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Principles of Bioinformatics (BSc) &
Fundamentals of Bioinformatics
(MSc)

Lecture 2: Genetics, evolution,
alignment and homology
searching
Centre for Integrative Bioinformatics VU (IBIVU)
Faculty of Exact Sciences / Faculty of Earth and Life Sciences
http://ibi.vu.nl, heringa@few.vu.nl, 87649 (Heringa), Room P1.28

DNA makes RNA makes Protein
From gene to function
Genome
mRNA

Proteome

TERTIARY STRUCTURE (fold)

Metabolome

A gene codes for a protein
DNA

CCTGAGCCAACTATTGATGAA

transcription

mRNA

CCUGAGCCAACUAUUGAUGAA

translation

Protein

PEPTIDE

Central Dogma of
Molecular Biology

Replication

DNA

Transcription

mRNA

Translation

Protein

Transcription is carried out by RNA polymerase (II)
Translation is performed on ribosomes
Replication is carried out by DNA polymerase
Reverse transcriptase copies RNA into DNA

Transcription + Translation = Expression

But DNA can also be transcribed into
non-coding RNA …
qtRNA (transfer): transfer of amino acids to the
ribosome during protein synthesis.
qrRNA (ribosomal): essential component of the ribosomes
(complex with rProteins).
qsnRNA (small nuclear): mainly involved in RNA-splicing
(removal of introns). snRNPs.
qsnoRNA (small nucleolar): involved in chemical modifi-cations
of ribosomal RNAs and other RNA genes. snoRNPs.
qSRP RNA (signal recognition particle): form RNA-protein
complex involved protein transport to ER.
qFurther: microRNA, eRNA, gRNA, tmRNA etc.

Eukaryotes have spliced genes …

q
q
q
q
q

Promoter: involved in transcription initiation (TF/RNApol-binding sites)
TSS: transcription start site
UTRs: un-translated regions (important for translational control)
Exons will be spliced together by removal of the Introns
Poly-adenylation site important for transcription termination
(but also: mRNA stability, export mRNA from nucleus etc.)

DNA makes mRNA makes Protein

Prokaryote genome
• Bacteria and Archaea have relatively small
genomes with sizes ranging from 0.5 to 10Mbp
(1Mbp=106 bp).
• The gene density in the genomes is high, with
more than 90% of a genome sequence
containing coding sequence.
• There are relatively few repetitive sequences.
Each prokaryotic gene is composed of a single
contiguous stretch of ORF coding for a single
protein or RNA with no interruptions within a
gene (no splicing).

Genome characteristics
•
•

•
•
•
•

Bacteria and Archaea have relatively small genomes with sizes
ranging from 0.5 to 10Mbp (1Mbp=106 bp).
Eukaryotic nuclear genomes are much larger than prokaryotic
ones, with sizes ranging from 10 Mbp to 670 Gbp (1 Gbp = 109
bp).
The gene density in bacterial and archaeal genomes is high,
with more than 90% of a genome sequence containing coding
sequence.
Eukaryotic genomes tend to have a very low gene density. In
humans, for instance, only 3% of the genome codes for genes,
with about 1 gene per 100 kbp on average.
The space between eukaryotic genes is often very large and
rich in repetitive sequences and transposable elements (later
slides)
Prokaryotic genomes contain fewer repeats but also comprise
transposable elements

Genome characteristics (2)
•

Each prokaryotic gene is composed of a
single contiguous stretch of open reading
frame (ORF) coding for a single protein or
RNA with no interruptions within a gene (no
splicing).

•

Eukaryotic genomes show a mosaic
organization in which a gene is split into
pieces (called exons) by intervening
noncoding sequences (called introns) – this
is also referred to as splicing

DNA makes RNA makes
Protein

… yet another picture to appreciate the above statement

Repeats
• Evolution reuses material developed
• Many types of (near)identical repeats exist in
genomes (Human genome > 50%):
– Micro- and mini-satellites
– VNTRs (used in forensics) – variable number tandem repeats
– Interspersed repeats (http://globin.cse.psu.edu/courses/
spring2000/repeats.html)

• LINE and SINE repeats
• LTR retroposons, also called retrovirus-like elements
• DNA transposons

(long terminal repeats)

• In proteins, repeats vary from a single amino acid
(e.g. poly-Gln) to complete domain sequences or
combinations thereof
– Protein repeats lead to multiple stoichiometric and
spatially close combined structure-function relationships
– Repeats can become very distant or even lose all
evolutionary traces

Ribbon diagram of
the C-terminal WD40
domain of Tup1 (a
transcriptional corepressor in yeast),
which adopts a 7bladed beta-propeller
fold. Ribbon is
coloured from blue
(N-terminus) to red
(C-terminus).

Protein repeats and disease

A number of neurodegenerative diseases have been found to be strongly
associated with proteins containing a poly-glutamine (poly-Q) stretch. A
conformational change in the expanded polyglutamine stretch is believed
to form the molecular basis for disease onset.
Five neurodegenerative diseases
• Huntington disease (HD),
• spinocerebellar ataxia type 1 (SCA1),
• dentatorubral-pallidoluysian atrophy (DRPLA),
• Macado-Joseph disease (MJD), and
• spinobulbar muscular atrophy (SBMA))
have been found to be strongly associated with a protein containing a
polyglutamine stretch which is greatly expanded in affected individuals
(for a review, see D.E.Housman, Nature Genet. 8, 10 -11, 1995).
For the five diseases, the mean length of the glutamine repeat in
unaffected individuals is approximately twenty, and the cutoff for
pathology is about forty (the cutoff may be higher for MJD (Housman,
1995). Furthermore, long polyglutamine stretches have been found in
many transcription factors.

Transposable elements - transposons
•

Transposons are sequences of DNA that can move around to
different positions within the genome of a single cell, a process called
transposition.
o

•

•

In the process, they can cause mutations and change the amount of DNA
in the genome.

They were also once called "jumping genes", and are examples of
mobile genetic elements.
o They were discovered by Barbara McClintock early in her career,
for which she was awarded a Nobel prize in 1983.
There is a variety of mobile genetic elements, and they can be
grouped based on their mechanism of transposition.
o
o

Class I mobile genetic elements, or retrotransposons, move in the
genome by being transcribed to RNA and then back to DNA by reverse
transcriptase. This type is found only in eukaryotes.
Class II mobile genetic elements move directly from one position to
another within the genome using a transposase to "cut and paste" them
within the genome. This type is found in both prokaryotes and eukaryotes.

Transposable elements - transposons
•

Transposition is nonhomologous recombination, with insertion into
DNA that has no sequence homology with the transposon.
– In prokaryotes, transposition can be into the cell’s chromosome, a
plasmid or a phage chromosome.
– In eukaryotes, insertion can be into the same or a different
chromosome.

•

Transposable elements can cause genetic changes, and have been
involved in the evolution of both prokaryotic and eukaryotic
genomes. Transposons may:
– Insert into genes.
– Increase or decrease gene expression by insertion into regulatory
sequences.
– Produce chromosomal mutations through the mechanics of
transposition.

•

Transposons can be used to artificially alter DNA inside of a living
organism.
• They make up a large fraction of genome sizes in eukaryotic
species.

Transposable elements - transposons

Schematic drawing of a composite (or complex) transposon.
It is composed of two insertion sequences, which codify
genes for transposition (in yellow), flanking structural genes
(in blue) which codify for various proteins or enzymes, i.e. for
antibiotic or viral resistance.

Human DNA
• There are at least 3bn (3 × 109) nucleotides in the nucleus
of almost all of the trillions (~5-10 × 1012 ) of cells within a
human body (an exception is, for example, red blood cells
which have no nucleus and therefore no DNA) – a total of
~1022 nucleotides!
• Many DNA regions code for proteins, and are called genes
(1 gene codes for 1 protein as a base rule, but the reality is
a lot more complicated)
• Human DNA contains ~23,000 expressed genes
• Human DNA is not dense when judged using protein coding
genes: only about 3% is used.

Human DNA (Cont.)
• All people are different, but the DNA of different people
only varies for 0.1% or less. Evidence in current genomics
studies (Single Nucleotide Polymorphisms or SNPs) imply
that on average only 1 nucleotide out of about 1000 is
different between individuals. Over the whole genome,
this means that some 3 million letters would differ between
individuals.
• Deoxyribonucleic acid (DNA) comprises 4 different types of
nucleotides: adenine (A), thiamine (T), cytosine (C) and
guanine (G). These nucleotides are sometimes also called
bases
• The structure of DNA is the so-called double helix,
discovered by Watson and Crick in 1953, where the two
helices are cross-linked by A-T and C-G base-pairs
(nucleotide pairs – so-called Watson-Crick base pairing).

Genome size
Organism
Number of base pairs
φX-174 virus
5,386
Epstein Bar Virus
172,282
Mycoplasma genitalium
580,000
Hemophilus Influenza
1.8 × 106
Yeast (S. Cerevisiae)
12.1 × 106
Human
3.2 × 109
Wheat
16 × 109
Lilium longiflorum
90 × 109
Salamander
100 × 109
Amoeba dubia
670 × 109

Genome size and number of genes: not related!

Genome size and number of genes: not related?

Citation: Hou Y, Lin S (2009)
Distinct Gene Number-Genome
Size Relationships for Eukaryotes
and Non-Eukaryotes: Gene
Content Estimation for
Dinoflagellate Genomes. PLoS
ONE 4(9): e6978. doi:10.1371/
journal.pone.0006978

Nucleic acid basics
q Nucleic acids are polymers

nucleotide
nucleoside

q Each monomer consists of 3
moieties

Nucleic acid basics (2)
q A base can be of 5 rings

q Purines and Pyrimidines
can base-pair (WatsonCrick pairs)

Watson and Crick, 1953

Most stable bond

Nucleic acid as hetero-polymers
q DNA and RNA strands

REMEMBER:
ü

ü
ü

DNA = deoxyribonucleic acid;
RNA = ribonucleic acid (OH-groups at
the 2’ position)
Note the directionality of DNA (5’-3’ &
3’-5’) or RNA (5’-3’)
DNA = A, G, C, T ; RNA = A, G, C, U

So …
DNA

RNA

Stability of base-pairing
q C-G base pairing is more stable than A-T (A-U) base
pairing
q 3rd codon position has freedom to evolve (synonymous
mutations)
q Species can therefore optimise their G-C content (e.g.
thermophiles are GC rich) (consequences for codon use?)

Thermocrinis ruber, heat-loving bacteria

DNA compositional biases
q Base compositions of genomes: G+C (and therefore also A
+T) content varies between different genomes
q The GC-content is sometimes used to classify organism in
taxonomy
q High G+C content bacteria: Actinobacteria
e.g. in Streptomyces coelicolor it is 72%
Low G+C content: Plasmodium falciparum (~20%)
q Other examples:
Saccharomyces cerevisiae (yeast)

38%

Arabidopsis thaliana (plant)

36%

Escherichia coli (bacteria)

50%

Some statistics about human genes
q There are about 20.000 – 23.000 genes in the human
genome (~ 3% of the genome)
q Average gene length is ~ 8.000 bp
q Average of 5-6 exons per gene
q Average exon length is ~ 200 bp
q Average intron length is ~ 2000 bp
q 8% of the genes have a single exon
q Some exons can be as small as 1 or 3 bp

Dystrophin gene: the largest known
human gene
q The dystrophin gene encodes the
protein dystrophin: the gene’s size is
~ 2.4 million bp over 79 exons
q Gene mutations lead to DMD, which
stands for “Duchenne Muscular
Dystrophy (Duchenne and Becker
types)” and is a genetic disease
q X-linked recessive disease (affects
boys)
q Two variants: Duchenne-type (DMD)
and becker-type (BMD)
q Duchenne-type: more severe,
frameshift-mutations
Becker-type: milder phenotype, “in
frame”- mutations

Posture changes during progression
of Duchenne muscular dystrophy

Genetic diseases: cystic fibrosis
q Autosomal, recessive,
hereditary disease (Chr. 7)
q CF is most common among
Caucasians and Ashkenazi
Jews; one in 25 people of
European descent carry one
gene for CF. Approximately
30,000 Americans have CF,
making it one of the most
common life-shortening
inherited diseases
q Symptoms:
q Exocrine glands (which produce
sweat and mucus)
q Abnormal secretions
q Respiratory problems
q Reduced fertility and (male)
anatomical anomalies

3,000
30,000

20,000

cystic fibrosis (2)
q Gene product: CFTR (cystic fibrosis transmembrane
conductance regulator)
q CFTR is an ABC (ATP-binding cassette) transporter
or traffic ATPase.
q These proteins transport molecules such as sugars,
peptides, inorganic phosphate, chloride, and metal
cations across the cellular membrane.
q CFTR transports chloride ions (Cl-) ions across the
membranes of cells in the lungs, liver, pancreas,
digestive tract, reproductive tract, and skin.

cystic fibrosis (3)
q CF gene CFTR has 3-bp deletion leading to Del508
(Phe) in 1480 aa protein (epithelial Cl- channel)
q Protein degraded in Endoplasmatic Reticulum (ER)
instead of inserted into cell membrane

Diagram depicting the five domains of the
CFTR membrane protein (Sheppard 1999).
The deltaF508 deletion is the most common
cause of cystic fibrosis. The isoleucine (Ile) at
amino acid position 507 remains unchanged
because both ATC and ATT code for isoleucine.
There are a number of other mutations known,
all leading to a disfunctional protein.

Theoretical Model of NBD1. PDB
identifier 1NBD as viewed in Protein
Explorer http://proteinexplorer.org

What is Genomics
Genomics is a discipline in genetics concerning the study of the
genomes of organisms. The field includes intensive efforts to
determine the entire DNA sequence of organisms and fine-scale
genetic mapping efforts. The field also includes studies of
intragenomic phenomena and other interactions between loci and
alleles within the genome.
•

In contrast, the investigation of the roles and functions of single genes is a primary
focus of molecular biology or genetics and is a common topic of modern medical and
biological research. Research of single genes does not fall into the definition of
genomics unless the aim of this genetic, pathway, and functional information
analysis is to elucidate its effect on, place in, and response to the entire genome's
networks.

A commonly used wider definition of genomics is that it involves the
study of all the genes of a cell, or tissue, at the DNA (genotype),
mRNA (transcriptome), or protein (proteome) levels.

Adapted from Wikipedia

Bioinformatics is closely
associated with genomics
• The aim is to solve the genomics information
problem
• Ultimately, this should lead to biological
understanding how all the parts fit (DNA, RNA,
proteins, metabolites) and how they interact (gene
regulation, gene expression, protein interaction,
metabolic pathways, protein signalling, etc.)
• Genomics will result in the “parts list” of the
genome
• Bioinformatics aims at understanding the role of
each of the components (and their interactions)

What is life?
• NASA astrobiology program:
“Life is a self-sustained chemical
system capable of undergoing
Darwinian evolution”

Bioinformatics
“Nothing in Biology makes sense except
in the light of evolution” (Theodosius
Dobzhansky (1900-1975))

“Nothing in bioinformatics makes sense
except in the light of Biology”

Ancestor

Divergent Evolution
Decendant 1 Decendant 2
Four requirements:
• Template structure providing stability (DNA)
• Copying mechanism (meiosis)
• Mechanism providing variation (mutations;
insertions and deletions; crossing-over; etc.)
• Selection: some traits lead to greater fitness
of one individual relative to another. Darwin
coined “survival of the fittest”

Evolution is a conservative process: the vast majority of
mutations will not be selected (i.e. will not make it as they
lead to worse performance or are even lethal) – this is called
negative (or purifying) selection

Properties of Evolution
• By repeated selection, evolution works as an optimisation
process
• However:
– The objective function that is optimised changes all the time
(“survival of the fittest”)
– Evolution is often a (spatially) local process
– So, evolution is a spatio-temporal locally (de)coupled process

• In the 1970s and early 80s, evolution became strongly
viewed as an optimisation process (‘optimal foraging’,
‘optimal mating’, etc.) – sometimes with amusing
consequences
– Optimality, non-optimality, pluralism, selection, drift
– The idea of overriding importance of selection became changed
by the work of Motoo Kimura. His neutral selection theory was
published in 1980.

Homology/Orthology/Paralogy
Two genes are
homologous if they
have a common
evolutionary origin (a
common ancestor)
speciation

speciation

Genome 1
orthologs
paralogs

Genome 2

Orthologous genes are homologous (corresponding)
genes in different species -- red arrow
Paralogous genes are homologous genes resulting
from a duplication event within the same species
(genome) – blue arrow

Selection pressure

Paralogy

gene

genome

Burst after
duplication
(BAD)
Time

Gene duplication

After a gene duplication event,
paralogous sequences typically
accumulate many mutations as a
result of lowered selection
pressure

Changing molecular
sequences
• Mutations: changing nucleotides
(‘letters’) within DNA, also called ‘point
mutations’
• A & G: purines, C & T/U: pyrimidines:
– Transition: purine -> purine or pyrimidine > pyrimidine
– Transversion: purine -> pyrimidine or
pyrimidine -> purine

Types of point mutation
• Synonymous mutation: mutation that
does not lead to an amino acid change
(where in the codon are these
expected?)
• Non-synonymous mutation: does lead
to an amino acid change
– Missense mutation: one a.a replaced by
other a.a
– Nonsense mutation: a.a. replaced by stop
codon (what happens with protein?)

Divergent evolution
Ancestral sequence: ABCD

ACCD (B C)

mutation

ACCD
AB─D

or

ACCD
A─BD

ABD (C ø)

deletion

Pairwise Alignment

Divergent evolution
Ancestral sequence: ABCD

ACCD (B C)

mutation

ACCD
AB─D
true alignment

or

ACCD
A─BD

ABD (C ø)

deletion

Pairwise Alignment

A protein sequence alignment
MSTGAVLIY--TSILIKECHAMPAGNE-------GGILLFHRTHELIKESHAMANDEGGSNNS
* *
* **** ***
A DNA sequence alignment
attcgttggcaaatcgcccctatccggccttaa
att---tggcggatcg-cctctacgggcc---***
**** **** **
******

What can be observed about
divergent evolution
Ancestral
sequence

(a)

G

G

C

(c)

G

G

A

One substitution one visible

Sequence 1 Sequence 2
1: ACCTGTAATC!
2: ACGTGCGATC!
* **!
D = 3/10 (fraction
different sites
(nucleotides))

(b)

C

Two substitutions one visible

(d)

G

G
A

A

Two substitutions none visible

A
Back
mutation not visible

G

Evolution and three-dimensional protein
structure information

Multiple alignment

Protein
structure

What do we see if we colour code the space-filling (CPK) protein model?
• E.g., red for conserved alignment positions to blue for variable
(unconserved) positions.

Evolution and three-dimensional protein
structure information
Isocitrate
dehydrogenase:
The distance from
the active site
(in yellow) determines
the rate of evolution
(red = fast evolution, blue
= slow evolution)

Dean, A. M. and G. B.
Golding: Pacific
Symposium on
Bioinformatics 2000

Protein structure hierarchical levels
PRIMARY STRUCTURE (amino acid sequence)

SECONDARY STRUCTURE (helices, strands)

VHLTPEEKSAVTALWGKVNVDE
VGGEALGRLLVVYPWTQRFFE
SFGDLSTPDAVMGNPKVKAHG
KKVLGAFSDGLAHLDNLKGTFA
TLSELHCDKLHVDPENFRLLGN
VLVCVLAHHFGKEFTPPVQAAY
QKVVAGVANALAHKYH

QUATERNARY STRUCTURE (oligomers)

TERTIARY STRUCTURE (fold)

Searching for similarities
Homology (common ancestry) makes it more
likely that genes share the same structure and
function
Homology: sharing a common ancestor
– a binary property (yes/no)
– it is a nice tool:
When (an unknown) gene X is homologous to
(a known) gene G it means that we gain a lot of
information on X: what we know about G can be
transferred to X as a good suggestion.

Searching for similarities
• The main question: what is the function
of the new gene?
• The “lazy” investigation without doing
experiments:
– Find a set of proteins similar to the query

sequence
– Identify similarities and differences
– For long proteins it is often good to identify
domains first and then compare the
corresponding (sub)sequences separately

Searching for similarities
What is the function of the new gene?
The “lazy” investigation (i.e., no biologial
experiments, just bioinformatics techniques):
– Find one or more protein sequences that are
similar to the unknown sequence
– Identify similarities and differences
– For long protein sequences: first identify domains
(as they are the unit of function)

Divergent evolution
•Common ancestor

CA

•Sequences change over time
•Protein structures typically
remain the same
•Therefore, function normally is
preserved within orthologous
families
“Structure more conserved
than sequence”

Sequence 1

≠ Sequence 2

Structure 1

=

Structure 2

Function 1

=

Function 2

Convergent evolution
• Much less common than divergent evolution
• Often with shorter motifs (e.g. active sites)
• Motif (function) has evolved more than once
independently, e.g. starting with two very different
sequences adopting different folds
• Sequences and associated structures remain very
different, but (functional) motif can become identical
• Classical example: serine proteinase and chymotrypsin
• If a given function in an organism is taken over by a
gene (protein) that has undergone convergent
evolution, this is called non-orthologous displacement

Convergent evolution example
Serine proteinase (subtilisin), chymotrypsin and
carboxypeptidase C
• Different evolutionary origins
• As proteinases these proteins chop up other proteins
• Similarities in the reaction mechanisms. Chymotrypsin,
subtilisin and carboxypeptidase C have a catalytic
triad of serine, aspartate and histidine in common:
serine acts as a nucleophile, aspartate as an
electrophile, and histidine as a base.
• The geometric orientations of the catalytic residues are
similar between families, despite different protein folds.
• The linear arrangements of the catalytic residues reflect
different family relationships. For example the catalytic
triad in the chymotrypsin clan is ordered HDS, but is
ordered DHS in the subtilisin clan and SDH in the
carboxypeptidase clan.

Serine proteinase (subtilisin) and
chymotrypsin
H

D

D

S

H

S

S
D

H

chymotrypsin
serine proteinase
carboxypeptidase C

Catalytic triads
Read http://www.ebi.ac.uk/interpro/potm/2003_5/Page1.htm

Chymotrypsin

Serine proteinase (subtilisin)

Structure is very
different from
chymotrypsin
(preceding slide)

Convergent evolution
•No common ancestry!
•Protein sequence and structure
are very different
•Functional motif can arise
leading to similar function
•If analogous protein resulting
from divergent evolution takes
over function in cell, this is called
non-orthologous displacement

Sequence 1

≠ Sequence 2

Structure 1

≠ Structure 2

Function 1

=

Function 2

Evolutionary and functional
relationships
Reconstruct evolutionary relationship by
establishing a putative homologous relationship
between sequences (so it is likely they have a
common ancestor)
homology ≡ common ancestry

•

Based on sequence:
o Identity (simplest method)
o Similarity
• Based on other information (e.g., 3D structure)
Functional (causal) relationship:
Sequence Structure Function

Inferring homology from
similarity
• Homology: sharing a common ancestor
– a binary property (yes/no)

• Common ancestry makes it more likely
that genes share the same function
– It’s a nice tool:
When (a known gene) G is homologous to
CA
(an unknown gene) X, we gain a lot of
information on X by transferring what we
know about G
X
G

Can we just transfer information
about structure and/or function?
•Structure (and function) more
conserved than sequence

CA

•Sequence -> structure ->function
•So, if the sequences already
tell us it’s the same thing
(homolog), then certainly the
structures and functions are
supposed to be the same.
•This works most of the time,
but there are cases where likely
homology does not bear out.

Sequence 1

≠ Sequence 2

Structure 1

=

Structure 2

Function 1

=

Function 2

What function does your gene
have
• We are going to use the homology
principle
• We are going to seriously search
through sequence databases
– Non-redundant (NR) database > 4.5 million
sequences
– Each and every sequence should be
considered

Sequence searching - challenges
• Exponential growth of databases

Sequence searching - challenges
• Exponential growth of databases

Straight line
implies
exponential
growth

Bioinformatics justification
• “Mind the Gap”
• There are far more sequence data than
structural/functional data
• We need to fill this gap by analysis and
prediction pipelines

PRALINE web-interface

Frequently used (input) format to
describe protein sequences:
Fasta Format
Sequence start
indicator
Sequence name

Sequence

Fasta files can contain many sequences starting with a ‘>’ symbol

Ess. Bioinf. P.25

A protein sequence alignment
MSTGAVLIY--TSILIKECHAMPAGNE-------GGILLFHRTHELIKESHAMANDEGGSNNS
* *
* **** ***
A DNA sequence alignment
attcgttggcaaatcgcccctatccggccttaa
att---tggcggatcg-cctctacgggcc---***
**** **** **
******
Alignment should only be applied to (putative) homologous
sequences!! All sequences are supposed to derive from a
common ancestor. Ideally, an orthologous set of sequences gets
aligned.

How many pair-wise alignments
T D W V T A L K
T D W L - - I K
Combinatorial explosion
- 1 gap in 1 sequence: n+1 possibilities
- 2 gaps in 1 sequence: (n+1)n
- 3 gaps in 1 sequence: (n+1)n(n-1), etc.
2n

(2n)!
=

n

(n!)2

~

22n
√πn

2 sequences of 300 a.a.: ~1088 alignments
2 sequences of 1000 a.a.: ~10600 alignments!

Technique to overcome the
combinatorial explosion:
Dynamic Programming (DP)
•
•
•

Break alignment problem up in smaller
subproblems and solve these iteratively
Alignment is simulated as a Markov process, all
sequence positions are seen as independent
and identically distributed (i.i.d).
Chances of sequence events are independent
o
o

Therefore, probabilities per aligned position are
multiplied
Amino acid matrices contain so-called log-odds
values (log10 of the probabilities), so probabilities
can be summed [log(ab)=log(a)+log(b)]

Sequence alignment
History of Dynamic
Programming algorithm
1970 Needleman-Wunsch global pair-wise
alignment
Needleman SB, Wunsch CD (1970) A general method applicable to the search for
similarities in the amino acid sequence of two proteins, J Mol Biol. 48(3):443-53.

1981 Smith-Waterman local pair-wise
alignment
Smith, TF, Waterman, MS (1981) Identification of common molecular
subsequences. J. Mol. Biol. 147, 195-197.

Global or Local Pairwise
alignment
A
B

B
A

A
A

A

A
Local

B
A

B
B

A

Global

A

B

C

B

C

C

B

C

B

A
A

C
C

Local

Global

Pairwise sequence alignment
Global dynamic programming (DP)
M
D
A
A
S
T
I
L
C
G
S!

MDAGSTVILCFVG!

Evolution

Residue Exchange
Matrix
Search matrix

MDAGSTVILCFVGMDAAST-ILC--GS

Gap penalties
(open,extension)

Substitution Matrices: DNA
define a score for match/mismatch of letters

Simple:

A

C

G

T

A

1

-1

-1

-1

C

-1

1

-1

-1

G

-1

-1

1

-1

T

-1

-1

-1

1

Used in genome alignments:
A

C

G

T

A

91

-114

-31

-123

C

-114

100

-125

-31

G

-31

-125

100

-114

T

-123

-31

-114

91

n

n

Amino acids are not equal:
1. Some are similar and
easily substituted:
• biochemical properties
• structure
2. Some mutations occur
more often due to similar
codons
The two above give us
substitution matrices
http://www.cimr.cam.ac.uk/links/codon.htm

http://www.people.virginia.edu/~rjh9u/aminacid.html

Substitution matrices for a.a.

orange: nonpolar and hydrophobic.
green: polar and hydrophilic
magenta box are acidic
light blue box are basic

Amino acid exchange matrices

How do we get one?

20×20

And how do we get associated gap
penalties?
• First systematic method to derive a.a.
exchange matrices by Margaret Dayhoff
et al. (1968) – Atlas of Protein Structure
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BLOSUM 62 substitution matrix
(Henikoff & Henikoff, PNAS 89:10915;
1993)

http://www.carverlab.org/testing/epp.html

Alignment input parameters
Scoring alignments
20×20

Amino Acid Exchange Matrix

10

1

Gap penalties (open,
extension)

A number of different schemes
have been developed to
compile residue exchange
matrices
However, there are no formal
concepts to calculate
corresponding gap penalties
Emperically determined values
are therefore recommended;
e.g. PAM250, BLOSUM62,
etc.

M = BLOSUM62, Po= 0, Pe= 0

M = BLOSUM62, Po= 12, Pe= 1

M = BLOSUM62, Po= 60, Pe= 5

Dynamic programming
Scoring alignments
– Substitution (or match/mismatch)

affine

• DNA

concave
linear

penalty

• proteins
– Gap penalty
,

• Linear: gp(k)=αk
• Affine: gp(k)=β+αk
• Concave, e.g.: gp(k)=log(k)

Gap length
•/

General alignment score:

Sa,b =∑l s(ai, b ) − ∑k N • gp(k )
j

The score of an alignment is the sum of the scores over all
alignment columns (match/mismatch and gap columns)

k

Measuring Sequence
Similarity using an alignment
• Sequence identity (number of identical
exchanges per unit length)
• Raw alignment score (using mutation
probabilities)
• Sequence similarity (alignment score
normalised to a maximum possible)
• Alignment score normalised to a
randomly expected situation (database/
homology searching)

What can sequence alignment tell
us about structure
HSSP Sander & Schneider, 1991

≥30%
sequence
identity

The BLAST suite
q Computer program for homology searching
q BLAST is a fast heuristic local alignment tool
q Given a protein query sequence (for which the
function is unknown), the program searches
through a non-redundant sequence database
(NR) of >4 million sequences
q BLAST aligns a given query sequence with each
database sequence and calculates similarity
q If sequence similarity is high enough (low BLAST
e-value), the query and database sequence are
deemed homologous, so that the database
sequence’s function (if known) can be transferred
to the query.

The BLAST suite (2)
q BLAST is based upon an intricate and very fast
algorithm to search through the NR database.
§ It operates under the assumption that the vast majority of
the DB sequences can be easily excluded as putative
homologs (sequences that are clearly too different for safely
assuming homology)

q BLAST allows the user to vary the E-value threshold.
This will influence deciding at what level of sequence
similarity (between query and a given database
sequence) homology is declared.
§ Note that the statistical scoring scheme in BLAST is
dependent upon a number of parameters, including the size
of the database, its residue composition, the sequence
similarity scoring table, etc. This means that an updated NR
database (happening every week) will lead to a changed
statistical score for the same query-DB sequence pair…

BLAST entry page

Paste your
query
sequence

Choose the
BLAST
program you
want

1 - This portion of each description links to the sequence record for a particular hit.
2 - Score or bit score is a value calculated from the number of gaps and substitutions
associated with each aligned sequence. The higher the score, the more significant the
alignment. Each score links to the corresponding pairwise alignment between query
sequence and hit sequence (also referred to as subject or target sequence).
3 - E Value (Expect Value) describes the likelihood that a sequence with a similar score will
occur in the database by chance. The smaller the E Value, the more significant the
alignment. For example, the first alignment has a very low E value of e-117 meaning that a
sequence with a similar score is very unlikely to occur simply by chance.
4 - These links provide the user with direct access from BLAST results to related entries in
other databases. ‘L’ links to LocusLink records and ‘S’ links to structure records in NCBI's
Molecular Modeling DataBase.

‘

X’ residues denote low-complexity sequence fragments that are ignored

BLAST ‘flavours’
• blastp compares an amino acid query sequence
against a protein sequence database
• blastn compares a nucleotide query sequence
against a nucleotide sequence database
• blastx compares the six-frame conceptual
protein translation products of a nucleotide query
sequence against a protein sequence database
• tblastn compares a protein query sequence
against a nucleotide sequence database
translated in six reading frames
• tblastx compares the six-frame translations of a
nucleotide query sequence against the six-frame
translations of a nucleotide sequence database.

PSI (Position Specific Iterated)
BLAST
• basic idea
– use results from BLAST query to construct
a profile matrix
• This is a way to describe the information
contained in the (master-slave) alignment of the
query sequence with the hits

– search database with profile instead of
query sequence

• iterate

PSI-BLAST iteration
Q

xxxxxxxxxxxxxxxxx

Query sequence

Gapped BLAST search

Q

xxxxxxxxxxxxxxxxx

Query sequence

Database hits

iterate

A
C
D
.
.
Y

PSSM

Pi
Px

Gapped BLAST search
A
C
D
.
.
Y

Pi
Px

PSSM
Database hits

Another PSI-BLAST iteration
graphic…
Run query
sequence
against
database

Q

Run PSSM
against database
hits
T

DB

PSSM

Discarded
sequences

PSI-BLAST iteration
Query
hits

T

During iteration,
new hits can come in and
hits can drop out of the
hit-list
At each iteration a new
profile is made of the
master-slave alignment

Sequence searching
QUERY
DATABASE
True Positive
True Positive
True Negative
POSITIVES

Threshold
(E-value)

False Positive

NEGATIVES

True Negative

False Negative

The PFAM Database
Pfam is a large collection of multiple sequence
alignments and hidden Markov models covering
many common protein domains and families. For
each family in Pfam you can:
• Look at multiple alignments
• View protein domain architectures
• Examine species distribution
• Follow links to other databases
• View known protein structures
• Search with Hidden Markov Model (HMM) for each
alignment

The PFAM Database
•

•

•

Pfam is a database of two parts, the first is the
curated part of Pfam containing about 9000
protein families (Pfam-A). Pfam-A comprises
manually crafted multiple alignments and
profile-HMMs .
To give Pfam a more comprehensive coverage
of known proteins automatically a supplement
called Pfam-B is generated. This contains a
large number of small families taken from the
PRODOM database that do not overlap with
Pfam-A.
Although of lower quality Pfam-B families can
be useful when no Pfam-A families are found.

The PFAM Database

Sequence coverage Pfam-A : 74% (Yellow)
Sequence coverage Pfam-B : 13% (Blue)
Other (Grey)
74% of proteins have at least one match with Pfam.
Version 21.0 - November 2006: Pfam-A contains 8957 families

Pfam Ig Family Alignment

Clan pages in Pfam.

(A) A screen shot of a clan summary page, containing the description, annotation and membership of the clan. From this
page, the user can view the family relationship diagram (B). Each family in the clan is represented by a blue box and its relationship to
other families is represented by solid lines (significant profile–profile comparison score) or dashed lines (non-significant profile-profile
comparison score). Beside each line, the profile–profile comparison E-value score is presented. This score is also linked to a
visualization of the profile–profile comparison alignment (C). The clan summary page also provides a link to the clan alignment (D) .
The clan alignment is a multiple sequence alignment of all of the clan members seed alignments (each set of seed sequences are
separated by the alternate background shading). The alignments are coloured using Jalview.

Wrapping up
•
•
•
•
•
•
•
•
•
•
•
•

The central dogma: DNA makes RNA makes protein
Facts about DNA
DNA deletory effects leading to disease
Repeats
Genome size and number of genes
DNA, evolution, speciation
(non-)synonymous mutation
Evolution: divergent and convergent
Pairwise alignment: global, local
Homology searching, using homology to infer function
Blast, PSI-Blast
PFAM

