Fundamentals of Molecular Biology

IN-BIOS 5000/9000
1. A guided tour of the (human) genome
2. Next generation sequencing and bioinformatics

3. Genomics In biomedical res
,
‘\g\,,')\\‘»‘)\'\;)\i“‘ '

8 Rolf I. Skotheim
)\ R 17.10.2022
A
@




A guided tour of
the (human) genome

Basic biology Incl brief history of

genetics and genome sequencing



Genetics before the double helix

Breeding and selection




Genetics before the double helix

Gregor Mendel
Charles Darwin
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Genetics before the double helix

radioactive sulphur-
labelled protein capsule labelled DNA core

Genes are made of DNA

Hershey & Chase, 1952



1953: The DNA double helix
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equipment, and to Dr. G. E. R. Doacon and the

tain and officers of R.R.S. Discovery 11 for their
part in making the obecrvations.
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MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A $tructure for Deoxyribose Nucleic Acid

¢ wish to suggest o structure for the salt
f deoxyribose nucleic acid (D.N.A.). Tk
» has novel featurcs which aro of conside

us
Their model consists
with tho phosphat
In our opinion,
for two reasons :
» that the matorial which gives t
o salt, not tho froe acid. ¥

chain structure has slso boon sug-
(in the press). In his model the
the outside and the bases on the
bonds. This

ined, and for

1l not. comment

wish to put forward a
radically difforent strusture
the salt of deoxyribose nucleic

This st has two

wins each coiled round
the same axis (see disgram). We
have made the usual chemical
assumptions, namely, that cach
chain. consists of phosphate di-
ester .groups joining B-p-deoxy-

linkages. two chains (but
ir bases) are related by a

dyad perpendicular to the fibro
axis. Both chains follow right-
handed helices, but owing to
the dyad the sequences of the
two chains run

“directions.
re

the inside of
ix and the phosphates on
The configuration
sugar ond the atoms
is close to Furbe

.w..l.m!“.y.ﬁ ration I'm

ghly per)

e aetioal .uh\rluﬂ\r nluvh:ubu«

is & residue on each chain every 34 A. in the z-direc-
of 36° between
adjacont residues in tho same chain, so that the
structure repeats after 10 residucs on each chain, that
is, after 34 A. The distance of & phosphorus stom
fibre axis is 10 A. As the phosphates aro on

0, cations have easy access to them.

is rathor high. ower water contents we would
oxpoct the bases to tilt so that the struoture could
bec

ro of the structure is the manner

in which the two chains are held togother by the
purine and pyrimidine bases. The plancs of the basos
are porpendicular to the fibre axis. They aro joined
togethor in pairs, o single base from ono chain being
hydrogen-bonded to & singlo baso from the other
chain, so that the two lie side by side with identical
ordinates. One of the pair must be & purino and
the other a pyrimidine for bonding to ocour. The
hydrogon bonds are made as follows : purine position
purine position 6 to

plausible tautomerio forms
sto rathor than the enol con
figurations) it is found that only specific peirs of
bases can bond together. Theso pairs aro: adenine
with thymine (pyrimidine), and guanine

(purine) with cytosine (pyrimidine).

& pair, on cither chain, then on thess assumptions
the other member must bo thymine ; similarly for
guanine and cytosine. The sequence of bames on &
single chain doos appear to be restricted in any
way. vover, if only specific pairs of bases can bo
formed, it follows that if the soquenco of bases on

e sequenca on the other
chain is sutomatically determined.

It has boon found oxperimentally™* that the ratio

nts of adenine to thymins, and the ratio
guanine to ¢ » lways very closo to unity
for deoxyribose nucleic acid.

It is probably impossiblo to build this structure
with @ ribose sugar in place of the deoxyribose, as
the extra oxygen atom would make too olose & van

r Waals contact,

The proviously published X-ray data* on deoxy-
ribose nucloic acid are insufficient for a rigorous test

our structure. So far a8 wo can toll, it is roughly

mpatible with the experimontal data, but it must

bo regarded as unproved until it has been cheoked

against moro oxact results. Some of thess are given

in the following communications. We were not aware

» details of the results presented thoro whon wo

which rests mainly though not

on published exporimental data and sterco-
chemical argumenta.

aped our notico that the speo

pairing we havo postulated immedintely suggests s

possiblo copying mechanism for the genetic material

Full dotails of the structure, including the eon
ditions mmmwl in building it, together with & set

s for the atoms, will bo published

Wo are much indebted to Dr. Jerry Donohue for
constant advico and criticism, cspecially on inter-
atomic distances. We have alio been stimulated by
a knowledge of the genaral nature of the m.,.umumu
oxperimental results and ideas of Dr. H. F.
Wilkins, Dr. R. E. Franklin and their co- o a8

Watson & Crick
Wilkins, Stokes, & Wilson
Franklin & Gosling




1953: The DNA double helix

* Double helix % "~
» Bidirectional 'Y | s )_f-
5 ,

* Base-specific pairing — A:/ """ -4 T )"‘

Watson & Crick
Wilkins, Stokes, & Wilson
Franklin & Gosling




The central dogma

DNA ACGTCCATGCAGGATATGACG

\
RNA  ACGUCCAUGCAGGAUAUGACG

\
e HOBOOBE



The genetic code
2

U c A G
UUU} UCU} UAU} UGU}

uucC uccC UAC UGC
UUA} UCA} } UGA Stop

Cuu CCu CAU : CGU

CUC} CCC} CAC} CGC}
coos B CoorER CaafER Sea)
AUU}"E ACU} xg} AGU}

AUC ACC AGC

AUA ACA AAA AGA
AUG} ACG} AAG} AGG}
m cim gim

GUC GCC
GUA GCA} } GGA}
GUG GCG GAG GGG




A guided tour of
the human genome

Basic biology Incl brief history of

genetics and genome seguencing



Some early sequenced genomes

125 -
Species with fully
sequenced genomes
100 - Fugu rybripes
Drosophila melgpigelastgambiae
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The human genome In numbers

* ~6.4 billion basepairs on 46 linear DNA molecules
*(2 x 23 chromosomes [22 auto-chromosomes and X, Y sex

chromosomes])




The human genome In numbers

* ~6.4 billion basepairs on 46 linear DNA molecules

« Mitochondrion: circular DNA molecule of 16 569 bp

HUMAN mtDNA

oyt b 125 rKMNA
TP AP, 165 RNA

ND6 &, Or

MD5S »
‘;I'_w. = HDA Protzin (H)
H 16 6 kb é’ = Protein (L)
MND4 LTS 1 FRNA
N3 .:¢ ND2 s Non-coding
W ® tRNA{H
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The human genome In numbers

* ~6.4 billion basepairs on 46 linear DNA molecules
« Mitochondrion: circular DNA molecule of 16 569 bp
« 20 000 protein coding genes




The human genome In numbers

* ~6.4 billion basepairs on 46 linear DNA molecules

* Mitochondrion: circular DNA molecule of 16 569 bp .

20 000 protein coding genes i

« Two meters DNA in each cell nucleus
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The human genome In numbers

* ~6.4 billion basepairs on 46 linear DNA molecules
« Mitochondrion: circular DNA molecule of 16 569 bp
« 20 000 protein coding genes

» Two meters DNA in each cell nucleus

e 3 billion US $

Human
Genome
Project




How to sequence a genome
(historic)

Y \%C\ —— —— -
—> X |—> > = H—
~J

Genomic DNA BAC library

Mapied contigs with large BAC clones

: : Cutting &
Cutting &  STS mapping — . oy
size fractioning ’L\ ?\?/,\\ size fractioning

S~ N

Sequencing Shotgun clones

.CTGGATTGCCTAGATCTGCTGACCAATA

CTGCTGACCAATACAGTGGTACCGTAGTC...
Shotgun sequences

Assembly ‘1,

..CTGGATTGCCTAGATCTGCTGACCAATACAGTGGTACCGTAGTC...
Assembled sequence



Genome sequencing, then and now

Year 2000, announcement
of the first human genome
seqguence




Genome sequencing, then and now

Cost per human genome

$100,000,000

$10,000,000

$1,000,000

$100,000

$10,000

$1,000

$100
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021



Main current («Next-generation») genome
sequencing (NGS) technologies

« Short-read sequencing (lllumina)

* Long-read sequencing (Pacific Biosciences,
Oxford Nanopore Technologies)



Seqguence annotation

AGGCGTCGAACGTTGCACCACGCTTCAACGAATAGGCGTCGAACGTTGCACCACGCGTTCA
CGAATACGCGCTACGTCAACGACGACGATACGCGCGCGTCGCGACGACGTCGTGCGACGA
CGCTACGTCGAAATACGCGCGCGTCGCGAACGTACGTCGCGACCACGCTTCAAATAGGCGT
CGAACGTACGTGCACCACGCTACGTCAAATATATAAGGCGTCGACGTTGCACCACGCTTCTC
AAGCGCTACCAATAGGCGTCGAACGTTGCACCACGCTTCAAATATGCGTCGAACGTTGCACC
ACGCTGAGGTAAGTCGAATAGGCGTCGAACGTTGCACCACGCTACGTCAATAGGCGTCGAA
CGTTGCACCACGCTTCAAATAGGCGTCGAACGTACGTGCACCACGCTTCAAATAGGCGTCG
AACGTTGCACCATCCTTCACAGCGCTTCAAATAGGCGTCGAACGTTGCACCACGCTTCAAAT
AGGCGTCGAACGTTGCACCACGCTTCAACGAATAGGCGTCGAACGTTGCACACGCTTCAAA
TAGGCGTCGAACGTACGTGCACCACGCTTCAAGGTAAGTAATAGGCGTCGAACGTTGCACC
ACGCTACGTCAAATAGGCGTCGAACGTACGTGCACCACGCTACGTCAACGAATAGGCGTCG
AACGTTGCACCACGCTACGTCAATAGGCGTCGAACGTTGCACCACGCTTCACGAACGAATAG
GCACGGTCGAACGTACGTGCACCACGCTTCAAATAGGCGTCGAACGTTGCACCACGCTTCA
AATAGGCGTCGAACGTACGTGCACCACGCTACGTCAAATCCTTCACAGTAGGCGTCGAACGT
TGCACCACGCTTCAAATAGGCGTCGAACGTTGCACACGCTTCAAATAAGGCGTCGAACGTTG
CACCACGAGGTAAGTCTACGTCAAACGATAGGCGTCGAACGTACGTGCACCACG



Seqguence annotation

AGGCGTCGAACGTTGCACCACGCTTCAACGAATAGGCGTCGAACGTTGCACCACGCGTTCA
CGAATACGCGCTACGTCAACGACGACGATACGCGCGCGTCGCGACGACGTCGTGCGACGA
CGCTACGTCGAAATACGCGCGCGTCGCGAACGTACGTCGCGACCACGCTTCAAATAGGCGT
CGAACGTACGTGCACCACGCTACGTCAAATATATAAGGCGTCGACGTTGCACCACGCTTCTC
AAGCGCTACCAATAGGCGTCGAACGTTGCACCACGCTTCAAATATGCGTCGAACGTTGCACC
ACGCTGAGGTAAGTCGAATAGGCGTCGAACGTTGCACCACGCTACGTCAATAGGCGTCGAA
CGTTGCACCACGCTTCAAATAGGCGTCGAACGTACGTGCACCACGCTTCAAATAGGCGTCG
AACGTTGCACCATCCTTCACAGCGCTTCAAATAGGCGTCGAACGTTGCACCACGCTTCAAAT
AGGCGTCGAACGTTGCACCACGCTTCAACGAATAGGCGTCGAACGTTGCACACGCTTCAAA
TAGGCGTCGAACGTACGTGCACCACGCTTCAAGGTAAGTAATAGGCGTCGAACGTTGCACC
ACGCTACGTCAAATAGGCGTCGAACGTACGTGCACCACGCTACGTCAACGAATAGGCGTCG
AACGTTGCACCACGCTACGTCAATAGGCGTCGAACGTTGCACCACGCTTCACGAACGAATAG
GCACGGTCGAACGTACGTGCACCACGCTTCAAATAGGCGTCGAACGTTGCACCACGCTTCA
AATAGGCGTCGAACGTACGTGCACCACGCTACGTCAAATCCTTCACAGTAGGCGTCGAACGT
TGCACCACGCTTCAAATAGGCGTCGAACGTTGCACACGCTTCAAATAAGGCGTCGAACGTTG
CACCACGAGGTAAGTCTACGTCAAACGATAGGCGTCGAACGTACGTGCACCACG



Seqguence annotation
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AGGCGTCGAACGTTGCACCACGCTTCAACGAATAGGCGTCGAACGTTGCACCACGCGTTCA
CGAATACGCGCTACGTCAACGACGACGATACGCGCGCGTCGCGACGACGTCGTGCGACGA
CGCTACGTCGAAATACGCGCGCGTCGCGAACGTACGTCGCGACCACGCTTCAAATAGGCGT
CGAACGTACGTGCACCACGCTACGTCAAATATATAAGGCGTCGACGTTGCACCACGCTTCTC
AAG A ( AACGTTGCACC

GTAAGTCGAATAGGCGTCGAACGTTGCACCACGCTACGTCAATAGGCGTCGAA
CGTTGCACCACGCTTCAAATAGGCGTCGAACGTACGTGCACCACGCTTCAAATAGGCGTCG
AACGTTGCACCATCCTTCACAG

GTAAGTAATAGGCGTCGAACGTTGCACC
ACGCTACGTCAAATAGGCGTCGAACGTACGTGCACCACGCTACGTCAACGAATAGGCGTCG
AACGTTGCACCACGCTACGTCAATAGGCGTCGAACGTTGCACCACGCTTCACGAACGAATAG
GCACGGTCGAACGTACGTGCACCACGCTTCAAATAGGCGTCGAACGTTGCACCACGCTTCA
AATAGGCGTCGAACGTACGTGCACCACGCTACGTCAAATCCTTCACAG

ATA
GTAAGTCTACGTCAAACGATAGGCGTCGAACGTACGTGCACCACG




Seqguence annotation
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AGGCGTCGAACGTTGCACCACGCTTCAACGAATAGGCGTCGAACGTTGCACCACGCGTTCA
CGAATACGCGCTACGTCAACGACGACGATACGCGCGCGTCGCGACGACGTCGTGCGACGA
CGCTACGTCGAAATACGCGCGCGTCGCGAACGTACGTCGCGACCACGCTTCAAATAGGCGT
CGAACGTACGTGCACCACGCTACGTCAAATATATAAGGCGTCGACGTTGCACCACGCTTCTC
AAG ATGCGTCGAACGTTGCACC
ACGCTGAGGTAAGTCGAATAGGCGTCGAACGTTGCACCACGCTACGTCAATAGGCGTCGAA
CGTTGCACCACGCTTCAAATAGGCGTCGAACGTACGTGCACCACGCTTCAAATAGGCGTCG
AACGTTGCACCATCCTTCACAGCGCTTCAAATAGGCGTCGAACGTTGCACCACGCTTCAAAT
AGGCGTCGAACGTTGCACCACGCTTCAACGAATAGGCGTCGAACGTTGCACACGCTTCAAA
TAGGCGTCGAACGTACGTGCACCACGCTTCAAGGTAAGTAATAGGCGTCGAACGTTGCACC
ACGCTACGTCAAATAGGCGTCGAACGTACGTGCACCACGCTACGTCAACGAATAGGCGTCG
AACGTTGCACCACGCTACGTCAATAGGCGTCGAACGTTGCACCACGCTTCACGAACGAATAG
GCACGGTCGAACGTACGTGCACCACGCTTCAAATAGGCGTCGAACGTTGCACCACGCTTCA
AATAGGCGTCGAACGTACGTGCACCACGCTACGTCAAATCCTTCACAGTAGGCGTCGAACGT
TGCACCACGCTTCAAATAGGCGTCGAACGTTGCACACGCTTCAAATAA
GTAAGTCTACGTCAAACGATAGGCGTCGAACGTACGTGCACCACG




Seqguence annotation

PN

AGGCGTCGAACGTTGCACCACGCTTCAACGAATAGGCGTCGAACGTTGCACCACGCGTTCA
CGAATACGCGCTACGTCAACGACGACGATACGCGCGCGTCGCGACGACGTCGTGCGACGA
CGCTACGTCGAAATACGCGCGCGTCGCGAACGTACGTCGCGACCACGCTTCAAATAGGCGT
CGAACGTACGTGCACCACGCTACGTCAAATATATAAGGCGTCGACGTTGCACCACGCTTCTC
AAGCGCTACCAATAGGCGTCGAACGTTGCACCACGCTTCAAATATGCGTCGAACGTTGCACC
ACGCTGAGGTAAGTCGAATAGGCGTCGAACGTTGCACCACGCTACGTCAATAGGCGTCGAA
CGTTGCACCACGCTTCAAATAGGCGTCGAACGTACGTGCACCACGCTTCAAATAGGCGTCG
AACGTTGCACCATCCTTCACAGCGCTTCAAATAGGCGTCGAACGTTGCACCACGCTTCAAAT
AGGCGTCGAACGTTGCACCACGCTTCAACGAATAGGCGTCGAACGTTGCACACGCTTCAAA
TAGGCGTCGAACGTACGTGCACCACGCTTCAAGGTAAGTAATAGGCGTCGAACGTTGCACC
ACGCTACGTCAAATAGGCGTCGAACGTACGTGCACCACGCTACGTCAACGAATAGGCGTCG
AACGTTGCACCACGCTACGTCAATAGGCGTCGAACGTTGCACCACGCTTCACGAACGAATAG
GCACGGTCGAACGTACGTGCACCACGCTTCAAATAGGCGTCGAACGTTGCACCACGCTTCA
AATAGGCGTCGAACGTACGTGCACCACGCTACGTCAAATCCTTCACAGTAGGCGTCGAACGT
TGCACCACGCTTCAAATAGGCGTCGAACGTTGCACACGCTTCAAATAAGGCGTCGAACGTTG
CACCACGAGGTAAGTCTACGTCAAACGATAGGCGTCGAACGTACGTGCACCACG
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Chromosome 14
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Chromosome 14
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1.1% coding
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46% repetitive
elements




Gene ontology

Current release 2022-10-07:
. 43 329 GO terms | 7 694 564 annotations
+ Molecular function

1503 740 gene products | 5257 species
. . geneontology.org/

+ Blological process

+ Cellular component




Gene ontology

Current release 2022-10-07:

. 43 329 GO terms | 7 694 564 annotations
+ M OIeCU |ar fu nCtlon 1503 740 gene products | 5257 species

. . geneontology.org/
Biological process
+ behaviour
+ cellular process
+ physiological process
+ viral life cycle
+ development

+ Cellular component



Gene ontology

+ Molecular function

Biological process
+ behaviour

cellular process
+ cell communication
+ cell death
+ cell differentiation
+ cell motility
+ membrane fusion

+ physiological process
+ viral life cycle
+ development

Current release 2022-10-07:

43 329 GO terms | 7 694 564 annotations
1503 740 gene products | 5257 species
geneontology.org/



Gene ontology

Current release 2022-10-07:

. 43 329 GO terms | 7 694 564 annotations
+ M OIeCU |ar fu nCtlon 1503 740 gene products | 5257 species

. . geneontology.org/
Biological process

+ behaviour

cellular process

cell communication
+ cell adhesion
+ cell invasion
+ signal transduction
+ response to extra-cellular stimulus
+ cell-cell signalling
+ host-pathogen interaction

+ cell death
+ cell differentiation



DNA seqguence variation

=» variant protein product?



DNA seqguence variation
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The global family

Svante Paabo, Science 2001
Nobel Prize, 2022



Comparative genomics

N
N
0 I
A..mn g J >
Z g © o
S EE e S <
=5 2 m | 2 m7
RS e 2 -2
mmm -
S o 3 (1T S
)
@mm o S .
885 o . -
—
| Qe
- me—
CE -



Comparative genomics

1 substitution
80 nucleotides

1 substitution
2 nucleotides




The phylogenetic tree of life

Taxonomy in biology. Asigning vectors (from aligned genomics data, commonly
ribosomal-RNA) to species, calculating matrix of distances, group them with
cluster analysis to obtain a tree or dendrogram

Bacteria Archaea
Green
Filamentous
Spirochetes bacteria
Gram Methanosarcina
) positives | pMethanobacterium
Proteobacteria

) Methanococcus

Cyanobacteria
T. celer

Planctomyces Thermoproteus

Bacteroides
Cytophaga

Pyrodicticum

Thermotoga

Aquifex

Myxomycota
Entamoebae

Halophiles

Eucarya

Animalia

Fungi

Plantae
Ciliates

Flagellates

Trichomonads

Microsporidia

Diplomonads

Eric Gaba



Comparative genomics

Distribution of gene-rich areas

human

non-human (i.e. most non-mammalian model organisms)




Comparative genomics

Repeat sequences

human
~50 %
R —

non-human (i.e. most non-mammalian model organisms)
<10 %

o 109
1995 1996 1997 1998 1999 2000 2001 2002 2003



Comparative genomics

The human genome has
many protein variants

human Number of genes Number of protein variants
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Gene regulation

Time

Space

Level

Alternative splicing
Activity



Genomics Iinto clinics

* Individualise treatment

« Targeted and tailored “designer” medicine
— Gleevec
— 1(9;22): Philadelphia chr.
— Chronic myeloid leukaemia
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Genomics Iinto clinics

Individualise treatment
Targeted and tailored “designer” medicine

High-throughput technologies

— Primarily sequencing of DNA and RNA
DNA mutations/variation: base-level and larger
RNA expression: guantitative and qualitative

Pre-symptomatic diagnosis
— Huntington’s disease

— Cystic fibrosis

— Breast cancer

Potential future health



Ethical, legal, and
social implications




