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1. Introduction: DNA, genes and proteins
2. The last ten years: The “genomic revolution”

3. New tools and ideas:
Computational Biology and Systems biology

4. Example 1: Evolutionary models
5. Example 2: Gene Regulation

6. Example 3: Chemotaxis



DNA

- Genomic information Sl o
IS encoded in the
DNA chain.

- In the human case
the genome is
composed by 3x10™N9
base pairs which may
take four possible
values: A,C,G,T
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The main property of
the DNA chain is base
pairing: (A,T) and
(C,G). This allows both
DNA replication and the
use of the chain as a
template for protein
production.
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Proteins

Most of the functions in
the cell are performed by
proteins which are
composed by 20 different
types of elemantary
constituents: the
aminoacids




Information flow in the cell

“Central Dogma” of -
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Protein synthesis

' 1. Transcription |

Protein synthesis




Genetic code Is
the rule which
allows to translate
the 4 symbols
alphabet of DNA to
the 20 symbols one
of proteins.

Genetic Code

Tyr
tRNA
i Ry
U c A anticodon AUG
5 ft G U codon UAC  mRNA 3
2nd base in codon
Phe | Ser Tyr Cys u
U Phe | Ser Tyr Cys c L
> Leu | Ser | STOP|sTOP | A g
b Leu | Ser | STOP| Tip G b
o Leu | Pro | His Arg U FA
= C Leu Pro His A[g C 5
a Leu | Pro Gin Arg A 0
E Leu | Pro Glin Ay G g_
o lle Thr Asn Ser 0] g
- A lle Thr | Asn Ser C
le Thr | Lys Arg A
Met | Thr Lys Ary G
Val Ala | Asp Gly U
G Val Ala | Asp Gly C
Val | Ala | Glu Gly A
fal Ala Glu Gly G
The Genetic Code




The Genomic Revolution

Started at the end of 90, triggered by

Impressive technological improvements:

[ high-throughput experiments
* massive sequencing projects

= microarray
= proteomics

= world wide SNP studies



A central role in this revolution was played by physics.

Both on the experimental side:
- nanotechnolgy
- microfluidics

And on the theoretical side:
new inference methods
modeling of complex systems
network theory

alignment tools



Genomic Revolution: sequences

- Automatic sequencing of DNA > homo_sapiens
iy on: GenBank | ACTTTTTTACCCTCGTGTGTTGC
- Open access information: GenBan AGACTTTTTGCCACTTTTAAAAC

- Seguencing projects for GCTGACAATTCGACCCTTTCCAA

) . GTGCAAAAAGTGCCAAGATTTA
thousand of different organisms CGATAAAATTCCCCCGAGAGAC

(and individuals) GTGTGCA.........

Growth of GenBank

(1982 - 2004)
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Output (kbp)

Changes in instrument capacity over the past decade

Output per instrument run

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
ABI 3730x1 454 G5-20| Solexa/lllumina ABI SOLID) Roche/d54 | lllumina GAllx, | llumina Hi-Seq
capillary pyrosequencer sequence sequencer Titanium, S0LID 3.0 2000
sequencer analyser Hiumina GAIl
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
# [ ] &
1,000
1,000 Genomes, Watson Genomes pilot
Draft human Human Microbiome genome and HapMap3
genome HapMap Project begins | ENCODE Project begins projects begin publication publications
ENCODE Project| First tumour:nomal Human genetic

pilot publications! genome publication syndromes publications |

Projects and publications

Timing of the major sequencing projects



$100,000,000

Moore's Law
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Transcriptomics:
microarray

= A typical microarray
experiment measures the
expression level (amount
of mMRNA In the cell) of
thousands of genes in a
single run .

gene

(oneu)bo|

timepoints




Proteomics:

- Systematic study of 3D
protein structure using X-
ray spectroscopy

- Sistematic study of
protein interactions.
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How is it organized the Genome?

How many genes do we have?

Which is the role of non coding DNA?
How different are humans and chimps ?

Where is it hidden the impressive complexity of
multicellular organisms?



Genome Sizes

Procaryotes:

Mycoplasma Genitalium
Escherichia Coli

Eucaryotes:

Saccaromices cerevisiae
Arabidopsis thaliana
Drosophila Melanogaster
Caenorabditis Elegans
Homo Sapiens

(Mb)

0,58
4,64

12
100
140
100

3000
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- The portion of the genome coding for proteins
decreases as the complexity of the organism
Increases. It is very high in procaryotes and
yeast but very low in mammalian. 97% of
the human genome is non-coding!!

- Most of this non-coding DNA is involved in the
regulation of gene expression.
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A typical human gene has a very complex
Internal structure. It iIs composed by coding
blocks (exons) separated by long non-coding
seguences (introns). Exons are glued together
during the mRNA maturation (splicing
process). They can be glued in many different
ways thus giving, upon translation several
different proteins (alternative splicing)



|*- Transcription unit = |

Promoter Exoni Intron 1 Exon 2 Intron 2 Exon 3

cone 1777 R o7~~~ - G GT---AG

e

i Transcription

TR

GU. - AG
1 Cleavage at %

Discard+—{GU - --- . .. - AG GU--.-AG — Discard

E1 e E3

Primary RNA =
transcript

Mature ANA



Gene Regulation

e (Gene expression is tightly regulated. All cells in the body carry
the full set of genes, but only expres about 20% of them at any
particular time

o e

Transcription

initiation complex Transcription
% initiation
=

—

CRM Proxirmal TFBS







Ensembl Genome Browser

42.70 Mb 42.80 Mb 42.90 Mb 43.00 Mb 43.10 Mb 43.20 Mb 43.30 Mb
Chromosome bands | g2l.3l

Assembly exceptio..

Contigs AC091152.18 = AC005180.3 =
Eﬂsemblﬂ"ﬂ"."ﬂrlﬂ g | _- I . | II_.- I . ___I- I-- _I ]
|
"AC0911523 'DBF4B  “ADAMIL '‘NIGDIB  'GRAP  “AC0159363 'DCAKD “NMTL  PLCD3 ‘HEXIML “EMNLL “MAP3K
"CeDe43 gol “EFTUD? "KIF188 "ACBD4 "C170rf46
"AC091152.2 "AC015936.1 "HEXIM2 “AC008105.2
"AC015936.2 "AC1424721
"CCDC103 "AC1424722
"FAM187A
ncRNA gene
Assembly exceptio..
o mmm m— m— J— — e m— — — J— —
4270 Mb 4280 Mb 42,90 Mb 43.00 Mb 43.10 Mb 43.20 Mb 43.30 Mb
Ensermbl Homo sapiensversion 56.37a (GRCh37) Chromosome 17 42,796,835 - 43,696,894
Gene Legend Novel pseudogens I Known protein coding
I Known pseudogene I Movel processed transcrip

Novel RNA gene



Zoom !

| 50.00 Kb Forward strand me—

43.18 Mb 43.19 Mb 43.20 Mb 43.21 Mb 43.22 Mb
Chromosome bands | q21.31

12 way GERP SCOrER

.83

A LA) L _....ﬁ'_.ﬁ..__.i,_.l

CCDS set
EnsemblHavana g...

ACED4-205 >
Known protein coding Ensembl gene

ACED4-203 =
Known protein coding Enszmbl gene

ACBD4-201 =
Known protein coding Enszmbl gene

ACED4-202 >

Known protein coding Enssmbl gene
------ 4t otrrrt-—4+— ——13
NMT1-201 = ACBD4-204 >
Known protein coding Ensembl gene Known protein coding Ensembl gene

EnsemblHavana g... < PLCD3-201

Known protein coding Enssmbl gene

| — |

< AC142472.1-201

Known protein coding Havana gene
Type | Transposons .
Twpe | Transposons...

ENSEMBL Venter [ | | T O A [ [ | Il
ENSENBL:Watson Il | [ | | | I ([ |
%GC . Ao WML pgd Ay Aot Aot f pepenon g sl e A T P M e T e A e e Y et T g s ARt M, PN
Lah T kil oy T LI " ki l‘|' T 1 L TR Lk |||' i Vu ¥ |I| T \J I tr k| v w |"| T
43.18 Mb 43.19 Mb 43.20 Mb 43.21 Mb 43.22 Mb

—=aiF2verse strand 50.00 Kb {
Gene Legend Il Known protein coding
Variation Legend I Intronic Fynonymous coding 3 UTR

Downstream Splice site SNP Upstream

There are currently 187 trackstumed off.
Ensembl Homo sapiensversion 56.37a (GRCh37) Chromosome 17: 43,171,895 -43,221.894
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Most of the human DNA is not coding and regulates protein
expression.

The “central dogma” is wrong:

from a single gene the cell can create a huge amount of
different proteins

(alternative splicing)

The information flow can be reverted: from RNA to DNA
(Retrotransposons)



New Theoretical Tools:

Systems biology and
Computational Biology



Computational Biology

With the terms “Computational Biology” or “Bioinformatics”
one usually refers to all the data mining tool based

on methods and ideas coming from

mathematics / physics / statistics / computer-science .

Genomic data (both sequences and annotations)
Can be easily downloaded from huge “open access” data banks.

These data contain a lot of hidden information.
In general only a fraction of it has been recognized and published
by the authors of the experiments.

Relevant original results can be obtained with no need of new
costly experiments but simply using in a clever way existing data.



Systems Biology

Network theory: Complex functions, must be described at the
network level and not at the level of single genes, proteins or
neurons.

Modeling: These networks can be decomposed in elementary
circuits. (“network motifs”) which may be modeled using
differential or stochastic equations.

Ontologies: biological (and medical) information must be
organized in a quantitative and standardized way

b ALl



Modern Genomics: networks

= genes and proteins
of a given organism
are organized in
networks .

= Cells react to external

stimuli in a “global” way.

H.Jeong et al.
Nature, 411 (2001) 41

Paiek |




Network motifs

Example: SIM (Single Input Module) (a) experimental realization:
arginine biosynthesis b) Circuit behaviour: different genes are
activated at different times as a function of their different activation
threshold as the concentration of X (master regulator) changes in
time R.Milo et al. Science 298 (2002) 824
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Mature Reviews | Genetics




Modern Genomics:
Gene Ontology

Gene Ontology is an example
of standardization of biological
data.

The goal is the construction of
a controlled vocabulary to
describe:

- Molecular function
- Biological process
- Cellular component
of a given gene.

The ontologies are organized
as hierarchical networks
(Directed acyclic graphs)

a DNA metabolism
DNA degndnﬂuu-—-——-"‘" S ———— s DNA rmmbinalig%
Ligd
DNA packaging
DNA replication B Radd Ligt
[ RNIETAS Rwel. Recsd mask-d Ligd
RNK1 Rwed Hrwl psighit
genpme maintenance J Rads?
| Bt i
BNA \\—‘—- DNA
— \ S
foemation and maintenanss
DNA strand
MG Mot Miomi hae "\ Dreta 10

CECERCMT m Mowdd % l\__..
M pre= cocsindcas  DNA DNA CDC2

Onl  COCeRMOHWE Priming initistion OFER

MCME MOAD Tesding strand FOLZ

W sACCHARGMYCES i MCME iyt CDCY s
B DROSGRHIIA nm“mm.:'nb a“ ;'“( “‘E' DA o5 DPRI
B s MOAE hay PoL2

The G.0O. Consortium
Nature Genet. 25 (2000) 25




Three examples of applications

§ Evolutionay models
§ Gene Regulation

§ Chemotaxis



Evolutionary models

Maodern species

! TIME




Taxonomic versus Genomic trees

“

elephant

armadillo
s|oth

cat
pangolin
mouse
gumea pig
squirre| g
rabbit

human

chmpanzee ..,l.

JL IJi_J'\'

tle hrew

Blue - Links to full information
Red - See table below

Genomic trees may be obtained using
alignment algorithms. They are
impressively similar to the
taxonomic trees. This is a highly non
trivial test of Evolution theory.

Err=t

Human GCCTGGCCGAAAATCTCTCCCGCGCGCCTEGACCTTGEETTGCCCCAGCCA
Mougg ====m===e==dAGCCTGETGECGCGC=CoTGACCTTGEGCTGOCCCCAGGTG

Rat e e B R S T T T T === CTGC=CCTEGACCTTGEETTGCCCCAGECE
Dog GECTGC====AGACCTGCCCTGAGGGAATGACCTTGEGCGGCCGCAGCGE
# “ . HEEE AR R R kkw kR

Cray - To be sequenced




and Chimps
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Use Ensembl to...

*Run a BLAST search
"™Search Ensembl

ata mining [BioMart]
Wypload your own data
WExport data
"pownload data

Docs and downloads

© jyformation

© What's New

O apout Ensembt
© Ensembl data
0 sortware

Other links

=Home

Wsitemap

* Vega
Prelpre Ensembl

€! \iew previous release of

page in Archive!
w36 Dec 2005
w35 Nov 2005
w34 Oct 2005
w33 Sep 2005
w3z Jul 2005
v31 May 2005
w30 Apr 2005
V29 Mar 2005
w28 Feb 2005
V27 Nec 2004

What's New in Ensembl 37

New mosquito assembly ad
genebuild (Anopheles gambiae)

New Xenopus assembly ad
genebuild (Xenopus tropicaiis)

New Ciona assembly and
genebuild (Tiona intestinglis)

TranscriptSHPView (Mus
FAUSCLINS)

GeneSeqalignView (all speciss)

tore news

About Ensembl

Ensernbl is a jaint project between
EMBL - EB| and the Sanaer Institute to
develop a software systern which
produces and maintaing automatic
annotation on selected eukaryotic
gernurnes. Ensernblis prirnarily orded
by the Wellcome Trust,

This site provides free access to all the
data and software fram the Ensembl
project. Click on a species name to
browse the data

Access to all the data produced by the
project, and to the sofware used fo
analyse and presentit, is provided free
and without constraints. Some data
and software may be subjectto third-
party constraints

For all enguiries, please contact the

Ensembl HelpDesk
thelpdesk@ensembl.ori).

Other sites using the Ensembl

system

¥ EBl Genome Reviews database

Mammalian genomes

? Homeo sapi
Bga | orel

troglodytes

1010

ca mulatta
hARALIL 0.1

Mus musculus
NCBI m34 | YWega | pref

Rattus norvegicus
RGSC 34

! Qryetolagus cuniculus
Pre] NEW! reseim

BNy Canis familiaris
/ }'\ CanFam 1.0 | Yega | pref
)

» Bos taurus
ﬁ Btau 2.0

§ Dasypus novemeinctus
Pre] NEW! srua

! Loxodonta africana
Pre/ oroso et

! Echinops telfairi
Pre] New! tenrec

IMonodelphis domestica
h MonDom 2.0

o

Pre,’

a2

Pre,’

»

~

Gallus galius
WiAEHUE 1

Xenopus tropicalis
UPDATED! Jc1a

Danio rerio
Zv5 | Wega
FUGU 40

Tetraodon nigroviridis
TETRAODONT7

Ciona intestinalis
UPDATED! Jeiz

Ciona savignyi
Coav 20

Drosophila melanogaster

BOGPR 4

& Anopheles gambiae

UPDATED! AgamPz

Aedes aegypti
AEDES 1

Apis meilifera
Amel 2.0

Caenorhabditis elegans

UPDATED! we 150

Saccharomyces
cerevisiae
5601

I

o hiima
IC friurriar i

genome coincides
with the chimp’s
one! Most of the
differences are
non-coding!




Evolution and gene regulation

e Goal: use evolutionary conservation to identify functionally
important regions of the genome. Different regions show
different levels of conservation

“Ultraconserved regions” have been protected against
mutations for hundreds of millions of years. They are likely
to be crucially important regulatory regions.

One of these appears to be mutated in the human gene
FOXP2.




FOXP2 11

Mutations (SNPs) in the FOXP2 gene are associated to deep
alterations in speaking ability.

Chr. T

Length
[=] Mm bastz

[~ Enzambl trane.
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Length
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Encode reglons
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SHP legend

113,65 Mb 113.70 Mb 113.75 Mb 113.80 Mb 113,85 Mib 113.50 Mb
|- Forward strand 274.53 Kb -
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Enzambl known trang
i ——T T T
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di Fisica Nucleare

Gene expression in eukaryotes is
carefully controlled.

Gene Regulation

Among the various regulatory
steps the most important ones
are:

| transcriptional control,
by Transcription Factors.

| post-transcriptional control,
by microRNAs. T

inactive mANA
MUCLEUS CYTOSOL mAMNA i
degradation &
control
s s
script mMANA = o MANA
i :: \
tran onal RMA RMNA
control processing transport tramslation protein
contral and control activity
localization contral
conirol r ]
protein —inactive
\ protein
\ /

Alberts, Molecular Biology of the Cell
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g -
and mMIRNAs

® Regulation of gene expression mainly mediated by:

Transcription Factors (TFs): proteins MicroRNAs (miRNASs) are a family of
binding to specific recognition motifs small RNAs (typically 21 - 25 nucleotide
(TFBSs) usually short (5-10 bp) and long) that negatively regulate gene
located upstream of the coding region expression at the posttranscriptional
of the regulated gene. level, (usually) thanks to the “seed”

region in 3’-UTR regions.

j’
o s
£
rml o, |pre-mifta
Nuclaus k o
4 Cytoplasm
mng ) pre-miRNA

¢
)
Ol

Programmed
RISC

mANA binding
High homology Partial homology

CRM Prowimal TFES

Wassermann, Nat. Rev. Genetics

mANA degradation mAMNA translation inhibition
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Key 1 -->= TFs are themselves proteins produced by other genes, and they act
in a combinatorial way, resulting in a complex network of interactions
between genes and their products.

--=> Transcriptional Network

MIRNAs also act in a combinatorial and one-to-many way, and,
moreover, are transcribed from same POL-11 promotes of TFs.
--> Post-Transcriptional Network

_ MIRNA X Gene E Gene F
gene A genc B gene C gene D —_— > >
> > < — 4_-_' 4—-;
q——: - e -
x # | l |
!
p .
(I I /
l i \ v i v fj ¥ ! a
| f / s - N
——— )}M | A 4 ’f oy % \ A
[ \ / ’ p) . :
l \ " : ) l ,? " \ l
1 / :
J L N K N S T, Sveet
\ v . " P = P F v : - ~
\ ~ ” - s . .
O s &
: R e R L TS " ProteinE
Protein A protein B Protein C Protein D
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s Regulatory Networks 2

Key 2 --= Biological functions are performed by groups of genes which act in
an interdependent and synergic way. A complex network can be
divided into simpler, distinct regulatory patterns called network
motifs, typically composed by 3 or 4 interacting components which
are able to perform elementary signal processing functions.

- 1 TF
9/ \<> <> miRNA
\/ O target gene
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Network motifs can be studied using standard tools of theoretical physics:
- Ordinary differential equations
- Stochastic equations

- Montecarlo (Gillespie) simulations.

- Goal: understand the functional role of the motif and why it was selected by
evolution

- Example: incoherent feedforward loops can reduce the noise in the amount of
produced proteins.

Coherent FFL Incoherent FFL Coherent FFL

TF TE
b 4 | AL
miR miR miR
l v —

Target Target Target
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Chemotaxis is the process which allows eukaryotic cells to identify and
follow spatial gradients of extracellular guidance cues (chemoattractors)

Chemotaxis can be understood as a phase separation process
(like the Ising model phase transition).

The process which drives chemotaxis is a complex combination of
protein interactions in the so called signalling network.

The architecture of this network is very similar to that of multilayer
perceptrons and, as for MLP, the signalling network is able to
organize non trivial strategies




s Conclusions

Quantitative biology offers a lot of interesting challenges
from the experimental point of view:

- nanotechnologies

- microfluidics

and from the theoretical point of view:
- modeling

- inference techniques

- simulations
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Lo MicroRNA biogenesis

MicroRNAs (miRNAs) are a family of small RNAs (typically 21 - 25 nucleotide long) that
negatively regulate gene expression at the post-transcriptional level.

MiRNAs derive from larger precursors transcribed fWMWCﬂ':W\ (oA

. Gl
from genomic DNA ﬁ“ s R
< MiRNA transcripts (pri-miRNA) are processed into ~100 '
nucleotide precursors (pre-miRNA) by Drosha. 1C®|

MNucleus l/‘e
= cleavage of the precursors generate 21 - 25 nucleotide Oyfisiann
mature miRNAs in cytoplasm.

e mature miRNAs couple with a special protein complex lr Tn‘m
called RNA-Induced Silencing Complex (RISC). -jifc_g” p
MiRNAs are able to negatively affect the ]
expression of a "target” gene via mRNA cleavage or [P remoior] / m“'“"\' [Partat gy
translational repression, after antisense aa DR .,
complementary basepair matching to specific P E———. i
target sequences in the 3-UTR of the regulated
genes (the “Seeds”) . He L., Hannon GJ. Nature Review Genetics 5, 522 - 531 (2004)



s MicroRNA: functions

Members of the miIRNA family were initially discovered as small
temporal RNAs that regulate developmental transitions in
Caenorhabditis Elegans (lin-4). (Chalfieet al. 1981; Lee et al. 1993) but
considered only as a peculiarity of worms. In 2002-2003 it was suddenly
realized that miIRNA exist in all higher Eukaryotes in several copies and
that they play an essential role in development and differentiation of
tissues.

The functions in which miRNAs are involved are extremely wide and, in
animals, they include: developmental timing, pattern formation and
embryogenesis, differentiation and organogenesis, growth control and
cell death.
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Lo MicroRNA: evolution

MiRNAs also show interesting evolutionary properties between different
species. Up to one third of the miRNAs discovered in C. elegans have
an orthologous in human.

Tracing back this evolutionary pattern it is possible to guess that miRNA
appeared as a new regulatory mechanism about 500 Myears ago. Itis
Interesting to observe that this time scale almost coincides with the
impressive explosion of new species in the Cambrian age and with the
almost simultaneous appearance of retrotransposons in Eukaryotes.
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MIRNASs expression is regulated by the same TF which regulate all the
other genes

Regulation by miRNAs is a combinatorial process. Each miRNA is
expected to control from one to hundreds of targets while a given mRNA
can be under control of many different miRNAs. Usually miRNA binding
sites are overrepresented in the 3’-utr sequence of target genes.

Transcription Factors and miRNAs share a very similar behaviour. The
main difference between the two is that while TF act as a sort of on/off
switch, it seems that the miRNA role is to fine tune the gene expression.



