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Les techniques de cinétique rapide et d’étude 
des interactions biomoléculaires en enzymologie

S. Rahuel-Clermont

Imopa UMR CNRS-UL 7365

Team 3 

Molecular and Structural 

Enzymology

Structure-function relationships studies of enzymes involved in redox reactions

Catalytic/chemical mechanism

Molecular recognition

Msr / TlpA

Toxicity / oxidative stress Signaling

Aldehyde 

dehydrogenases

Srx / Prx 

Yap1

3-MST / TST

Imopa Team 3 - Sulfur Redox Enzymology Axis 

H2O2, H2S, Aldehydes, ROS

S
Sulfur redox 

chemistry

Cys-SH, SOH, 

SSH, SO2H, SS, 

SO-S, 

Met-O
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Mechanism/Functional intermediates characterization

Thiol redox protein biochemistry

SDS PAGE

Chromatography RP GF (UPLC)
MS proteins (denaturing conditions)

Mechanism/molecular recognition

Protein protein non covalent interactions 

Fluorescence based techniques

ITC

Native mass spectrometry

collaboration S. Cianferani, Strasbourg

Structural determinants of catalysis/reactivity

Structure/function analysis

Strategic approaches in vitro

Imopa Team 3 - Sulfur Redox Enzymology Axis 
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Complex mechanisms/interdependent

reactions/competition

Kinetics

classical enzyme kinetics

fast kinetics techniques

Enzyme coupled assays

Mechanism/Functional intermediates characterization

Thiol redox protein biochemistry

SDS PAGE

Chromatography RP GF (UPLC)
MS (non native conditions)

Mechanism/molecular recognition/complexes formation

Protein protein non covalent interactions 

Fluorescence based techniques

ITC

Native mass spectrometry – large heterogenous Cx

collaboration S. Cianferani, Strasbourg

Structural determinants of catalysis/reactivity

Structure/function analysis

Strategic approaches in vitro

Imopa Team 3 - Sulfur Redox Enzymology Axis 
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Cinétiques à l’état stationnaire

 Signification de KM, Vmax?

Pour catalyser une réaction chimique, une enzyme doit 
interagir avec son substrat

E

S E.S Q

E-S*

E.P
X

k1

k-1

k2

k-2

k-3

k3k4

k-4

Etapes d’interactions non 
covalentes

Etapes de formation/rupture 
de liaisons covalentes

● Permet de proposer un mécanisme d’action plausible (ping-pong, 
hasard, ordonné, etc…), ordre de fixation et de départ des réactifs 

● Quelle est l’étape cinétiquement limitante de la réaction?

● Ne rend pas compte des réactions entre fixation du(des) S et libération 
du(des) P 6

L’analyse des cinétiques à l’état préstationnaire permet de 
décomposer le mécanisme enzymatique

time

conc.

[ES]

[E]

[P]

[S] (>>>[ET])

gets to steady state here

transient kinetics: nonlinear part, 
[ES] still changing; close to t = 0...

steady state approx to v0.

[E] + [ES] = [E0] = const.

Tps d’induction
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Enzyme

Substrat

Mélangeur

Temps nécessaire pour parcourir 
cette distance est le tps minimum 
qui peut-être mesuré (tps 
mort≈1ms)

Source lux

Détecteur

Pression 
ou moteurs

Déclenche la collecte 
des données

3 fct° :

Arrêt brusque

Réglage du vol. utilisé 
(qqes dizaines de µL)

La technique du stop flow permet de suivre une réaction 
avec un temps mort de ~ 1 ms
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Enzyme

Substrat

Mélangeur

Boucle de vieillissement de longueur 
variable  

"Quencher"

Acide ou base 
dénature l’enz & 
bloque la rxn (tps 
variable)

Pression 
ou moteurs

2ème mélangeur

Récupération du mélange
réactionnel bloqué puis
quantification

● Pas besoin de chromophores

● gde qtés d’Enz nécessaires

● expérience séparée pour chaque point

La technique du quench flow : pour les réactions sans 
chromophore 
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Stopped flow
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Steady State

Proton & Electron transfer

Conformational changes

Enzyme Catalysis
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Echelles de temps accessibles aux ≠ méthodes
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Les aldéhyde déshydrogénases catalysent l’oxydation 
d’aldéhydes par un mécanisme en deux grandes étapes

ALDH 
phosphorylantes

Cys Cys

Cys

O

R

C

H

S-
NAD(P)

S

R

C O

HPO4
2-

HSCoA

H2O

R C
O

SCoA

R C
O

O

PO3
2-

R C

OH

O

S-

Intermédiaire 
thioacylenzyme

NAD(P)H

Enz Enz

Enz

GAPDH

ALDH non-
phosphorylantes

GAPN
RalDH 

MSDH

acylation désacylation
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Basculement de la partie NMNH du 
NADPH dans une poche 

hydrophobe existant dans toutes 
les ALDHs

Conformation permettant 
l’étape d’hydrolyse 

Elément général de la catalyse des 
ALDH ?

Le cofacteur réduit NAD(P)H bascule entre les étapes 
d’acylation et de désacylation 

Intermediaire 
thioacylenzyme

NADP+

E/A268

C302

D’Ambrosio et al., Biochemistry 2006

NADPH
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L’étape de basculement du NMNH peut être caractérisé 
cinétiquement par stop flow grâce à un signal de FRET

FRET

Emission

at 450 nm

295 nm

HN CH C

CH2

O

HN

N
R

O
NH2

H H

Em. Ex.

λ

12
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L’étape de basculement du NMNH peut être caractérisé 
cinétiquement par stop flow grâce à un signal de FRET

L’isomérisation du cofacteur existe dans les ALDH non CoA et CoA dépendantes
Analyse du rôle des résidus de la poche hydrophobe
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L’étape de basculement du NMNH peut être caractérisé 
cinétiquement par stop flow grâce à un signal de FRET
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Acyl E +

NADH

Produit

Formationducomplexethiohémiacétal

Transfertd'hydrure

IsomérisationduNADH

DésacylationetdissociationduNADH
etduproduit

Détermination de la constante de 
vitesse associée à l’étape
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The Yap1-binding protein,

a scaffold protein that chaperones a 

cysteine-sulfenic acid in H2O2 signaling

UMR 7365 IMOPA

Structural and Molecular 

Enzymology

Nancy, France

A. Bersweiler

H. Mazon

A. Kriznik

B. D’Autréaux

G. Belli

A. Delaunay-Moisan

M. Toledano

Stress Oxydant et  Cancer

IBITECS

I2BC, CEA Saclay

France

S. Rahuel-Clermont
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H2O2

proliferation growth arrest apoptosi

s

10-

8
10-

6
10-

4
local 

concentration (M)

signaling oxidative stress

H2O2 as a signaling molecule: issues

 Concentration tightly regulated by 

cellular antioxidant systems 

low in vivo concentrations

 Low reactivity of most

proteins / H2O2

H2O2

Signal 
Transduction 

? 

16

protein Sox

cellular response

effector

protein S-

H2O2

sensing
high reactivity with H2O2

H2O2 as a signaling molecule: issues
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protein Sox

cellular response

effector

protein S-

sensor Sox

sensor S-

H2O2Relay of 

oxidative

equivalents

sensing

lower reactivity in most cases

high reactivity with H2O2

Fomenko et al., PNAS, 2011

Sobotta et al., Nature Chemical Biology, 2015

sensor S-
Thiol 

peroxidases

H2O2 as a signaling molecule: issues

18
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+ H2O2

 antioxydant genes

 chaperones
 carbon metabolism

 cell cycle and growth

Yap1
reduced

Yap1
oxidized

The Yap1/Orp1/H2O2 redox relay

S. cerevisiae major H2O2-responsive 

transcription factor

H2O2

19

+ H2O2

Yap1
reduced

Yap1
oxidized

The Yap1/Orp1/H2O2 redox relay

Orp1

H2O2

Delaunay et al., EMBO J 2000, Delaunay et al. Cell 2002
Veal et al. JBC 2003 

thiol 

peroxidase

Ybp1

Orp1

79 kda18 kda

75 Kda
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-Yap1
S

598

S
303

Orp1
SH

SH

36

82

Orp1
SOH

SH

36

8

2

H2O2

H2O

H2O

H2O2 signaling

-Yap1
SH

598

SH
303

-Yap1
S

598

SH
303

Orp1
HS

S
36

82

Based on D’Autréaux et Toledano, Nature Reviews, 2007

The Yap1/Orp1/H2O2 redox relay

S

SS

S

598

303

Yap1

629

310

Oxidative activation of 

Yap1 is sequential

21

Based on D’Autréaux et Toledano, Nature Reviews, 2007

Orp1
S

S

36

82

H2O

H2O2

H2O

Trx

Competition

peroxidase/Yap1
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The Yap1/Orp1/H2O2 redox relay: the sulfenic acid competition

H2O2 signaling

H2O2 scavenging

Orp1
SH

SH

36

82

Orp1
SOH

SH

36

8

2

22

Based on D’Autréaux et Toledano, Nature Reviews, 2007

Direct Yap1/Orp1 recognition?

Compartmentalization

Biochemical role of Ybp1 ?

Based on D’Autréaux et Toledano, Nature Reviews, 2007
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S

S

36
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-Yap1
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SH
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-Yap1
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598

SH
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Orp1
HS

S
36

82

H2O2 signaling

H2O2 scavenging

Functional coupling between Orp1 and Yap1?

Ybp1

Competition

peroxidase/Yap1

23

Ybp1 is required for the first step of Yap1 activation

-Yap1
S

598

S
303

Orp1
SH

SH

36
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Orp1
SOH

SH

36

82

H2O2

H2O

H2O

-Yap1
SH
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-Yap1
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S
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Ybp1 ?

In vivo

H2O2

WB Anti Yap1

H2O2

∆ybp1

24
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Ybp1 is required for the first step of Yap1 activation

-Yap1
S

598

S
303

Orp1
SH

SH
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Orp1
SOH
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36
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Ybp1 ?
In vitro

In vivo

H2O2

WB Anti Yap1

H2O2

∆ybp1
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Mechanism of Ybp1 action? Protein-protein interactions

Molecular recognition between the 

redox relay partners?

Ybp1 Yap1?

26

E

polarized
ligth

excitation

rapid rotation
hν’ strongly depolarized

light

weak anisotropy

slow rotation
hν’ weakly

depolarized light

strong anisotropy

L

fluorescent probe: Alexa Fluor (AF) 488 5-SDP Ester

R
L

absorption emission

Fluorescence anisotropy
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Mechanism of Ybp1 action? Protein-protein interactions

Molecular recognition between the 

redox relay partners?

Ybp1
KD ~ 1,3 μM

Ybp1+

-Yap1
HS

HS

Ybp1

Ybp1

-Yap1
HS

HS

Ybp1

Yap1 & Ybp1 form a complex

Yap1

Yap1Yap1

28

Yap1·Ybp1 1·1

stoichiometry = 1:1

%

m/z

Ybp1

MW = 79780 Da 

MW = 154296 Da 

Ybp1

-

598

303

Yap1

SH

SH

Ybp1

-Yap1
SH

SH

Collaboration S. Cianférani, Strasbourg

Native mass spectrometry
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Mechanism of Ybp1 action? Protein-protein interactions

Molecular recognition between the 

redox relay partners?

Ybp1

Orp1
SH

SH

36

82

?

Yap1

30
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Caractérisation d’un équilibre

Paramètres  thermodynamiques

DG = -RT lnKa = RT lnKd

∆G = ∆H - T∆S

Paramètres dynamiques

koff/kd

M   + P MP
kon/ka

on
d 

off a

k 1
K = 

k K
=

Énergie libre 
disponible pour 
conduire la réaction 
vers l ’équilibre

Chaleur absorbée ou 
émise lors de la 
réaction

Facteur entropique
Réorganisation 
structurale

koff

kon

∆G>0: réaction 
défavorable
Kd élevé, faible affinité
∆G<0: réaction favorable
Kd faible, forte affinité

31

TRANSDUCTEUR
Détecteur convertissant 
l ’évènement de reconnaissance 
moléculaire en un signal 
analogique: variation d ’une 
propriété de surface

- électrochimique
- acoustique
- thermométrique
- optique = phénomène SPR

Informations en temps réel 
 cinétiques

Etude des interactions biomoléculaires : biocapteur en 
phase solide – résonance plasmonique de surface

32

Principe de la résonance plasmonique de surface
(système BIACORE)

Transducteur:
- verre
- film d ’or
- support 
d ’immobilisation 
(dextran 

carboxyméthylé)

Réflection totale  résonance 
plasmonique (absorption d’énergie par 
les e- libres du film métal)  chute 
d’intensité à une angle défini du 

faisceau réfléchi

Angle de la chute d’intensité (I, II) dépend de 
l’indice de réfraction du milieu liquide: 
proportionnel à la concentration massique de 

surface = accumulation de 

33

Transducer:
- glass
- Gold film
- Immobilization
support 

Surface plasmon resonance biosensor: principle of detection

Integration on a 
microfluidic
device
= Sensor chip

34

Biacore 3000

GE Healthcare Biacore
http://www.biacore.com

Biacore T100

35

• matrix : absence of non-specific interactions 
 Dextran (linear polymer of glucose) modified by 

carboxymethyl groups (-CH2-COO-) for covalent 
coupling

 very flexible, 97% H2O (hydrogel)

• ligand: concentration, orientation

• coupling arm: length and chemical stability

Immobilization strategies

36
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Covalent chemical coupling

succinimide

Immobilization strategies

37

Affinity-based coupling

Immobilization strategies

Streptavidin / biotin

Antigen/antibody

His tag/NTA metal chelate

38

Biomembrane-based immobilization

Immobilization strategies

Interaction of peptides with membranes
Incorporation of membrane proteins 39

Ligand 
injection Y

Buffer

R = response (RU)

Time (s)

Surface plasmon resonance biosensor: the “sensorgram”

40

Saturation 

t0

Rmax

Req

Titration
Kd

Interpretation of an SPR experiment

41

Saturation 

t0

Rmax

ka kd

Interpretation of an SPR experiment

42
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1035 kon koff 

M-1s-1 s-1

106 10-2

105 10-3

104 10-4

103 10-5

Time

R
es

p
o

n
se

1035

Time

Concentration = 1000 nM

Completely 
blocked 
target - all 
target sites 
occupied

Compounds with 
slow off-rates 
occupy the target 
for a longer time

Concentration = 100 nM

Pourquoi mesurer des cinétiques?

• 4 composés de même affinité
• Cinétiques de liaison variables sur une échelle de 104

43

Etude du mécanisme de reconnaissance hormone-
récepteur membranaire par SPR

Analyse en concentration croissantes 
d ’IL2 sur support immobilisé avec 
différentes sous-unités

α

β

α+β

Req

44

Microcalorimétrie Ultrasensible

Mesure des échanges de chaleur 

associées aux réactions biologiques

• Changement de métabolisme chez 

les animaux

• Croissance bactérienne

• Interactions moléculaires

45

ΔG = RT lnKD = -RT lnKA

ΔG = ΔH - TΔS

Gibbs free energy 
available to drive the 
reaction to equilibrium: 
tells if the reaction is 
spontaneous or not Heat absorbed or released upon 

complex formation
This is what is measured in ITC

What do these energies physically 
mean ?

Entropic term
Structural or water reorganization
“hydrophobic effect”

∆G>0: reaction non spontaneous
High KD, low affinity
∆G<0: reaction favorable
Low KD, high affinity

Equilibrium characterization : thermodynamics

∆H

∆S

∆S
46

∆G = RT lnKD = -RT lnKA

∆G = ∆H - T∆S

Equilibrium characterization: thermodynamics

∆S

47

Préf=ctePmes

Measure of ΔP = Pmes – Préf

ΔP > 0   Tmes < Tréf

ΔP < 0   Tmes >Tréf

ΔP>0  endothermic reaction

ΔP<0  exothermic reaction

Power compensation design
 Higher sensitivity

How does ITC work?

48
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ITC experiment

49 50

51

Interaction of P (syringe) with M (cell)

Following each injection of P, the heat released is:

qi = V ΔH Δ[P]lié ∑qi = V[MP] ΔH ν = = 

[ ]
[ ]

[ ]

[ ]
lié

T

P
nP K

ν =  = 
PM

1+
K

Volume of cell

Binding enthalpy
Specific to the interaction

Increase in the concentration 
of bound ligand P following
this injection

ITC data analysis

M + P  MP

[MP]

[MP]

[M]total V[MP] ΔH

∑qi 

52

Interaction of P (syringe) with M (cell)

Following each injection of P, the heat released is:

qi = V ΔH Δ[P]lié ∑qi = V[MP] ΔH ν = = 

Here the conditions :
[M] < KD and [P] >> [M] then [P] ~[P]total do NOT hold true

[ ]
[ ]

[ ]

[ ]
lié

T

P
nP K

ν =  = 
PM

1+
K

Volume of cell

Binding enthalpy
Specific to the interaction

Increase in the concentration 
of bound ligand P following
this injection

Either a direct solution exists qi= f([P]total)
Or must use a numerical solution

ΔH, n, Ka

ΔG = -RTlnKa et TΔS = ΔH-ΔG

ITC data analysis

M + P  MP

[MP]

[MP]

[M]total V[MP] ΔH

∑qi 

53

The « classical » Rnase-2 ’-CMP interaction

P

[P]/[M]T

Stoichiometry
n

Analysis:
1-site interaction
n = 1
Ka = 5.57 104 M-1

ΔH = -13.5 kcal/mol

ΔH

Integration of the 
peak
==> qi

Normalization relative 
to [P] added

qi

ΔH determines
the sensitivity

ITC examples

Be careful to 
axis units!

Time (s)

Practically, how are qi measured?

54
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The shape of the titration qi=f (P/Mt) depends on Kd and [M]total

c = [M]t
.n/Kd

Working window 1 < c < 1000

Design of experimental conditions

P

55

Exemples d’applications de l’ITC

Protéine 

100% 

active

Protéine 

50% active

Protéine 

native

Mutant 

affinité 

10%

56

Mechanism of Ybp1 action? Protein-protein interactions

Molecular recognition between the 

redox relay partners?

Ybp1

Orp1
SH

SH

36

82

?

Yap1

57

Orp1 does not interact with Yap1

Orp1 interacts with Ybp1

Ybp1 recruits Orp1 and Yap1 into a ternary complex
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molar ratio

Orp1
SH

SH Orp1
SH

SH

-Yap1
HS

HS

Orp1
SH

SH
+ Orp1

SH

SH
Ybp1 +

Ybp1

KD = 0,8 μM
N ~ 1 

Orp1
SH

SH
+ Ybp1

-Yap1
SH

SH

KD = 0,7 μM
N ~ 1 Ybp1

-Yap1
SH

SH
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time (min)

molar ratio

Orp1 interacts with Ybp1·Yap1

Two hypotheses

59

Ybp1 allows the formation of a ternary complex

Ybp1 Yap1
HS

HS

598

303

Orp1
SH

SH

36

82

Orp1Orp1Orp1

Ybp1Ybp1Ybp1

SHSH

SHSH
Yap1Yap1

598598

303303
SH

SH
Yap1

598

303

SH82

SH

Orp1Orp1Orp1

Ybp1Ybp1Ybp1 82
SH

SH

Ybp1Ybp1Ybp1

SHSH

SHSH
Yap1Yap1

598598

303303
SH

SH
Yap1

598

303

60
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Competition peroxidase/Yap1 cycles

Competition in Yap1 pathway: a kinetic approach

kYapkSS

Orp1
S

S

36

82

H2O

H2O2

H2O

Trx

-Yap1
S

598

S
303

Orp1
SH
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SOH
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2
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H2O
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-Yap1
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598

SH
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S
36

82

Ybp1
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Competition in Yap1 pathway: a kinetic approach

kYap
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Method : principle of quenched-flow
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Method : principle of quenched-flow
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Ybp1

Orp1 Experiments @ 50 µM

In vivo Orp1 concentration ~ 0,5 µM

 Real effect of complex formation = 600 fold

Role of ternary complex in the reaction of Yap1 with Orp1?

kYap = Cste suggests that 

the reaction occurs within 

the ternary complex

In the absence of Ybp1 the 

reaction is bimolecular

kYap
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Intramolecular disulfide formation in Orp1

C36

RX Structure 
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kSOH = 1.5 105 M-1s-1

kSS = 500 s-1 >> kYap = 5 s-1

Intramolecular disulfide formation in Orp1 is very fast
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Within 

kss decreased from 

500 to 6 s-1

 Reduced competition with Yap1

 Reaction between Orp1 and 

Yap1 is possible
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Specificity of C598 attack within the ternary complex

Wild type Yap1

77

Within the ternary complex Orp1—SOH 

specifically attacks one (C598) Yap1 Cys

Specificity of C598 attack
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Yap1 activation mechanism
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310

H2O2 signaling

H2O2

scavenging

Yap1 Ypb1 Orp1 ternary complex

 increases the proximity between Yap1 

and Orp1

 activates the formation of Orp1-Yap1 

intermediate

 Specifies sulfenic acid attacks on one 

Yap1 Cys

 Restricts attack of Orp1 recycling Cys 

and of cellular thiols on sulfenic acid

Ybp1 = signaling scaffold

Bersweiler et al, Nature Chem Biol 2017
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