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In the early ‘50 Frederick Sanger determined the first 
complete amino acid sequence (the two polypeptide chains 
of bovin insulin, A and B) 
After 10 years the first attempts were made to create a 
database of protein sequences 
 
Nowadays the number of known protein sequences is in the 
order of hundreds of millions, 108 (≅230 million in UniProt at 
October 2022) 
 
The first protein 3D structures to be solved were hemoglobin 
by Max Perutz and myoglobin by John Kendrew, in 1958 
 
Nowadays the number of known protein 3D structures in the 
Protein Data Bank (PDB) are ≅200,000 (October 2022)  
 

Availability of biological data 



Biological data and therefore databases (DBs) which contain 
it constitute the backbone of bioinformatics research 
 
There are many different ways to design databases, both in 
terms of the ways the information is stored and the ways it 
can be retrieved and analysed 
 
Modern databases store data and contain complex 
technology to store it in a structured manner, to allow it to be 
efficiently INPUT, ACCESSED and ANALYSED 
 
Databases require databases management system (DBMS), 
a software to control the DB 
 

Relevance and structure of biological databases 



Databases contain entries, made of data (e.g. the sequence in 
a sequence DB) and annotation (e.g. organism, gene location 
and name, name and sequence of the encoded protein, etc.) 

Relevance and structure of biological databases 

Example of entry from a 
nucleotide sequence DB 
(GenBank) DATA 

ANNOTATION 

Feature Table 



The structure of databases: flat-file format 

Example of a very simple 
database table: a single page 

with a contact list with 3 records 
and 3 fields per record  

In general a database structure consists of files or tables each 
containing records and fields 

fields 



The structure of databases: flat-file format 

Example of a very simple 
database table: a single page 

with a contact list with 3 records 
and 3 fields per record  

In general a database structure consists of files or tables each 
containing records and fields 

records 



The structure of databases: flat-file format 

Example of a 
GenBank record in a 

flat-file format 

In general a database structure consists of files or tables each 
containing records and fields 

fields 



The structure of databases: relational databases 
In relational DBs, the most commonly used for biological 
information, data is stored within a number of tables 
 
Each table consists of records and fields and is linked to other 
tables by a shared field called key, unique to each record 

This example of 
relational 

database consists 
of two tables with 

different fields, 
where records 

are connected by 
an identifier (key) 

records 

fields 

fields 

records 



The structure of databases: relational databases 
In relational DBs, the most commonly used for biological 
information, data is stored within a number of tables 
 
Each table consists of records and fields and is linked to other 
tables by a shared field called key, unique to each record 

This example of 
relational 

database consists 
of two tables with 

different fields, 
where records 

are connected by 
an identifier (key) 

records 

fields 

fields 

records 

keys 



The structure of databases: relational databases 
In relational DBs, a set of operators is provided that allows to 
manipulate and analyse the data (matematical, logical etc.) 
 
Usually, results produced by application of operators on the 
data are displayed in new tables 
 

This example of 
relational 

database consists 
of two tables with 

different fields, 
where records 

are connected by 
an identifier (key) 

records 

fields 

fields 

records 

keys 



    Boolean operators help to focalize DB searches: 

Searching DBs 



    Boolean operators help to focalize DB searches: 

 

 e.g. “human” will list all the entries containing any 
 information on homo sapiens 

  

 “human liver alcohol dehydrogenase” (human AND liver AND 
 alcohol AND dehydrogenase) will list only entries specific for 
 the enzyme 

Searching DBs 

Databases usually provide fields which can be selected in 
order to focalize a search, e.g. author ([au]), organism [OS], 
etc 



Examples of SQL application on a relational database  

In relational DBs management systems, operators are written in 
query-specific languages, such as the Structured Query 
Language (SQL)  

example-1 

example-2 

The structure of databases: SQL 



The structure of databases: XML 
eXstensible Markup Language (XML) is a powerful system for 
marking up (annotating) data 
 
It is one of many markup languages, including HTML (hypertext 
markup language), commonly used to write web pages 
 
The hallmark of these languages is the use of identifiers called 
tabs, which can enclose sections of data, e.g. <language>XML</
language> 
 
XML has mechanisms allowing arbitrary tags to be used, thus 
having the flexibility to define bespoke (tailored) data 
classifications 
 
XML uses plain file format, which makes it portable and accessible 
 
Many bioinfomatics DBs are being made available in XML format, 
although a master copy is often maintained e.g. as relational DBs 



Primary and secondary (derived) biological DBs 

PRIMARY DBs: contain primary data, i.e. experimental data & 
annotations 

e.g. nucleotide sequence  coding, non coding 

 

SECONDARY DBs: contain secondary data, i.e. analyses of 
general interest derived from primary DBs & annotations 

e.g. collections of conserved sequence motifs  functional, non 
functional 

  

A number of centers have been funded to provide access to a 
large number of major databases in an integrated environment 



More on DNA sequences in DBs 
There are different types of DNA sequences 

Genomic (chromosomal) sequences:    
 from genome sequencing projects – in GenBank  

include noncoding regions, introns, control regions etc. 
 

cDNA (complementary DNA) sequences: 

 obtained from mRNA sequences by reverse transcription (copying 
mRNA in DNA) 
represent genes actually expressed in a specific cell/tissue at a given condition 
do not include gene regions not transcribed in mRNA (introns, control regions 
etc.) 
 

ESTs (expressed sequence tags): 
 obtained from mRNA sequences by reverse transcription (copying 

mRNA in DNA) 
are partial cDNA sequences, representing expressed genes – useful for 
genomes scanning 



 EMBL   Nucleotide Sequence Database 

GenBank 
 

..aatgcatgccaatg
ccatccgcatcgat.. 

UniProt/Swiss-Prot  

Protein Information Resource (PIR) 

..QEDARTSCG
AILNQRYWI.. 

ensembl 

Examples of primary biological databases 



Examples of primary biological databases: GenBank 



Examples of primary biological databases: UniProt 



Examples of primary biological databases: UniProt 
UniProt constists of two parts: 

1 entry per nucleotide 
submission 

Redundant, automatically 
annotated –  
unreviewed 

1 entry per protein 
 

Non redundant, high-quality 
manual annotation - 

reviewed 

October ‘22 



         ID   Q9XSK1      PRELIMINARY;      PRT;   142 AA. 
                    AC   Q9XSK1; 
                    DT   01-NOV-1999 (TrEMBLrel. 12, Created) 
                    DT   01-NOV-1999 (TrEMBLrel. 12, Last sequence update) 
                    DT   01-NOV-1999 (TrEMBLrel. 12, Last annotation update) 
                    DE   II ALPHA4 HAEMOGLOBIN CHAIN. 
                    GN   II ALPHA4. 
                    OS   Bubalus bubalis (Water buffalo). 
                    OC   Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Mammalia; 
                    OC   Eutheria; Cetartiodactyla; Ruminantia; Pecora; Bovoidea; Bovidae; 
                    OC   Bovinae; Bubalus. 
                    RN   [1] 
                    RP   SEQUENCE FROM N.A. 
                    RA   Ferranti P., Rullo R., Zappacosta F., Vincenti D., Masala B., 
                    RA   Di Luccia A.; 
                    RT   "River buffalo (Bubalus bubalis L.) alpha globin gene and chain 
                    RT   sequences: evolutionary structural relationship among some ruminant 
                    RT   species."; 
                    RL   Submitted (MAY-1999) to the EMBL/GenBank/DDBJ databases. 
                    DR   EMBL; AJ242734; CAB43765.1; -. 
                    SQ   SEQUENCE   142 AA;  15171 MW;  99F24F6E285C758F CRC64; 
                         MVLSAADKSN VKAAWGKVGG HAADYGAEAL ERMFLSFPTT KTYFPHFDLS HGSAQVKGHG 
                         AKVANALTKA VGHLDDLPGA LSELSDLHAH KLRVDPVNFK LLSHSLLVTL ASHLPNDFTP 
                         AVHASLDKFL ASVSTVLTSK YR 
                    // 

UniProt 

Sequence in FASTA format 
>Q9XSK1  
MVLSAADKSNVKAAWGKVGGHAADYGAEALERMFLSFPTTKTYFPHFDLSHGSAQVKGHG 
AKVANALTKAVGHLDDLPGALSELSDLHAHKLRVDPVNFKLLSHSLLVTLASHLPNDFTP 
AVHASLDKFLASVSTVLTSKYR 



         ID   Q9XSK1      PRELIMINARY;      PRT;   142 AA. 
                    AC   Q9XSK1; 
                    DT   01-NOV-1999 (TrEMBLrel. 12, Created) 
                    DT   01-NOV-1999 (TrEMBLrel. 12, Last sequence update) 
                    DT   01-NOV-1999 (TrEMBLrel. 12, Last annotation update) 
                    DE   II ALPHA4 HAEMOGLOBIN CHAIN. 
                    GN   II ALPHA4. 
                    OS   Bubalus bubalis (Water buffalo). 
                    OC   Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Mammalia; 
                    OC   Eutheria; Cetartiodactyla; Ruminantia; Pecora; Bovoidea; Bovidae; 
                    OC   Bovinae; Bubalus. 
                    RN   [1] 
                    RP   SEQUENCE FROM N.A. 
                    RA   Ferranti P., Rullo R., Zappacosta F., Vincenti D., Masala B., 
                    RA   Di Luccia A.; 
                    RT   "River buffalo (Bubalus bubalis L.) alpha globin gene and chain 
                    RT   sequences: evolutionary structural relationship among some ruminant 
                    RT   species."; 
                    RL   Submitted (MAY-1999) to the EMBL/GenBank/DDBJ databases. 
                    DR   EMBL; AJ242734; CAB43765.1; -. 
                    SQ   SEQUENCE   142 AA;  15171 MW;  99F24F6E285C758F CRC64; 
                         MVLSAADKSN VKAAWGKVGG HAADYGAEAL ERMFLSFPTT KTYFPHFDLS HGSAQVKGHG 
                         AKVANALTKA VGHLDDLPGA LSELSDLHAH KLRVDPVNFK LLSHSLLVTL ASHLPNDFTP 
                         AVHASLDKFL ASVSTVLTSK YR 
                    // 

UniProt 

Sequence in FASTA format 
>Q9XSK1  
MVLSAADKSNVKAAWGKVGGHAADYGAEALERMFLSFPTTKTYFPHFDLSHGSAQVKGHG 
AKVANALTKAVGHLDDLPGALSELSDLHAHKLRVDPVNFKLLSHSLLVTLASHLPNDFTP 
AVHASLDKFLASVSTVLTSKYR 

For a protein 
sequence 

Annotation may 
also report:   

regions playing a 
function, interacting 

with other 
molecules, featuring 
a certain secondary 

structure, involved in 
disulfide bridges, 

etc. etc. 



Example of primary database 



on October 2022 

Some statistics on the Protein Data Bank (PDB) 
The Protein Data Bank has been established in 1971. Since then, 
the number of available 3D structures has grown exponentially 



on October 14 2022 

Some statistics on the Protein Data Bank (PDB) 

The 3D structures released in 
the last 3 years (2020-2022) are 
roughly 4 times those released 
in the first 30 years (1971-2000) 

The 3D structures in the 
P D B a r e m o s t l y f o r 
proteins but also for DNA 
and RNA molecules 

The Protein Data Bank has been established in 1971 



ensembl 

Universal source of information on the 
human genome and other eukaryote 
genomes (over 200 species to date) 
 

DATA: genomes: genes, SNPs (Single Nucleotide 
Polymorphisms), repetitive sequences 

ANNOTATIONS: coding regions, for each gene proofs 
supporting its identification 

CONNECTIONS: to other DBs and software 

Examples of primary biological databases: Ensembl 



Name Derived from Contains 

EMEST EST Database Collection and alignment of 
EST seqs 

DSSP Protein Data Bank (PDB) Protein secondary structure 
assignments 

HSSP Protein Data Bank (PDB) 
& protein sequences DBs 

Alignments of protein seqs 
of known structure with all 
similar seqs 

FSSP, SCOP, CATH Protein Data Bank (PDB) Structural classification 

3Dee Protein Data Bank (PDB) Protein domains definition 

Pfam, Prints, 
BLOCKS 

Protein sequences DBs Alignments of homologous 
protein families & domains 

Prodom Protein sequences DBs Alignments of similar 
protein domains 

PROSITE Protein sequences DBs Sequence patterns 

OMIM Genomic databases Genes & associated genetic 
diseases 

LocusLink Genomic databases Genetic loci 

Examples of secondary (derived) biological databases 



Protein domains 

Pyruvate kinase: contains an all-β 
nucleotide binding domain (blue), an α/
β-substrate binding domain (grey) and 
an α/β-regulatory domain (green), 
connected by several linkers.  

domain 3 

domain 2 

domain 1 
Many proteins consist of several 
domains, which usually form 
functional units 
 
A protein domain is a region of a 
protein  chain that is self-stabilizing 
and that folds independently from 
the rest  
 
A protein domain is usually ≈50 to 
≈250 amino acid long  
 
A domain may appear in a variety of 
different proteins 
 
Molecular evolution uses domains as 
building blocks in different proteins 
 



Protein domains as building blocks for different proteins 

Example of domains combination in the NOD-Like Receptors proteins 

undefined 

LRR* 

*Leucine-rich repeats 



Pfam is a collection of protein families and domains 
Contains multiple alignments and HMM profiles 

Examples of secondary (derived) biological databases 



Examples of secondary (derived) biological databases 

Searchable with 
a novel protein 

sequence in order 
to find matches 

Example of a HMM profile fo the Toxin_7 family, from the Pfam database  



proSite is a database of protein families, domains and 
functional sites 

Examples of secondary (derived) biological databases 



Example of a                           pattern 

 

Histidine (H) and Serine (S) belonging 
to the active site of trypsin-like Ser-
protease enzymes appear in 
sequence patterns of the type 
reported below 

Examples of secondary (derived) biological databases 

TRYPSIN_HIS, PS00134; Serine proteases, trypsin family, histidine active site  (PATTERN) 
Consensus pattern: [LIVM] - [ST] - A - [STAG] - H - C  

H is the active site residue 

TRYPSIN_SER, PS00135; Serine proteases, trypsin family, serine active site  (PATTERN) 
Consensus pattern: [DNSTAGC] - [GSTAPIMVQH] - x(2) - G - [DE] - S - G - [GS] - [SAPHV] - [LIVMFYWH] - [LIVMFYSTANQH]  

S is the active site residue 



proSite is a database of protein families, domains and 
functional sites 

Examples of secondary (derived) biological databases 

Searchable with 
a novel protein 

sequence in order 
to find matches 



OMIM 
 
 

Examples of secondary (derived) biological databases 

OMIM (Online Mendelian Inheritance in Man) is a catalog of 
human genes and genetic disorders 



A number of centers were funded to provide access to a large 
number of major databases in an integrated environment 
 
Two main molecular biology database systems exist, which 
provide integrated access to nucleotide and protein sequence 
data, gene-centered and genomic mapping information, 3D 
structure data, PubMed MEDLINE, homology search software 
and more 
 
Entrez @ NCBI (National Center for Biotechnology 
Information) – based in Bethesda, Maryland (USA) 
 
 
EMBL-EBI (European Bioinfomatics Institute) – based in 
Hinxton, Cambridge (UK) 

Main integrated databases 



Main integrated databases 



Main integrated databases 



Focalizing a DB search…. 
 

 

 

Immagine you wish to search a scientific article or a 
protein sequence by a scientist named  E(lisabetta) Coli 

 

You will have to specify that “E Coli” refers to an author 
(& not a species)!! 

e.g. in PubMed: scientific literature database, let’s use: 

 “E coli”   

 “Coli E[au]” 
Example from A. Lesk, “Introduction to 
Bioinformatics” – Oxford University 
Press   

Databases usually provide fields which can be selected 
in order to focalize a search, e.g. author ([au]), organism 
[OS], etc 







Quality of data in DBs 
Data and relative annotations in DBs may contain errors, so the 
accuracy can be an issue 
 
Some of these errors can be checked automatically, by a 
computer-based approach (e.g. that DNA sequences only 
consist of A/G/T/C) 
 
Some other errors can only be checked by manual curation 
 
 



Quality of data in DBs 
In addition, databases can be redundant, which means that 
several entries can have identical data 
 
Ideally, all these entries with same data should be included in a 
single entry, which refers to all the independent experiments 
and summarizes all the separate DB entries 
 
In this way, a nonredundant database is obtained, which 
allows to discover all the information by reading the single entry 



Quality of data in DBs 
Databases need to be regularly updated: 
 

  - to include new entries and  
 - to update and correct existing ones 

 
It is important to recognize if the current entry differs from a copy 
made earlier, this can be done by using version numbers for 
entries or reporting the most recent date on which changes were 
made. A unique identifier for the entry is needed! 

Entries in DBs usually have a maturation 
Not annotated  Preliminary        Not reviewed      Standard 

 For instance, in early stages of a genome annotation, genes are 
identified by only applying computational methods; they are thus 
annotated as “hypothetical” genes (translated proteins as hypothetical 
proteins) 
Then, when experimental evidence becomes available confirming or not 
a gene, the relative entry will be updated  



https://www.oxfordjournals.org/nar/database/c/ 

statistics not updated 

Updated list of available and relevant biological DBs 
Updated every January on 

Nucleic Acids Research 
(NAR) – Oxford Journals 



1. Biological databases. Constitute the backbone of 
bioinformatics research. Can be primary or secondary. Largely 
public and extremely useful although they may contain and 
propagate errors 

Lesson 7. 
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