOP database manually classified 38,000 PDB entries into a strictly
hierarchical structure. With the accelerating pace of protein structure publications, the limited
automation of classification could not keep up, leading to a non-comprehensive dataset. The Struc-
tural Classification of Proteins extended (SCOPe) database was released in 2012 with far greater
automation of the same hierarchical system and is full backwards compatible with SCOP []
In 2014, manual curation was reintroduced into SCOPe to maintain accurate structure assignment.
As of February 2015, SCOPe 2.05 classified 71,000 of the 110,000 total PDB entries. Figure@ shows
a screenshot of the SCOPe database.

2.2 The CATH Database

CATH is another database which classifies protein structures downloaded from the Protein Data
Bank. It is a semi-automatic, hierarchical classification of protein domains initially published in
1997. The name CATH is an acronym of the four main levels in the classification. The four main
levels of the CATH hierarchy are as in Table

Much of the work is done by automatic methods, however there are important manual elements
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Figure 9: The SCOPe database.

Table 2: The four main levels of CATH classification

# | Level Description

1 | Class Overall secondary-structure content of the domain.
(Equivalent to SCOP class)

2 | Architecture High structural similarity but no evidence of homology.
(Equivalent to SCOP fold)

3 | Topology A large-scale grouping of topologies which share

particular structural features

Homologous superfamily

Indicative of a demonstrable evolutionary relationship.
(Equivalent to SCOP superfamily)
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to the classification. The very first step is to separate the proteins into domains. It is difficult
to produce an unequivocal definition of a domain and this is one area in which CATH and SCOP
differ. The domains are automatically sorted into classes and clustered on the basis of sequence
similarities. These groups form the H levels of the classification. The topology level is formed
by structural comparisons of the homologous groups. Finally, the Architecture level is assigned
manually. Class Level classification is done on the basis of 4 criteria:

1. Secondary structure content;

2. Secondary structure contacts;

3. Secondary structure alternation score; and
4. Percentage of parallel strands.

CATH defines four classes: mostly-«, mostly-g, a and 3, few secondary structures.

3 Molecular Visualization Tools

Visualizing Protein Structures Numerous tools are available for visualizing the structures stored in
the PDB and other repositories. Most such tools allow a detailed examination of the molecule in
a variety of rendering modes. For example, sometimes it may be useful to have a detailed image
of the surface of the molecule as experienced by a molecule of water. For other purposes, a simple,
cartoonish representation of the major structural features may be sufficient.
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