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4.1  �Introduction

Structural databases are storage platforms that are devoted to the three-dimensional 
(3D) structural information of macromolecules. The 3D structure determination of 
biomacromolecules is essential for understanding phenomena such as the mecha-
nisms of disease development that can aid in the design of new drugs. Also, 3D 
structures of biomacromolecules help to find the structure-function relationship. For 
instance, a point mutation in an enzyme can lead to a serious disease; this is exem-
plified by the glucose-6-phosphate dehydrogenase mutant enzyme that has lower 
ability to bind NADP+cofactor, thus resulting in the hemolytic anemia syndrome 
(Wang et al. 2008). The availability of 3D structural information of macromolecules 
will unveil the mysterious protein-protein interaction. Also, the conserved amino 
acid analysis using 3D structural features of proteins facilitates understanding the 
structure activity relationships. Proteins are polymers of amino acid sequence; it is 
amazing that only 20 different amino acids account for all the diversities of proteins, 
which are mainly arranged into primary, secondary, tertiary, and quaternary struc-
tural forms. The primary structure refers to the linear attachment of amino acids that 
make up the polypeptide chain. Secondary structure denotes repeated and regular 
folding patterns of the main chain sequence either an alpha helix or beta sheets con-
nected via coils, turns, or loops. Tertiary structure is the characteristic three-
dimensional shape resulted from the secondary structure elements found in the 
protein. Quaternary structure refers to two or more protein subunits that are linked 
to each other via non-covalent interaction.

The start of original structure biology dates back to the 1950s, when DNA dou-
ble helix, hemoglobin, and myoglobin structures were determined. In the following 
years, scientists paid great attention to the evaluation and study of protein structure 
in terms of the relation between protein sequence, structure, and function. In 1971, 
structure biologists held an important meeting to discuss the allowance of the public 
accessibility to structural data; as a result, the Brookhaven National Laboratory 
hosted the Protein Data Bank (Berman et al. 2012). The structural databases aim at 
keeping the information about the structures of each biomacromolecule, annotate its 
properties, and facilitate to the users finding relevant information and related struc-
tures. Table 4.1 lists the main 3D structural databases, tools, and servers that are 
essential for biologists, bioinformaticians, and even the public interested in struc-
ture biology. There are several structural databases that are available free of charge 
for public use and are responsible for archiving and organizing the 3D structural 
information of biological macromolecules and proteins such as RCSB PDB, PDBe, 
PDBj, BMRB, SCOP, and CATH. The 3D structural information can be seen as a 
primary source of data that requires effort for extraction and interpretation of the 
useful information. Therefore, other several types of databases and web servers are 
developed to add further levels of information such as comparison to other struc-
tures or focus on certain property, for example, the membrane protein databases 
(Bagchi 2012).
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Table 4.1  List of important structural biological databases and related web resources for structure 
analysis

Database Use/description Link References

1. Primary structural data centers and other browsers

PDBj Protein Data Bank Japan archives 
macromolecular structures and 
provides integrated tools

https://pdbj.org/ Kinjo et al. 
(2016)

BMRD Biological Magnetic Resonance Data 
Bank (NMR), a repository for data 
from NMR spectroscopy on proteins, 
peptides, nucleic acids, and other 
biomolecules

http://www.bmrb.
wisc.edu/

Markley et al. 
(2008)

PDBe Protein Data Bank in Europe (PDBe) 
archives biological macromolecular 
structures

http://www.ebi.ac.uk/
pdbe/

Velankar et al. 
(2010) and 
Velankar et al. 
(2015)

RCSB PDB Research Collaboratory for Structural 
Bioinformatics Protein Data Bank 
archives information about the 3D 
shapes of proteins, nucleic acids, and 
complex assemblies

https://www.rcsb.org/ Berman et al. 
(2000)

PDBsum Pictorial analysis of macromolecular 
structures

www.ebi.ac.uk/
pdbsum

Laskowski 
(2007) and 
Laskowski et al. 
(2018)

2. Structure classification databases

CATH Domain classification of structures http://www.cathdb.
info/

Knudsen and 
Wiuf (2010)

SCOP SCOP2, structural and evolutionary 
classification

http://scop2.mrc-lmb.
cam.ac.uk/

Lo Conte et al. 
(2000)

3. Nucleic acid databases

NDB Nucleic acid database http://ndbserver.
rutgers.edu/

Coimbatore 
Narayanan et al. 
(2013)

RNA 
FRABASE

3D structure of RNA fragments http://rnafrabase.
cs.put.poznan.pl/

Popenda et al. 
(2010)

NPIDB 3D structures of nucleic acid-protein 
complexes

http://npidb.
belozersky.msu.ru/

Zanegina et al. 
(2015)

4. Membrane protein database

MemProtMD MemProtMD, database of membrane 
protein

http://sbcb.bioch.
ox.ac.uk/memprotmd/

Stansfeld et al. 
(2015)

5. Ligands and binding sites and metalloproteins

PeptiSite Is a comprehensive and reliable 
database of biologically and 
structurally characterized peptide-
binding sites that can be identified 
experimentally from co-crystal 
structures in the Protein Data Bank

http://peptisite.ucsd.
edu/

Acharya et al. 
(2014)

(continued)
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Table 4.1  (continued)

Database Use/description Link References

ComSin Database of protein structures inbound 
(complex) and unbound (single) states 
in relation to their intrinsic disorder

http://antares.protres.
ru/comsin/

Lobanov et al. 
(2009)

MetalPDB MetalPDB collects and allows easy 
access to the knowledge on metal sites 
in biological macromolecules

http://metalweb.cerm.
unifi.it/

Putignano et al. 
(2017)

Pocketome The Pocketome is an encyclopedia of 
conformational ensembles of druggable 
binding sites that can be identified 
experimentally from co-crystal 
structures in the wwPDB

http://www.
pocketome.org/

An et al. (2005)

MIPS A database of all the metal-containing 
proteins available in the Protein Data 
Bank

http://dicsoft2.
physics.iisc.ernet.in/
cgi-bin/mips/query.pl

Mewes et al. 
(2002)

6. Structure comparison servers

DALI The Dali server is a service used for 
comparing protein 3D structures

http://ekhidna2.
biocenter.helsinki.fi/
dali/

Holm and 
Rosenström 
(2010)

VAST+ Vector Alignment Search Tool, 
web-based tool for comparing 3D 
structure against all structures in the 
Molecular Modelling Database 
(MMDB), NCBI

https://structure.ncbi.
nlm.nih.gov/
Structure/VAST/
vastsearch.html

Madej et al. 
(2013)

CE A method for comparing and aligning 
protein structures

http://source.rcsb.org/
ceHome.jsp

Shindyalov and 
Bourne (1998)

7. Other databases

PTM-SD Posttranslational modification database http://www.dsimb.
inserm.fr/dsimb_
tools/PTM-SD/

Craveur et al. 
(2014)

PED3 Protein Ensemble Database
The database of conformational 
ensembles describing flexible proteins

http://pedb.vib.be/ Varadi and 
Tompa (2015)

GFDB Glycan Fragment Database (GFDB), 
identifying PDB structures with 
biologically relevant carbohydrate 
moieties and classifying PDB glycan 
structures based on their primary 
sequence and glycosidic linkage

http://www.
glycanstructure.org/

Jo and Im 
(2012)

ChEBI Chemical Entities of Biological 
Interest (ChEBI), a database focused 
on “small” chemical compounds

https://www.ebi.
ac.uk/chebi/

Hastings et al. 
(2015)

ChEMBL ChEMBL is a database of bioactive 
drug-like small molecules

https://www.ebi.
ac.uk/chembl/

Gaulton et al. 
(2016)
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Table 4.2  Experimental methods used for determination of macromolecule 3D structures

X-Ray crystallography
Nuclear magnetic 
resonance Cryo-EM

Experimental 
steps

1. X-rays are scattered 
by electrons in the 
atoms of crystal.
2. Then recorded on a 
detector, e.g., CCDS.
3. Phase estimation 
and calculation of 
electron density map.
4. Fit primary 
sequence to electron 
density map (model).
5. Model refinement.
6. Deposition in PDB

1. Molecules absorb 
radiofrequency radiation 
held in a strong magnetic 
field.
2. Resonance frequency 
detection influenced by 
chemical environment.
3. Collection of 
conformational 
interatomic distance 
constraints.
4. Calculation of the 3D 
structure.
5. Deposition in PDB

1. Sample is vitrified at 
liquid nitrogen temp.
2. High-energy electron 
beam passes through it 
under high vacuum.
3. Image is produced when 
transmitted electrons are 
projected to a detector
4. Structure determination

Specimen Crystals Solution Vitrified solutiona

Protein size Wide range Below 40–50 KDa >150 KDa
Contributionb >89% of PDB entries > 9% of PDB entries >1% of PDB entries
Resolution Higher resolution High resolution Significantly low

>3.5 Å
Advantages Well-developed

Accurate, easy for 
model building

Provide dynamic 
information

Easy sample preparation
Samples in its native 
environment

Disadvantages Crystallization step
Slow process

High purity sample is 
required
Less precise than X-ray
Intensive computational 
simulations

Cost
Mainly for large molecules 
and assemblies

aA vitrified solution is the solidification of a liquid into a noncrystalline or amorphous solid known 
as glass

The determination of the 3D structure for biological macromolecules is done by 
four fundamental techniques arranged in terms of familiarity and contribution as 
follows: X-ray crystallography, nuclear magnetic resonance (NMR) spectroscopy, 
cryo-electron microscopy (Cryo-EM), and neutron diffraction. Table 4.2 summa-
rizes the experimental steps adopted in the first three techniques and shows main 
advantages and disadvantages of these techniques. Although these techniques are 
viable and inestimable, they cannot build an atomic structure model from scratch 
without former knowledge of the proteins’ chemical and physical properties and the 
proteins’ primary sequences.

4  Biological 3D Structural Databases
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4.1.1  �X-Ray Crystallography

X-ray protein crystallography is a branch of science that plays a vital role in many 
aspects including the determination of the 3D structure of proteins. Proteins’ 3D 
structure determination enables us to perceive the relationships between the struc-
ture and the function of these molecules and characterizes drug targets such as 
G-coupled protein receptors (Rosenbaum et al. 2009), 3D structures of enzymes, 
DNA structure, and others. In 1895, Wilhelm Roentgen eternalized his name by 
discovering a new unknown type of rays that has a shorter wavelength than the UV 
rays; he named it X-rays. In 1912 Max von Laue demonstrated that X-rays can be 
diffracted upon interacting with a crystalline material. The following year, Bragg, 
the father, and his son, could solve a very challenging step in using X-rays for struc-
ture determination that was known as the phase problem; they succeeded in paving 
the way to use X-ray diffraction to know the 3D structure of a crystalline material. 
According to the current status, X-ray protein crystallography can be summarized 
in two main successive steps:

4.1.2  �Crystal Formation

The X-ray crystallography experiment is based on shooting a protein crystal with 
X-rays. The process of getting crystals can be a cumbersome task since it is some-
how a trial-and-error rather than systematic experiment. The process starts with 
obtaining a protein sample in high concentration. This step is done nowadays using 
different techniques of recombinant DNA technology. It is noteworthy to mention 
that the advancement in DNA synthesis has facilitated the process of gene cloning 
and expression. Advancement in genetics has not only facilitated the synthesis of 
genetic sequences at very reasonable cost but also assisted in controlling the gene 
expression by manipulating the molecular regulatory elements in the host cells (e.g., 
Escherichia coli, Pichia, or mammalian cells). Aided by different DNA techniques, 
the gene of interest can be overexpressed in suitable expression host to yield the 
target protein in a very good yield. Taking advantage of DNA recombinant technol-
ogy, it is possible to add tags to the overexpressed proteins that will help in the 
purification steps (e.g., multi-histidine residues to the overexpressed protein to aid 
in metal affinity chromatography or SUMO tag that helps in an expression of the 
protein in a good yield) (Gaber et al. 2016). The overexpressed protein will undergo 
a process of purification until it is obtained in a high purity as judged by SDS-PAGE 
analysis. Afterward, a concentrated protein solution will be subjected to a crystal 
formation experiment. In such experiment, the concentrated protein solution will be 
exposed to different buffer solutions with different additives such as ethylene 
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glycol; the process is run in a miniaturized setting that allows testing hundreds of 
crystallization conditions in a short time and in an automated manner. The appear-
ance of crystals in any of the tested conditions will be considered a positive hit that 
will lead to picking this specific condition and pursuing with the condition to reach 
a big crystal size of the protein. It is worth mentioning that membrane proteins are 
among the very difficult protein types to be crystallized. The difficulty comes from 
different reasons such as flexibility issues, instability, usage of detergent for extrac-
tion from cell membrane, purification, crystallization, data collection, and structure 
solution (Carpenter et al. 2008; Wlodawer et al. 2008).

4.1.3  �Structure Determination

A special facility named synchrotron is used in the process of X-ray shooting. These 
facilities are located mostly in Europe, the USA, Japan, and Australia, for example, 
in Grenoble, France, and Lund, Sweden. The synchrotron is big laboratories that 
accelerate electrons to generate X-rays. The crystals obtained from the crystalliza-
tion process are kept frozen in liquid nitrogen to protect them from destruction upon 
exposure to the high-energy rays. Special types of detectors collect the diffraction 
patterns obtained from the process of crystal exposure to the X-ray. These detectors 
have witnessed continuous development in order to facilitate the data collection 
process. The obtained data are then subjected to what is known data reduction in 
order to reduce the number of data obtained. Eventually, the data obtained will lead 
to what is known as electron density map which can be described as an in silico 
representation of a 3D shape of the protein revealed from the X-ray shooting experi-
ment. The electron density map can be figured numerically by Fourier transforma-
tion (Wlodawer et al. 2008). The following step is to fit the protein primary amino 
acid sequence into the obtained electron density map providing the preliminary 3D 
model; this was a challenging task; however a plethora of programs are created to 
alleviate this issue; the most common one is COOT (Emsley et al. 2010). COOT is 
a widely used molecular graphics program for model building and biological mol-
ecule validation. It unveils atomic models and electron density maps and permits the 
manipulations of built models. Moreover, COOT supplies access to numerous vali-
dation and refinement tools. Validation of the preliminary model is vital before 
depositing final structure model into the PDB as a misinterpretation of data is liable. 
Many programs can help with this issue like PROCHECK. In addition, attempts to 
re-evaluate structures after deposition into PDB have been spotted; PDB-REDO is 
a good example of such efforts which can re-refine formerly deposited structures 
(Joosten et al. 2010).

4  Biological 3D Structural Databases
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4.2  �Macromolecular Structural Databases

4.2.1  �Protein Data Bank wwPDB

The Worldwide Protein Data Bank abbreviated as wwPDB (www.wwpdb.org) is the 
central organization that takes the responsibility to maintain and archive the 3D 
structural information of biomacromolecules. wwPDB stores 141,150 records of 
3D structures (updated April 2018).

The wwPDB is composed of four partners:

	 (i)	 Research Collaboratory for Structural Bioinformatics Protein Data Bank 
(RCSB PDB) (Berman et al. 2000)

	(ii)	 Protein Data Bank in Europe (PDBe) (Velankar et al. 2010)
	(iii)	 Protein Data Bank Japan (PDBj) (Kinjo et al. 2016)
	(iv)	 Biological Magnetic Resonance Data Bank (BMRB) (Markley et al. 2008)

4.2.1.1  �RCSB PDB

The RCSB Protein Data Bank (RCSB PDB, http://www.rcsb.org) is the US partner 
of wwPDB, and it presents the PDB archive in an organized and easy way to explore. 
The PDB archive is accessed by the public and serves diverse disciplines that 
encompass agricultural, pharmaceutical, and biotechnological applications. It is 
worth mentioning that a majority of PDB users are of limited expertise in structural 
biology. The design of the RCSB PDB webpage allows easy navigation and pro-
vides different options to find the structure of interest, facilitate in finding similar 
structures, and jump to related contents in different databases. Figure 4.1 shows a 
screenshot of RCSB PDB webpage viewing the accession code 2BH9. The page is 
organized into sections that include different types of information as indicated 
briefly as follows:

	1.	 The front of the page shows the accession code 2BH9 and information about the 
authors and the deposition date.

	2.	 The right corner contains a hyperlink to downloadable structural files of the 
2BH9 as PDB file extension in addition to other types such as PDBx/mmCIF 
files. The typical form of storing 3D structure information is PDB file format. 
These files are typically opened with specific molecular visualization software 
such as PyMOL or YASARA (DeLano 2002; Krieger and Vriend 2014). However, 
the file can also be opened and edited – though is not advised for novice users – 
with text editor software programs such as Notepad or Microsoft Word. Figure 4.2 
shows the PDB file for 2BH9 entry as an example; the file lists all the atoms 
present in the macromolecule (protein) and its coordinates as X, Y, and Z. A typi-
cal PDB file includes a header that gives a summary of the protein in terms of its 
source, author details, and the experimental techniques used. Since the size of 
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3D structure information is too big in few cases like virus capsid, a new file for-
mat – PDBx/mmCIF – is introduced to accommodate such large files.

	3.	 Information about the peer-reviewed publications linked to 2BH9 and the cita-
tion information.

	4.	 Macromolecule section that shows the CATH classification of 2BH9 and the 
accession code of 2BH9 at UniProt database.

	5.	 Experimental data snapshot: this section is devoted to the X-ray crystallography 
experiment and the statistical data revealing the resolution of the structure. In 
case of 2BH9, the structure was determined at a resolution of 2.5 Å, which is not 
a very good resolution. Resolution refers to the quality of the experimental data 
generated by X-ray crystallography. High-resolution structures will be deter-
mined at values of less than 1.5 Å or so; this level of accuracy of determining the 
atomic positions is high. Conversely, at a resolution of 3 Å or higher, the struc-
ture shape as global will be inferred; however the accurate positioning of the 
individual atoms is poor.

PDBe  Protein Data Bank in Europe, (http://www.ebi.ac.uk/pdbe/) is the European 
equivalent to RCSB PDB. The PDBe home page provides an organized structure to 

Fig. 4.1  A screenshot of PDB webpage interface for an oxidoreductase protein, deposited under 
the accession code (2BH9), structure determined by X-ray diffraction technique at a resolution of 
2.5 Å. The source organism is Homo sapiens and overexpressed in E. coli. It also provides different 
types of downloadable file formats for the user to choose from, e.g., FASTA sequence, PDB, and 
mmCIF file formats

4  Biological 3D Structural Databases
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ease the browsing and exploration of the content. The tab (PDBe services) allows 
the access to categorize resources according to the user’s interest and background; 
these categorized tabs are structural biologists, bioinformaticians, life scientists, 
students and teachers, medicinal chemists, journal editors and referees, and all ser-
vices tab. For example, a good training and educational material are available under 
the PDBe training tab. Among the popular services that are provided by PDBe is 
FASTA protein sequence search that enables using protein sequence in the search-
ing box. PDBeFold is a tool that finds similar structures starting from a PDB acces-
sion code as a query entry or via uploading a PDB file. To address the challenge of 
slow networking time, PDBe has developed a customized server named 
CoordinateServer that enables extraction of specific data for a given structure pro-
viding an advantage of high-speed exploration of PDB files and reduces the limita-
tion of network file transfers. The server can provide several types of data extraction 
options such as finding residues interacting with a certain ligand and others. The 
server can be accessed via the link www.ebi.ac.uk/pdbe/coordinates/. PDBe has 
developed its own molecular visualization software LiteMole 3D viewer. The tool is 

Fig. 4.2  PDB file format of the entry 2BH9 as an example, opened with Microsoft Word. A PDB 
file provides a full description of the entry such as a list of protein atoms and their 3D arrangement 
in space. For 2BH9 the header section provides information about the entry citation, authors, 
source of enzyme, and the experimental technique used in solving the structure. The file body 
provides information about the protein’s atoms; each atom is listed opposite the amino acid it 
belongs to; moreover, it provides data about X, Y, and Z coordinates that determine its spatial posi-
tion. For instance, atom number 2007 belongs to alanine in chain a number 316, and its X, Y, and 
Z coordinates are 22.785, 16.540, and 48.312, respectively

Y. Gaber et al.
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compatible with many Internet browsers. The tool is WebGL-based viewer with too 
little memory footprint. PDBe has also developed a server that enables users to take 
part in developing their own search queries to meet their needs. The server is known 
as RESTful application programming interface (API) (Representational State 
Transfer) and is accessed via pdbe.org/api. Figure 4.3 shows a screenshot of PDBe 
webpage presenting search results for the entry 2BH9 including the experimental 
methods, the source organism, the assembly composition, and the interacting com-
pounds (ligands). Additional details are available via other tabs such as macromol-
ecules, compounds, and protein families.

PDBj  The Protein Data Bank Japan (https://pdbj.org/), is one of the consortium 
members of wwPDB; the database is continuously updated to meet the user require-
ments with a focus on Asian and Middle Eastern users. The database offers a bunch 
of tools and services that assist the analysis and interpretation of structural data. 
These services include PDB deposition via an updated tool that supports X-ray, 
NMR, and EM structures. Group deposition is also available where a group ID is 
given to a set of structures that are related to each other and have been deposited at 

Fig. 4.3  A screenshot of Protein Data Bank in Europe (PDBe) webpage interface of 2BH9 entry; 
the structure determined by X-ray diffraction technique at a resolution of 2.5 Å. In addition to that, 
binding ligands NAP (nicotinamide adenine dinucleotide phosphate) and GOL (glycerol); litera-
ture; the source organism – Homo sapiens – and protein assembly composition are also provided 
besides other buttons to access a plethora of information about the entry, e.g., binding ligands and 
protein family

4  Biological 3D Structural Databases
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the same time. PDBj also provides a tool for easy exploration of the PDB files via 
PDBj Mine, a tool for searching PDB using either accession codes, keywords, or via 
the advanced search function. Sequence-based structural alignment is also available 
via the tool known as SeSAW. The tool allows annotation of the conserved sequences 
and structural motifs found in the query proteins. eF-seek is a relatively new tool at 
PDBj that searches similar PDB files with a focus on the ligand binding sites. 
Omokage is another web-based tool for searching three-dimensional density maps 
and atomic models, with a focus on global shape similarities. ProMode Elastic data-
base allows inspection of the PDB files regarding the dynamic rather than the static 
status. The database provides dynamic analysis for the PDB structures, and anima-
tions can be generated for PDB structure. PDBj has also developed its own molecu-
lar visualization graphic software known as Molmil that enables fast and enhanced 
graphics and is compatible with JavaScript and WebGL. Figure 4.4 shows a screen-
shot of PDBj showing summary for the entry 2BH9 including information about the 
related 3D structure 1QKI, functional keywords, and biological source; also other 
buttons are found for structural details, experimental details, functional details, 
sequence neighbor, history, and downloads. In the right side, download format 
options are available and structure view asymmetric unit.

Fig. 4.4  A screenshot of Protein Data Bank Japan (PDBj) webpage interface shows detailed infor-
mative data about the entry 2BH9, represented in the main navigation menu containing many but-
tons which provide information about the entry’s summary, structural details, experimental details, 
and functional details. Moreover, it also provides different types of downloadable file formats such 
as FASTA sequence, PDB format, PDBx/mmCIF file formats, and others
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BMRB  Biological Magnetic Resonance Data Bank, aims to archive and annotate 
the nuclear magnetic resonance data obtained from macromolecules and their 
metabolites. The database is unique and provides an important repository for NMR 
data for peptides, proteins, and nucleic acids. The current content (May 2018) of 
BMRB archive includes 11,628 entries of proteins/peptides, 398 entries of DNA, 
and 345 entries of RNA (Fig. 4.5). BMRB can be accessed via the URL http://www.
bmrb.wisc.edu/, which is sponsored by the University of Wisconsin-Madison, the 
National Library of Medicine, and National Institutes of Health. The website is 
organized into different tabs such as search archive, validation tools, deposit data, 
NMR statistics, programmers’ corner, spectroscopists’ corner, educational out-
reach, etc. (Ulrich et al. 2007).

NCBI Structure Resources  The NCBI devotes one of its databases to the struc-
ture information. NCBI provides ENTREZ search function that allows searching 
keywords all over its databases including the structure database. The structure data-
base is available in the link https://www.ncbi.nlm.nih.gov/structure/, accessed on 
March 2018. Figure  4.6 is a screenshot of structure summary MMDB webpage 
using the PDB ID 2BH9 (MMDB ID 33089) as an example. The page displays 
information about the experimental method, resolution, source organism, similar 
structures, and biological unit (molecular graphic, interactions) for 2BH9.

Fig. 4.5  A screenshot of Biological Magnetic Resonance Data Bank (BMRB) webpage interface 
shows the recent content of the three major classes of biomacromolecules’ structures, determined by 
nuclear magnetic resonance spectroscopy, 11,628 protein/peptide entries, 398 DNA entries, and 345 
RNA entries, and the derived information: coupling constants, chemical shifts, dipolar coupling, etc
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4.3  �PDBsum: Structural Summaries of PDB Entries

PDBsum available at https://www.ebi.ac.uk/pdbsum is an atlas of proteins and web 
server that helps to present the PDB entries in a visualized form. It was developed 
at the University College London (UCL) in 1995 and is aimed to provide a largely 
graphic compendium of the proteins and their complexes (Laskowski 2007; Babajan 
et al. 2011). The server can be accessed freely and is maintained by Laskowski and 
collaborators at the European Bioinformatics Institute (EBI) (Laskowski et  al. 
2018). PDBsum provides many different analytical tools for the content of the pro-
tein structure including the ligand interaction, protein-protein interaction, and 
CATH classification. The 3D structures are viewed interactively in PyMOL and 
RasMol, and users have the ability to upload their own PDB files  – could be a 
homology model – and get them analyzed. Figure 4.7 illustrates some of the picto-
rial analyses presented by PDBsum. The example given is for PDB entry 2BH9 
(G6PD-human) solved by X-ray crystallography at 2.5  Å resolution. The page 
shows different sections among which the 3D structures are presented interactively 
using molecular visualization JavaScript viewer called 3Dmol.js. This generated 

Fig. 4.6  A screenshot of Molecular Modeling Database (MMDB) webpage interface of 2BH9, 
MMDB ID (33089). The structure is resolved by X-ray diffraction technique at a resolution of 2.5 Å, 
and the source organism is Homo sapiens. Besides, it provides a chemical graph, links to literature, 
and compact structures (3D structure domains) that help with identifying similar structures
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image automatically gives only a rough idea of the sizes and locations of the clefts. 
Using the RasMol or Jmol options on the clefts tab, an idea about the clefts found 
in the structure can be obtained. PDBsum webpage also hosts useful links to data-
bases and servers such as:

	1.	 EC-PDB, Enzyme Structure Database, database includes approximately 73,000 
PDB enzyme structures. The database classifies the entries according to the 
Enzyme Commission (EC) as EC1, EC2, EC3, EC4, EC5, and EC6. EC3 – the 
hydrolase family – is the highest represented family among others in this data-
base including over 27,000 PDB structures.

	2.	 Drug port is the second server which identifies all “drug targets” in the PDB and 
any drug fragments that exist as ligands in PDB structures. The server lists all the 
drugs in alphabetical order; therefore, for example, if you are looking for acet-
aminophen, you will find it under the alphabet A in the list, and visiting its page 
will show the information of the protein targets of this specific drug and hyper-
links to other related resources such as DrugBank and others.

Fig. 4.7  A screenshot of PDBsum webpage interface of 2BH9 entry; a 2D secondary structure 
representation is shown in the figure. Tabs for protein-protein interactions, ligands, pores, tunnels, 
and others are seen in the figure. Hyperlinks to r databases like UniProt, Pfam, and Ensembl gene 
are also provided
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	3.	 ProFunc server: the server aims to help in the identification of protein of related 
biochemical function based on the 3D structure. The algorithm of ProFunc uses 
information such as the active site, fold matching, residue conservation, and sur-
face analysis to do the task. The server allows to look for existing PDB file or to 
upload custom PDB file (Laskowski et al. 2018).

	4.	 SAS, sequence annotated by the structure, is a tool by PDBsum; the tool allows 
multiple sequence alignment of a query protein that entered in different forms such 
as FASTA sequence, PDB accession code, PDB file, or UniProt accession code. 
The obtained multiple alignments can be color-coded according to different crite-
ria, such as the secondary structure assignment, ligand binding site, and number of 
hydrogen bonds to ligands or residue similarity. The alignment can be adjusted 
according to the user needs using selection and sequence similarity filters.

4.4  �sc-PDB: A 3D Database of Ligandable Binding Sites

The protein-ligand interaction is very important in determining the critical amino 
acids in the protein structure that interact with ligands, and based on this informa-
tion, designing new ligands (drugs) is possible. The sc-PDB database archives and 
illustrates the ligandable binding sites found in protein structures that are listed in 
the PDB repository. The database was launched in 2004 and is accessible at http://
bioinfopharma.u-strasbg.fr/scPDB/. The Sc-PDB provides specialized structure 
files that serve the need to do receptor-ligand docking studies. Currently, the sc-
PDB stores 16,034 entries (binding sites) extracted from 4782 unique proteins and 
6326 exclusive ligands. The sc-PDB database provides annotated druggable binding 
sites, the coordinates for protein-ligand complexes, and the physicochemical and 
geometrical properties of the ligands. It also provides a chemical description of 
ligands and functional explanation of the proteins. Metal ions are not included in 
sc-PDB, and the ligands included are classified into four main categories: (i) nucle-
otides of size <4 bases, (ii) peptides <9 amino acids, (iii) cofactors, and (iv) organic 
compounds. The binding site can be defined as the protein residues (including 
amino acids, cofactors, and important metal ions) that are in contact with one atom 
of the ligand within a distance of 6.5 Å. The sc-PDB is very useful in drug design 
tasks since it can predict receptors for any ligand and it can analyze different struc-
tural cavities and establish the interacting points between a ligand and the active site 
of the receptor (Desaphy et  al. 2014; Kellenberger et  al. 2006). Ligands can be 
searched using the chemical structure draw applet provided by ChemAxon. 
Figure  4.8 is a screenshot of the sc-PDB webpage showing the total number of 
entries (16034) including 4782 proteins and 6326 ligands. The database home page 
shows four buttons: ligand, protein, binding mode, and binding site. The database 
archive can be searched using the search anything box, PDB ID box, or protein 
UniProt accession code.
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4.5  �PDBTM: Protein Data Bank of Transmembrane Proteins

Membrane proteins account for 20–30% of the all human proteins which partici-
pate in vital cellular processes and enzymatic reactions. Membrane proteins rep-
resent 60% of all druggable proteins in human (Yin and Flynn 2016). The 
experimental 3D structure determination of these proteins is difficult due to the 
complexity of obtaining soluble expressed proteins. Since the publication of the 
first membrane protein 3D structure in 1985, the number of membrane proteins 
in wwPDB is increasing slowly but steadily. Still, the current representation of 
the membrane proteins in PDB is low. There was a need to have specialized data-
bases for membrane proteins. The PDBTM database is the first up-to-date and 
inclusive TM protein consisting of a list of PDB files of transmembrane proteins 
(Kozma et al. 2012). The database was launched in 2004 and is available at http://
pdbtm.enzim.hu; PDBTM archives more than 3000 transmembrane proteins; 
most of them have the well-known alpha-helical structures. PDBTM is utilizing 
a special algorithm named TMDET to find transmembrane proteins found in the 
PDB based on the structural information. The algorithm is also able to determine 
the spatial arrangement of these proteins inside the lipid bilayer. PDBTM 

Fig. 4.8  A screenshot of sc-PDB webpage interface. It shows (16034) three-dimensional struc-
tures of binding sites found in the Protein Data Bank (PDB) and includes (4782) unique proteins 
and (6326) unique ligands. In addition, it provides the main navigation window for the user to navi-
gate and switch views directly (ligand, protein, binding mode, and binding site)
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website allows to browse its content by the type of the membranes (alpha or beta 
structures), and it also permits to download datasets of TM protein structures. 
Figure 4.9 shows the home page of PDBTM and the number of transmembrane 
proteins that is archived until May 2018 (a total of 3227, including 2848 alpha 
structure and 366 beta structure). The search field using PDB ID exists in the 
right side, while the left side includes six vertical tabs (home, search, download, 
statistics, documents, and help).

4.6  �CATH Database

CATH (Class, Architecture, Topology, Homology) database classifies the protein 
domains according to the amino acid sequence and the structural and the functional 
properties. CATH provides a big deal of help for researchers with proteins that have 
insignificant similarity in sequences yet can be functionally and structurally related. 
CATH is also a valuable destination for both bioinformatician and biologists. 
Inexperienced users benefit from the user-friendly web interface; on the other hand, 
bioinformaticians seeking for analysis of a huge number of domains can find com-
plete downloadable datasets. Therefore CATH has the potentials to be a really valu-
able and promising recourse. In CATH, domains are classified hierarchically into 

Fig. 4.9  A screenshot of Protein Data Bank of Transmembrane Protein (PDBTM). It shows a 
number of transmembrane proteins deposited in PDBTM; total number is 3227 entries: 2848 alpha 
structured and 366 beta structured
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four levels named as class (C), architecture (A), topology (T), and homologous 
superfamily (H), hence giving the acronym CATH (Knudsen and Wiuf 2010):

	 (i)	 C level: categorize domains into four main groups according to secondary 
structures as alpha mainly, beta mainly, α-β mixed, and finally category group 
domains with few alpha and beta structures.

	(ii)	 A level: categorize domains by the general orientation of the secondary 
structures.

	(iii)	 T level: categorization depends upon the connectivity of secondary structures.
	(iv)	 H level: categorization depends upon a combination of sequence similarity and 

structural similarity.

Exploration of the contents of the databases can also be done via different links 
given in the web server, for example, (1) searching by domain ID or keywords, (2) 
searching by the sequence in FASTA format, and (3) exploring the database from 
the hierarchy top and download datasets. A list encompasses the names of all 
domains in CATH – along with their individual groupings – which is likewise acces-
sible, and the amino acid sequences of all domains ordered in CATH are open for 
download in the FASTA file format (Knudsen and Wiuf 2010). Figure 4.10 is the 
search results for the PDB ID (2BH9); the figure shows the matching CATH super-
families and the matching CATH domains.

Fig. 4.10  A screenshot of CATH/Gene3D webpage interface of the entry 2BH9. The websites pro-
vide different ways of search: text or ID, search by sequence, or search by the structure. In the cur-
rent example, the screenshot shows the matching CATH superfamilies and domains related to 2BH9
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CATH/Gene3D database is complementary to the original CATH database; it is 
available at http://www.cathdb.info/; it classifies 95 million protein domains into 
6119 superfamilies (Dawson et al. 2016). CATH/Gene3D scans the protein sequence 
information found in UniProt database; it also classifies the structural domains found 
in the structural files in wwPDB. Annotation of the structure is created using hidden 
Markov models making use of the domain families deposited in CATH. Moreover, 
all information is downloadable in an XML file format, enabling users to perform a 
complex search at their computers (Yeats et al. 2006). Furthermore, Gene3D exploits 
the data in CATH to predict the position of structural domains on a host of protein 
sequences available at wwPDB which allows inclusion of informative annotations 
such as information, function, and residues of the active site. It also provides a broad 
prediction of globular domains in proteins (Dawson et al. 2016; Dawson et al. 2017).

4.7  �SCOP (Structural Classification of Proteins) Database

Structural Classification of Protein (SCOP), available at http://scop.mrc-lmb.cam.
ac.uk/scop/, is a database with a focus on structure and evolutionary classifications 
of proteins. SCOP adopts the following hierarchical scheme to classify protein 
structures:

	A.	 Family: similar protein structures are assembled into families based on two cri-
teria that suggest a common evolutionary source; the first criterion is a similarity 
in protein sequence, and the second criterion is a similarity in structure and 
function.

	B.	 Superfamily: families whose proteins have little sequence similarity yet their 
function and structure imply typical evolutionary origin are clustered together in 
superfamilies.

	C.	 Common fold: protein families and subfamilies that have similar secondary 
structures and same topological associations are assigned to have a common 
fold.

	D.	 Class: the distinctive folds have been gathered into classes.

The majority of the folds are grouped into one of the five structural classes:

	1.	 All –α: structures that are basically formed of α-helices.
	2.	 All –β: structures that are basically formed of β-sheets.
	3.	 α/β: structures formed of α-helices and β-strands.
	4.	 α  +  β: structures formed of α-helices and β-strands are to a great extent 

segregated.
	5.	 Multi-domain: structures with domains of various classes and for which no 

homologs are yet known.

SCOP is updated into the new version SCOP2, where improvements in the clas-
sification criteria were done. SCOP2 classification is based on four criteria, i.e., the 
protein type, the evolutionary analysis, the structure class, and the protein relation-
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ships. The protein types indicate four possible types of proteins, i.e., membrane, 
soluble, fibrous, and intrinsically disordered proteins. The evolutionary analysis 
considers the classification of proteins according to the major evolutionary events 
that had have happened to certain protein class. The third criterion is the secondary 
structure arrangement of the protein as an efficient way in the classification of pro-
tein structures. The protein relationships are unique to SCOP2 compared to 
SCOP.  The database is accessible via the link http://scop2.mrc-lmb.cam.ac.uk/. 
SCOP2 can be explored in two different ways: SCOP2-graph and SCOP2-browser. 
SCOP2-graph shows graphical representation for the database entries, while 
SCOP2-browser allows the exploration of the SCOP2 contents according to the four 
classification criteria mentioned above in addition to a possibility of keyword 
search. The SCOP2 additionally provides hyperlinks whenever possible to each 
entry archived to the external databases such as UniProt and PDB and the original 
SCOP record (Andreeva et al. 2007; Hubbard et al. 1997). Figure 4.11 is a screen-
shot of SCOP2-graph database webpage interface. It illustrates a hierarchal classifi-
cation of protein domains by the structure and evolutionary relevance.

Fig. 4.11  A screenshot of SCOP2-graph database webpage interface. It illustrates a hierarchal 
classification of protein domains in accordance with the structure and evolutionary relevance; 
these relationships appear as compound node networks; also, it provides accessible links to the 
SCOP entries and hence provides a possibility for the users to compare both databases
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4.8  �Structure Comparison Servers

Finding homologous protein structure is very important in the area of structural 
bioinformatics. Therefore early efforts were carried out to device algorithms for 
structural alignment; in 1960, Perutz et  al. described the structure similarity of 
hemoglobin and myoglobin (Perutz et al. 1960). It is known that protein structures 
are more conserved compared to protein sequences; this is the base of evolutionary 
analysis of related protein structures. It is important to differentiate between two 
terms, i.e., structure superposition and structure alignment. Structure superposition 
refers to the spatial fitting of two structures that already have similar starting points – 
usually in the C-alpha backbone – which work as guiding points in the process of 
fitting these two structures over each other. The aim is to find the best match between 
the two structures as judged by the root-mean-square deviation (RMSD) value. 
RMSD is a measure of the average distance between atoms of two or more superim-
posed protein structures and is measured in angstrom. Structure alignment does not 
require prior information of equivalent spatial positions of two structures. However, 
the alignment algorithm tries to find structures between two 3D structures or more 
based on the 3D information. There are few clear reasons behind the effort for find-
ing similar protein structures:

	1.	 To help in structure classification and fold assignment
	2.	 To aid the process of function identification, since similar protein structures can 

provide a wealth of information about the function of an unknown protein
	3.	 To aid, in the process of homology or comparative modeling, the process of pre-

dicting protein 3D structure based on similarity to already known 3D structure
	4.	 To aid in the tasks of protein engineering (Gaber 2016; Pavelka et al. 2009)

CATH and SCOP databases were used in the endeavors of finding similar struc-
tures based on detection of similar structural domains. Currently, some online serv-
ers and tools are used in finding homologous 3D structures of proteins; among these 
servers are:

	1.	 Combinatorial Extension (CE) is a tool for aligning and comparing protein struc-
tures deposited into RCSB PDB (Shindyalov and Bourne 1998). CE is an indis-
pensable part of identifying and annotating protein structures with unknown 
function. The comparison can be performed on a complete PDB or on structurally 
representative subsets of proteins. Also, it can be performed in two ways either 
using a structural representative subset of protein or on the full PDB records. The 
most direct task is to locate every single similar structure to a starting protein that 
exceeds 30 residues long and exists in the wwPDB. The superimposed structures 
can be visualized with programs such as RasMol and Protein Explorer (utilizing 
Chime) or in an exceptionally outlined Java applet Compare3D.  The applet 
enables the user to investigate the two similarities and differences between the 
aligned structures both from a sequence and structure viewpoint. It is worth men-
tioning that the site is always subjected to modification and editing by the Bourne 
Laboratory staff to keep it up to date (Shindyalov and Bourne 2001).
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	2.	 PDBeFold is an online server that is provided by EMBL-EBI (European 
Molecular Biology Laboratory-European Bioinformatics Institute). PDBeFold 
can be accessed from the PDBe webpage and is considered a structure alignment 
server that allows both pairwise or multiple 3D alignments. Searching homolo-
gous structures can be initiated by providing the PDB accession code.

	3.	 VAST+ is online server hosted by NCBI and is devoted to finding similar 3D 
structures; the server does not rely on sequence comparison; hence it can find 3D 
structures of too low sequence similarity. Figure  4.12 shows the interface of 
VAST+ using the PDB entry 2BH9.

	4.	 DALI web server was established in 2000 at Helsinki Lab; the server aims to 
compare 3D structures of proteins to those found in the Protein Data Bank. A 
new version of DALI known as DALI Lite has been released to do pairwise 
structural superimposition. Figure 4.13 shows a screenshot of DALI structure 
comparison server exemplified by a search using the entry 2BH9. DALI website 
displays nine horizontal tabs as follows: about, PDB search, PDB25, pairwise, 
all against all, gallery, references, statistics, and tutorial.

Fig. 4.12  A screenshot of VAST+ webpage interface of the entry 2BH9. It provides information 
about macromolecules that share similar three-dimensional structures. Concerning 2BH9, there is 
2308 structure similar to it. It is worth noting that filters can be used to limit the number of match-
ing molecules at will. The RMSD values shown indicate the structural similarity between the query 
2BH9 and the retrieved hits; lower RMSD values indicate high structural similarity
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4.9  �Conclusion

Structural databases are providing essential information not only to the scientific 
community but also to the public. The content of such databases is a really pre-
cious information; precious is not just a metaphor; to explain, solving 1000 pro-
tein structures costs 150 million USD and the effort of 180 scientists (Ledford 
2010). Fortunately, the advancement in the computational sciences allowed struc-
tural databases to be explored by both experts and novice users to navigate and 
easily extract the required information from its content. It is also very feasible to 
find related contents in the different database based on the interconnectedness 
between the different databases. The availability of such data allowed new gen-
erations of databases to evolve and to provide new layers of information that help 
in solving serious problems such as designing new drugs or engineering new 
proteins for different purposes.
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