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CALCUL MOLÉCULAIRE

OU JETEZ VOS PCS DANS LA POUBELLE



Ordinateur moléculaire
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Pourquoi ?

– vitesse
– coûts
– «car c’est là»
– médecin dans la cellule (Labo de Shapiro) :

observe les chemins de signalisation, produit des signaux (c-à-d enzymes) lui-
même, traitement de maladies au niveau cellulaire

http://www.weizmann.ac.il/mathusers/lbn/


Implantation par biotech
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Rappel : notre répertoire d’outils de biotechnologie

– hybridation
– PCR
– enzymes de restriction
– clonage
– electrophoresis
– séquençage



Encodage
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Encodage d’information par ADN : c’est presque trivial :)

Exemple : message secret (microdot)

A=CGA K=AAG

B=CCA L=TGC

C=GTT M=TCC

...

«Bonjour la tristesse» → CCAGGCTCTAGT...



Message secret - 2
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20 pb CCAGGCTCTAGT...

message

20 pb5' 3'

clé secret

mélanger le message secret avec d’autres molécules ADN

amplification du message par PCR — il faut savoir le clé secret (nombre de possi-
bilités : 440)

Clelland & al. Nature 399 :533 (1999)



Stockage d’information
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Implantation sur média physique (RAM ou disque)

PF1 PR1 ... PFn PRnF R

F PF1 E1 PR1 R

F PF2 E2 PR2 R

F PFn En PRn R

Implantation par molécules d'ADN

Structure de données

Bancroft & al. Science 293 :1763 (2001)



Encodage de graphes

Calcul moléculaire ? IFT6299 A2005 ? UdeM ? Miklós Csűrös 7

Expérience classique de Leonard Adleman (1994) : chemin Hamiltonien
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Encodage de graphes - 2
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Noeuds encodés par oligonucléotides Oi = O
(g)
i O

(d)
i , arêtes encodés par oligos

Oij = O
(d)
i O

(g)
j

mélanger : Oi, pour i = 1, . . . ,5 (complément Watson-Crick) ; Oij



Encodage de graphes - 3
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21

TTAGGTAACCGG5' 3' ATATCCTCAATG5' 3'

AACCGGATATCC5' 3'

noeud 2noeud 1

arête 12 arête 2y
5'

3' 5'

3'

chemin encodé

O1 O2

O12

......TTAGGT AACCGGATATCC TCAATG......
AATCCATTGGCC TATAGGAGTTAC

arête x1



Encodage de graphes - 4
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chaque molécule formée correspond à un chemin :
1. amplification par PCR (filtrer les chemins 0 → 6)
2. mesurer la longueur
3. filtrer par chaque Oi pour vérifier sa présence

Problèmes : espace exponentiel (nbre exponentiel de chemins), modèle de calcul
(formation de molécules en une dimension à partir d’un ensemble de pièces) est
décidable ⇒ n’est pas aussi puissant que la machine de Turing



Portes logiques
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concept de base

A B

porte logique

C

entrées encodées en oligonucléotides

sortie encodée 
en oligonucléotides



Implantation — components de base
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C T C T T C T A G T G A

G A G A A G A T C A C TG A T 5'3'

point de clivage

cible de l'enzyme
(substrate)

deoxyribozyme

Détection de clivage

marqeur 
fluorescent

quencher

énergie absorbée
si proche

émission de lumière



Détails
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deoxyrobozyme 1

deoxyrobozyme 2

Stojanovic, Mitchell, Stefanovic. J Am Chem Soc 124 :3555 (2002)



Portes logiques : OUI et NON
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OU logique : mixte de OUI ; NON-ET logique : mixte de NON (de Morgan)



Portes logiques : ET et ET-NON
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OU exclusive : mixte de ET-NON



Jouer au tic-tac-toe
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La meilleure stratégie. . .

Stojanovic & Stefanovic. Nat Biotechnol 21 :1069 (2003)



Tic-tac-toe : portes
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Stojanovic & Stefanovic. Nat Biotechnol 21 :1069 (2003)



Tic-tac-toe : expressions logiques
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if faut transformer l’expression initiale [gauche] pour l’implantation



Voilà La machine !
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Stojanovic & Stefanovic. Nat Biotechnol 21 :1069 (2004)



Ordinateur moléculaire
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logiciel, entrée, sortie, hardware

on veut implanter une machine de Turing universelle à l’aide d’ADN, enzymes,
etc.



Machine de Turing moléculaire
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Bennett Int J Theor Phys 21 :905 (1982)



Calcul par automate fini
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Automate fini à deux états : S0 et S1, alphabet : {a, b}

Benenson & al. PNAS 100 :2191 (2003)



AF : transitions
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AF : hardware — FokI
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AF : configurations
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AF : calcul
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Vitesse et énergie
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vitesse du calcul : 20–40s par transition (mais 6.6 · 1010s−1 par µl ... 66 GHz)

énergie : 34kT où k = 1.38·10−23JK−1 (min : 0.5kT , neurones : 1011kT )



«Médicament intelligent»
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configurations encodées de même façon qu’avant ; transitions executées par FokI

challenge : lier le niveau d’expression d’un gène au symbole qui l’encode

Condon. Nature 429 :351 (2004)



1012 ordinateurs dans une goutte d’eau
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continuous rather than a discrete parameter, so is the regulation of
transition probabilities, the level of which is correlated with this
confidence. The resulting stochastic behaviour of the automaton is
governed by the confidence in the presence of each indicator, so that

the probability of a positive diagnosis is the product of the
probabilities of the positive transitions for each of the indicators
processed (see Supplementary Note). By changing the ratio between
positive and negative transitions for a particular indicator we can

 

  

 

 

  

Figure 2 Operation of the molecular computer. The complete sequences for all molecules
shown are given in the Supplementary Methods. a, Part of the computation path for the
diagnostic molecule for prostate cancer with all molecular indicators present, ending in

drug release. The initial diagnostic molecule consists of a diagnosis moiety (grey) that

encodes the left-hand side of the diagnostic rule (Fig. 1b) and a drug-administration

moiety (light purple) incorporating an inactive drug loop (dark purple). At each

computation step, the prevailing transition is shown, except for the processing of the

symbol PIM1 " , for which details of the stochastic choice, accomplished by a regulated
pair of competing transition molecules, are shown (dashed box, see c). b, Regulation of
the two transitions for PIM1 " by sub-sequences (tags) of overexpressed PIM1 mRNA,

resulting in a relatively high level of the Yes
PIM1"! Yes transition molecules and low level of

the Yes
PIM1"! No molecules. Each transition molecule contains regulation (green, orange)

and computation (blue, grey) fragments. The ‘inactivation tag’ of PIM1 mRNA (light

orange) displaces the 5 0 ! 3 0 strand of the transition molecule Yes
PIM1"! No and destroys

its computation fragment. The ‘activation tag’ of PIM1 mRNA (light green) activates the

transition molecule Yes
PIM1"! Yes. Initially, a protecting oligonucleotide (green) partially

hybridizes to the 3 0 ! 5 0 strand of the transition molecule and blocks the correct

annealing of its 5 0 ! 3 0 strand. The ‘activation tag’ displaces the protecting strand,

allowing such annealing and rendering an active Yes
PIM1"! Yes transition. Ideally, one PIM1

mRNA molecule inactivates one Yes
PIM1"! No and activates one Yes

PIM1"! Yes transition

molecule. c, Stochastic processing of the symbol PIM1 " by a regulated pair of competing

transition molecules. The probability of a Yes ! Yes transition is high, resulting in a high

level of diagnostic molecules in the state Yes and a low level in state No. d, Combining
computation results for both types of diagnostic molecules, both with high Yes and low No

final states, results in high release of drug and low release of drug suppressor, and hence

in the administration of the drug.
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