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1- Comprendre et expliquer les concepts

2- Lier les concepts aux applications

Sur la base de:
Ce cours (qui représentent la matiere pour I’examen)

Lectures pour aller plus loin
Alberts, biologie moléculaire de la cellule

ISlide d’info} pas de question d’examen sur ces slides
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Structure de ’ADN

1- Purifier chimiquement I’hérédité



Purifier chimiquement I'hérédité

Gregor Mendel

M, '?“ Versuche iiber Pflanzen-Hybriden.
Y B
| ‘ Gregor' Mendel

(Vorgelegt in den Sitzungen vom 8. Februar und S. Marz 1865.)

Gregor Mendel publie dans “Verhandlungen des naturforschenden
Vereines in Brinn” son travail sur I’hybridation des pois en 1865

> |les caracteres sont discrets (rouge vs blanc, grand vs petit)

> |les caracteres genétiques ont des formes alternatives (allele: chacun hérité d’un parent)
> alleles dominants et récessifs

> alleles ségregent aléatoirement

> |es traits differents sont indépendants (ex. taille de la plante et couleur de la fleur)

Les regles de la génétique de Mendel nécessite un mateériel héréditaire.
Mais lequel? Jusque la, la génétique reste un concept abstrait...




Purifier chimiquement I'hérédité

1- Localisation et propriétés

1910-1911: Les caracteres
géneéetiques sont dans les
chromosomes

Drosophile

1903: Découvre que le sexe
des individus est associé aux
caracteres chromosomiques

corrélation entre les chromosomes et les

males et femelles “mealworm”
1911: Certains genes migrent ensemble

sur un méme chromosome

(Alfred Henry Sturtevant alors etudiant
en Master)

Drosophile

Thomas Hunt Morgan

Nettie Stevens

1920: Rayons X affectent les
caracteres héréeditaires: le
matériel héréditaire est donc fait

de matiere!

Drosophile

Hermann Muller



Purifier chimiquement I’hérédité

1- Localisation et propriétés (chez les eucaryotes)

chromosome paternel en interphase
chromosome maternel en interphase

DIVISION :

—
DUPLICATION MITOSE
(MEIOSE) CELLULAIRE
Chromosome
mitotique
INTERPHASE M PHASE INTERPHASE

Le cycle cellulaire sera vu dans differents cours
Adapte de Molecular Biology of the Cell, 7th edition



Purifier chimiquement I'hérédité

https://web.speakup.info/room/j01n/96071

QUIZZ: De quoi sont constitues les chromosomes?
1- Protéines et Lipides

2- Acides Nucléiques et Lipides

3- Protéines et Acides Nucléigues

4- Acides Nucleigues

Le cycle cellulaire sera vu dans difféerents cours
Adapte de Molecular Biology of the Cell, 7th edition



Purifier chimiquement I’'hérédité

2- La nucléine

e 1869: isolation de la « Nucléine » par Friedrich Miescher (phosphore + azote)

e 1879: decouverte des bases organiques constitutives de cette « nucléine » (4 bases, adénine, guanine,
cytosine et thymine) par Albrecht Kossel

e 1889: Richard Altmann purifie I'acide nucléique a partir de la « nucléine » (il enleve la partie proteique)
e 1891: Albrecht Kossel découvre du sucre dans la composition de cet acide nucléique
e 1908: Phoebus Levene identifie ce sucre comme du D-ribose et il faut attendre 1929 pour sa

caractérisation complete en tant que : 2’déoxy-D-ribose : Acide Désoxyribo Nucléique (ADN)

(1910: caracterisation dans la levure d’une deuxieme classe d’acide nucleique, contenant du D-ribose,
Acide Ribo-Nucleique (ARN))




Purifier chimiquement I’hérédité

3- Le principe transformant: Frederick Griffith 1928

Pneumococcus types Injection de cellules Resultat
Capsule | S vivantes Tuee B
d’apparence lisse —
(Type “S’
S tuées Vit y V9
N = -
R vivantes Vit | / 4
P |dentifie des
I / Q\’Y S tuées et Tuée bacteréesdwrullentes
Capsule , =, =P type “S" dansle
d'a p pparence M} R vivantes sang des souris
I(Rt %ueuse mortes

> Un “principe transformant” est passé de la bactérie morte type “S" a la bactérie vivante type “R”

> Expérience a faire: purifier biochimiquement cette information

Adaptée de Lewin’s GENES Xl



Purifier chimiquement I'hérédité

2- Le principe transformant: Avery, Mc Carty et Mc Leod (1943)

Souris infectées avec
une solution de S tuées
et R vivantes

STUDIES ON THE CHEMICAL NATURE OF THE SUBSTANCE
INDUCING TRANSFORMATION OF PNEUMOCOCCAL TYPES

INDUCTION OF TRANSFORMATION BY A DESOXYRIBONUCLEIC ACID FRACTION
IsoLATED FrROM PNEUMOcCoccus Type III

By OSWALD T. AVERY, M.D., COLIN M. MAcLEOD, M.D., AND
MACLYN McCARTY,* M.D.

(From the Hospital of The Rockefeller Institute for Medical Research)

PLATE 1 Isolation des
Received for publicati 1, 1943 ..
(Received for publication, November 1, ) \%‘ bactéries S de

souris mortes.

Extraction de
I’ADN

AN

Transformation
Bactéries R Bactéries S

Adaptée de Lewin’s GENES Xl



Purifier chimiquement I'hérédité

Infection des bactéries avec des

2- Le principe transformant: Hershey and Chase (1952) phages marqués B 325 done PADN
f Y "? N
E- _ A
Bactériophage i
B 35S dans protéines
Séparation des phages
“vides”
[éte contenant 'ADN [ ‘_;_9_, f “ /\
) . - Bactéries
[f <\ infectées
o contiennent
Phages “vides” | 20% du 32p
Gaine hélicaidale contractile contiennent Isolation de la nouvelle

80% du 35S génération de phages.

\ Les nouveaux

~S phages
o contiennent
f=
Plateau de bhase f 30% du 32P et

4}% R <1% du 35S

Adapte de Lewin’s GENES Xll
https://www.virologie-uclouvain.be/fr/chapitres/exemples-choisis/phages



Structure de ’ADN

2- La composition de 'ADN



Composition de ’”ADN

Un polymere dont chague monomere possede 3 composants

sucre
phosphate /
\ .
- G —
sucre- base G
phosphate (guanine) “ucleotide
adenine (A),
guanine(G),
thymine (T),

cytosing(C)



Composition de ’”ADN

1- Un sucre: 2’ déoxyribose (pentose sans groupe hydroxyle)

HOCH, OH
Prof. Martina Valentini

H H

¥ ¥ Pour I'acide ribonucléique (ARN)

FElLL o Deux types de OH
Un sucre a 5 carbones pentoses sont utilisés
HOCH, OH
O
H H B3-D-2-deoxyribose
Pour I'acide deoxyribonucléique (ADN)

H H

OH H

Adapte de Molecular Biology of the Cell, 7th edition



Composition de ’”ADN

2- Une base: 4 types: adenine (A), guanine(G), thymine (T), cytosine(C)

O NH,
r :
e deni N .~
H NH Les bases sont des composes T Y Nc NN
f\‘le | uracile cycliques contenant de I'azote: e | A
L P C pyrimidines ou purines \N/C\ =
PN N 0 H N
HC N H
H C \ cytosine
HC C | N 6 0
~ o o 5 7\5/\1 N |
) H3C ! 6 J 8 9 4 J N\C/C\NH
NN \IL N/\il HC/ | G |
” T ‘ guanine\N/C\ /C\
Rl . N : " NH
thymine N O PYRIMIDINE PURINE

Adapte de Molecular Biology of the Cell, 7th edition



Composition de ’”ADN

4- La chaine nucléotidiqgue comme polymere

Structure du nucléotide 4 5’
A-C-G-T  BASE O— I|D—O—CH2 o

NH2 O_

O FinS delachaine| pase

///J\\\ sugar
N 3

PHOSPHATE .
Lien O
(|) N /Ko phosphodiester
N 7
oo — o0
. e |
O C‘) base
5/ CH,
SUGAR
3/
- Un groupe phosphate permet la liaison d’un Fin 3 de la chaine

carbone 5’ du sucre d’un nucléotide au carbone
3’ d’une autre

Adapte de Molecular Biology of the Cell, 7th edition



Structure de ’ADN

3- Structure et propriéteés biochimiques de ’ADN



Structure et propriétés biochimiques de ’"ADN

1- Les quantité de nucléeotides: Chargaff (1949)

[ Table 3-2 Data Leading to the Formulation of Chargaff’s Rules

Adenine Thymine Adenine Guanine Purines
to to to to to

Erwin Chargaff

Source Guanine Cytosine Thymine Cytosine Pyrimidines
Ox 1.29 1.43 1.04 1.00 1.1
Human 1.56 1.75 1.00 1.00 1.0
Hen 1.45 1.29 1.06 0.91 0.99
Salmon 1.43 1.43 1.02 1.02 1.02
Wheat 1.22 1.18 1.00 0.97 0.99
Yeast 1.67 1.92 1.03 1.20 1.0
Hemophilus 1.74 1.54 1.07 0.91 1.0
influenzae
E-coli K2 1.05 0.95 1.09 0.99 1.0
Avian tubercle 0.4 0.4 1.09 1.08 1.1
bacillus
Serratia marcescens 0.7 0.7 0.95 0.86 0.9
Bacillus schatz 0.7 0.6 132 0.89 1.0

SOURCE: After E. Chargaff et al., J. Biol. Chem. 177 (1949).

* La quantité d’adénine (A) est égale a la quantité de thymine (T).
* La quantité de cytosine (C) est egale a la quantite de guanine (Q).



Structure et propriétés biochimiques de ’"ADN

2- La double hélice: Franklin, Watson et Crick

Les phosphates
sont chargés

T 3;\‘ N / négativement
0.34 nm _ HO 28 ’_G (O
Ol o } Q G O
s P — /\\\\\\\\\\
P O 5—<C il e
C)Q/IS“-— Q‘\l O > L P O g Fj\o
Rosalind Franklin Franklin's X-ray diagram, Nature 1953 _(2;(/)[2;‘ 07/% T \////////v—< O
1- 1l y a deux hélices antiparalleles 5’->3’ .G ,
Y P VR 22
_ \ y Y 4 n O ///
2- Les phosphates sont a I’exterieur N C Liens
oty ar A hosphodiest
3- Les bases sont a 'intérieur e \ PHDSPRDEIEST
Fin5 pont |

4- ’appariement des bases est complémentaire (lois de hydrogéne Fin 3
Chargaff: A=T, C=QG)

5- Et surtout: si les brins se séparent, chaque brin peut
étre une matrice pour une nouvelle double hélice

(B)

Adapte de Molecular Biology of the Cell, 7th edition



Structure et propriétés biochimiques de ’"ADN

2- La double hélice: Franklin, Watson et Crick

No. 4356 Apl‘il 25, 1953

equipment, and to Dr. G. E. R. Deacon and the
captain and officers of R.R.S. Discovery II for their
part in making the observations.

'Young, F. B., Gerrard, H., and Jevons, W., Phil. Mag., 40, 149
(1920).

* Longuet-Higgins, M. S., Mon. Not. Roy. Astro. Soc., Geophys. Supp.,
B, 285 (1949).

* Von Arx, W. S., Woods Hole Papers in Phys. Oceanog. Meteor., 11
(3) (1950).

‘Fkman, V. W., Arkiv. Mat. Astron. Fysik. (Stockholm), 2 (11) (1905).

MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

E wish to suggest a structure for the salt

of deoxyribose nucleic acid (D.N.A.). This
structure has novel features which are of considerable
biological interest.

A structure for nucleic acid has already been
proposed by Pauling and Corey!. They kindly made
their manuscript available to us in advance of
publication. Their model consists of three inter-
twined chains, with the phosphates near the fibre
axis, and the bases on the outside. In our opinion,
this structure is wunsatisfactory for two reasons :
(1) We believe that the material which gives the
X-ray diagrams is the salt, not the free acid. Without
the acidic hydrogen atoms it is not clear what forces
would hold the structure together, especially as the
negatively charged phosphates near the axis will
repel each other. (2) Some of the van der Waals
distances appear to be too small.

Another three-chain structure has also been sug-
gested by Fraser (in the press). In his model the
phosphates are on the outside and the bases on the
inside, linked together by hydrogen bonds. This
structure as described is rather ill-defined, and for
this reason we shall not comment
on it.

We wish to put forward a
radically different structure for
the salt of deoxyribose nucleic
acid. This structure has two
helical chains each coiled round
the same axis (see diagram). We
have made the usual chemical
assumptions, namely, that each
chain consists of phosphate di-
ester groups joining B-p-deoxy-
ribofuranose residues with 3’,5
linkages. The two chains (but
not their bases) are related by a
dyad perpendicular to the fibre
axis. Both chains follow right
handed helices, but owing to
the dyad the sequences of th
atoms in the two chains ru
in opposite directions. Eacl
chain loosely resembles Fur
berg’s* model No. 1; that is
the bases are on the inside off
the helix and the phosphates or
e e ity tho outside. The configuration
ribbons symbolize the Of the sugar and the atoms
two phosphate—sugar  near it is close to Furberg’s
chains, and the hori- P 2 3
zontal rods the pairs of ‘standard configuration’, the
bases holding the chalns  gyugar being roughly porpendi-

t ther. The vertical
"(:,‘:,E“k, u.:- fibre .;‘i'. cular to the attached base. There

NATURE 737

18 & residue on each chain every 3-4 A. in the z-direc
tion. We have assumed an angle of 36° between
adjacent residues in the same chain, so that the
structure repeats after 10 residues on each chain, that
is, after 34 A. The distance of a phosphorus atom
from the fibre axis is 10 A. As the phosphates are on
the outside, cations have easy access to them.

The structure is an open one, and its water content
is rather high. At lower water contents we would
expect the bases to tilt so that the structure could
become more compact.

The novel feature of the structure is the manne:
in which the two chains are held together by the
purine and pyrimidine bases. The planes of the bases
are perpendicular to the fibro axis. They are joined
together in pairs, a single base from one chain being
hydrogen-bonded to a single base from the othe:
chain, so that the two lie side by side with identical
z-co-ordinates. One of the pair must be a purine and
the other a pyrimidine for bonding to occur. The
hydrogen bonds are made as follows : purine position
1 to pyrimidine position 1; purine position 6 to
pyrimidine position 6.

If it is assumed that the bases only occur in the
structure in the most plausible tautomeric forms
(that is, with the keto rather than the enol con-

figurations) it is found that only specific pairs of

bases can bond together. These pairs are : adenine
(purine) with thymine (pyrimidine), and guanine
(purine) with cytosine (pyrimidine).

In dther words, if an adenine forms one member of
a pair, on either chain, then on these assumptions
the other member must be thymine ; similarly for
guanine and cytosine. The sequence of bases on a
single chain does not appear to be restricted in any
way. However, if only specific pairs of bases can be
formed, it follows that if the sequence of bases on
one chain is given, then the sequence on the other
chain is automatically determined.

It has been found experimentally®* that the ratio
of the amounts of adenine to thymine, and the ratio
of guanine o cytosine, are always very close to unity
for deoxyribose nucleic acid.

It is probably impossible to build this structure
with a ribose sugar in place of the deoxyribose, as
the extra oxygen atom would make too close a van
der Waals contact.,

The previously published X-ray data®* on deoxy-
ribose nucleic acid are insufficient for a rigorous test
of our structure. So far as we can tell, it is roughly
compatible with the experimental data, but it must
be regarded as unproved until it has been checked
against more exact results. Some of these are given
in the following communications. We were not aware
of the details of the results presented there when we
devised our structure, which rests mainly though not
chemical arguments,

It has not escaped our notice that the specific
pairing we have postulated immediately suggests a
possible copying mechanism for the genetic material.

Full details of the structure, including the con-
ditions assumed in building it, together with a set
of co-ordinates for the atoms, will be published
elsewhere.

e qen r. Jerry Lononue 1or
constant advice and criticism, especially on inter-
atomic distances. We have also been stimulated by
a knowledge of the general nature of the unpublished
experimental results and ideas of Dr. M. H. F.

Wilkins, Dr. R. E. Franklin and their co-workers at

738 NATURE

King’s College, London. One of us (J.D. W.) has been
aided by a fellowship from the National Foundation
for Infantile Paralysis.

Aprll 25, 1953 vo. 171

J. D. Warson
F. H. C. Cricx
Medical Research Council Unitjjfor the
Study of the Molecular Structimms
Biological Systems,
Cavendish Laboratory, Cambridge.
April 2.

1 Pauling, L., and Corey, R. B.. Nafure, 171, 346 (1958); Proc. U.S.
Nat. Acad. Sci., 39, 84 (1953).

* Furberg, S., Acta Chem. Scand., 6, 634 (1952).

* Chargaff, E., for references see Zamenhof, S., Brawerman, G., and
Chargaff, E., Riochkim. et Riophys. Acta, 9, 402 (1952).

* Wyatt. G. R., J. Gen, Physiol., 38, 201 (1952).

* Astbury, W. T., Symp. Soc. Exp. Biol. 1, Nucleic Acid, 66 (Camb.
Univ. Press, 1947).

* Wilkins, M. H. F., and Randall, J. T., Biochim. ¢t Biophys. Acta,
10, 192 (1953).

truct r d/I"
explique sa fonction!

Il n’a pas échappé a notre attention que
I’appariement spécifique des bases que nous avons
propose suggere immédiatement un mécanisme
possible de réplication pour le matériel génétique.

LS



Structure et propriétés biochimiques de I'’ADN

3- la complémentarité des ponts hydrogene et I'antiparralélite

pont hydrogéne 3
5/ : :
cytosine H guanine _ _
| / § > Appariement possible avec les
H N —HIilmo >
\ / \ Ne o~ ponts hydrogene ‘
C . C C —C / > Les ponts hydrogene assurent la
7 _ \ / \ complémentarité
H—c, C NummH—N @ C~N\
\ / \ /
N==C . p C=N
N
/ OllMH—N Squelette Un atome d’hydrogéne peut permettre la formation d’un
\H h%ljscrr?a:\te pont s'il est lié & un atome d'azote (N), d'oxygéne (O) ou
PRoSP -~ de fluor (F) et est proche d’un atome d'azote, d'oxygene
ou de fluor dans la moléecule voisine qui soit partiellement
thymine /H adenine negatit.
CH, OllMMH—N H
\ // " o~ e g
//C — C\ /C — C\ /
H—cCc T N—HIIIIIIIIIIN/ A \C——N

\ y
N —C

\C_ / \
O H

5'

(A) 1 nm Adapte de Molecular Biology of the Cell, 7th edition



Structure et propriétés biochimiques de I'’ADN

3- la complémentarité des ponts hydrogene et les brins antiparalleles

3 3
5 c
= G =
A=T 0.34 nm( | T
= =
T <
G =C G = C
~_ squelette
c=6¢ = sucre-phosphate C = G
C= G C = G
=T N
G =C C= G
T — A -— T
3 5!
: 3
3 ponts
hydrogene

paires de bases liees par des
ponts hydrogene Adapté de Molecular Biology of the Cell, 7th edition



Structure et propriétés biochimiques de I'’ADN

3- la complémentarité et son importance pour la réplication

matrice: brin S

5' - i
/ T o L Lome T T O
brin S ) 0 0 0 6 6 6 6 0 o0 g
5’ 3’ nouveau brin S
T om0 I m T TN
3’ 5’ nouveau brin S
brin § 3D 0 06 6 0 0 6 6 0 0 ¢l
Double helice “parentale” \ T mom 0 T m T T
3 5'

matrice brin S’

Doubles hélices “descendantes”

Adapte de Molecular Biology of the Cell, 7th edition
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PAUSE



Structure et propriétés biochimiques de I'’ADN

4- |les sillons de I’ADN
Si les bases sont DANS la double hélice

comment les reconnaitre?

> Les sillons permettent la
reconnaissance de |'ADN par des
proteines

> |a plupart des contacts ADN -
proteines sont d’ailleurs formes dans

Sillon _ :
le sillon majeur

mineur

Sillon
majeur

Adapte de Molecular Biology of the Cell, 7th edition



Structure et propriétés biochimiques de ’"ADN

4' IeS Si”OnS de I,ADN Grand sillon Grand sillon
Donneurs de pont hydrogenes

Accepteurs de pont hydrogenes
Protuberances hydrophobes

@T/ p P ®VN i (O Hydrogénes attachés a des
N G N - H\\\\H\N/C\ N T\

N A N HIH =N carbones et donc non-

N N . . .
_HW?’ y O>/” disponibles pour pont hydrogene
Petit sillon / Petit smon
Grand sillon Grand sillon

N-HING )

OllH-N R 7/@
/C SNl = N G\ N @—2/;/(1\1 HI|||I|IN/A\ N
N N N~< N
OIIIIIIIH N / O /
\ Petit sillon

Petlt sillon

Adapte de Molecular Biology of the Cell, 7th edition



Structure et propriétés biochimiques de ’"ADN

4- les sillons de ’ADN

X e »
& 95 !
e s
-
,_" Reégulateur de la transcription
/— - Arg31 W
\\\00 \ Grand
O Arg53 sillon de
- 0&"} ’ADN
Tyr25

T - A
— GIn50
Lys57 / A

I'>
z
>

/
(Asparagine 51)§
£
CHy;  OllllH-N
/
HﬁN—HIIIIIN
N ;\
O H A T T a—A Arg5
base pair \ Thras
Squelette sucre- 4
>\ petit sillon phosphate LysS5

. Petit sill
Limite externe du squelette dz'wilo?\ln

sucre-phosphate a
I'extérieur de la double
héelice

Adapte de Molecular Biology of the Cell, 7th edition



Structure et propriétés biochimiques de ’"ADN

SpeakUp

https://web.speakup.info/room/j01n/96071

QUIZZ: les brins d’ADN peuvent étre sépares par:
1- La perte des ponts hydrogene

2- L'hydrolyse de phosphate

3- La perte des liens phosphodiester

4- Le froid

5- La chaleur



Structure et propriétés biochimiques de ’"ADN

5- dé- et renaturation: principe

S

/
Liens covalents j

Liens non- J

covalents —>vv ADN

WA imple brin
h o s o Simp
(ponts hydrogene) /\ /\ [\ /'\

VoeVs Vs ¢ ADN
"I\{/\"I\‘( double brin Comme il y a trois ponts hydrogene entre les

bases G-C et deux entre les bases A-T la
stabilité de la double chaine d’ADN va dependre
de la fraction GC et va augmenter avec celle-ci

Adaptée de Lewin’s GENES Xl



Structure et propriétés biochimiques de ’"ADN

5- dé- et renaturation: spécificité

AW
= Y lent

\/

wwwm paut T, oo ywwm\
chaufre sement
double hélices d'ADN dénaturation en simple brin, et renaturation rétablit les paires
donc perte de la structure de de doubles hélices dADN
la double hélice (Paires de nucléotides sont

re-apparies)

Adapte de Molecular Biology of the Cell, 7th edition



Structure et propriétés biochimiques de ’"ADN

6- les structures alternatives de I’ADN

Forme canonique: “B”

AVAVAVAVAVAVAY,

GTTACCGTAACTAGACTATTAC
CAATGGCATTGTACTGATAATG

AR

L’ADN génomique est maintenu majoritairement dans sa |

Forme “Z”: alternance de purine et pyrimidine ‘D’autres structures sont possibles et visualisées in vivo '
/-\ '® [ jees a la sequence de nucleotides sous-jacente '

/ A A '@ Predites dans certaines regions du genome (repetitions)
. " . " N " y 7

CGCGTGTGCGCETE |® Difficlle a en connaitre ' etenaue... |

GCGCACACGCGCAC
Forme “H”: sequence de polypurines ou de polypyrimidines contenant une repétition en miroir

E
Z/ ssDNA
AVANVANGINGNGING

Triplex

GGGGAAGGAGCTAGAGGAAGGGG
CCCCTTCCTCGATCTCCTTCCCC Adapte de Wang and Vasquez, Nat. Rev. Gen. 2023



Structure et propriétés biochimiques de I'’ADN

6- les structures alternatives de I’ADN

Forme canonique: “B”

AVAVAVAVAVAVAY,

GTTACCGTAACTAGACTATTAC
CAATGGCATTGTACTGATAATG

AR

L’ADN génomique est maintenu majoritairement dans sa |

; . 'D’autres structures sont possibles et visualisées in vivo '
Tetrade de guanine: séquences contenant , . , ' . . : ,
quatre suites de trois guanines ou plus. 1® L’e,es'_ a la sequence ae nu cleotides sous-jacente
'® Predites dans certaines regions du genome (repetitions) |
‘e Difficile a en connaitre I’étendue... :

—
—

Tétrade de guanines

VAVAVIRRVANVAVAY

ADN simple-brin

Elles pourraient aussi influencer |
' ® [nitiation et vitesse de replication |
‘e Apparition de variations génétiques (mutations) |
'® [a densité en histones
'® | g vitesse de la transcription

GGGAAGGGTCGGGTTAGGG
CCCTTCCCAGCCCAATCCC

Adapte de Wang and Vasquez, Nat. Rev. Gen. 2023



Structure de ’ADN

4- Principes d'organisation du génome humain



Principes d’organisation du génome humain

1- les chromosomes
> [ e génome humain haploide est constitue de 3.3 milliard de paires de bases
> [’entier du genome est distribue en 24 chromosomes dont 22 autosomes (1-22) et 2 chromosomes sexuel (X, Y)
> Structure de base d’un chromosome

telomere

\ ex: chr11
telomere centromere

> Chaque autosome est present en 2 copies dans une cellule somatique humaine (44 autosomes)
W ex: chrif: copie
W . Chr11:C0pie :

> Il y a 2 chromosomes sexuels (soit XX, soit XY) par cellules somatique humaine

> Au total, on retrouve donc 46 chromosomes par cellule somatique humaine

Adapte de Molecular Biology of the Cell, 7th edition



Principes d’organisation du génome humain

2- LADN dans le noyau

| CELLULE EN INTERPHASE (90% DU TEMPS) |

Adapte de Molecular Biology of the Cell, 7th edition



enome huma

tiondug

organisa

J

Principes d

2- ’ADN dans le noyau

https://www.bio.fsu.edu/~fraserlab/



Principes d’organisation du génome humain

2- LADN dans le noyau

W ex: chrif: copie
’\/\/’"\/‘/\/ X chrit: copiel

—

Adapte de Molecular Biology of the Cell, 7th edition
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3- La chromatine (a suivre dans le cours |V de la Prof. Valentini)

telomere ex: chri11

telomere centromere

Chromatine

¢

a ‘ ADN
= 5 ¢
- ™
‘ - 2
”y g ' ~
) ¢
Proteine d’histone Autres proteines (ex.: regulateur de la transcription)

Adapte de Molecular Biology of the Cell, 7th edition



Principes d’organisation du génome humain

3- Vue d’ensemble

® | e genome humain est compose de 22 autosomes (1-22) et de deux chromosomes sexuels (X,Y)
® | es chromosome sont constitues d’ADN et de protéines

® | es chromosomes ressemblent a des pelotes de laine

® | es chromosomes existent dans leur forme condenséees durant la mitose et la meiose

® Quel en est le contenu?
Comment lier les milliers de maladies genetiques au genome?
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5- Le sequencage du génome humain



Le géenome humain

*Dans la version de l'initiative privée, on produit directement des petits

1 = Seq Uencage fragments, sans passer par des clones, en mettant davantage de moyens
techniques sur la partie informatique d'assemblage des séquences entre elles

SRR L
B V44 0 &%
- ",-::._ .&,(*‘:"»‘:.,.39 > éi
-'\‘ "‘ S .'>~- ':‘ - b *
W, S Y
(‘ ?1: &, T Ny .i
SR R

Une initiative publigue (NIH)

Fragmentation de 'ADN ™
génomique de cellules f /4 s
humaines de plusieurs - 7

individus

Insertion des fragments dans des
chromosomes artificiels de bactéries
(clones) et amplification de chaque == = S——
clone de chromosomes artificiel dans
des cultures de bactéries distinctes

Fragmentation des clones
individuels en plus petits . \ <
fragments d'ADN |

Séquencage des petits

fragments d’ADN et

o o assemblage des séquences
Une initiative privée (CELERA) d'ADN de ces petit fragments
par leurs extrémités

K X chevauchantes ->

. reconstitution de la séquence

" CELERA o

Aoniors I Assemblage des clones = - - -
A3)7 WNErg LOrLoGrancry SUSINESS x
e S SR SRR ORI SIS entre eux grace a leur

séquence se chevauchant

Séquence de référence
https://www.genome.gov/about-genomics/fact-sheets/Sequencing-Human-Genome-cost



Le géenome humain

1- Séguencage

Début: 1990 Premiere version: Version final:
» Cout: 3'000°000°000% Annonceée: juin 2000 Annoncée: avril 2003
20 institutions de 6 pays Publication: février 2001 Publiée: octobre 2004

- Materiel génétique: mixe

§§4’~ A R RGN wva:mv‘vmw KA xv;*:%;«;w:;@m&wwww« JzM:&%E "13'}" wiry 2001
3 ;' % v :"'§.< 3
i WANTED!

¥ £ s
é % i -
i 20 Volunteers i 5 ST
14 ol . §e < P \L“A 39
5! to participate in the, 3t Pt e 5 -
i Human Genome Project i
G a very large international scientific research effort. i

%% . . ' . ;f ¥3
E” : The goal is to decode the human hereditary information (human blueprint) that deter- ggf
2§ mines all individual traits inherited from parents. The outcome of the project will ;g ;ﬁ
it§ have tremendous impact on future progress of medical science and lead to improved ii-’k
; : dnagnosns and treatment of hereditary diseases. ‘ég T H E

} Volunteers will receive information about the project from the Clinical Genetics !gg ke, —

- i Service at Roswell Park, and sign a consent form before participating. iks o N“"'“" fidsior:

§.§.§ Fiva-diniefision] -

§ No personal information will be maintained or transferred, gég encrgylan ‘%f..'}?.‘..?.. )
iti Volunteers will provide a one-time donation of a small blood specimen. A small 3?; "' 8éafloor spréadiry ‘
i § monetary reimbursement will be provided to the participants for their time and effort. !;’ig tlllk{ lttw frpihidnder

3 5 ICALCHICICE » o

% 33 ............................ o..._....;...\.. i
£ Individuals must be at least 18 years of age. §§§ Soc

: . o 8% juence urutudc\\ :

E Persons who have undergone chemotherapy are not eligible. ; ; bl i

4 ’5 . O et
it For more information please contact the §§ - %
it! Clinkcal Genetis Service i
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Le génome humain

2- Annotations Chromosome: 1,2,3,4,5,6,.... 3.3 milliard de paires de bases, donc de code: |l
< o faut tout annoter et voici les surprises qui sont
apparu au fil des années

> | n’y a moins de genes codant
gu’attendu: 20’000 genes, comme chez
les autres animaux

> Les genes n’occupent que 1.2% du génome
(part codante)

> || y a beaucoup de séquences repétées: le

Le double est stocké génome n’est pas complet avec cette version!
/—\3 dans chaque noyau d’un
diametre de 6um > || y a des millions de sequences
regulatrices

> Les changements de régulation est ce
qui controle I’évolution des animaux

“The book of life” au centre Sanger: 109 gros
livres de 1000 pages dans une taille d’écriture
juste lisible



Le géenome humain

3- Développement

A- Technologie de sequencage de masse B- Cout du séquencage (100$/génome en 2023, 600$ pour des
Short read: 50-500pbs: Illumina prives)

WE - Cost per Human Genome

$100,000,000

$10,000,000

\
.
$1,000,000
Long reads: 5’°000-1°000’000pbs: lllllll
$10,000

PACBIO Nanopore Sequencing l
NITH Jg

$1,000 Hﬂlll
$100

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

https://www.genome.gov/about-genomics/fact-sheets/Sequencing-Human-Genome-cost
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1- Séguencage

Premiere version:
Annoncee: juin 2000
Publication: février 2001

15 February 2001
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6- Le génome humain: applications



Le génome humain: applications

3- Applications médicales: genes responsables des maladies

Genes liés a des maladies rares monogéniques

(Mucovisidose, Myopathie de Duchenne,...)
1990: 70 pré-genome (approche de genes candidats)

2003: 1700
2020: >5000

Genes liés a des maladies frequentes polygéniques

(Diabete, schizophrenie, ...)
2003: 8 (L’effet d’un variant est faible)

l Meéthodes de séquencage

Taille des cohortes (prix du sequencage)

Variants rare
Schizophrénie: 10
Retard intellectuel: 150

Variants frequents
Diabetes de type 2: 403

Maladie inflammatoire des intestins: 273
Schizophrénie: 245

Drug targets
Since 2001, nearly 100% of US drugs licensed in any given
year have had all their potential protein targets identified.

Probability that protein target is known

.00 = e e e —
1980 1990 2000 2010 2020

*Including single nucleotide polymorphisms,
pseudogenes, non-coding RNAs, promoters and so on.

Nature 590, 212-215 (2021)



Le génome humain: applications

3- Applications médicales

A Clinical Course

Nouveau né / enfant affecté par une pathologie pesertdto | e E.h%ifﬁlg":n TP
emergency showed frequent | | Genomics, medical genetics, and

Findings on head CT abnormal,

. : seizures
patient admitted to NICU

department with
irritability and

inconsolable

neonatology personnel discuss
diagnosis and treatment

potentiellement génétique:

9:30 a.m.

crying for 2 hr NICU rounds, detailed 9:44 a.m.
: A _ 7 . . family history obtained Biotin and thiamine
Exemple: Un nourrisson age de 5 semaines admis pour pleurs ordered

12:13 p.m.
First doses

12:30 p.m.
Genomics, medical genetics, and
neonatology personnel discuss patient

inconsolables, atypiques et irritabilité (N Engl J Med 2021; 384:2159-2161)

of biotin 6:00 p.m. 6:29 a.m.
2:00 p.m. and thiamine] | Irritability and Patient
RGS authorized, administered ?eizgres resoléed; ﬁischarged
Projet: A New York et en Grande Bretagne, un projet qui commence cette consent obtained eeding starte ome

(@] © 000D O

OO O © 1 O]

annee vise a séquencer le géenome 200’000 bébés (indépendamment de

; ; . . o . L, . DOL 41 DOL 42 DOL 43 DOL 46
leur etat de sante) afin d’identifier tout les problemes genetiques traitables
sy s : A s B Diagnostic Course
) : . J
avant qu’ils se manifestent: 500-1°000 bebes pourraient ainsi etre traites — i Dlagnosis.  Autosomallrecessive
I I Genomics, medical genetics, and 6:30 a.m. Genomics, medical thiaming metabolism
(dOI. 10.11 26/SCIence.ad92659) neonatology personnel Sequencing genetics, and dysfunction syndrome 2
discuss patient complete; neonatology Gene Thiamine transporter 2,
- bioinformatics personnel discuss SLC19A3
:52 p.m. : : : . :
, , Blood sample dfawn analysis started fr':gr']:’;iand Variant H;)grr;zzygous, pathogenic
7:24 a.m. c.227qup
Sequengage du genome de tumeurs pour trouver IeS Eikad SI:OI Pmd Variants and pheno- Predicted p.His200SerfsTer25
&R L 7 ood sample arrive types uploaded to Consequence
med ICamentS IeS pI US ad apteS at genome center molecular diagnostic
5:50 artificial intelligence | | -,
:50 p.m. 7:34 a.m.
Sample preparation 7:23 p.m. Analysis by molecular
commenced Sequencing diagnostic artificial
startad intelligence completed;
provisional diagnosis
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equipment, and to Dr. G. E. R. Deacon and the
captain and officers of R.R.S. Discovery II for their
part in making the observations.

'Young, F. B., Gerrard, H., and Jevons, W., Phil. Mag., 40, 149
(1920).
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(3) (1950).
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MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

E wish to suggest a structure for the salt

of deoxyribose nucleic acid (D.N.A.). This
structure has novel features which are of considerable
biological interest.

A structure for nucleic acid has already been
proposed by Pauling and Corey!. They kindly made
their manuscript available to us in advance of
publication. Their model consists of three inter-
twined chains, with the phosphates near the fibre
axis, and the bases on the outside. In our opinion,
this structure is wunsatisfactory for two reasons :
(1) We believe that the material which gives the
X-ray diagrams is the salt, not the free acid. Without
the acidic hydrogen atoms it is not clear what forces
would hold the structure together, especially as the
negatively charged phosphates near the axis will
repel each other. (2) Some of the van der Waals
distances appear to be too small.

Another three-chain structure has also been sug-
gested by Fraser (in the press). In his model the
phosphates are on the outside and the bases on the
inside, linked together by hydrogen bonds. This
structure as described is rather ill-defined, and for
this reason we shall not comment
on it.

We wish to put forward a
radically different structure for
the salt of deoxyribose nucleic
acid. This structure has two
helical chains each coiled round
the same axis (see diagram). We
have made the usual chemical
assumptions, namely, that each
chain consists of phosphate di-
ester groups joining B-p-deoxy-
ribofuranose residues with 3’,5
linkages. The two chains (but
not their bases) are related by a
dyad perpendicular to the fibre
axis. Both chains follow right
handed helices, but owing to
the dyad the sequences of th

atoms in the two chains ru
in opposite directions. Eacl
chain loosely resembles Fur

berg’s* model No. 1; that is
the bases are on the inside off
the helix and the phosphates or
the outside. The configuration
ribbons symbolize the Of the sugar and the atoms
two phosphate—sugar  near it is close to Furberg’s
chains, and the hori- P 2 3
zontal rods the pairs of ‘standard configuration’, the
sugar being roughly porpendi-

bases holdlmx'the cha.lns|
together. The vertic
. e cular to the attached base. There

line marka the fibre axis

This figure is purely
diagrammatic. The two

18 & residue on each chain every 3-4 A. in the z-direc
tion. We have assumed an angle of 36° between
adjacent residues in the same chain, so that the
structure repeats after 10 residues on each chain, that
is, after 34 A. The distance of a phosphorus atom
from the fibre axis is 10 A. As the phosphates are on
the outside, cations have easy access to them.

The structure is an open one, and its water content
is rather high. At lower water contents we would
expect the bases to tilt so that the structure could
become more compact.

The novel feature of the structure is the manne:
in which the two chains are held together by the
purine and pyrimidine bases. The planes of the bases
are perpendicular to the fibro axis. They are joined
together in pairs, a single base from one chain being
hydrogen-bonded to a single base from the othe:
chain, so that the two lie side by side with identical
z-co-ordinates. One of the pair must be a purine and
the other a pyrimidine for bonding to occur. The
hydrogen bonds are made as follows : purine position
1 to pyrimidine position 1; purine position 6 to
pyrimidine position 6.

If it is assumed that the bases only occur in the
structure in the most plausible tautomeric forms
(that is, with the keto rather than the enol con-

figurations) it is found that only specific pairs of

bases can bond together. These pairs are : adenine
(purine) with thymine (pyrimidine), and guanine
(purine) with cytosine (pyrimidine).

In dther words, if an adenine forms one member of
a pair, on either chain, then on these assumptions
the other member must be thymine ; similarly for
guanine and cytosine. The sequence of bases on a
single chain does not appear to be restricted in any
way. However, if only specific pairs of bases can be
formed, it follows that if the sequence of bases on
one chain is given, then the sequence on the other
chain is automatically determined.

It has been found experimentally®* that the ratio
of the amounts of adenine to thymine, and the ratio
of guanine o cytosine, are always very close to unity
for deoxyribose nucleic acid.

It is probably impossible to build this structure
with a ribose sugar in place of the deoxyribose, as
the extra oxygen atom would make too close a van
der Waals contact.,

The previously published X-ray data®* on deoxy-
ribose nucleic acid are insufficient for a rigorous test
of our structure. So far as we can tell, it is roughly
compatible with the experimental data, but it must
be regarded as unproved until it has been checked
against more exact results. Some of these are given
in the following communications. We were not aware
of the details of the results presented there when we
devised our structure, which rests mainly though not
chemical arguments,

It has not escaped our notice that the specific
pairing we have postulated immediately suggests a
possible copying mechanism for the genetic material.

Full details of the structure, including the con-
ditions assumed in building it, together with a set
of co-ordinates for the atoms, will be published
elsewhere.

e qen r. Jerry Lononue 1or
constant advice and criticism, especially on inter-
atomic distances. We have also been stimulated by
a knowledge of the general nature of the unpublished
experimental results and ideas of Dr. M. H. F.

Wilkins, Dr. R. E. Franklin and their co-workers at

King’s College, London. One of us (J.D. W.) has been
aided by a fellowship from the National Foundation
for Infantile Paralysis.
J. D. Warson
F. H. C. Cricx
Medical Research Council Unitjjfor the
Study of the Molecular Structimms
Biological Systems,
Cavendish Laboratory, Cambridge.
April 2.
1 Pauling, L., and Corey, R. B.. Nafure, 171, 346 (1958); Proc. U.S.
Nat. Acad. Sci., 39, 84 (1953).
* Furberg, S., Acta Chem. Scand., 8, 634 (1952).
* Chargaff, E., for references see Zamenhof, S., Brawerman, G., and
Chargaff, E., Riochim. et Biophys. Acta, 9, 402 (1952).
* Wyatt. G. R., J. Gen, Physiol., 38, 201 (1952).
* Astbury, W. T., Symp. Soc. Exp. Biol. 1, Nucleic Acid, 66 (Camb.
Univ, Press, 1047).
* Wilkins, M. H. F., and Randall, J. T., Biochim. ¢t Biophys. Acta,
10, 192 (1953).

Le prochain cours:

comment ’ADN se
replique

Il n’a pas échappé a notre attention que
I’appariement spécifique des bases que nous avons
propose suggere immédiatement un mécanisme
possible de réplication pour le matériel génétique.







