
Chimie organique 
bioorientée
Luc Patiny


https://biooriented.cheminfo.org



Introduction



About Switzerland  > Économie  > Secteurs économiques  > Chimie et pharmacie

Chimie et pharmacie

L’industrie chimique et pharmaceutique est la principale industrie exportatrice de

Suisse. Elle représente chaque année près de la moitié du volume des exportations

suisses et contribue à environ 5% du PIB. Près d'un millier d'entreprises sont actives

dans ce secteur, et deux d'entre elles comptent parmi les plus grandes au monde.

L’industrie chimique et pharmaceutique représente environ la moitié des exportations totales de la Suisse. © Hoffmann-La Roche

En 2020, l’industrie chimique et pharmaceutique a contribué à hauteur de 6,3% au

produit intérieur brut. Elle se place ainsi juste derrière l’industrie des machines, mais

est en tête pour les exportations. Chaque année des produits chimiques et

pharmaceutiques d’une valeur de plus de 116 milliards de francs sont vendus à

l’étranger, ce qui représente près de 52% des exportations totales. En 2020, cette

industrie employait environ 74’000 personnes en Suisse et plus de 338’000 à

l’étranger. 

Les premières entreprises chimiques et pharmaceutiques se consacraient à la

fabrication de colorants pour l’industrie textile au 19  siècle. Par la suite, cette

industrie s’est concentrée sur la production de produits à forte valeur ajoutée comme

les sérums, les vaccins et les médicaments. Après la crise et les profondes

restructurations survenues dans les années 1990, le secteur pharmaceutique a renoué

avec une forte croissance dans les années 2000 et occupe désormais une place

nettement plus importante que celle du secteur chimique. Les exportations de ce seul

domaine sont ainsi passées de 8 milliards de francs en 1990 à 99 milliards de francs en

2020. 

e
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Importance de l’industrie pharmaceutique pour la Suisse 5

En bref

L’industrie pharmaceutique est le principal pilier des exportations suis-
ses. En 2014, ses exportations se sont montées à quelque 71 milliards 
de francs suisses, de sorte qu’un franc sur trois gagné à l’étranger par 
les exportations de l’industrie suisse est à mettre sur le compte de la 
branche pharmaceutique. Avec une croissance réelle de la valeur 
ajoutée de 9,4% en moyenne par an au cours des vingt dernières années, 
cette branche a apporté une contribution considérable à la croissance 
économique suisse. Dans le cadre de son expansion, l’importance de la 
branche pour l’économie globale a connu une croissance constante. 
Avec une valeur ajoutée brute nominale de plus de 25 milliards de francs 
suisses, sa part à l’économie globale était de 4% en 2014. Les quelque 
41 800 employé(e)s de l’industrie pharmaceutique représentent environ 
0,8% de l’ensemble des emplois. L’essor économique des entreprises 
pharmaceutiques suisses rejaillit considérablement sur des entreprises 
d’autres secteurs. Une analyse d’impact macroéconomique montre 
qu’en 2014, les activités de l’industrie pharmaceutique ont entraîné une 
valeur ajoutée supplémentaire de 19,5 milliards de francs suisses dans 
d’autres branches. Quelque 139 000 emplois y étaient liés.

Cette étude sur l’importance économique de l’industrie pharmaceutique suisse 
présente les résultats les plus récents sur la base de données actualisées. Une 
nouveauté importante pour les statistiques économiques est le passage au Sys-
tème européen des comptes SEC 2010, par lequel entre autres les dépenses de 
recherche et développement sont intégrées au calcul de la valeur ajoutée brute. 

Productivité exceptionnelle en comparaison de branches
Les nouvelles données font encore mieux apparaître l’avance de productivité de 
l’industrie pharmaceutique. Avec une valeur ajoutée de 332 francs suisses par 
heure de travail ou 627 000 francs par poste de travail en 2014, la productivité 
horaire de l’industrie pharmaceutique était environ quatre fois supérieure à celle 
de l’économie globale et 3,5 fois supérieure à celle de l’ensemble de l’industrie. 
La productivité du travail supérieure à la moyenne reflète la compétitivité de 
l’industrie pharmaceutique. Celle-ci est le résultat d’une bonne dotation en ca-
pital, d’activités d’innovation intensives et d’une grande efficacité de production.





Recherche d’un médicament



Plan du cours
• Introduction 
• Analyse structurale 

• Spectrométrie de masse

• Degré d’insaturation

• Spectrométrie infrarouge

• Résonance Magnétique Nucléaire


• Acides aminés, peptides et protéines 
• Acides aminés

• Synthèse peptidique

• Protéine et JsMol


• Conclusions 
• Interaction protéine / inhibiteur

• Exemple avec la 'peptide deformylase'



Organisation pratique
• Cours théorique toutes les 2 semaines 
• Exercices pratiques toutes les semaines 
• Assistant: 

• Shubhanga Balla - shubhanga.ballal@epfl.ch


• Contrôle continu: 
• 2/6: travail JsMol (présentation le 12 ou 19 décembre)

• 4/6: test écrit (12 décembre)

mailto:shubhanga.ballal@epfl.ch
http://www.cheminfo.org/Protein/JSMol/Demo_scripting/index.html


Support

• https://moodle.epfl.ch/course/view.php?id=16403 
• https://biooriented.cheminfo.org

https://biooriented.cheminfo.org


Analyse structurale
Détermination de la structure d'un produit inconnu
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Link

https://www.santepubliquefrance.fr/les-actualites/2023/cas-de-botulisme-alimentaire-a-bordeaux-15-cas-recenses-dont-10-hospitalises-et-1-deces.-point-de-situation-au-14-septembre-2023
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Stratégie



Spectrométrie de masse





https://forms.gle/edM9eWG49uRh59GQ9

Answer

https://docs.google.com/forms/d/13QO622Aa58un-uWTCbPM3_G5BXj7jxUDRkpuCjBSUw0/edit#responses


Isotope Abondance 
(%)

Masse isotopique 
[u]

H 1 
2

99.99 
0.01

1.0078 
2.0141

C 12 
13

98.93 
1.07

12.0000 
13.0033

N 14 
15

99.64 
0.36

14.0030 
15.0001

O
16 
17 
18

99.76 
0.04 
0.20

15.9949 
16.9991 
17.9991

Electron: 0.0005





• Dessiner le spectre de masse 
théorique de C2

++

Exercice

Isotope Abondance 
(%)

Masse isotopique 
[u]

H 1 
2

99.99 
0.01

1.0078 
2.0141

C 12 
13

98.93 
1.07

12.0000 
13.0033

Electron: 0.0005



https://www.cheminfo.org/flavor/biooriented
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https://biooriented.cheminfo.org
Exercice pour déterminer la charge de la molécule 
observée en masse

https://biooriented.cheminfo.org


Isotope Abondance 
(%)

Masse isotopique 
[u]

H 1 
2

99.99 
0.01

1.0078 
2.0141

C 12 
13

98.93 
1.07

12.0000 
13.0033

N 14 
15

99.64 
0.36

14.0030 
15.0001

O
16 
17 
18

99.76 
0.04 
0.20

15.9949 
16.9991 
17.9991

Electron: 0.0005



Définitions



Unité de masse atomique 
unifiée
Unité égale à (quasi *) 1/12 de la masse

d’un isotope 12 du carbone

=

1.660539 10-27 kg

* exactement jusqu'au 20 mai 2019

Unité: Da (dalton) ou u



Isotope Abondance 
(%)

Masse isotopique 
[u]

H 1 
2

99.99 
0.01

1.0078 
2.0141

C 12 
13

98.93 
1.07

12.0000 
13.0033

N 14 
15

99.64 
0.36

14.0030 
15.0001

O
16 
17 
18

99.76 
0.04 
0.20

15.9949 
16.9991 
17.9991

Electron: 0.0005



Masse atomique
Moyenne pondérée des masses des isotopes naturels 
stables d’un élément donné



Isotope Abondance 
(%)

Masse isotopique 
[u]

H 1 
2

99.99 
0.01

1.0078 
2.0141

C 12 
13

98.93 
1.07

12.0000 
13.0033

Electron: 0.0005



Masse moléculaire
Masse calculée en utilisant la masse atomique de chaque 
élément.



Masse nominale
Masse calculée en utilisant la masse entière de l’isotope 
majoritaire de chaque élément.



Masse isotopique
Masse calculée en utilisant les masses exactes des 
isotopes considérés



Masse monoisotopique
Masse calculée en utilisant les masses exactes des 
isotopes majoritaires de chaque élément


Les chimistes organiciens appellent parfois cela "masse 
exacte"



Masse nominale Abondance relative (%) Abondance (%) Masse isotopique [u] Masse atomique

H 1 
2

100 
0.01

99.99 
0.01

1.007825 
2.014101 1.008

C 12 
13

100 
1.08

98.93 
1.07

12.000000 
13.003354 12.011

N 14 
15

100 
0.37

99.64 
0.36

14.003074 
15.000108 14.007

O
16 
17 
18

100 
0.04 
0.20

99.76 
0.04 
0.20

15.994914 
16.999131 
17.999161

15.999

P 31 100 100 30.973761 30.974

S

32 
33 
34 
36

100 
0.79 
4.47 
0.01

94.99 
0.75 
4.25 
0.01

31.972071 
32.971458 
33.967866 
35.967080

32.065

F 19 100 100 18.998403 18.998

Cl 35 
37

100 
32.00

75.76 
24.24

34.968852 
36.965902 35.453

Br 79 
81

100 
97.28

50.69 
49.31

78.918337 
80.916290 79.903

I 127 100 100 126.904473 126.904

Electron: 0.00054858



https://biooriented.cheminfo.org
Déterminer la masse monoisotopique de la molécule non 
ionisée

https://biooriented.cheminfo.org


https://forms.gle/ps6voMgXnJkzmvNT6

Answer

https://docs.google.com/forms/d/15Lp_y5OrnrbEjDl4NOm_tIiMvAoJpu5HSHUZPt2HSTI/edit#responses


Isotope Abondance 
(%)

Masse isotopique 
[u]

H 1 
2

99.99 
0.01

1.0078 
2.0141

C 12 
13

98.93 
1.07

12.0000 
13.0033

N 14 
15

99.64 
0.36

14.0030 
15.0001

O
16 
17 
18

99.76 
0.04 
0.20

15.9949 
16.9991 
17.9991

Electron: 0.0005



Distribution isotopique 
1 seul atome



• Dessinez le spectre de masse de : 
• C+• 


• Cl+•


• Br+•

• S+•

Exercice



Masse nominale Abondance relative (%) Abondance (%) Masse isotopique [u] Masse atomique

H 1 
2

100 
0.01

99.99 
0.01

1.007825 
2.014101

1.008

C 12 
13

100 
1.08

98.93 
1.07

12.000000 
13.003354 12.011

N 14 
15

100 
0.37

99.64 
0.36

14.003074 
15.000108 14.007

O
16 
17 
18

100 
0.04 
0.20

99.76 
0.04 
0.20

15.994914 
16.999131 
17.999161

15.999

P 31 100 100 30.973761 30.974

S
32 
33 
34 
36

100 
0.79 
4.47 
0.01

94.99 
0.75 
4.25 
0.01

31.972071 
32.971458 
33.967866 
35.967080

32.065

F 19 100 100 18.998403 18.998

Cl 35 
37

100 
32.00

75.76 
24.24

34.968852 
36.965902

35.453

Br 79 
81

100 
97.28

50.69 
49.31

78.918337 
80.916290 79.903

Electron: 0.00054858

C+•  -  Cl+•  -  Br+•  -  S+•



Element A (masse) A (%) A+1 (masse) A+1 (%) A+2 (masse) A+2 (%) A+4 (masse) A+4 (%)

H 1 100 2 0.01

C 12 100 13 1.08

N 14 100 15 0.37

O 16 100 17 0.04 18 0.20

P 31 100

S 32 100 33 0.79 34 4.47 36 0.01

F 19 100

Cl 35 100 37 32.00

Br 79 100 81 97.28

I 127 100



Elem
ent

A 
(mas

A 
(%)

A+1 
(masse

A+1 
(%)

A+2 
(mass

A+2 
(%)

A+4 
(masse

A+4 
(%)H 1 100 2 0.01

C 12 100 13 1.08

N 14 100 15 0.37

O 16 100 17 0.04 18 0.20

P 31 100

S 32 100 33 0.79 34 4.47 36 0.01

F 19 100

Cl 35 100 37 32.00

Br 79 100 81 97.28

I 127 100



Distribution isotopique - 
plusieurs atomes



Isotopomères
2 molécules ayant le même nombre de chacun des 
isotopes à des positions différentes.



Isotopologues
2 molécules différents uniquement par leur composition 
isotopique



Isotopologue majoritaire
Composition isotopique la plus abondante.



Distribution isotopique
Ensemble des isotopologues avec leur masse et intensité 
relative respective

https://www.chemcalc.org

https://www.chemcalc.org


• Dessiner la distribution isotopique de:  
• C2+• 


• Cl2+• 

• Br2+• 

Exercice





Elem
ent

A 
(mas

A 
(%)

A+1 
(masse

A+1 
(%)

A+2 
(mass

A+2 
(%)

A+4 
(masse

A+4 
(%)H 1 100 2 0.01

C 12 100 13 1.08

N 14 100 15 0.37

O 16 100 17 0.04 18 0.20

P 31 100

S 32 100 33 0.79 34 4.47 36 0.01

F 19 100

Cl 35 100 37 32.00

Br 79 100 81 97.28

I 127 100



https://biooriented.cheminfo.org
Trouver la MF au départ de la distribution isotopique


Autres exercices sur https://www.chemcalc.org

https://biooriented.cheminfo.org
https://www.chemcalc.org


Masse nominale Abondance relative (%) Abondance (%) Masse isotopique [u] Masse atomique

H 1 
2

100 
0.01

99.99 
0.01

1.007825 
2.014101 1.008

C 12 
13

100 
1.08

98.93 
1.07

12.000000 
13.003354 12.011

N 14 
15

100 
0.37

99.64 
0.36

14.003074 
15.000108 14.007

O
16 
17 
18

100 
0.04 
0.20

99.76 
0.04 
0.20

15.994914 
16.999131 
17.999161

15.999

P 31 100 100 30.973761 30.974

S

32 
33 
34 
36

100 
0.79 
4.47 
0.01

94.99 
0.75 
4.25 
0.01

31.972071 
32.971458 
33.967866 
35.967080

32.065

F 19 100 100 18.998403 18.998

Cl 35 
37

100 
32.00

75.76 
24.24

34.968852 
36.965902 35.453

Br 79 
81

100 
97.28

50.69 
49.31

78.918337 
80.916290 79.903

I 127 100 100 126.904473 126.904

Electron: 0.00054858🔗

http://www.cheminfo.org/flavor/mass/Calculations/Information_from_MF_or_structure/index.html




Plusieurs carbones

C C10

C100 C1000

 Nominal 
mass

Abundance 
(%)

Mass (Da)

C
12
13

98.93
1.07

12.000
13.003

🔗

http://www.cheminfo.org/flavor/mass/Calculations/Information_from_MF_or_structure/index.html




Répétabilité / Exactitude

=
Répétabilité

precision

Exactitude

accuracy
=



Exactitude (accuracy)

Exactitude = Mass accuracy =
mexperimental − mtheory

mtheory
* 106ppm



Mass defect



Isotope Abondance (%) Masse isotopique [u]

H 1 
2

99.99 
0.01

1.008 
2.014

C 12 
13

98.93 
1.07

12.000 
13.003

N 14 
15

99.64 
0.36

14.003 
15.000

O
16 
17 
18

99.76 
0.04 
0.20

15.995 
16.999 
17.999

S

32 
33 
34 
36

94.99 
0.75 
4.25 
0.01

31.972 
32.971 
33.968 
35.967

SCN-

🔗

http://www.cheminfo.org/flavor/mass/Calculations/Information_from_MF_or_structure/index.html


Masse majoritaire
Masse correspondante au pic majoritaire observé dans le 
spectre de masse

Dépend de la largeur des pics (résolution)



Cys100

https://www.cheminfo.org/flavor/biooriented/Mass/1._Tool__Information_from_MF_or_structure/index.html


Exercices intégrés

Exo

https://www.cheminfo.org/flavor/biooriented/Mass/13._Exercise__MF_Determination_by_mass/index.html


Peptide fragmentation

H2N

R1

O R2

H
N

O R3

N
H

O R4

H
N

O

OH

x3

a1

x2

a2

x1

a3

y3

b1

y2

b2

y1

b3

z3

c1

z2

c2

z1

c3

Demo

https://tinyurl.com/y3xt6bj4


Proteomics



Protein digestion
ASP GLU ILE LYS ILE VAL LYS TYR PRO ASP PRO ILE LEU          
ARG ARG ARG SER GLU VAL THR ASN PHE ASP ASP ASN LEU          
LYS ARG VAL VAL ARG LYS MSE PHE ASP ILE MSE TYR GLU          
SER LYS GLY ILE GLY LEU SER ALA PRO GLN VAL ASN ILE          
SER LYS ARG ILE ILE VAL TRP ASN ALA LEU TYR GLU LYS          
ARG LYS GLU GLU ASN GLU ARG ILE PHE ILE ASN PRO SER          
ILE VAL GLU GLN SER LEU VAL LYS LEU LYS LEU ILE GLU          
GLY CYS LEU SER PHE GLY ILE GLU GLY LYS VAL GLU ARG          
PRO SER ILE VAL SER ILE SER TYR TYR ASP ILE ASN GLY          
TYR LYS HIS LEU LYS ILE LEU LYS GLY ILE HIS SER ARG          
ILE PHE GLN HIS GLU PHE ASP HIS LEU ASN GLY THR LEU          
PHE ILE ASP LYS MSE THR GLN VAL ASP LYS LYS LYS VAL          
ARG PRO LYS LEU ASN GLU LEU ILE ARG ASP TYR LYS ALA          
THR HIS SER GLU GLU PRO LEU GLU HIS HIS HIS HIS HIS          
HIS     

Example: digestion of peptide deformylase by chymotrypsin



Déréplication

https://octochemdb.cheminfo.org

https://octochemdb.cheminfo.org


Natural product: dereplication

Natural product extraction

HRMS

DereplicationKnown product ?

Biological testingFractionation

Yes No



Searching for existing information

Compounds : 112 M 

Articles : 34 M 

NCBI Taxonomy
Taxonomies : 2.5 M PubChem Bioassay

Bioassay results : 5.9 M 

Natural Products: 407 K 

BIDD Group 
Natural Products: 

Natural Products: 32 K 

BIDD Group NPASS
Natural Products: 30 K 
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m/z
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346.05420
Z:1

675.10483
Z:1

1228.23773
Z:1

experimental mass

S

N

N
H

O

OH

O

O

Pubmed links
Electrophysiological actions of convulsants and anticonvulsants on neurons of the leech subesophageal ganglion.
D-alanyl-D-alanine carboxypeptidase in the bacterial form and L-form of Proteus mirabilis.
Some properties of a D-alanine carboxypeptidase in envelope fractions of Neisseria gonorrhoeae.
Current status of treatment of pneumonia. Anti-Bacterial Agents  Antifungal Agents
The pH-dependence and group modification of beta-lactamase I.
Studies on the potentiation of the antibiotics contained in Prednobiotad. Anti-Bacterial Agents
Purification to homogeneity and properties of two D-alanine carboxypeptidases I From Escherichia coli.
Evaluation of the antibiotic effect of treatment of maxillary sinusitis. Anti-Bacterial Agents
Antibiotic sensitivity pattern of pneumococci relatively insensitive to penicillin and cephalosporin antibiotics.
Polymerization of penicillins: kinetics and mechanism of di- and polymerization of ampicillin in aqueous solution.
Treatment of gas gangrene.
Meningitis due to relatively penicillin-resistant pneumococcus.
Residues in antibiotic preparations, i: scanning electron microscopic studies of surface topography. Anti-Bacterial Agents
Compatibility of penicillin and ascorbic acid injection.
Effect of different factors on the rate of benzylpenicillin conversion in an aqueous system-butylacetate system.
Comparative in vitro activity of cephalosporins.
The compression properties of magnesium and calcium carbonates.
The binding of penicillin antibiotics to a human liver protein.
Study of E. coli penicillin amidase. The pH dependence of the equilibrium constant of the enzymatic hydrolysis of
benzylpenicillin.
Influence of pencillinase production by strains of Bacteroides melaninogenicus and Bacteriodes oralis on pencillin therapy of
an experimental mixed anaerobic infection in mice.
Steric effects on penicillin-sensitive peptidoglycan synthesis in a membrane-wall system Gaffkya homari.
Prolonged pneumococcal meningitis due to an organism with increased resistance to penicillin.
Otitis media of infancy and early childhood. A double-blind study of four treatment regimens.
Bacteriology and antibiotics in acute suppurative otitis media. Anti-Bacterial Agents
In vitro antibacterial effects of spectinomycin and penicillin G on Neisseria gonorrhoeae singly and in combination (author's
transl).
Metronidazole (Flagyl): degradation by the intestinal flora.
Ultrastructural, physiological, and cytochemical characterization of cores in group D streptococci.
Biosynthesis of peptidoglycan in Gaffkya homari. The mode of action of penicillin G and mecillinam.
Treatment of Bacteroides endocarditis with carbenicillin.
Study of penicillin amidase from E. coli. pH-dependence of kinetic parameters of enzymatic hydrolysis of benzylpenicillin.
Reversibility of the ampicillin-and nitrite-induced inactivation of beta-lactamase I.
Mycoses. Pathogenicity and diagnosis of dermatophytes, yeasts and molds.
Metal-ion interaction with penicillins: kinetics of complexation of nickel(II).
A pulsed laser study of excited states of aromatic molecules absorbed in globular proteins.
Physicochemical properties of beta-lactam antibacterials: deuterium solvent isotope effect on penicillin G degradation rate.
Human infection caused by penicillin-insensitive pneumococci. Anti-Bacterial Agents
Acute angiitis following penicillin therapy. Apropos of a case of arteriographic regression of intrarenal aneurysmal lesions.
Aminolysis of the 6 beta-amidinopenicillanic acid mecillinam. Imidazolone formation and intramolecular participation of the
amidino side-chain. Antigens
Studies on the stability and compatibility of drugs in infusion fluids. IV. Factors affecting the stability of benzylpenicillin in
carbohydrate solutions.
Secretion of lipids induced by inhibition of peptidoglycan synthesis in streptococci.
Penicillin allergy. Kinetics of penicilloylation of serum albumins by various penicillins.
Cell envelope of Neisseria gonorrhoeae: penicillin enhancement of peptidoglycan hydrolysis.
Current aspects of gas gangrene, apropos of 47 cases collected over a 3-year period (1974-1976).
Study of E. coli penicillin amidase. The pH-dependence of the enzymatic inactivation kinetics.
Detection and prevalence of pneumococci with increased resistance to penicillin.

Spectra : 410 K

Natural products : 276 K

octochemdb

https://octochemdb.cheminfo.org

https://octochemdb.cheminfo.org


Degré d’insaturation



Exercice

https://www.cheminfo.org/flavor/biooriented/Unsaturation/From_structure/index.html


Isomères de structure



C3H7N

Demo

http://www.cheminfo.org/flavor/biooriented/Unsaturation/Isomer_generator/index.html


Spectroscopie infrarouge



Electromagnetic spectrum



IR spectrophotometer



IR of ethylbenzene

Wavenumber
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Loi de Hooke

v = k f
m1 + m2

m1m2



v = k f
m1 + m2

m1m2



Vibrations moléculaires

Images from wikipedia

Symmetrical stretching

Asymmetrical stretching

Scissoring

TwistingRocking

Wagging



Formaldehyde

Demo

http://www.cheminfo.org/flavor/biooriented/IR/IR_spectra_prediction/index.html




















https://biooriented.cheminfo.org
Structure du produit inconnu au départ du spectre IR

https://biooriented.cheminfo.org








Atomes “équivalents”



diethyl ether

Answer

https://docs.google.com/forms/d/1C0hS45_I36las3mF1m2b5bCJkfVqfZRilXXohCbyIes/edit


methyl propyl ether

Answer

https://docs.google.com/forms/d/1nvPSe5M2ru5vui0_0Dh5GFRgDw3TqYvCfFso1YkjDsI/edit


2-chlorobutane

Answer

https://docs.google.com/forms/d/11GU44czNc6Lh5V6_iRBPJUWPid39mBSDk6ExN4qukO0/edit




methylcyclohexane

Answer

https://docs.google.com/forms/d/1iHe7z-KwpYrhCq4PQ-ksacnS7EcrRIDtfOHAHdaTkNs/edit


valine

Answer

https://docs.google.com/forms/d/1CLCUVPeWlbmOv-WHW5S-Ekje_dFUsTyA_HaFGDpLp2Y/edit


https://biooriented.cheminfo.org
Nombre d'hydrogènes différents

https://biooriented.cheminfo.org




RMN
Résonance Magnétique Nucléaire


Prix Nobel:

- 1991 Richard Ernst

- 2002 Kurt Wüthrich



NMR spectroscopy

 1 

Le spectre RMN 

Les premiers spectres de résonance magnétique nucléaire (RMN) ont été obtenus 
simultanément en 1946 dans 2 groupes de recherche : dʼune part, celui de Bloch, Hansen 
et Packard et dʼautre part celui de Purcell, Torrey et Pound. Bloch et Purcell ont reçu le 
prix Nobel de physique en 1952 pour cette découverte. 

Depuis lors la RMN a pris un essor considérable et est devenu un outil indispensable pour 
les chimistes, biochimistes, physiciens et plus récemment les recherches médicales. 

Le fonctionnement dʼun spectro RMN 

 

Le principe de la RMN 

Moment angulaire et moment magnétique 

Certains atomes possèdent un moment angulaire intrinsèque P. La chimie quantique 
montre que ce moment angulaire peut uniquement prendre les valeurs : 

P = I (I+1) h—  

où h— = 
h
2π = 6,6256 10-34 J s et I est le nombre de spin nucléaire. Ce nombre peut prendre 

les valeurs 0, 1/2, 1, … 6. Ce nombre dépend non seulement de lʼélément considéré, mais 
également de lʼisotope considéré. En pratique, les noyaux les plus intéressants possèdent 
un nombre de spin nucléaire égal à 1/2 (1H, 13C, 15N, 19F, 31P). 











Electromagnetic spectrum



United Kingdom
• 380–399.9 MHz: Terrestrial Trunked Radio (TETRA) service for emergency use
• 430–440 MHz: Amateur radio (70 cm band)
• 446.0–446.2 MHz : European unlicensed PMR service => PMR446
• 457–464 MHz: Scanning telemetry and telecontrol, assigned mostly to the water, gas, and 

electricity industries
• 606–614 MHz: Radio microphones and radio-astronomy
• 470–862 MHz: Previously used for analogue TV channels 21–69 (until 2012).

◦ Currently channels 21–37 and 39–48 are used for Freeview digital TV.[6] Channels 55-56 
were previously used by temporary muxes COM7 and COM8, channel 38 was used for radio 
astronomy but has been cleared to allow PMSE users access on a licensed, shared basis.

◦ 694-790 MHz:[7] i.e. Channels 49-60 have been cleared, to allow these channels to be 
allocated for 5G cellular communication.

◦ 791–862 MHz,[8] i.e. channels 61–69 inclusive were previously used for licensed and shared 
wireless microphones (channel 69 only), has since been allocated to 4G cellular 
communications.

• 863–865 MHz: Used for licence-exempt wireless systems.
• 863–870 MHz: Short range devices, LPWAN IoT devices such as NarrowBand-IoT.
• 870–960 MHz: Cellular communications (GSM900 - Vodafone and O2 only) including GSM-R 

and future TETRA
• 1240–1325 MHz: Amateur radio (23 cm band)

Source: https://en.wikipedia.org/wiki/Ultra_high_frequency

https://en.wikipedia.org/wiki/Terrestrial_Trunked_Radio
https://en.wikipedia.org/wiki/70-centimeter_band
https://en.wikipedia.org/wiki/PMR446
https://en.wikipedia.org/wiki/Analogue_terrestrial_television_in_the_United_Kingdom#625_line_system
https://en.wikipedia.org/wiki/Freeview_(UK)
https://en.wikipedia.org/wiki/Ultra_high_frequency#cite_note-6
https://en.wikipedia.org/wiki/Programme_making_and_special_events
https://en.wikipedia.org/wiki/Ultra_high_frequency#cite_note-7
https://en.wikipedia.org/wiki/Ultra_high_frequency#cite_note-8
https://en.wikipedia.org/wiki/Short_Range_Devices
https://en.wikipedia.org/wiki/LPWAN
https://en.wikipedia.org/wiki/Internet_of_things
https://en.wikipedia.org/wiki/NarrowBand_IOT
https://en.wikipedia.org/wiki/23-centimeter_band




Caractéristiques des principaux noyaux
Noyau Spin I Abondance 

naturelle (%)
υ obs. (MHz) 
(B0=2.3488 T)

Rapport 
gyromagnétique γ 

[107 rad T-1 s-1]

Relative 
sensibility

1H  
2H  
10B 
11B 
12C  
13C  
14N  
15N  
16O 
17O 
19F 
29Si  
31P

1/2  
1  
3  

3/2  
0  

1/2  
1  

1/2  
0  

5/2  
1/2  
1/2  
1/2

99.98  
0.016  
19.58  
80.42  
98.9  

1.108  
99.63  
0.37  

99.96  
0.037  
100  
4.70  
100

100  
15.3  
10.7  
32.0  

–  
25.1  
7.2  

10.1  
–  

13.6  
97.1  
19.9  
40.4

26.7519  
4.1066  
2.8746  
8.5843  

–  
6.7283  
1.9338  
–2.712  

–  
-3.6279  
25.181  

–5.3188  
10.841

100  
0.96  
1.99  
16.5  

–  
1.59  
0.10  
0.10  

–  
2.91  
83.3  
0.78  
6.63



ethyl acetate

O

O















https://moodle.epfl.ch/course/view.php?id=16403

Exemple avec les solvents

https://moodle.epfl.ch/course/view.php?id=16403


Couplage spin-spin



https://www.cheminfo.org/flavor/biooriented

https://www.cheminfo.org/flavor/biooriented


Second order effect



https://www.cheminfo.org/flavor/biooriented

https://www.cheminfo.org/flavor/biooriented


NMR
Boc protected amino-acids



Exercices Boc

https://www.cheminfo.org/flavor/structuralAnalysis/NMR/Exercises/7._1H_NMR_spectra_of_Boc_amino_acids/index.html






Exercices intégrés

http://www.cheminfo.org/flavor/biooriented/NMR/Exercises/7._Integrated__EM__IR_and_NMR_1H/index.html




Acides aminés, peptides, 
protéines



Acides aminés



Codification IUPAC des atomes



Synthèse peptique



Cyclosporine



Bremelanotide



Octreotide

https://en.wikipedia.org/wiki/Octreotide


Electronegativity
I II III IV V VI VII



acide base 
conjuguée pKa

acide très fort HI I- base très faible -5.2

HBr Br- -4.7

HCl Cl- -2.2

acide le + fort dans l'eau H3O+ H2O -1.7

CF3COOH CF3COO- 0.2

HF F- 3.2

CH3COOH CH3COO- 4.7

H2S HS- 7.0

HCN CN- 9.2

Me3N+H Me3N 9.8

C6H5OH C6H5O- 10.0

EtSH EtS- 10.6

H2O HO- base la plus + dans l'eau 15.7

EtOH EtO- 15.9

CH3COOEt -CH2COOEt 24.5

HCCH HCC- 25

acide très faible C2H5NH2 C2H5NH- base très forte 35



Protéine



Feuillet Beta



Diagramme de Ramachandran



Diagramme de Ramachandran



PDB format
•https://www.rcsb.org/





 

Protein Data Bank Contents Guide: 

 

Atomic Coordinate Entry Format Description 

 

Version 2.3, July 9, 1998 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
©2007 wwPDB 

https://www.rcsb.org/structure/1CWA

https://www.rcsb.org/structure/1CWA


Protéine et travail JSMol



Travail JSMol

• Choisir une protéine 

• Effectuer le travail JSMol

http://www.cheminfo.org/flavor/biooriented/PDB/PDB_Selector/index.html
https://script.epfl.ch/script/HD/Login/S1MuhDYfYk?path=test@patiny.com/Teaching/BioorientedChemistry/Students/2020-2021Biooriented/luc.patiny@epfl.ch


Réactions bio compatibles





Catalyseur

  41  

 

5 Réactions "biocompatibles" 
Il est souvent intéressant soit de modifier des protéines, pour par exemple fixer un 
haptène (catalytic antibodies (Nat. Prod. Rep., 1996, 13, 479 - 511, DOI: 
10.1039/NP9961300479) , vaccins), soit de faire des réactions de couplage entre deux 
molécules comportant de nombreuses fonctions. 
Exemple de synthèse d'un anticorps catalytique: 

 
Afin d'atteindre ces objectifs, il est nécessaire d'avoir des synthèses chimiques 
chemosélectives (on va faire une réaction uniquement avec un type de fonction) et qui se 
font dans des conditions douces (il ne faut pas détruire la structure des molécules). 

5.1 Modification de résidus nucléophiles 
Nous allons profiter de la présence de résidus nucléophiles à la surface de protéines pour 
fixer une molécule. 

5.1.1 Réactions sur RNH2 
OSu (O succinimide): 

 

5.1.2 Réactions sur RSH 
maléimide: 
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kcat / kuncat = 8300
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Vaccin antinicotine



Dokumentation und Evaluation der Weiterbildung
Focus: Nicotine and Tobacco · Original Article

Onkologie 2002;25:406–411

Schlüsselwörter
Nikotin · Vakzination · Antikörper

Zusammenfassung
Hintergrund: Nikotin ist die Hauptursache für die Abhängigkeit
von tabakhaltigen Produkten, die ihrerseits ein wichtiger ätiologi-
scher Faktor für kardiovaskuläre Erkrankungen und Krebs sind.
Diese Publikation beschreibt einen Impfstoff, der Antikörper
gegen Nikotin hervorruft. Die Antikörper im Blutstrom fangen das
Nikotinmolekül auf dem Weg zu seinen Rezeptoren ab und ver-
mindern den Nikotininflux ins Gehirn kurz nach dem Rauchen
stark. Methode: Das Nikotinmolekül wird chemisch an das Colera-
Toxin-B-Molekül als Trägerprotein gebunden um Antikörper her-
vorzurufen. Das Potential, Antikörper zu erzeugen wird sowohl
nach subkutaner als auch nach intranasaler Immunisierung evalu-
iert. Um realistische Konditionen zu erzeugen, werden 1 Woche
vor der Impfung Nikotinpumpen in Mäuse implantiert, die das Ni-
kotinequivalent von 5 Päckchen Zigaretten während 4 Wochen lie-
fern. Der Schutzeffekt der Vakzine wird 5 Wochen nach der Imp-
fung gemessen. Dazu wird 5 min nach der Verabreichung des Ni-
kotin-Equivalentes von 2 Zigaretten der Influx von radioaktiv mar-
kiertem Nikotin in das Gehirn von geimpften und nicht geimpften
Tieren bestimmt. Resultate: Wir zeigen, dass der Gebrauch von
Cholera Toxin B als Trägermolekül nach subkutaner Immunisie-
rung nicht nur signifikante IgG-Antikörperkonzentrationen im Blut
erzeugt, sondern dass auch bedeutende IgA-Antikörpertiter nach
intranasaler Impfung auf den mukösen Membranen nachgewie-
sen werden, wie eine Messung der Antikörper im Speichel der
Mäuse zeigt. Der Schutzeffekt auch bei Mäusen mit implantierter
Nikotinpumpe ist signifikant: Im Gehirn von geimpften Tieren
kann weniger als 10% der Nikotinmenge der Kontrolliere gefun-
den werden. Schlussfolgerung: Diese Daten machen es glaubhaft,
dass eine Impfung den Teufelskreis zwischen Rauchen und sofor-
tiger Gratifikation unterbrechen kann. Man findet weiterhin er-
staunlicherweise auch unter extremen Konditionen kein Zeichen
einer Ausschöpfung der spezifischen Antikörper, was es unwahr-
scheinlich macht, dass der Raucher den Schutzeffekt der Impfung
durch vermehrtes Rauchen umgehen kann. Weiterhin lassen uns
die auch nach einem Jahr noch hohen Antikörpertiter hoffen, dass
Impfauffrischungen nur in jahrelangen Intervallen nötig sein wer-
den.
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Summary
Background: Nicotine is the main culprit for dependence on to-
bacco-containing products, which in turn are a major etiologic fac-
tor for cardiovascular diseases and cancer. This publication de-
scribes a vaccine, which elicits antibodies against nicotine. The
antibodies in the blood stream intercept the nicotine molecule on
its way to its receptors and greatly diminish the nicotine influx to
the brain shortly after smoking. Methods: The nicotine molecule is
chemically linked to cholera toxin B as a carrier protein in order to
induce antibodies. The potential to elicit antibodies after subcuta-
neous as well as intranasal immunization is evaluated. In order to
simulate realistic conditions, nicotine pumps delivering the nicoti-
ne equivalent of 5 packages of cigarettes for 4 weeks are implan-
ted into the mice 1 week prior to vaccination. The protective effect
of the vaccine is measured 5 weeks after vaccination by compa-
ring the influx of radiolabeled nicotine in the brains of vaccinated
and non-vaccinated animals 5 min after challenge with the nico-
tine equivalent of 2 cigarettes. Results: The polyclonal antibodies
induced by the vaccine show a mean avidity of 1.8 × 107 l/Mol.
Subcutaneous immunization elicits high antibody levels of the IgG
class, and significant IgA antibody levels in the saliva of vaccina-
ted mice can be found after intranasal vaccination. The protective
effect also in the animals with implanted nicotine pumps is signi-
ficant: less than 10% of radiolabeled nicotine found in the brains
of non-vaccinated animals can be found in the brains of vaccina-
ted animals. Conclusions: These data provide credible evidence
that a vaccine can break the vicious circle between smoking and
instant gratification by intercepting the nicotine molecule. Asto-
nishingly, there is no sign of exhaustion of specific antibodies
even under extreme conditions, which makes it highly unlikely
that a smoker can overcome the protective effect of the vaccine by
smoking more. Finally, the high titers of specific antibodies after 1
year let us hope that booster vaccinations are probably only ne-
cessary in intervals of years.
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Introduction

The colonial physician Benjamin Rush wrote about the dan-
ger of tobacco as early as 1798 and physicians in the 19th cen-
tury linked tobacco to coronary artery disease as well as lip
and nasal cancer [1, 2]. Modern tobacco control started in the
United States with the mandatory printing of warnings against
the health risks of smoking on all cigarette packages in 1965.
Radio and television advertising for cigarettes is banned in 
the USA since 1971, smoking is forbidden in public trans-
portation since 1990, and the tobacco industry as a whole is
legally challenged by the federal and state governments since
1994.
Why are cigarettes so successful? Over the years, the follow-
ing, strongly simplified scheme of the mechanism of nicotine
addiction has been developed: Nicotine, a compound naturally
occurring in tobacco, is sterically very similar to the ubiqui-
tous signaling molecule acetylcholine. It stimulates a hetero-
geneous group of nicotinic receptors of the adrenal glands, the
neuro-muscular gaps, and the brain. Like other dependence-
inducing drugs it increases the dopamine level in the nucleus
accumbens of the brain (fig. 1). It furthermore inhibits the en-
zymatic catabolism of dopamine [3, 4]. The nucleus accum-
bens itself is one of the main entrances to dependency. In
order to make sure that fundamental activities for survival like
eating, drinking, or sex are performed, during evolution the
brain has connected those activities with the sensation of satis-
faction and pleasure. The so-called ‘highway of pleasure’, con-
ceived for this purpose connects the nucleus accumbens with
the hippocampus, where contextual information is stored, and
the cerebral cortex, where pleasure enters consciousness [5].
The subjectively perceived difference between the pleasure of
a cold beer after a hot day or an orgasm is apparently the con-
sequence of a different activation of the same circuitry. Re-
cent research demonstrates that mediators other than
dopamine also play key roles in the network: glutamate recep-
tors for example are essential in the development of cocaine
dependency [6, 7]. 
Why could a vaccine be useful to combat nicotine dependen-
cy? In 1972, researchers at the University of Chicago immu-
nized a rhesus monkey against morphine. The animal was
shown to be partially protected against heroin (chemically al-
most identical to morphine), but the authors concluded in
their last sentence that subsequent drug challenges could
overcome the protective effect: ‘This blockade has been
shown to be dose dependent and it can be overcome by high
doses of drugs’ [8]. The authors of the same group had pub-
lished an earlier paper which demonstrates that the high doses
of the same conjugate as used in their anti-heroin immuniza-
tion experiment induce B-cell tolerance [9, 10], a condition in
which no new antibodies against the tolerance-inducing epi-
topes are produced by the B cells.
The concept of a prophylactic or therapeutic vaccine against
drugs of abuse (including nicotine) interrupting the vicious

circle between drug consumption and drug-induced stimula-
tion has been described for the first time in 1990 by E.H.
Cerny [11]. Compared with other medications for smoking
cessation, the vaccine concept has some unique advantages:
The vaccine effect is lasting for years, whereas receptor-antag-
onist based medications with their typically short half life may
no more be taken by the patient as soon as withdrawal symp-
toms develop. Antibodies do not cross the blood-brain barrier
and no secondary effects through interaction with brain recep-
tors are expected. Moreover, having a different mechanism
than any other therapeutic group used for smoking cessation,
they could be an ideal complement to already established
therapies and, as for other vaccines, the expected low or likely
nonexistent toxicity as well as a low price may under certain
conditions allow a broad preventive application.
Like other drugs of abuse, nicotine itself is too small a mole-
cule in order to be immunogenic in humans and therefore has
to be linked to a carrier protein. Useful coupling chemistries
for the conjugation of nicotine to a functional group of the
carrier protein had previously been developed in the course of
the development of radio immune assays (RIA), which are
based on specific antibodies against nicotine [12–14]. 
Here, we describe the preclinical development of an innova-
tive anti nicotine vaccine for s.c., i.m. as well as intranasal (i.n.)
application, which is in preparation for a phase 1 evaluation.

Materials and Methods

Synthesis of the vaccine: Recombinant cholera toxin B subunit (rCTB)
was obtained from SBL vaccine, Stockholm, Sweden. Human clinical stu-
dies at Göteborg University with this protein including intranasal, oral
and i.m. application have already been published [15–17]. The molecular
weight of each B subunit is 11,000 Dalton and the B subunit contains 5
subunits. Cholera toxin B purified from Vibrio cholera (CTB Berna) was
obtained from Berna AG, Bern, Switzerland, as well as tetanus toxoid.
Polylysine and incomplete Freund’s adjuvant were ordered from Sigma
Chemicals, St. Louis, MO, USA.
Nicotine in cigarettes is present only as the (–) enantiomer. However, du-
ring the high temperature of cigarette combustion up to 11% of the nico-
tine are transformed into the (+) enantiomer, which has been shown to be
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Fig. 1. Structural formula. Illustration of the close steric similarity as well
as the similarity in electric charge distribution between (–) nicotine and
actylcholine, which is responsible for their binding to the same groups of
receptors. The functionalized nicotine hapten as used for coupling (trans-
3’-succinylmethylnicotine) is shown to the right.
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Introduction

The colonial physician Benjamin Rush wrote about the dan-
ger of tobacco as early as 1798 and physicians in the 19th cen-
tury linked tobacco to coronary artery disease as well as lip
and nasal cancer [1, 2]. Modern tobacco control started in the
United States with the mandatory printing of warnings against
the health risks of smoking on all cigarette packages in 1965.
Radio and television advertising for cigarettes is banned in 
the USA since 1971, smoking is forbidden in public trans-
portation since 1990, and the tobacco industry as a whole is
legally challenged by the federal and state governments since
1994.
Why are cigarettes so successful? Over the years, the follow-
ing, strongly simplified scheme of the mechanism of nicotine
addiction has been developed: Nicotine, a compound naturally
occurring in tobacco, is sterically very similar to the ubiqui-
tous signaling molecule acetylcholine. It stimulates a hetero-
geneous group of nicotinic receptors of the adrenal glands, the
neuro-muscular gaps, and the brain. Like other dependence-
inducing drugs it increases the dopamine level in the nucleus
accumbens of the brain (fig. 1). It furthermore inhibits the en-
zymatic catabolism of dopamine [3, 4]. The nucleus accum-
bens itself is one of the main entrances to dependency. In
order to make sure that fundamental activities for survival like
eating, drinking, or sex are performed, during evolution the
brain has connected those activities with the sensation of satis-
faction and pleasure. The so-called ‘highway of pleasure’, con-
ceived for this purpose connects the nucleus accumbens with
the hippocampus, where contextual information is stored, and
the cerebral cortex, where pleasure enters consciousness [5].
The subjectively perceived difference between the pleasure of
a cold beer after a hot day or an orgasm is apparently the con-
sequence of a different activation of the same circuitry. Re-
cent research demonstrates that mediators other than
dopamine also play key roles in the network: glutamate recep-
tors for example are essential in the development of cocaine
dependency [6, 7]. 
Why could a vaccine be useful to combat nicotine dependen-
cy? In 1972, researchers at the University of Chicago immu-
nized a rhesus monkey against morphine. The animal was
shown to be partially protected against heroin (chemically al-
most identical to morphine), but the authors concluded in
their last sentence that subsequent drug challenges could
overcome the protective effect: ‘This blockade has been
shown to be dose dependent and it can be overcome by high
doses of drugs’ [8]. The authors of the same group had pub-
lished an earlier paper which demonstrates that the high doses
of the same conjugate as used in their anti-heroin immuniza-
tion experiment induce B-cell tolerance [9, 10], a condition in
which no new antibodies against the tolerance-inducing epi-
topes are produced by the B cells.
The concept of a prophylactic or therapeutic vaccine against
drugs of abuse (including nicotine) interrupting the vicious

circle between drug consumption and drug-induced stimula-
tion has been described for the first time in 1990 by E.H.
Cerny [11]. Compared with other medications for smoking
cessation, the vaccine concept has some unique advantages:
The vaccine effect is lasting for years, whereas receptor-antag-
onist based medications with their typically short half life may
no more be taken by the patient as soon as withdrawal symp-
toms develop. Antibodies do not cross the blood-brain barrier
and no secondary effects through interaction with brain recep-
tors are expected. Moreover, having a different mechanism
than any other therapeutic group used for smoking cessation,
they could be an ideal complement to already established
therapies and, as for other vaccines, the expected low or likely
nonexistent toxicity as well as a low price may under certain
conditions allow a broad preventive application.
Like other drugs of abuse, nicotine itself is too small a mole-
cule in order to be immunogenic in humans and therefore has
to be linked to a carrier protein. Useful coupling chemistries
for the conjugation of nicotine to a functional group of the
carrier protein had previously been developed in the course of
the development of radio immune assays (RIA), which are
based on specific antibodies against nicotine [12–14]. 
Here, we describe the preclinical development of an innova-
tive anti nicotine vaccine for s.c., i.m. as well as intranasal (i.n.)
application, which is in preparation for a phase 1 evaluation.

Materials and Methods

Synthesis of the vaccine: Recombinant cholera toxin B subunit (rCTB)
was obtained from SBL vaccine, Stockholm, Sweden. Human clinical stu-
dies at Göteborg University with this protein including intranasal, oral
and i.m. application have already been published [15–17]. The molecular
weight of each B subunit is 11,000 Dalton and the B subunit contains 5
subunits. Cholera toxin B purified from Vibrio cholera (CTB Berna) was
obtained from Berna AG, Bern, Switzerland, as well as tetanus toxoid.
Polylysine and incomplete Freund’s adjuvant were ordered from Sigma
Chemicals, St. Louis, MO, USA.
Nicotine in cigarettes is present only as the (–) enantiomer. However, du-
ring the high temperature of cigarette combustion up to 11% of the nico-
tine are transformed into the (+) enantiomer, which has been shown to be
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6 Peptide deformylase 
6.1 Introduction 
La synthèse protéique chez les procaryotes débute par une N-formylméthionine 
préalablement obtenue par une étape de formylation du côté N-terminal. La PDF catalyse 
le clivage du groupement formyl de la chaine peptidique naissante. Ensuite la N-
methionine aminopeptidase (MAP) excise la méthionine N-terminale du peptide. 

 
Ce cycle de formylation et déformylation distingue nettement les bactéries des cellules 
animales et végétales et fait de la PDF une cible de choix pour la recherche de produits 
pharmaceutiques à visée antibiotique. 
Il arrive souvent que le produit de la réaction soit en partie inhibiteur. Ainsi HMetAlaSerOH 
est un inhibiteur (faible) de la protéine. 
PDF est une métalloprotéine : stabilisation par deux histidines, une cystéine et une 
molécule d'eau. L'inhibiteur se trouve au voisinage du métal indiquant qu'il participe très 
certainement à la catalyse. 
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6.2 Recherche d'un substrat minimal 
Mesure de la cinétique d'hydrolyse de différents produits (Biochemistry 1999, 4287) : 
Peptide vitesse relative 
Fo-Ala-Ala-Ala-OH 0.20 
Fo-Met-Ala-Ser-OH 100 
Fo-Nle-Ala-Ser-OH 115 
Fo-Leu-Ala-Ser-OH 11 
Fo-Met-OMe 27 
Fo-Nle-OMe 59 
Fo-Met-OH 0.16 
Fo-Leu-Ala-OMe 267 
Fo-Nle-Arg-NH2 839 

 

6.3 Recherche d'un inhibiteur 
Synthèse d'inhibiteurs : on va donner un bon ligand à l'atome de métal : un RSH ou un 
RONH2. 
 
Peptide Ki (µM) 
H-Met-Ala-Ser-OH 53000 
H-Met-Arg.OH 3800 
HS-CH2-CH2-OH 10000 

 

52 

 

2.5 

actinonine* 

64 

* Antimicrobial Agents and Chemotherapy 2001, 563-570. 
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6.4 Détermination du site catalytique par RMN 
Par spectroscopie RMN on va déterminer la variation des déplacements chimiques des 
protons de la protéine en présence et en absence de l'inhibiteur. 

Atom ∆d 15N or 
13C (ppm) 

Atom ∆d 1H  
(ppm) 

C90 CA 7.2 C90 HA 1.32 
Q50 NE2 5.5 Q50 HE21 0.92 
L91 N 4.5 L91 HN 0.83 
V59 N 3.0 H7 HN 0.57 
I86 N 2.0 G89 HN 0.53 
I44 N 1.5 Q50 HNE2 0.51 
G45 N 1.5 G43 HA1 0.45 
A47 N 1.5 E41 HN 0.40 
  G45 HN 0.35 
  C90 HN 0.34 
  G43 HN 0.31 
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Design and Synthesis of Substrate Analogue Inhibitors of Peptide Deformylase†
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Centre National de la Recherche Scientifique, Ecole Polytechnique, F-91128 Palaiseau Cedex, France

ReceiVed NoVember 4, 1998; ReVised Manuscript ReceiVed January 8, 1999

ABSTRACT: Series of substrates derivatives of peptide deformylase were systematically synthesized and
studied for their capacities to undergo hydrolysis. Data analysis indicated the requirement for a hydrophobic
first side chain and for at least two main chain carbonyl groups in the substrate. For instance, Fo-Met-
OCH3 and Fo-Nle-OCH3 were the minimal substrates of peptide deformylase obtained in this study, while
positively charged Fo-Nle-ArgNH2 was the most efficient substrate (kcat/Km ) 4.5 × 105 M-1‚s-1). On
the basis of this knowledge, 3-mercapto-2-benzylpropanoylglycine (thiorphan), a known inhibitor of
thermolysin, could be predicted and further shown to inhibit the deformylation reaction. The inhibition
by this compound was competitive and proved to depend on the hydrophobicity at the P1′ position.
Spectroscopic evidence that the sulfur group of thiorphan binds next to the active site metal ion on the
enzyme could be obtained. Consequently, a small thiopseudopeptide derived from Fo-Nle-OCH3 was
designed and synthesized. This compound behaved as a competitive inhibitor of peptide deformylase
with KI ) 52 ( 5 µM. Introduction of a positive charge to this thiopeptide via addition of an arginine at
P2′ improved the inhibition constant up to 2.5 ( 0.5 µM, a value 4 orders of magnitude smaller than that
of the starting inhibitors. Evidence that this inhibitor, imino[(5-methoxy-5-oxo-4-[[2-(sulfanylmethyl)-
hexanoyl]amino]pentyl)amino]methanamine, binds inside the active site cavity of peptide deformylase,
while keeping intact the 3D fold of the protein, was provided by NMR. A fingerprint of the interaction
of the inhibitor with the residues of the enzyme was obtained.

In eubacteria, the formylation of initiator methionyl-tRNAs
by methionyl-tRNAfMet transformylase results in N-formy-
lated nascent polypeptides (reviewed in ref 1). The N-formyl
groups are then removed by peptide deformylase (PDF,1 EC
3.5.1.27), an essential enzyme in the bacterial kingdom (2,
3). PDF activity was evidenced 30 years ago, but PDF proved
to be so unstable that it could not be purified any further
(4, 5). The identification, cloning, and sequencing of the PDF
gene (fms or def) in Escherichia coli revealed that the protein
bears the HEXXH motif of the zinc metalloproteases
superfamily (3, 6-8). Purification to homogeneity of the
overexpressed enzyme was achieved. Two forms could be
separated at the last step of purification (9-11). Form I,
which retains a firmly bound zinc ion, was first characterized
but proved poorly active. Its 3D structure revealed a unique
fold which, however, shares a secondary superstructure

similar to that of other proteases displaying the HEXXH
motif, such as thermolysin and metzincins (12-14). More
recent work has indicated that the second form of PDF
corresponds to the apoenzyme and that it derives from a very
active but unstable enzyme associated to an extraordinarily
labile divalent metal ion different from zinc (10, 15, 16).
This form is believed to correspond to the physiologically
active protein and the nature of the genuine ion was proposed
to correspond to a ferrous ion (15-17). Interestingly, nickel
can be exchanged with iron without any loss of specific
activity. The nickel form is much more stable than the iron
form, so that structural studies could be performed. The data
revealed, however, no significant difference with respect to
the zinc form (12, 18).
The metal cation is tetracoordinated by one water molecule

and by the side chains of the two histidines of the HEXXH
motif and of a cysteine (19). The secondary structure scaffold
and a complex network of hydrogen bonds in the active site
enable the presentation to the metal of the sulfur group of
that cysteine. Sequence comparisons, site-directed mutagen-
esis experiments, and biochemical characterization of several
PDF originating from various microorganisms suggested the
conservation of the 3D structure and catalytic mechanism
for all bacterial PDF (12, 20). The side chains thought to
participate in the catalytic process are strictly conserved in
the PDF family. Most of them belong to three signature

† L.P. was the recipient of a postdoctoral fellowship from the Ecole
Polytechnique (Palaiseau, France). S.R. was the recipient of a scholar-
ship from the French Ministère de l’Enseignement Supérieur et de la
Recherche and the Institut de Formation Supérieure Biomédicale
(Villejuif, France).
* Corresponding author. Tel 33 1 69 33 48 80. Fax 33 1 69 33 30
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‡ Laboratoire de Biochimie.
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1 Abbreviations: Fo, N-formyl; Nle, norleucine; PDF, peptide
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A47 N 1.5 E41 HN 0.40 
  G45 HN 0.35 
  C90 HN 0.34 
  G43 HN 0.31 

N
H

H
N

O
H

O

NH

NH2HN

NH2

O H
N

O

HS

NH

NH2HN

OMe

O

N
H

OMe

O
H

O
OMe

O

HS

substrats inhibiteurs

krel=59

krel=839

Ki (µM)=52

Ki (µM)=2.5
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6.5 Partie de reconnaissance (sélectivité), partie de réaction 
(catalyse) 

 



Stabilisation inhibiteur



Ponts hydrogènes
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6.6 Structures RX et stabilisation du complexe protéine -
inhibiteur 

6.6.1 Ponts hydrogènes 
Interaction entre un C=O et un NH ou OH 
C=O: amide, ASP, GLU, GLN, ASN 
N-H: amide, ASN, GLN, LYS 
O-H: SER, THR, TYR 
Environ 6 kJ par mole 

 

 

ILE44 
GLY45 

GLU133 

GLY89 



Effets électrostatiques



Effets hydrophobes



3D structure

1DEF 1DFF
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CYS90 
HIS136 

HIS132 



Conclusions



Conclusions
• RMN / Mass / IR: 

• Déterminer la structure de petites molécules

• Déterminer la structure de protéines ou l'interaction en inhibiteur et protéine


• Importance de la structure de la protéine: 
• Déterminer le site catalytique

• Comprendre le mécanisme de la réaction (par exemple hydrolase)

• Améliorer un inhibiteur (charge, poche hydrophobe, ...)


• Réactions chimiques: 
• Problème des groupes protecteurs

• Possibilité de faire des réactions chimiosélective / biocompatible




