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Principal players: molecules

=> Deoxyribonucleic acid (DNA)
& Contains the genetic information passed from one generation to the next one
& Digital form: ATGCGTATAGAGTCT... (4)

=> Ribonucleic acid (RNA)
& Similar to DNA, but Thymine is replaced by Uracile

=> Proteins

& Molecules built from genetic information contained in the DNA
° Catalyze biochemical reactions in the cell
e  Carry signals within/between cells,
° Important for cell structure and movement
[ ]

¢ Digital form: MATHALEIAGLF... (20)



What information is stored in DNA?

DNA contains the recipes (genes) for the synthesis of proteins and functional RNA
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Central dogma (Francis Crick 1958,1970)

“Biological information generally flows: DNA » RNA » protein”

=> Information flows from nucleic acids to proteins
=> Information cannot flow from proteins back to nucleic acids

=> Information cannot flow from proteins to other proteins



Regulation of gene expression (gene - protein)

When and how many molecules to synthesize (e.g., condition, tissue, protein regulation...)
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DNA

=> Two complementary strands (A/T, C/G) in opposite orientation (5/3’)
ACCATG —* CATGGT

=> Double stranded structure:
¢ Redundancy (if one strand is damaged, it can be fixed)
& Easy replication during cell division (DNA unwinds and two copies are created)

=> The genome is all DNA contained in a cell, usually split in chromosomes

Human genome has 22 pairs of chromosomes plus two sex chromosomes, together 3.1GB (billion base pairs)

*Reverse-and-complement (source of many bugs)




DNA sequencing: (§ ~ H

=> Technology for determining sequence of nucleotides in chromosomes

=> Complex process that requires multiple laboratory steps.
1. Chromosome are cut in short pieces
2. Each piece is duplicated many times

3. Each piece is sequenced separately, e.g., by Sanger sequencing (oldest, uses natural enzymes)



DNA sequencing: (¢ ~ H

=> Technology for determining sequence of nucleotides in chromosomes

=> Complex process that requires multiple laboratory steps.
1. Chromosome are cut in short pieces
2. Each piece is duplicated many times

3. Each piece is sequenced separately, e.g., by Sanger sequencing (oldest, uses natural enzymes)

DNA polymerase:
o builds a new DNA strand from an existing DNA strand
o extend a shorter strand from 5' to 3' using the other as template



Sanger Sequencing

Determines the order of DNA bases by creating DNA fragments stopping at specific bases
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Sanger Sequencing

Determines the order of DNA bases by creating DNA fragments stopping at specific bases

We need in a test tube:

TCAGGATCGA
v Many copies of the DNA sample (single-stranded) AGTCCTAGC
v Primers (to start polymerase)
: TCAGGATCGA

v Two types of nucleotides: AGTCCTA TCAGGATCGA zglgg$ﬁgg1—

i. Normal AGTCCTAGCT

ii. Color-coded and modified to block polymerase AGTCCTAG

TCAGGATCGA = AGTCCTA
. AGTCC AGTCCT
Steps: N N TCAGGATCGA AGTCC

1. Binding via hybridization TCAGGATCGA AGTCCTAG AGTC
2. DNA polymerase AGTCCT
3. Strand separation and size sorting TCAGGATCGA
4. DNA reconstruction* using colors AGTC

*we have so many that we are “sure” to cover each base
D



DNA sequencing issues

X DNA cannot be read as a single long fragment, but in many short* pieces (reads)

X DNA cannot be always read correctly (error rate*)

*vary by technology
D



DNA sequencing issues

X DNA cannot be read as a single long fragment, but in many short* pieces (reads)

X DNA cannot be always read correctly (error rate*)

B Computational problems:
=> Genome assembly
Gt Annotate genes and other functional regions
L Seek similarities and differences between species and organisms
L Read alignment

*vary by technology
D



PCR (Polymerase Chain Reaction)

-
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Mechanisms to duplicate DNA
Also useful for testing (e.g., SARS-CoV-2)
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https://www.genome.gov/genetics-glossary/Polymerase-Chain-Reaction-PCR

RNA - How proteins are made

Differently from DNA, RNA:

=> Single-stranded sequences, and usually shorter
Ribose instead of deoxyribose

Uracil instead of thymine (bases A,C,G,U)

\ I 2%

Complex secondary structure (how strand fold due to paired complementary regions)




Translation: from RNA to protein

From triplets of {A,C,G,U} to 20 single letter amino acids

protein: —‘ . . ‘i

=> How many codons/triplets?



Translation: from RNA to protein

From triplets of {A,C,G,U} to 20 single letter amino acids

protein: —‘ ‘ ' ‘i

Codon Chart

Second base in codon
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Image from https.//microbenotes.com/codon-chart-table-amino-acids/


https://microbenotes.com/codon-chart-table-amino-acids/

Protein

Growing polypeptide chain (@
3 K? % @ e
mRNA 5 | — = = 3
5 5 — —
Amino acids . &
Ribosome Ribosome

Peptide moves
to the nexttRNA =
FA |
ko
3 " |

-~

Ribosome during translation : \

Image from https.//www.genome.gov/genetics-glossary/Ribosome


https://www.genome.gov/genetics-glossary/Ribosome

Protein structure

Proteins are sequences of amino acids but are organized in very precise shapes

=> Proteins occur folded in a stable 3D structures, that mainly depends on amino acids

€ Each amino acid has a specific structure and specific chemical properties
e  hydrophobic/hydrophilic
® positive/negative charge

=> Structure of a protein determines its function

=> Proteins can switch between conformations

Atomic structure Tertiary structure

Images from https./gtacaus.github.io/protein3D/protview.htm! (CLDNS)
https:/www.genecards.org/card/CLDN8



https://gtacaus.github.io/protein3D/protview.html
https://www.genecards.org/card/CLDN8
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Regulation of gene expression

=> Cells share the same genome, yet look and function differently
& Some proteins are produced only under special circumstances or in variable amounts



Regulation of gene expression

=> Cells share the same genome, yet look and function differently
& Some proteins are produced only under special circumstances or in variable amounts

=> Gene expression is regulated/initiated by transcription factors (proteins):
1. Bind to specific regions “close” to a gene (enhancer/silencer)
2. Promote/inhibit RNA polymerase (promoter)
3. Activate/enhance/repress transcription

% ) RNA Polymerase only
LD ‘ binds to the promoter
) via transcription factors

prevents promotes l
transcription transcription \
.

Repressor Activator

Silencer Enhancer Promoter Gene

Image from https://ib.bioninja.com.au/requlatory-control/
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Regulation of gene expression

=> Cells share the same genome, yet look and function differently
& Some proteins are produced only under special circumstances or in variable amounts

=> Gene expression is regulated/initiated by transcription factors (proteins):
1. Bind to specific regions “close” to a gene (enhancer/silencer)
2. Promote/inhibit RNA polymerase (promoter)
3. Activate/enhance/repress transcription

=> Circularity: expression of a gene could influence expression of other genes

H Computational problems:

=> How are different proteins regulated in a cell?
=>  Which factors influence a given gene?
=>  Where they bind?



How to find out which genes are active

=> Microarray: technology to measure expression levels of genes under 1/+ conditions

¢ Typically used to compare conditions:
e Healthy versus diseased tissue
e Treated versus untreated cells
e Different developmental stages

| Does not measure protein production
¢ ifageneis expressed, it doesn’t mean the corresponding protein is being produced



Microarray

Fluorescent cDNA

RTINS
T = Al -

Known genes

Scan intensity
(estimated of abundance of a
gene in that condition)




Example of microarray data

Two conditions (red/green), 517 genes, 19 time points

19 experiments

517 genes

B Computational problem:
=> determine which genes correlates together?




Mutations in DNA

=> Occasionally, DNA mutates (e.g., environmental factors, damage, replication errors...)

=> Three main mutation types:
¢ Single-Nucleotide Variants (SNVs)
¢ Shortindels
&  Structural Variants (SVs)



Mutations in DNA

=> Occasionally, DNA mutates (e.g., environmental factors, damage, replication errors...)

=> Three main mutation types:
¢ Single-Nucleotide Variants (SNVs)
¢ Shortindels
&  Structural Variants (SVs)

B Computational problems:
=> \Variant calling
=> Homology search (e.g., highly conserved mutations)
=> Sequence alignment




Populations genetics

“Study of mutations in populations over generations”

=> Mutations occur in a particular cell at a particular time...

=> ..and are then propagated from parents to offspring
e+ Dangerous mutations (quickly eliminated)
2, Advantageous mutations (more likely to spread in the population, natural selection)
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“Study of mutations in populations over generations”

Mutations occur in a particular cell at a particular time...

...and are then propagated from parents to offspring
e+ Dangerous mutations (quickly eliminated)

vl

i, Advantageous mutations (more likely to spread in the population, natural selection)

=> Polymorphisms: common genetic differences within populations

¢ Cause differences in phenotype (e.g., appearance, genetic diseases)
€ A SNPis common enough SNV (>1%)



Populations genetics

3

“Study of mutations in populations over generations’

=> Mutations occur in a particular cell at a particular time...

=> ..and are then propagated from parents to offspring
e+ Dangerous mutations (quickly eliminated)
I, Advantageous mutations (more likely to spread in the population, natural selection)

=> Polymorphisms: common genetic differences within populations
¢ Cause differences in phenotype (e.g., appearance, genetic diseases)
€ A SNPis common enough SNV (>1%)

B Computational problem:
=> determine polymorphisms linked to a certain phenotype




Evolution

Study of DNA modifications over looooong periods of time

(speciation: “splitting of species”)

B Computational problem:
=> given DNA of current species, reconstruct their evolutionary
history (phylogenetic tree)
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Type of organisms

=> Prokaryotes (bacteria and archaea)

L 2

L 2
2
2

Simple unicellular organisms

DNA directly in the cytoplasm

Genome in one circular chromosome, plus shorter plasmids
Simple gene structure

=> Eukaryotes (animals, fungi, plants, some unicellular organisms)

2
2
L 4

DNA in a nucleus, cell contains also other organelles
Longer genome in several linear chromosomes
Mitochondria/chloroplasts are “engulfed prokaryotes”



Model organisms

Species important for biology research that are studied more than others

=> Ideal to work with (simple to grow and/or reproduce)
=> Easy to experiment with

=> Discoveries can be transferred to other species



Model organisms (ll)

Escherichia coli:
o  Bacterium living in digestive tract
o  Simple to manipulate: cell division every 20 min
o  Study of basic biological processes: DNA replication, gene expression...
o Genome 4.6MB, 4000 genes.

Saccharomyces cerevisiae:
o Used to make bread
o  Simple eukaryotic organism (genome with 6000 genes, 13MB)
o  Cell division every 2 hours
o  Study of processes specific for eukaryotes




Model organisms (lil)

Arabidopsis thaliana:
o  Small flowering plant
o  6-week reproduction cycle
o  Model organism for plant research

Invertebrates:
o  Caenorhabditis elegans (worm) - study of development, cell differentiation
o  Drosophila melanogaster (fruit fly) - study of genetics, development genes
Vertebrates:
o  Xenopus laevis (frog) - large eggs, easy to manipulates
o  Danio rerio (zebrafish) - translucent embryos

o  Mus musculus (mouse) - many laboratory breeds with different properties



Available data

=> Most of the data is freely available
¢ DNA sequences
¢ Read samples
& Genome annotation (location of genes and other functional elements)
¢ RNA sequences and structures
& Protein sequences, their function and structure
& Measurements of cell state (amount of RNA, protein...)

=> Data are obtained via experiments and/or by computational methods
| Often unreliable, noisy (in both cases)



More information

Zvelebil, Baum: Understanding Bioinformatics, chapter 1
University textbooks of molecular biology

English wikipedia
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Tutorials linked on the course website



