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Les techniques de cinétique rapide et d’étude
des interactions biomoléculaires en enzymologie
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Pour catalyser une réaction chimique, une enzyme doit
interagir avec son substrat

Etapes d’interactions non S Kk E.S=k Q
covalentes Ky N—‘V

Etapes de formation/rupture
E-S*

de liaisons covalentes E
kW = EP=k

Cinétiques a I’état stationnaire

= Signification de Ky, V,.,?

max*

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

o Quelle est I'étape cinétiquement limitante de la réaction?

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

L'analyse des cinétiques a I’état préstationnaire permet de
décomposer le mécanisme enzymatique

ky ky
E+S =— ES == E+P
k. k., S K ES=k Q
[S] (>>>[ET])

conc. [P] %kA y X
k ~—=E.P="k

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

ﬂt“me steady state approx to v,.
transient kinetics: nonlinear part,

[ES] still changing; close tot = 0...

Tps d’induction
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La technique du stop flow permet de suivre une réaction La technique du quench flow : pour les réactions sans

avec un temps mort de ~ 1 ms chromophore
Temps nécessaire pour parcourir
cette distance est le tps minimum Boucle de vieillissement de longueur
i t-at é (t variable
:‘u;’;:::m:)re mesuré (tps Pression !
ou moteurs Acide ou base
dénaturel’enz &
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. Récupération du mélange
® Pas besoin de chromophores . p < g
réactionnel  bloqué  puis

quantification

r

Détecteur ® gde qtés d’Enz nécessaires

® expérience séparée pour chaque point

Echelles de temps accessibles aux # méthodes Les aldéhyde déshydrogénases catalysent 'oxydation
d’aldéhydes par un mécanisme en deux grandes étapes
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< Enzyme Catalysis
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10
Le cofacteur réduit NAD(P)H bascule entre les étapes Uétape de basculement du NMNH peut étre caractérisé

d’acylation et de désacylation cinétiquement par stop flow grace a un signal de FRET

- Basculement de la partie NMNH du I
NADPH dans une poche T
hydrophobe existant dans toutes
les ALDHs
NADPH
l kﬂN—fN—EJ /[ Emission
He

N at 450 nm
Conformation permettant ¢
Hiv FRET  HHo
f—n, @NHQ
N
R

NADP*
_)‘ I’étape d’hydrolyse
295 nm;

V4 ‘
E/AZG:\VSJ I €302
1

/
Intermediaire Elément général de la catalyse des
thioacylenzyme ALDH ?

D'Ambrosio et al., Biochemistry 2006
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L'étape de basculement du NMNH peut étre caractérisé
cinétiquement par stop flow grace a un signal de FRET

Intensité de fluorescence (450 nm)
o r
; g B
g

T T
00 02 04 06 08 10

temps, s

Lisomérisation du cofacteur existe dans les ALDH non CoA et CoA dépendantes
Analyse du réle des résidus de la poche hydrophobe :

L’étape de basculement du NMNH peut étre caractérisé
cinétiquement par stop flow grace a un signal de FRET

124 E NAD + S E_NAD

5 mmmm&ﬁmﬁs

511 w E NAD E NADH

¥ o] / -S Trastartdiygnwe —  ACYI
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3 l Isomirisation duNADH

2 08

H NADH* NADH

L / E*Acyl E + produi
. Désyationet dssition daNADH

T T T T T
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temps, s
Détermination de la constante de
vitesse associée a I'étape

@ e @ (2o
IMoPA & b
@ The Yap1-binding protein,

a scaffold protein that chaperones a
cysteine-sulfenic acid in H,0, signaling

H,0, as a signaling molecule: issues

Signal
Transduction
2

signaling oxidative stress
UMR 7365 IMOPA Stress Oxydant et Cancer =
Structural and Molecular IBITECS 0 10- 10-  loca
Enzymology 12BC, CEA Saclay proliferation growith arrest apoptosi  concentration (M)
Nancy, France France s
= C ion tightly regulated by = Low reactivity of most
A. Bersweiler B. D’Autréaux oy .
H. Mazon 6 Bell ceIIuIar. angmmdant systelms > proteins / H,0,
A Kriznik A. Delaunay-Moisan low in vivo concentrations
S. Rahuel-Clermont M. Toledano
15 16
H,0, as a signaling molecule: issues H,0, as a signaling molecule: issues
. high reactivity with H,0, . high reactivity with H,0,
sensing sensing
% Relay of ox
oxidative

DX
!

effector

!

cellular response

. . lower reactivity in most cases
equivalents
*
!
°"°l°'°’ " Thiol

peroxidases
cellular response

Fomenko etal, PNAS, 2011
Sobotta et al, Nature Chemical Biology, 2015
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The Yap1/Orp1/H,0, redox relay

S. cerevisiae major H,0,-resp
transcription factor

Cys

= antioxydant genes

= chaperones

= carbon metabolism

= cell cycle and growth

Cys

Yap1! - [nis [ bzip |

reduced Im
Cys

oxidized
|| INES

Yept —m$

\Exporllne >

+H,0,

The Yap1/Orp1/H,0, redox relay

Cys
75 Kda

< Exporting >

thiol +H,0,
pemidase o n -

a1 Cys
ap bZi
reduced fNLS I L ] Im

18 kda 79 kda
Yap1 o
ovidieg LMSTOZR] QI

Delaunaysta, EMBO. 2000, Delaurayet a. Cel 2002
Vealetaf JBC 2003

The Yap1/Orp1/H,0, redox relay

Oxidative activation of
Yap1 is sequential

e

H,0

S|

s =
o

p
SO G
!
:

hw

2

/guzo

o
s
SH

‘Based on D'Autréaux et Toledano, Nature Reviews, 200

The Yap1/Orp1/H,0, redox relay: the sulfenic acid competition

HZO & 303
o Sofl /g
B H,0
Competition SH K
peroxidase/Yap1 3 e @

Based on DAutréaux et Toledano, Nature Reviews, 2007

3%

S|

Tn—ws

o 3

Functional coupling between Orp1 and Yap1?

Direct Yap1/Orp1 recognition?
Compartmentalization
Biochemical role of Ybp1 ?

TV' s;b

H,0

Competition

SO
Py

peroxidase/Yap1

Based on DAutréaux et Toledano, Nature Reviews, 2007

Ybp1 is required for the first step of Yap1 activation

In vivo silr Yol .
@D g 1Y
7 s sii §
oL R oD
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Ybp1 is required for the first step of Yap1 activation
In vivo

@ D :
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Mechanism of Ybp1 action? Protein-protein interactions

Molecular recognition between the
redox relay partners?

2 s

Fluorescence anisotropy

absorption emission

E rapid rotation hv'  strongly depolarized

.,c ‘ light
excitation weak anisotropy
polarized slow rotation

ligth hv' weakly
~ depolarized light
strong anisotropy

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

Mechanism of Ybp1 action? Protein-protein interactions

Molecular recognition between the
redox relay partners?

Qap

£ 8 8 B

id

Fraction of fluorophore complexed

i3

o

0 2 30 W
Concentration of unlabeled protein (uM)

Ko™~ 1,3 uM
@ o —

Yap1 & Ybp1 form a complex

Yapl-Ybp11:-1

Native mass spectrometry

MW = 79780 Da

4 MW =154296 Da

Collaboration S. Cianférani, Strasbourg

Mechanism of Ybp1 action? Protein-protein interactions

Molecular recognition between the
redox relay partners?
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Etude des interactions biomoléculaires : biocapteur en

Caractérisation d’un équilibre > ) °
phase solide — résonance plasmonique de surface

Parameétres thermodynamiques Parameétres dynamiques

TRANSDUCTEUR
DG = -RT InK, = RT InK; Kol Ky Détecteur convertissant

1’éve der i X \ p
AG = AH - TAS kan/k, moléculaire en un signal ‘\4 m
\ analogique: variation d "une ’ ’ , ,

i} propriété de surface [ Transducsr ]
Energie libre Facteur entropique Ki= ket - 1 ] readout
disponible pour 5 P 4= " .

" our- Réorganisation k, K - électrochimique [
conduire la réaction structurale n a . |

L - acoustique 9|
vers | ’équilibre L. b

- thermométrique £l

AG>0: réaction - opti = phé & gl
défavorable Chaleur absorbée ou optique = phénoméne SPR ~ 1 dissaciation
K élevé, faible affinits  émise lors dela = — f";m -
AG<0: réaction favorable réaction 2
K, faible, forte affinité Informations en temps réel

=> cinétiques

Principe de la résonance plasmonique de surface Surface plasmon resonance biosensor: principle of detection

(systeme BIACORE) Transducer:
- glass d‘c’.‘éliﬁi'..
éflection totale D ré Angle de la chute d’intensité (I, 1) dépend de - Gold film ::J':;'r‘“k e o,
plasmonique (absorption d’énergie par Iindice de réfraction du milieu liquide: - Immobilization
les e libres du film métal)  chute proportionnel a la concentration massique de support Polarized
d’intensité 3 une angle défini du surface = accumulation de light he

Prism

Resonance

faisceau réfléchi signal

Opiical Sensor chip with | . N
detection gold ﬁl;n
Light- unit 4 Intensity
source
Sensorgram
I 1 el
Transducteur: Pﬂ]‘ﬁ, / Angle Flow channel
- : t
verre Prism Resonanca
- film d ‘or signal
- support Sensor chip with ‘ i
d’immobilisation  gold film In?egrfe:tl%r.l ona e b ot
(dextran I’anCI.'O uidic iy @,
carboxyméthylé) Sensorgram evice )
Flow channel = Sensor chip

Immobilization strategies

* matrix : absence of non-specific interactions

-> Dextran (linear polymer of glucose) modified by
carboxymethyl groups (-CH2-COO") for covalent
coupling

- very flexible, 97% H,0 (hydrogel)

Biacore 3000

 ligand: concentration, orientation

 coupling arm: length and chemical stability

e 9 °
o
Ligand «
A A ¢ °
Biacore T100 il i
GE Healthcare Biacore Direct coupling Affinity capture Membrane anchering

http://www.biacore.com
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Immobilization strategies

Covalent chemical coupling

L]

Aming  Ligand thiol Surface thiol  Aldehyde

o
S,

succinimide

Immobilization strategies

Affinity-based coupling

Streptavidin / biotin

Antigen/antibody

His tag/NTA metal chelate

Immobilization strategies

Biomembrane-based immobilization

A Sensor Chip HPA B Sensor Chip L1

;. | L3 S S ¢
The surtace consmts of desyan _

modted w Kpophac l
compounds

o Flal hydrophobe
. ahanetiol nrtace

i lllll.lll
o0 ®© e -]
L] >. Lipssomes (SUV, 50 m) are L °®

appied o the sansor chip
surface

Liposomes are captured on e __
(=3 = Liposomes adsord o the surface by D ipophic l y
surtace 13 form & spported compounds

Soed moncleyer

Interaction of peptides with membranes
Incorporation of membrane proteins 39

Surface plasmon resonance biosensor: the “sensorgram”

Ligand
injectionY
—_—

Buffer

R = response (RU)

Resonance
signal (kRU)

300 400 500 600

Time (s)

Interpretation of an SPR experiment

1000 T T

U T T
fp =10 Rmax  Saturatig

800 -

Titration
Ky

&

&

signal [RU]

n

=]

o
T

time [sec]

A+B::-_= AB
L#

Interpretation of an SPR experiment

1000 T T U T T
L Rmax  Saturation
800 - -
=5 600 - -
E L J
©
& a0l 1
(2]
200 m
| fy =0.1 Ky
0 L 1 \l‘"‘—.——-
4] 200 400 U 800 800 1000
time [sec]
Fon
A+B+— AB
ke
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Pourquoi mesurer des cinétiques? Etude du mécanisme de reconnaissance hormone-

récepteur membranaire par SPR
¢ 4 composés de méme affinité

¢ Cinétiques de liaison variables sur une échelle de 10*

Concentration = 100 nM Concentration = 1000 nM
1035 Kon kots 1035
Completely Mist sl
blocked " ) Analyse en concentration croissantes
target - all 10 10 d ’IL2 sur support immobilisé avec
target sites 10° 103 différentes sous-unités
occupied
g 104 10
]
2 10° 10
3
<
Compounds with
D N = R slow off-rates T =
occupy the target < s - m - - -
Time for a longer time Time -

Equilibrium characterization : thermodynamics

Microcalorimétrie Ultrasensible AG = RT InK, = -RT InK, A+B = AB

/ AG=AH-TAS
\ Entropic term

Glb!’s free energy Structural or water reorganization
available to drive the “hydrophobic effect”

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

Mesure des échanges de chaleur
iées aux réactions biologi

AG>0: reaction non spontaneous
High Kp, low affinity

AG<0: reaction favorable

Low K, high affinity

+ Changement de métabolisme chez
les animaux
* Croissance bactérienne

What do these energies physically
mean ?

As
« Interactions moléculaires " .— Interface
® 3

desolvation

vdW, H-bonds,
ionic bonds

As Conformational

AG°= RT In Kd= AH°-TAS® change
Equilibrium characterization: thermodynamics How does ITC work?
AG = RT InK, = -RTInK, A+B+— AB
AG =AH-TAS
Seraar
] -
A.Good hydrogen 8. Binding C. Favorable
bonding with dominatedby  hydrogen and
Y e i P! i et
Ichange i interaction
10 e Prnes Prg=cte
1 Pangu :
- e t I——
Foadmach
0+ s

5
£ s mAH = [ = r—
2 W -TAS - o Measure of AP =P, . —P ) .

-10 | raxill i

eIy — >0 3 Tom<t I
| weosoore |
o e
-20 - Power compensation design AP>0 & endothermicreaction
> Higher sensitivity AP<0 ¢> exothermic reaction
47 48
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ITC experiment

Syringe

Adiabatic shield

‘ Sample Cell

Reference Cell

Power supplied to sample
cell feedback
to keep AT =0

Constant power
supplied to reference
cell heater

—1—

Adiabatic shield

‘ Reference Cell

‘ Sample Cell ‘

Constant power
supplied to reference
cell heater

Power supplied to sample
cell feedback heater
proportional to AT

A

Reference Cell

Constant power
supplied to reference
cell heater

|

L Power supplied to sample
- cell feedback heater
proportional to AT

ITC data analysis

Interaction of P (syringe) with M (cell)
(7]
UL
NG
K

Following each injection of P, the heat released is:

=V AH A[P];, 3qi = V[MP] aH

Volume of cell N :
Increase in the concentration

of bound ligand P following
this injection

Binding enthalpy
Specific to the interaction

M+P & MP

IMP] _ 2qi
[Mligiar  VIMP] AH

v=

ITC data analysis

Interaction of P (syringe) with M (cell) M+P & MP
L}
M
TIM LI
K
F ing each inji of P, the heat rel dis:
i
q;=V AH A[P]; Sqi=V[MP]AH v= Ivp) 24

[M]total V[MP] 8H

Volume of cell N N
Increase in the concentration

of bound ligand P following
this injection

Binding enthalpy
Specific to the interaction

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

AH, n, K,

Either a direct solution exists g;= f([P];.) ‘
AG = -RTInK, et TAS = AH-AG

Or must use a numerical solution

ITC examples

Practically, how are qi measured?

The « classical » Rnase-2 *-CMP interaction

Time (min)
0 10 20 0 40
P T T T T
0
Be_ care.ful to ‘ ‘ | \‘ ‘| I \‘ \’ Integration of the
axis units! & | | ‘ Il \‘ peak
FE ==>q
g Normalization relative
2 ' to [P] added
40 .
Time (s)
i T
g' 1 anuet
g 24 Stoichiometn Analysis:
51
AH determines & :- n 1-site interaction
the sensitivity 5 3] AH \ W/ S| ommmian n=1
2 4] ' oremi w2 K, =5.57 10° M
g ¥ s
E 29 ™ woe  woe f AH =-13.5 keal/mol
T 44 (2 R o e mE
£ "

1o 15 2
Molar Ratio [P]/[M]T

S. Rahuel-Clermont 2018



03/02/2022

Design of experimental conditions

The shape of the titration q;=f (P/M,) depends on K, and [M],,

=500

aHL

Kc.al
c=[M] n/Kd Mol Injectant

Working window 1 < c < 1000

Exemples d’applications de I'ITC

T T
"1 Protéine —_— -
50% active / /
2]
[ / Mutant
/ affinité
= / ' 5oLl 10%
3 f f Protéine E | -
E -] | 100% i “ﬁ Proltelne
= / | active 3 | native
o ﬂ'!. "1 % 20 o F. - ” -
R, Mol e

Mechanism of Ybp1 action? Protein-protein interactions

Molecular recognition between the
redox relay partners?

ap?

Ybp1 recruits Orp1 and Yap1 into a ternary complex

Orp1 does not interact with Yap1
Orp1 interacts with Ybp1

Kp = 0,8 uM K, =0,7 uM
N NV G N1 G
" + _ ol + _—
T @ S e, o @, T
time (min)
- - " |
H H |l g
2 2 ‘ 1| 2 |
| El \ el
g [ g |
|
. 3 o H
ta . EH
3 E E
S S / s*
£ 1. £
3 = - g BT ER - T T
= molar ratio molar ratio molar ratio

Orp1l interacts with Ybp1-Yap1l

o @,

o g,

L

Two hypotheses

’@— " ;
Vool + G —— Qoo
ety ot

b

:+ Gﬁ s oo

T

molar ratio

Ybp1 allows the formation of a ternary complex

S. Rahuel-Clermont 2018
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Competition in Yap1 pathway: a kinetic approach

Competition peroxidase/Yap1 cycles «

7T e

e
ww» IHE G

% v
8 S SH
303
kSS kYap
o SOfi
H,0
sub St
3 & Yap1

Competition in Yap1 pathway: a kinetic approach

Method : principle of quenched-flow

piston
ST

Method : principle of quenched-flow

piston piston
M|y | rs s s sy

m Oy

G >

1 1 n
Elution time (min)

buffer buffer
acid acid
aging -
loop
quenched
\ \ iy
HPLC Mass
spectrometry
ky,,, determination Orp1C82S ky,,, determination Orp1C82S
Reaction Reaction
o el o, e %
1. 10" | | @

S. Rahuel-Clermont 2018
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ky,,, determination Orp1 €828
o
=" .
m‘ ;z' ex
TN g |
3] f 038D
A W e

“ i
Elution time (min)

ky,,, determination Orp1 €828

Reaction
time (s)

absorbance (215 nm)
[ |
| i

9

ky,,, determination Orp1C828

Reaction
time (5)

absorbance (215 nm)

s —
Elution time (min)

Ybp1 increases the reaction rate of Orp1 + Yap1 Orp1 C82S
time (s) 'vac!ion:l wﬂ
- B o .

" I . "

i, t ) s

g, g | @ o e

N 0264
I\““ s =5 2 o :‘

Elution time (min) ° ® el o 1

=) observed rate constant = 2.6 s
- (g observed rate constant = 0.3 5

Ybp1 increases the reaction rate of Orp1 + Yap1

Wild-type Orp1
Reaction
time (s) fraction of total
I "
o - = 2
i !
a o |
ia I
b =)
= ‘
A .

time 5 *

= observed rate constant = 2.6 s

Wild type Orpl =551

=» @ observed rate constant = 0.3 s

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

= ky,p = Cste suggests that
the reaction occurs within
the ternary complex

=>In the absence of Ybp1 the
reaction is bimolecular

° H Experiments @ 50 uM

In vivo Orp1 concentration ~ 0,5 uM

=> Real effect of complex formation = 600 fold

S. Rahuel-Clermont 2018
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Intramolecular disulfide formation in Orp1

s

2

0
=
Fluorescence intensity

% %o
emission wavelength (nm)

Intramolecular disulfide formation in Orp1 is very fast

Kop = 1.5 105 M5
kss =500 51 >> ky, =557

i
)

st

1) W€

ap

Fluorescence intensity

H,0
A
CZS‘ wi2s é. -
" SOfi 4% sofi £ 19,510 001
ks o oD ks o 0D i
o2 82 2 2
* i o 2 3 5
Time (s)
- "
How Ybp1+Yap1 affect j» R How Ybp1+Yap1 affect j» formation?
formation?
» M Within ¢
Yo " B
SH St k decreased from

500to 65
= Reduced competition with Yap1

> Reaction between Orp1 and
Yap1 is possible

H0

\ kYap
SOH'

kss ‘ o 551
6s’ St ZE @

Specificity of C598 attack within the ternary complex
Wild type Yap1

Specificity of C598 attack

31 &
ax and
SH
B Q
4
e '3
0 30" ¥ ¥ o 30"y 2 3 § o Y
IPE o @

R
iz

Within the ternary complex Orp1—SOH

e E’%? specifically attacks one (C598) Yap1 Cys
o @¥bp1

o Qe
o D

S. Rahuel-Clermont 2018
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Yap1 activation mechanism

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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