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Biologie Structurale

Discipline cherchant a décortiquer, expliquer et prédire les mécanismes a la base
du fonctionnement des macromolécules biologiques

Physico-chimie
.. e Approches
eForces intra/inter-moléculaires régissant ) _
I'organisation tridimensionnelle, les interactions therapeuthues
eConception d’inhibiteurs ...
eThermodynamique et cinétique eSynthese organique

eStabilité, Kq, Kex, ... eRecherche de produits actifs
eFlexibilité interne eTests d’activité ...

eEchange entre états

substance naturelle :
Macromolécule

biologique

Biologie / Fonctions Biologie Cellulaire

eMétabolisme
eReproduction
eHoméostasie
eOrganisation, évolution
eCommunication

e Apoptose, nécrose

cellulaires
eBiologie moléculaire, Biochimie
eProcessus cellulaires (régulation,
signalisation, métabolisme, ...)
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Biologie Structurale et RMN

décortiquer, expliquer et prédire les mécanismes a la base du fonctionnement
des macromolécules biologiques
RMN : sonde a I’échelle atomique de I'’environnement électronique des atomes et
de leur variation au cours du temps

Relation Séquence-Structure-Dynamique-Fonction des protéines

Utiliser et developper des
méthodes de RMN adaptées

Cinétique-
thermodynamique-
structure des états

multiples en échange

Attribution
automatique basée

sur la structure
(NOEnet)

La dispersion de relaxation

Répondre a une
problématique biologique

Compréhension des processus
d’interaction mettant en jeu
des protéines
intrinsequement dépliées

Caractérisation des états
multiples dans les
protéines

Petites protéines G Arfs

Domaines d’annexines Domaines T

Domaine Cter de ErbB2
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NMR as a tool for structural biology

v" Questions

» When is NMR “the” appropriate technique?

» What does a protein “look like” by NMR?

v' Specificities

» Local (one peak per observable atom - 'H, 13C, 1°N, 1°F, 31P, etc.)

» Simultaneous measurement of all the local probes (large number of molecules at equilibrium, measurement
of averaged values in space and time)

» Quantitative (volume of peaks proportional to number of observed atoms)
» Highly sensitive to local and global environment, and to the variation of this environment
- Internal flexibility (100ps-ns)

- Internal dynamics - exchange between conformations (pus-ms)

- Buffer, pH, temperature, pressure ...

» Structural parameters (environment, distances, angles)

» Thermodynamics and Kinetic parameters (entropy, AG, Kq, pKa, Kex ...)

Carine van Heijenoort - RMN - Approche “multi-échelles” spatiale et temporelle
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NMR as a tool for structural biology

v Questions

» When is NMR “the” appropriate technique?

» What does a protein “look like” by NMR?

v' Specificities ...

» Disordered regions, Intrinsically Disordered Proteins, conformational changes, excited states,
allosteric processes, interactions (transient), interfaces (loose/sliding/high throughput), post-
translational modifications

» ...and possibly/marginally protein structure ...

v' Limitations
» NMR is not a sensitive technique ... NMR is sensitive to the size of the molecule ...
» depends on the question (300pM->10uM)
» depends on the dynamics of the system
» depends on the physical state (liquid/solid) of the sample.

» Requires labeling approaches, importance of the sample preparation.

Carine van Heijenoort - RMN - Approche “multi-échelles” spatiale et temporelle
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A view of protein multiple states

« lock & key »
induced fit

@ =l conformational s |

virus/pathogen penetration

order - disorder membrane insertion

Nucléosome activation

flexible linkers
— display of sites
entropic bristles, springs and clocks

disorder — order
\ molecular recognition

virus/phages assembly
stepping motors

Dunker et al., Journal of Molecular Graphics and Modelling 19, 26-59, 2001
Dobson, C., Nature 426, 18-25, 2003
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A view of protein multiple states

«lock & key »
induced fit

=0 > I

virus/pathogen penetration

/

Sequence

membrane insertion
Nucléosome activation

TR ———>

flexible linkers
display of sites
entropic bristles, springs and clocks

flexible ensemble -

R

molecular recognition
virus/phages assembly
stepping motors

v" Les protéines sont des ensembles thermodynamiques :
conformationnels en échange
v Différents ensembles d’états peuvent étre fonctionnellement différents.

v L'ensemble le plus peuplé n’est pas forcément I'état de plus basse énergie
interne (état A) ni celui de plus grande entropie (état B) mais celui de plus

basse enthalpie libre (G=H-TS).

v’ La valeur moyenne d'une propriété n'est pas forcément représentative

d’'une conformation.

Energie

A

LS - mS

ensemble d’états

Energie

Coordonnée conformationnelle

\—/
B
N
A

Y

Coordonnée conformationnelle

< Importance fondamentale de caractériser la dynamique et les états multiples des protéines

Carine van Heijenoort - RMN - Approche “multi-échelles” spatiale et temporelle
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A view of protein multiple states

«lock & key » A
induced fit

LS - mS

=0 > I

Energie

virus/pathogen penetration

/

Sequence

order — disorder —) membrane insertion

Nucléosome activation

Coordonnée conformationnelle
flexible linkers

— display of sites

entropic bristles, springs and clocks
flexible ensemble e

\ molecular recognition i
virus/phages assembly

stepping motors

v" Les protéines sont des ensembles thermodynamiques : ensemble d’états
conformationnels en échange

v Différents ensembles d’états peuvent étre fonctionnellement différents.

v L'ensemble le plus peuplé n’est pas forcément I'état de plus basse énergie
interne (état A) ni celui de plus grande entropie (état B) mais celui de plus
basse enthalpie libre (G=H-TS).

v’ La valeur moyenne d'une propriété n'est pas forcément représentative ,
d’une conformation. ol <05 O =0

Energie

< Importance fondamentale de caractériser la dynamique et les états multiples des protéines

Carine van Heijenoort - RMN - Approche “multi-échelles” spatiale et temporelle 8
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Caractérisation des états faiblement peuplés: une étape importante

pour la compréhension des mécanismes d’action des protéines

Adaptation conformationelle
= Protéines : multiple conformations a I’équilibre thermique en solution

< Cristallographie RX : Sélection d’'une conformation lors de la cristallisation E B =

= RMN : Ensemble conformationel moyenné dans le temps

= Etat “fond tal” > 90% Sélection conformationelle
d ondamenta > 0

< Etats de haute énergie, faiblement peuplés : roles dans la liaison de substrats, I ( | (
dans les cycles catalytiques, dans les processus de repliement (états de transition) . ‘
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AG/RT

(RT=2.48kJ/Mol)
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A view of protein multiple states

«lock & key »
induced fit

Contact Transition
entre conformatlonnelle
partenalres

o > IR |
virus/pathogen penetration
order — disorder — membrane insertion
Nucléosome activation
Sequence '

flexible linkers Ajustement Séléction
— display of sites )

entropic bristles, springs and clocks
flexible ensemble e

\ molecular recognition
virus/phages assembly

stepping motors Contact Transition

entre conformationnelle
partenaires

Induit Conformationnelle

< Importance fondamentale de caractériser la dynamique
et les états multiples des protéines

< Importance fondamentale de caractériser la cinétique de
I’échange entre les ensembles d’états conformationnels

Ajustemen

Séléction
Induit Conformationnelle

&

Vertessy, B. ; Orosz, F. Bioessays 2011, 33, 30-34.
[Granberg, R. ; Leckner, J. ; Nilges, M. Structure 2004, 12, 2125-2136.
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The timescales in NMR
why NMR is sensitive to multiple timescales motions

Molecular motions influence NMR parameters
Motions timescales versus NMR timescales ?

Three distinct timescales in NMR

o Equilibrium constant time T, / Signal lifetime T,

* NMR experiment <-> perturbation of spins system

* Typical timescale for (macro)molecules in solution: 100 ms - s (T1) / 10ms-s (T2)

* Determine the lowest frequency of motions that can be characterized during one NMR experiment.

o Spectral range : tT=1/Av
* Spectrum features : chemical shift range, couplings, ...
= Averaging if the interactions by motions that have higher frequencies

* Perturbation of spectral appearance by motions/processes occuring around this timescale
o ‘Larmor” timescale: T=1/w,

= Precession frequency of the spins in the magnetic field B,=w,/y

= Efficiency of spins state transitions during the relaxation processes is determined by the spectral density of

molecular motions around these frequencies.

«\i) \rI us'

i

Carine van Heijenoort - RMN - Approche “multi-échelles” spatiale et temporelle
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Folding ; ord

catalytic
Regulation,

A view of protein motions timescales

< s) ms )

Macroscopic

diffusion

Conformational exchai

Rotation of aromatic sidechains
and of buried sidechains

Allosteric processes

Local unfolding

Molecula

rotations vibration

Elastic vibration of globular domains
Exposed sidechain rotations

Loop motions

Restricted motions of buried sidechains
Secondary structures relative displacements
Global rotation

Relative motions of domains

Carine van Heijenoort - RMN - Approche “multi-échelles” spatiale et temporelle
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How motions are « visible » in NMR ?

Folding ; order © disorder
Interactions

Regulatio

Macroscopic

diffusion Molecular

vibrations
Conformational exchange

Molecular
rotations

<« | ‘
l <
puq \

i I

macroscopic frequencies

nutation
relaxation differences i

[N
w
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NMR timescales
1. Larmor timescale

4 )
v Resonance frequencies of the spin (i.e. difference
of energy between the different observable states
of the spin system)
wo| = [yBo
1
TLarmor — —
Wo
v Motions in this timescale have no effect on the
appearance of the spectra.
v Motions in this timescale are responsible for the B -14 1T o|=2m.600MHz ; 7, (I)=265ps
efficiency of the relaxation processes. o= T |w5|=2n.6OMHZ : TL(S):2165HS
v The relationship between «motions» and
relaxation rate constants is indirect. ”
Ws resonance
frequency
\_ /
14
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NMR timescales
1. Larmor timescale

4 )
BO"'Blocal(t) €z

v Resonance frequencies of the spin (i.e. difference A

of energy between the different observable states

of the spin system)

> e
wol = [vBol y
TR
1 / ex
TLarmor — —
Wo

v Motions in this timescale have no effect on the

appearance of the spectra. B; l(t) << Bo wo =21t600MHz

. . . . . OCa —_

v Motions in this timescale are responsible for the To=265ps

efficiency of the relaxation processes.
v The relationship between «motions» and

relaxation rate constants is indirect.
v Biocal(t) depends on the local interactions between

spins (dipolar interactions, anisotropy of chemical

shifts, electrons) whose fluctuations create local » »

electromagnetic waves. /7

w Macroscopic variations
on a much longer timescale (~ ms)
\_ J
Carine van Heijenoort - RMN - Approche “multi-échelles” spatiale et temporelle 15
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NMR timescales
1. Larmor timescale

In practice

Relaxation des azotes 15 amides a SO0MHz (=) et 800MHz (--)

v' Measurement of 3 relaxation parameters, R1, R2, and hetNOE that
gives information about the local flexibility of 'H-1°N bounds in ps-ns
range.

v Models to extract parameters of motions : global/local correlation
times (timescale), order parameters (amplitude), etc.

t t+‘Ci
G(v)
A Relaxation des azotes 15 amides a S00MHz (-) et 800MHz (--)
1 . R SR T LR 77 oo s PO I <
05+
U_ _______________________________ _O_'_7__r]_§ __________________________ -
S2 — . 1.3ns
s}
L)
Q -
=
u‘? 1.5
0 T; c 25
mouvements internes mouvement global
st _800MHz
Lipari & Szabo “model free” approach ws. 500MHz
Lipari, G.; Szabo, A. ]. Am. Chem. Soc. 1982, 104, 4546-4559 al
10 10 10 10 10
1. (ns)
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NMR timescales

1. Larmor timescale

In practice
v Measurement of 3 relaxation parameters, R1, R2, and hetNOE that gives information about the local flexibility of TH-1>N bounds

in ps-ns range.
v Models to extract parameters of motions : global/local correlation times (timescale), order parameters (amplitude), etc.

(l

Calbindin Dy
y (Cd2+) 1lI
~ Site I Slte 1T l
4] Calcium Bou Calcium
. “—@:o—¢ LA A &
03 0 [) Helice
@ Brin béta
0
U 10 o U L3l U W L W
residue nuimbes ad =
as
O &
Miler et al., Nat. Struct. Biol. 7, 245 (2000) <
a2 M
%
“d M
3

]
°}

- ol Dnallods. .lui-n.m- wtl _tew ux wew of__x valseed .
[

‘Ltﬁd“
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NMR timescales

Relaxation des azotes 15 amides a SOOMHz (=) et 800MHz (--)
1
T T ~ 0'8

. 05+~ - S 4
1. Larmor timescale | ors/ / ]
: 1.3ns
In practice s
QU
. . . . . . Q -
v hetNOE ('H->'°N) is easy to measure and gives qualitative information £
N ! Z 15k
about the local flexibility of TH->N bounds in 100ps range. i
ZI, # ,
25; / ,‘/I,
st 80OMHz ..
as 500MHz __,,-—'/"
10 10° 10 I;J" 10°
1, (ns)
Mo Do A Doenaee
' ———— 0/
‘w‘
' - ":. .-"6' : =11
- ] ' - .o 5 ‘w‘ .o".% ‘1 “.’"J:* ﬂv..’.M i‘q‘ﬁ
o5t 2, S ez
. g ¢, ® " 05
- - .‘ .‘ -
> ~. e 2 o} e 4* . .
‘.% . 0 . 0 s ‘... 0
A & ®. o
..’o.:a-- o g wrs 5 {0
AT F3 5
- o apn2e - £ $
-e ¢ ..-..0 ...l‘..‘ -} ‘ -1
- g é £ .’o -y .
¢ T L oy T S 13
w . e T :
T i e ..‘v"‘"%; =
+ O'(.“ -\an o .0‘ = ”l o8 2. -
' o ‘ | ‘ o 20 %0 p 80 100 20 -.;o‘
i .LAJM.LJ A b
‘ . ' '““. . I . Tauce number
Philippe Barthe, Christian Roumestand, Marc ]. Canova, Laurnt Kremer, Corinne Hurand, Virginie Molle and Martin Cohen-Gonsaud, “Dynamic and Structural
Characterization of a Bacterial FHA Protein Reveals a New Autoinhibition Mechanism”. Structure 17, 568-578 (2009).
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How motions are « visible » in NMR ?

Folding ; order & disorder 1
Interactions
Catal

o Sinarzato sl moion
Regulatio

ps

Macroscopic

diffusion Molecular

vibrations

Conformational exchange

Molecular
rotations

veraging

1/

frequencies nutation
differences frequencies

T
N

ignal relaxation
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NMR timescales
2. Relaxation times

v Longitudinal relaxation time constant T;
characterizes the time it takes to the spin system
to return to equilibrium.

v It determines the delay between two scans

v Motions slower than Ti1 can not be characterized
by one NMR scan.

v NB. T1 depends on the magnetic field strength By,
the type of spin, the size of the molecule, the local
dynamics of the system, the temperature, etc.

-~

Dynamical processes slower than T1
«real time» Kinetics
folding/unfolding
Interactions, exchange
H/ D exchange

5.7 STUDSES OF LABRE PROTONS WITH 2D NMR

8 L _

8 wippem) 0 5 8 wipw

Wiithrich, « NMR of proteins and nucleic acids », Wiley
Interscience, 1986

Carine van Heijenoort - RMN - Approche “multi-échelles” spatiale et temporelle
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NMR timescales
2. Relaxation times

= Longitudinal relaxation time constant Ti 4 , , , )
s1HUC : . . “Playing” with T1 : FAST/BEST experiments
characterizes the time it takes to the spin system
to return to equilibrium. () 'of | e - —
F | 1 1 | N-state
* NB. T: depends on the magnetic field strength Bo, ol R
the type of spin, the state of neighboring spins, £ 02 \vJ | I-state
. . 00 A e e ,.-. -’—A —F — S \‘J.p-—
the size of the molecule, the local dynamics of the %% f'—m‘ e e e e e e )
system, the temperature, etc. woug me (it ’
e ] ; ;
A LA
State A State B ~H H
(e.g. unfolded protein) — g (e.g. native conformation) Real-time spec;r‘um Sm"("’;smw T
1 b) .
. o : N I
Initiate reaction: - & pA 0000?.0 . e oo. .‘?0 ; e °°°
T-jump, change of solvent.... T S E74lao oo oo oo [ce %c . @ i o B
il a e‘ﬁ.q:a - o'°°°:o.° - .°'°oa
o 8 © 6.2 oeb © 50 ©
2l I e,
+Q ° ] .oi“- © ‘e o * ° o ©° (] E oo
< Ie Q
125 120 125 120 125 120
o Equilibrium 5N (ppm) 5N (ppm) SN (ppm)
Unfolded Y (native) %
.'°.:3 ) 7‘
o Unfolded : 1250? —> Native O, A2
o.’\‘:’ :,O_R A)’s
Intermediate | h;
] 1
Intermediate Il
?
K Corazza et al., J. Biol. Chem. 2010,Rennella et al. J. Am. Chem. Soc. 2012j
21
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NMR timescales
2. Relaxation times

= Longitudinal relaxation time constant Ti - .. , N
s1HUC : . . Playing” with T1 : FAST/BEST experiments
characterizes the time it takes to the spin system
to return to equilibrium. (@) '°f | PR - ————
o > U" 8 ‘ N-state
* NB. T: depends on the magnetic field strength Bo, ol |
the type of spin, the state of neighboring spins, £ oz el | o tStat_?
the size of the molecule, the local dynamics of the N T T S T T T
system, the temperature, etc. Joxing tne (mind N ’
\ T,‘ : g
ca. 20% - ,._Z f
S State B Unfolded e » Native 2
tate ate ,0.1s
(e.g. unfolded protein) T (e.g. native conformation) .0.1s-! 3 1041
| AV '
" : Intermediate | &
Initiate reaction:
T-jump, change of solvent.... e ® .
;.lS‘l
i E e X
, . Intermediate |l
" Equilibrium
Unfolded 32 (native) 1)
i
a folding/misfolding
: of
/,/ B2-microglobulin
Corazza et al., J. Biol. Chem. 2010,Rennella et al. J. Am. Chem. Soc. 2012
N %
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NMR timescales
2. Relaxation times

-~

v  Transversal relaxation time constant T: Mx(t)
characterizes the lifetime of the signal.

— M gsin(wot)exp(—t/Ts)

¥ It determines the linewidth of the resonances Pan

v NB. T; depends on the magnetic field strength By,
the type of spin, the environment of the spin, the
size of the molecule, the local dynamics of the

system, the temperature, etc.

ime - -

Carine van Heijenoort - RMN - Approche “multi-échelles” spatiale et temporelle
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NMR timescales
2. Relaxation times

* Transversal relaxation time constant T: f Playing with T2 : TROSY experiments h
characterizes the lifetime of the signal. Transverse Relaxation Optimized SpectroscopY
. . . .
[t determines the linewidth of the resonances Pervushin, K. Riek, R., Wider, G. and Wiitrich, K(1997) Attenuated T2
= NB. Ty depends on the magnetic field Strength Bo, relaxation by mutual cancellation of dipole-dipole couplifng and chemical
. . . shift anisotropy indicates an avenue to NMR structures of very large
t}_le type of Spin, the environment of the_ Spin, the biological macromolecules in solution. Proc. Natl. Acad. Sci. U. S. A. 94,
size of the molecule, the local dynamics of the 12366-12371
system, the temperature, etc. o o
cosy ¢ 9 & Y] lcosy meo |  , 164 | \ €Eng
m:' .° - » 1‘!) "' [ | 1
15\ 1 O ¢ oL /N L SN SN\
(*°N,"H) TROSY 4 - } | B¢ HROSY |
12 T T T Q < ;‘r' PNt nia
T T T T T o \; ‘% el 0
DS
5 A
510 ] 2 L ‘_ 'A’ .0- l)(,\
< AR A o ¢ ' '
—45 C i, ° 125 | l
E g gy lI l .' \ |
] ’ ’ J \
g ° ¢ - 9 %o kel b/ N
o | ¥ EN9 _ 84 82 BOZO 68 66 96 04 02
= . TROSY »08 . o (¢) td 'H) [ppm)
1) ] - . ) A T IRy o ... -
S ——e o - (COSY R90 L64 £119 )\
7 ¢ . &b o ("MN) . A [
o ~° o ‘;' o) | | /S \ / \
° = S = SN N NN
o e o+ I L1120 [TROSY
S (R ’
a4 > L64
= “ e M
E e o
mZ 2 @ “&°9,":® .
— > - ' >~ !—)S)
L ‘9 * ’ '
800 600 700 800 900 1000 1100 1200 1300 1400 ¢ =E119, ', ll || |
fréquence du proton . . ) \ / X 4
q P 9 g w('H) fppm] "_\:‘:’ik.;—t:’.::*ﬁ‘/, ."\ﬁ.:f*:":‘::ﬂ::iﬁf::t.
' 16 114 120 118 130 128
e {"*N) |ppm)|
2H,15N-labeled 110-kDa octameric protein 7,8-dihydroneopterin aldolase
N /
24
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NMR timescales
2. Relaxation times

» Transversal relaxation time constant T; characterizes the

4 . . . N
lifetime of the signal. Playing with T2 : TROSY experiments
" |t determines the linewidth of the resonances Transverse Relaxation Optimized SpectroscopY
. Vitali Tugarinov, Peter M. Hwang, Jason E. Ollerenshaw, and Lewis E. Kay
" NB. T? depends Or_l the magnetic field s.trength B_O’ the type (2003) Cross-Correlated Relaxation Enhanced 'H-13C NMR Spectroscopy of
of Spin, the environment of the Spin, the size of the Methyl Groups in Very High Molecular Weight Proteins and Protein
molecule, the local dynamics Of the System, the Complexes. ] AM. CHEM. SOC. 2003, 125, 10420-10428
temperature, etc. . . . .
p TROSY effect that involves cancellation of intra-methyl dipolar
relaxation interactions
= functional studies
1) = 13ClH; labeling strategies
e (a) LV-proR,proS (b) L.V-proS (€) V-proS
b 14 ” - : 5
+ 15 /] o
5 . 0
H)l = s ?_"’ : > k] °° -
E 22 e g -
22 — —— NIV
9 g § owfo ;{?U—-;? O‘G ° f‘i ng ° “‘
v o -2 % Wb, °“a§é | ¥
- Wiairo g \ 3 [ = o 2
2 “| g S ety | R
" m LS| e[ 8 :
25 2 O'é O'fi *-2 ‘ - >C.6 ;:-r) ’--2 ] ;‘;‘6 C'.l;
26 'H (ppm)
3 Comparison of HMQC spectra recorded on specifically methyl-labeled
0: TET2 samples (468 kDa).
Guillaume Mas ¢ Elodie Crublet ¢ Olivier Hamelin ¢ Pierre Gans e Jérome
Boisbouvier (2013) Specific labeling and assignment strategies of valine
methyl groups for NMR studies of high molecular weight proteins. ] Biomol
Lichi Shia and Lewis E. Kay (2014), Tracing an allosteric pathway regulating NMR 57:251-262
the activity of the HslV protease, PNAS (February 11, vol. 111 ino. 6
N /
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NMR timescales

2. Relaxation times

Playing with T2 : 13C'Hz Methyl TROSY experiments

< Assignment strategies : mutations + nOes + cristal structures

< functional studies

A

9y

80
T25¢2 o n 6.0 pK,, = 78 1{) pK,, =75 e R =155s"
22.5 O ZS E‘PQ pK, = IO.‘E o p‘(“-9.9 - 70
e 10| &9 &P B L71V A T6s .
QA 1 no| v O la? o< TGy
235 2 PR |ss Ol e 2 s
W o * T WV nee T2C2 » 0 200 400 600 800 1000
6 7 89101 67 89101 ' 80
5512 2 R =13s"
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pKa measurements, catalytic mechanism mutants, allosteric pathways multiple states & flexibility

related to functions

Lichi Shia and Lewis E. Kay (2014), Tracing an allosteric pathway regulating the activity of the HslV protease, PNAS iFebruary 11, vol. 111 no. 6
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NMR timescales
1. Relaxation times

v" Relaxation contants depends on the magnetic field strength By, the type of spin,
the size of the molecule, the local dynamics of the system, the environment of
the spin, the state of neighbors spins, etc.

v They can be modified to get faster signal recovery / longer lifetime

=" analysis of faster processes or unstable systems / large systems.

Longitudinal relaxation time constant for a
system of 2 proton spins with rpp=0.2nm

Relaxation des azotes 15 amides a S00MHz (-) et 800MHz (--)

100‘ ' e ' RN torrrrn e
)
v 10
Q
E
+—
<
R=/
S 800MHz
X1
O
o
|
01 R EREE] ] L ] ]
1012 101 1010 10°° 108
Te(s)
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How motions are « visible » in NMR ?

Folding ; order o disorder
Interactions

Catalyti .
Regulation

s .

Macroscopic
diffusion

Molecular

vibrations

Conformational exchang

Molecular
rotations

eraging

.

o

Bing of
-secular
nteractions

)

i i nutation
Signal relaxation

frequencies

di
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NMR timescales
3. «Spectral» or «chemical shift» timescale

v Largest observable difference of resonance
frequency (spectral width)

v Smallest observable difference of resonance
frequency (resolution)

vBo

2T

Av(Hz) = Ad(ppm) * 107° %

1
Tspect = TAv(Hz)

v Av depends on the magnetic field strength Bo, the
type of the spins.

v Different nuclei or same nuclei in different
environments

v Motions slower than Av have no effect on the
appearance of the spectra.

v Av depends on the nature of the interactions
between the spins.

-

B,=14.1T
Aw=13ppm Av=7800Hz
8 3 Tgpec~100ps
Av=12350Hz
B,=14.1T

Aw=0,2ppm Av=120Hz
6;\\ 25> Tspect™~O-10ms

Av=190Hz

Carine van Heijenoort - RMN - Approche “multi-échelles” spatiale et temporelle
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NMR timescales
3. «Spectral» or «chemical shift» timescale

4 I
v Largest observable difference of resonance
frequency (spectral width)
v Smallest observable difference of resonance .
frequency (resolution) )
B >
Av(Hz) = Ad(ppm) * 1070 % 72 L ’ .
7"' B -
1 . e TR, y
T — Aol
spect TAv(Hz)
¥ Av depends on the magnetic field strength Bo, the ,
type of the spins. g
¥ Different nuclei or same nuclei in different -
environments P TS
v Motions slower than Av have no effect on the Aw(15N)=25ppm By=14,1T Ve ‘
appearance of the spectra. Topect™~0,7ms
v Av depends on the nature of the interactions
between the spins. 1= By=14,1T  Av~2000Hz
p Aw('H)=3,5ppm
g U, S0
N /
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NMR timescales
3. «Spectral» or «chemical shift» timescale

4 )
. 105.0
v Largest observable difference of resonance Gi9 B
. Gns & S35 L 107
frequency (spectral width) Ce e e
G71 B
- 090
v Smallest observable difference of resonance . “o ) 4 ‘; N
frequency (resolution) . e 1o
e o :””' N, ppm
BO Al He e D% Vit g
Av(Hz) = Ad(ppm) #1070 = 2 3 a7 B B
2 MEQ ) o aid N S -IRE B
v @ Co 3 4 .
1 e Tz, L3l :Rél,\ A - 119.0
. ‘“.g 3 Ra1 @ Oy pksln M62 | gBov4a -
Tspect — e > o’*&g 22600 g K9 L 121.0
P WAV(HZ) -‘\S‘f’?;'t R.‘ér;(w.:o% .\S‘T‘Trﬁ‘ 8 -
s : EST Vo L 1210
] A R37 e . 2 @2;1. @Y g RATE oo F
v Motions slower than Av have no effect on the > G- i
f h "°‘ o = 127.C
appearance of the spectra. sy 127.0
e o e
v Av depends on the magnetic field strength By, the y [ 1290
: Hey s
type of the spins. B =
_ _ o _ 95 93 91 89 87 85 83 81 79 17 15 73 I 69 67
v Different nuclei or same nuclei in different 'H chemical shift, ppm
environments
v Av depends on the nature of the interactions Aw(5N)=1,5ppm Bilanin A leE
between the spins. ' Tpect™10ms
. B0=14,1T Av~300Hz
Aw(*H)=0,5ppm
eS0T
Same nucleus ; two different conformations
N )
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NMR timescales

3. «Spectral» or «chemical shift» timescale

-

105.0
Giy -
gy . & $35 - 107.0
Cc L
G7 =
- 109.0
2% [:
(__‘¢' = et b 111.0
N K‘”o N ma\i‘é i i a
NIAS = 1130
T34 L
® . - 1150
o o 2 -
augp ST sen L Vi L
D38 §22 g0
© N el - 117.0
M 30 0421 13
e .. % AM&« c 3 B
RGOS Tﬁ’ilb&, LSi =2 L 119.0
L4 163 ra1 @ O3 K3l M6 .dp'\.—.m n
(7S S preaAY 1 K® 210
N2sE 8:»% < - {21
o, RI% VIO 166 As: "2 ™
T a Add ES7 K iz - 123.0
0 <> - o O 1 U
o U® e, O wite @ I
Al A6T »?n 21 Rése 1250
i Digy V14 W
= 127.0
E7S 1
0 N |,1° B
- 129.0
Al g L
......................

95 93 91 89 87 385 83 8.1 79 13
*H chemical shift, ppm

B,=14,1T
Aw(™N)=1,5ppm 0

By=14,1T
Aw('H)=0,5ppm 0

Av~100Hz

Tspect™~10ms

Av~300Hz

eS0T

Same nucleus ; two different conformations

N, ppm
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NMR timescales
3. «Spectral» or «chemical shift» timescale

v Processes that are on the spectral timescale
(us-ms range) affect the appearance of the
spectra.

v' These processes generally correspond to
conformational /chemical exchange.

v The effects on spectra depend on the relative

values of k., (1) Aw/2 (2/Aw). One talk of
slow or fast exchange at the chemical shift

timescale.
1/tAv
ms us
)
« slow » = « fast »
exchange § exchange
)
©
=)
——| 1 l
A l 8 : A B A
Ia “““”'Dn |'.'. t “'! 'u
{113 H’ | | !!i l' | lI
" "h“\l“s / [\

t

P
@wA k_

By =
kew —

€
¢

A

@9

ki/k-1 = pB/pa
1/Tex = k1 + k-1 =ki/pp =k_1/pa

&

A®

d)A wB
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NMR timescales

3. «Spectral» or «chemical shift» timescale

Intramolecular A Intermolecular processes
k]_ kon
4 - = P + L = PL
wa k_1 wpg 5Pf Kof ¢ op,

Ea

T

thermodynamic parameters

Keq — kl/k—l — pB/pA
AG = —RTIh K

kinetic parameters

kex — 1/7-6512 — kl + k—l — kl/pB — k—l/pA
kex (T) = ko exXp (—Ea/kT)
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NMR timescales
3. «Spectral» or «chemical shift» timescale

4 )
Exchange <-> broadening
PA=Pps
R2A=st=55'1
Exchange regime AV=200Hz
= “Fast” exchange : Aw < Kex k kex/ AV
= One peak at w = pawa + ppws J,'\ 500
= Rex ¢ B2 / t‘-,
~N\- 50
“intermediate” exchange : Aw = Kex 50
= One or several broadened peaks
= Rex X Bo 15
0.5
= “slow” exchange : Aw>> Kex )\ i
0.05
= Several peaks
= Rex independent of Bo |
<~ Rex(B)*kBA:pAkex ; Rex(A)*kAB:kaex f
- & > L 0
-150 -100 -50 0 50 100 150
\ V(HZ) )
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NMR - Spatial and Time scales are highly intermingled.

[15N,2H,12C, 13CHa]

4— solubilized membrane proteins

[15N,2H]
[15N,2H,1ZC, 1SCH3] [15N,2H] ulargeu size
TROSY, high fields globular proteins or complexes

“medium” size
complexes

“medium” size
globular proteins

“Small” globular
Protein / domain

» Linewidth

Global correlation time (size)

+ Local Rotational fluctuation timescale
+ density of relaxation sources

+ conformational/chemical exchange

Carine van Heijenoort - RMN - Approche “multi-échelles” spatiale et temporelle

36



RéNaFoBis - Oléron 2014

NMR - Spatial and Time scales are highly intermingled.

Solid State NMR

A ::'. -'.‘ .o .‘. T1C2
F B e ABoCy
204 ; S R
-4 v Sk
.\ - .'. r?..
st N\ Ber il
s0{ ¢ . . o
%3 odas
’
. . ‘...?o .
404 o ©® . .'.' .
. ., ® .
.
. P41CH
ol e — D40C
” : $39Ca
. - .
DAL '.:'.'."“ . %+
¢ t'. .. ;.0 .~. o ‘?. -
60-4 < ." . . -.
® "." ;:n." .‘ ".: &
’l e ‘ . '-.'a. 'f L ¢
S S e
704 ‘ cass :j‘ T64Ca
140 130 120 70 60 50 40 30 20
"C [ppm] "3C [ppm]

Antoine Loquet et al. Atomic model of the type Il secretion system needle, Nature 2012

Global lation ti size)
+ Local Rotational fluctuation timescale

+ density of relaxation sources
+ conformational/chemical exchange
+ conformational heterogeneity

P Linewidth
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NMR - Spatial and Time scales are highly intermingled.

[15N,2H,12C, 13CHa]

4— solubilized membrane proteins

[15N,2H]
[15N,2H’1ZC’ 1SCH3] [15N,2H] ulargeu size
TROSY, high fields globular proteins or complexes

Very variable linewidths

“medium” size
complexes

“medium” size
globular proteins

“Small” globular
Protein / domain

» Linewidth
Global correlation time (size)

+ Local Rotational fluctuation timescale

+ density of relaxation sources

+ conformational/chemical exchange

Carine van Heijenoort - RMN - Approche “multi-échelles” spatiale et temporelle
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NMR - Spatial and Time scales are highly intermingled.

ppm
A13Arf6-GDP T=298K pH=7.2
10041 A13Arf6-GTP T=298K pH=7.2 @
105 4
o
110
§ 1154 b
z
O
1204
®
125 o=
©
L&)
1304 o> FPo
© o
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 ppm
O'H(ppm)
» Linewidth

Global correlation time (size)

+ Local Rotational fluctuation timescale
+ density of relaxation sources

+ conformational/chemical exchange
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NMR - Spatial and Time scales are highly intermingled.

[15N,2H,12C, 13CHa]

4— solubilized membrane proteins

[15N,2H]
[15N’2H’1ZC’ 1SCH3] [15N’2H] “Iargeu size
TROSY, high fields globular proteins or complexes

large IDPs
medium size
IDPs “medium” size

complexes

“medium” size
globular proteins

“Small” globular
Protein / domain

P Linewidth

Global correlation time (size)

+ Local Rotational fluctuation timescale
+ density of relaxation sources

+ conformational/chemical exchange
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eNaFoBis - Otéron A view of protein multiple states

Intrinsically disordered proteins

fi
/f = < Induced fit

[

cqaformational selection
0..

...
"
"tagppuns?®

Sequence ’
“No i

flexible linkers

display of sites

flexible ensemble entropic bristles, springs and clocks

" Cellulases
molecular recognition

virus/phages assembly

stepping motors
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Functions requiring fast “turnover”.

Signaling
Cell cycle

Development

© © © © ©

Endocytosis

< Highly involved in diseases

Disorder as a function
=14
=14

axons)

©

entropic springs (titin)

entropic brushes (neurofilaments H & M)

entropic clocks (K* Channel ball and chain in nerve

A view of protein multiple states
Intrinsically disordered proteins

moderate affinities, large binding interfaces, high selectivities,

inducible via post-translational modifications

Molecular recognition in regulation processes

A

Low occurence of disorder : biosynthesis,

metabolism

NB. Enzymes preponderant in PDB (except kinases)

EBD¥

- PR

'« S = PV s
O & W .
157, L3\ X
- P > ¢ .\ 1
Wi N )77
-~ ""/""<-':‘-TL*.“. J
=~ N 4 . L =
T,‘L_. n \ » “ | h\ )
\ i ‘1 ~ B *‘-:\/-
y b 1B WN

A

Jan H. Hoh, “Functional Protein Domains From the Thermally
Driven Motion of Polypeptide Chains: A Proposal”, PROTEINS:
Structure, Function, and Genetics 32:223-228 (1998)
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NMR - Spatial and Time scales are highly intermingled.
Investigation of Intrinsically Disordered Proteins

e T o
I\." L2k ') -~/
' nd§ o ™m
ey SR 1wl
I T TSN ‘
||“ Th . ‘.. .o.‘
\ ) Tes 104 * .
' . .. "‘
. . ‘ | ‘.o~ '
L B - - ‘.. '
' ‘ \ ‘AN Q - ¢ l‘ '
49 ) ”ﬂ T 5 o '
'
| % Ym d £ > y
- \” “”' N B :
| h N '
. ’ - , 8 ’ '
' Lo s T R . ¢
125 - 1248 A5 | L |
|
o | an \ 100 200 300 400
‘ Yin .
el L9 . residue number
L .
| % . . o rpua . 13 ml’.(! () Figure 5. Ratio of the peak intensities in the spectra of free tau and PHF-tau.
90 55 &b S4 £2 K0 Mpom AT290 Only isolated peaks were taken into account.
ANN B 55 AN

Figure 4. HSQC spectrum (full spectrum (top) and selected annotated zooms
(bottom)) of tau free in solution (red) and integrated into mature PHFs (blue).

Alain Sillen et al.,, (2005) ChemBioChem, 6, 1849 - 1856, Regions of Tau Implicated in the Paired Helical Fragment Core as Defined by NMR.
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NMR - Spatial and Time scales are highly intermingled.
Investigation of Intrinsically Disordered Proteins

"

@ Caractérisation de I'’ensemble des conformeres

&~Propension a former des structures secondaires

1
ts~déplacements chimiques : —
« Secondary Shifts B 1 3 ™
» SSP (Secondary Structure Propensity) ; e
is=Relaxation des spins .| A 4 v
&=RDCs >
i3=Contacts longues distances ? o
@PRE B e B el s o‘.o-»o..o-.-a - - -
wr W LN " L) ar ry 2 =
Woen)

a —an b — a

rensnsa e P T e Pt

- e

Sl WANY W0 Propeeay

iy

| .

1) by ! { ‘ i

- - A !

s Bs A Y 3
AN GO
( fb'—"fl/‘ I\“*f" ('] - co MO T TED T W N WO &%

- _.-.' ' \_%i/ ]

- e Vo bm armt o

Baker et al 2007 Nat. Struct. Mol. Biol. 14(8), 738
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NMR - Spatial and Time scales are highly intermingled.
Investigation of Intrinsically Disordered Proteins

Viral proteins

. . Large
IC,:)It-lein Matrix protein M p"olymt_arase -
Fsubpnit L ” protéines

| Phospho genomic _ cellulaires

RNA
Transcrlptlon

Ireplication |
co-factors Complexe Rd Rp
M2-1, M2-2

Glycoprotein G

C = Isolated N
110 " -: Intact nucleocapsids
<
z o & 2. 4 EM
g 115 - ..‘... - NMR
£ 1735 SAXS
o ol T
3 .... g-..
%= ca
125 1 A
- -
85 80 75 7.0
w,-'H (ppm)
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Investigation of Intrinsically Disordered Proteins

Role of disorder in regulation processes

Les domaines T/WH?2 - régulation de la polymérisation de I'actine

Collaboration Marie-France Carlier Louis Renault
These Michael Domanski, Francois-Xavier Cantrelle, Célia Deville

Acteur majeur de multiples processus cellulaires
e Motilité
(division cellulaire, plasticité synaptique, endocytose)
* Morphogenese
(polarité embryonnaire ..)
e Mouvements cellulaire

(extension de lamellipode / adhésion cellulaire)

= Assemblage/désassemblage dynamique de
filaments d’actine
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Investigation of Intrinsically Disordered Proteins

Role of disorder in regulation processes

= Dynamique des filaments d’actine regulée par des ABPs (Actin Binding Proteins)

pointed end

barbed end

a >
a

ADP G-actin
‘ Membrme

o Lapping Mrotom
\ Fomun . 2
7] ADF Colilin
NWASPH
ARPL]

ATP G-actin

'rofilin

Carlier and Pantaloni 2007
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Investigation of Intrinsically Disordered Proteins
Role of disorder in regulation processes

Les domaines T/WH?2 - régulation de la polymérisation de I'actine

Protein Celltar functions | non-canonical properties

ATP-G actin sequestering / profilin-ike 8-thymosin domains

Thymosin 4

WASH
WHAMM
WAVE2
JMY
RickA
ACtA

VASP/EV

cell mobiity (300-800 UM in hematopoietic cells)
Orosophda bran development

» e

endocylosis, cell motiity (invadopodia) ' Filament Barbed end capture

ol Wiy « g . | endosomes trafficking

= —a s ER-Golgi transport. Golgi organization
—a—aR cell motiity (lamelipodia, ruffies). cell—cell contact

TR ——GHERHR cen motity /actin nuciestion

Rickettsiae pathogen intraceliular actin-based moblity

#+3— Listeria pathogen intracelular actin-based motility
Synergy of WH2 domalins with other actin-binding domains

At~ 2 cell motility / Filament Barbed end tracking

‘—S—VE morphogenesis (cillogenesis)

MIM
WiP
INF2
SALS
Lmod

Spire

Cobl

m cell motility (WASP regulation)
CE—— - QD@ evkanote cellpolary /Flament severng

Y T — .
) muscle sarcomere organization
'} 233 muscle sarcomere organization / actin nucleation
Multi-functionnal WH2 repeat proteins
M‘- polanty in early embryogenesis / actin nucleation, filament Barbed
' end capping, filament severing
_§_m & G h'\euro-mofphogenesis / actin nucleation, fllament
(cikogenesis) severing, ADP-actin-sequestering
m V. cholerae / parahasmolyticus pathogen infection / actin nucleation

VopFVopl

Carlier et al. Int. Rev. Cell. Mol. Biol. 2011
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Investigation of Intrinsically Disordered Proteins

Role of disorder in regulation processes
Les domaines TB/WH2 - regulation de la polymérisation de I’'actine

N-ter C-ter
actin-induced

dynamically interacting C-ter

-( a helix LKKIKT = o> oo oo om o0 o s o om Multiple functions

linker

Sequestration of monomeric actin (Isolated WH2 /Tf3)
Promotion of polymerization at barbed end (Isolated WH2/Tf)
Nucleation (Formins, WH2 /T repeats, WASP, N-WASP, WAVE, ...)

Filaments branching (WASP, N-WASP, WAVE, ...)
Filaments capping (CP, CARMIL)
Filaments severing (WH2 /TP repeats)

Inactivation/Activation of signaling cascades (WASP, WAVE, ...)

=
X

- o0 i i 0 &
= g‘gg e e e e

) CNnTaereae ey P er 2R NNANSNARBAHSIS8R8895Y9Y

Low sequence identity, variable length (25-55)

40% among tp domains, 20% among WH2 domains, <15% for tf/WH2
N-ter helical propensity, LKKT/V, variable C-ter length

Intrinsically disordered

» Usually moderate affinities (uM)

» Tunable specificities modulated b - |
- y S Y
- key residues spread along the sequence | Dyneasriadt
- versatility of folding upon binding processes ) -

- variable flexibility in the complexes with actin

- post-transcriptional modifications Relation Séquence / funCtion 7
- expression levels of partners ’ . ) . )
- Cooperative / antagonist key interactions Mecanlsmes d action :

- Allosteric processes
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Investigation of Intrinsically Disordered Proteins

Role of disorder in regulation processes
Les domaines TB/WH2 - regulation de la polymérisation de I’'actine

Un défi

Polymérisation de l'actine (60uM @ 4°C)
Actine extraite du muscle de lapin
Grande flexibilité des domaines WH2
Flexibilite des états liés
Faible stabilité

Des évolutions majeures

N
ﬁ o Spectrometres a tres hauts champs
= W Cryosondes
(( W \\\ Production d’actine recombinante
S
==

Association de plusieurs techniques

Diffraction RX, RMN, SAXS
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T4

CibD1

Ciboulot/6G- ac‘hn

S“f > “' X o
XRay structure g‘ il S Q
pdb 1SQK ,k, L AD v ons

NMR - Spatial and Time scales are highly intermingled.
Investigation of Intrinsically Disordered Proteins
Les domaines Tf/WH?2 - régulation de la polymérisation de I'actine

difficulties

informations

XRay cristallization conditions
diffraction J dynamics / heterogeneity

N-terminal  Linker ,

Partial view of the complex
Detailed view of the interface

Central & C-terminal Function

LI EE .
_lllllllllllllllllllllllllllllllllllllbl’

Long N-ter
chimeras

il y

B L

Hertzog et al. Cell 2004 .
Cantrelle, Didry et al. EMBO . 2012

; = ‘J‘ i ~ ?
: 7 V l ol ~ ﬁ
ﬁ L g 4 v

T‘\
‘u\\ 4.%&'% “ o

\: O Gelsolin-TP4(C-ter)/G-actin
: XRay structure

] ("\ 9/ pdb 1T44
o 42
‘ ) :.‘,-;-4
¢ ‘ . m (L)
g, Lo S
é“ “*' N KT
\ 1( ‘P -",7
3 ? o as
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NMR - Spatial and Time scales are highly intermingled.
Investigation of Intrinsically Disordered Proteins
Les domaines Tf/WH?2 - régulation de la polymérisation de I'actine

difficulties informations
XRay cristallization conditions Partial view of the complex
diffraction | dynamics / heterogeneity | Detailed view of the interface
N-terminal | Linker] Central & C-terminal Function
TR4 S
CibD1 P
CH3 | S

Salt bridge GLUAactine - ySlinkerWH2
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NMR - Spatial and Time scales are highly intermingled.
Investigation of Intrinsically Disordered Proteins
Les domaines Tf/WH?2 - régulation de la polymérisation de I'actine

15N.1HN ' '
N-1HN HSQC SPECTRA 108 1g4-G-actin ”

- = T=298K

£

g ) free tp4 Tyt TN26 (NHp)

z 1] : T=277K 1104 : TN 6|

w© 1 — : 1 amino sidechains
' " £ : B
' = : b Kit

115; ] 5 1 N26 Y 'S
1 : 1 oE10
1
1 L17

120 '
6.+:17 120
;
1 eFr12
| 1251

9.0 7.5 7.0
5'H (ppm)
190 9.0 8.5 8.0 7.5 7.0

=~Complete folding of all analyzed forms upon binding to ATP-G-actin >

N-terminal Linker Central & C-terminal

N

. ‘,,_,»"_v
‘!;V ,‘“( -
Yio\ ?‘/ ‘ i ( /
5» iy
LR

.

N
1 ~§
A 2P \\'\

Carine van Heijenoort - RMN - Approche “multi-échelles” spatiale et temporelle



RéNaFoBis - Oléron 2014

NMR - Spatial and Time scales are highly intermingled.
Investigation of Intrinsically Disordered Proteins
Les domaines Tf/WH?2 - régulation de la polymérisation de I'actine

I5N-1HN HSQC SPECTRA 1051 TB4-G-actin G41
- T=298K s
S free tp4 T T T T T T N26 (NHp)
Z1101 T=277K _ : ] ) :
z , - A11O : 1 a%ino sidec ins6
of > )! S ;T;‘ ) g_ 1 : 'h
1154 X ,12\33\ Sl Lgﬁs 1 NS 830: ‘s
I N e 1 1
(0 AR — 1 1 E10
Vel Gbo) © S15 °E3 E8 @, 35%;9' 9@ :17
=" ~\,\’~ N 1 7 1
1209 : ket Ph Bgnasgs? @ &
120 ' g E4 °3°: Ki6
»
0
1257 K14 © E’U. T22 :
9.0 7.0 T '
O'H (ppm) 20 ‘E21 6%3 ©D13
K25g E24 K19
130 . . . : .
9.0 85 8.0 75 70
5 1H (ppm)
| 0
=~Complete folding of all analyzed forms upon binding to ATP-G-actin .,
2
— e

N-terminal Linker Central & C-terminal

+ nOe data
+ partial XRay structures
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NMR - Spatial and Time scales are highly intermingled.
Investigation of Intrinsically Disordered Proteins
Les domaines Tf/WH?2 - régulation de la polymérisation de I'actine

*
‘ -
*  selection”

*

“Induced fit”

Hydrophobic
interactions

“Induced &
»
‘f‘lt‘-l>
“
’0
Hydrophobic
interactions
105 .
libre -
1ol lié ' T N
E B s
o
Z 115 . o °°
© ® ©° o o
120 s ° oo, 0, ©
0"'.9.0
XS .
125] ° o .00
° 0‘ @ (]
130 > R
9.0 8.5 8.0 7.5 7.0 "‘ [
A THN (ppm)
L] .
; o
, “conformational \

N-ter
R
> Boy
d Stategy
X- .
Strucgi. Iffr dactj n
art
Electrop;. . VMR
enwronme tofop
. On Se
terg jp. Ida trUCtUreSr ble Spin
Folgip, b ﬂeXibi]jty Proximitjg
SAXs

Domanski et al. JBC 2004, Hertzog et al. Cell 2004, Cantrelle et al. EMBO J. (2012)
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NMR - Spatial and Time scales are highly intermingled.

Investigation of Intrinsically Disordered Proteins
Les domaines TB/WH2 - regulation de la polymérisation de I’'actine

» Interactions électrostatique/polaires modulent la flexibilité
locale dans I'état lié

» Interaction électrostatique clé contréle la flexibilité et
I'ancrage du fragment désordonné sur sa cible

»  Hélice amphipatique/interactions hydrophobes contrdle de
I'ancrage et modulation de I'affinité globale

»  Modulation fine pour obtenir des affinités modérées et des
fonctions variées, compatibles avec la dynamique du
processus de polymérisation/dépolymérisation de I'actine

N-ter

Cantrelle et al. EMBO J. (2012)

Transiently
released
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NMR - Spatial and Time scales are highly intermingled.
Investigation of Intrinsically Disordered Proteins

polymorphism & structural disorder
in protein-protein interactions involving IDPs

Stadc Dynamic

(a) (b) (c) (d)

) -‘. ' ; .‘m‘oo".'
A o <= ‘.l,'"'jﬂ

g 3 )
" ' ’

.
A

Tcf4-g catenin Step5p-Fus3p KID-KIX T cell receptor z-chains

Tompa &Fuxreiter, TIBS 2007

‘)m?

= Control of the «fuzzyness» of the complexes via scarce variations along the whole sequence
= Role of local dynamics in the function of intrinsically disordered proteins.
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Characterization of dynamic processes in the spectral timescale
Some methods to characterize conformational exchange

[

k1
- 1/mAv s A . B
WA k_ 1 WphB
llslow" “Fastn
intermediate intermediate
exchange exchange

Ea

/|

thermodynamic parameters

Kqg=Fki/k-1=pB/pA
AG=—-RTInhK

Il

_ kinetic parameters
kex(T) = kgexp (—E, /kT)
O3PP = pada +pBOB
Rzapparent — R2 + Rex
A®
5 JAN
\_ mA B Y,
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Caractérisation des états faiblement peuplés: une étape importante

pour la compréhension des mécanismes d’action des protéines

Adaptation conformationelle
= Protéines : multiple conformations a I’équilibre thermique en solution

< Cristallographie RX : Sélection d’'une conformation lors de la cristallisation E B =

= RMN : Ensemble conformationel moyenné dans le temps

= Etat “fond tal” > 90% Sélection conformationelle
d ondamenta > 0

< Etats de haute énergie, faiblement peuplés : roles dans la liaison de substrats, I ( | (
dans les cycles catalytiques, dans les processus de repliement (états de transition) . ‘

—
o

2 e

|
wl

—

32
c
O
a—
Y
>
o
o
o
-
o
£
£

3 4 5
AG/RT

(RT=2.48kJ/Mol)
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Characterization of dynamic processes in the spectral timescale
conformational exchange

4 )
Exchange regime
. pa=0.8 ; pp=0.2
Case of unequal populations s
AV=200Hz
== “Fast” exchange : Aw << Kex Ko/ AV
= One peak at w = pawa + prws
= Rex & Bo? —
50
« : ” 5.0
intermediate” exchange : Aw = Kex
15
= One or several broadened peaks
= Rex X Bo 0.5
= “slow” exchange : Aw>> Kex
= Several peaks N 0.05
= Rex independent of Bo
<~ Rex(B)_)kBA:pAkex ; Rex(A)ﬁkAB:kaex
pa » pB = Rex(B) > Rex(A)
The minor peak can be undetectable
even in a slow exchange regime.
PAVA+pBVB
\ J
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Characterization of dynamic processes in the spectral timescale
The case of one observed peak

Case of unequal populations

=~ “Fast” exchange : Aw <« Kex

= One peak at w = pawa + psws
o Rex X BOZ

Number of states in exchange ?

“intermediate” exchange : Aw = Kex

= One or several broadened peaks
=] Rex od BO

= “slow” exchange : Aw>> Kex

= Several peaks
= Rex independent of Bo
=~ ReX(B)_)kBAszkex ’ Rex(A)_)kAszBkex

Pa > pB = Rex(B) » Rex(A)

The minor peak can be undetectable
even in a slow exchange regime.

Experiments to characterize thermodynamics, Kinetics
and structural parameters of the exchange when

only one peaks is observed ?

-

pa=0.8 ; ps=0.2
R24=R2p=Hs1
AV=200Hz
Kex/ AV
500
50
5.0
15
0.5
N 0.05

PAVA+pRVE
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Characterization of dynamic processes in the spectral timescale

The case of one observed peak

1/nAv
< ms us >

régime lent régime|rapide

LA~
échange —m

d’aimantation
longitudinale forme de raie

Dispersion de relaxation
R2?PP=R+Rex

Une seule résonance apparente,
plusieurs états en échange

I

15\ D ¢ parametres thermodynamiques

Keg =ki/k_1 =pB/PA

AG = —RT'In K,

parametres cinétiques

ke =1/Tex = k1 +k_1 =ki/pp =Fk_1/pa
kexw(T) = koexp (—E,/kT)

parametres structuraux

Aw ; wy ; wpB
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Characterization of dynamic processes in the spectral timescale

The case of one observed peak

1/nAv
< ms us >

régime lent régime|rapide

Ll a1

expérience de dispersion de relaxation
T

d’aimantation ; Suppression of . ea
itudi : 1 4 DD-CSA cross-cor . acquisition
longitudinale forme de raie i H : :

Dispersion de relaxation

Relaxation t,

Rzeff= R2+Rex TePme

decoupling

15N

Une seule résonance apparente, 2H N N, exp[-Rz*(*°N)T,]
plusieurs états en échange

— —_— (Hz) | | residue 39 ; T=298K, pH=3.5, 700MHz

4JNH I A4 vy ‘Soﬂ,{ .................

X
ex
red
"
S Fed
HaeHo

Y
21,5, | itep/2 Ir /2215

a
N
)
—
\
wn
X
estimated R
N
o
or

_(—> <—> 151 \i\‘n\-
.I.r|/2 T/Z ......1.0.: ................................................... .m__t

Rgff — Rg + Re:l:(pB)ke:ﬁa(sw)TcpazNeChO) °1

200 400 600 800 1000 1200
chmg(Hz) =1/2TCP
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Characterization of dynamic processes in the spectral timescale
The case of one observed peak - relaxation dispersion experiments

The presence of dispersion indicate conformational exchange in the 100us-10ms range
Different exchange regimes yield different ‘type’ of dispersion curves

1 Intermediate/Slow exchange regime i Fast exchange regime
P = Pa

pe < pa

IB) .,

134

(Hz)

eff
2

R

eff
RS (Hz)

1200 1 400I

5 ‘ ‘ ‘ ‘ ‘
0 200 400 600 I'?OO 1000
Vopma (H2)

5 L L L L L L
200 400 600 00 1000 1200 1 4ooI
Vepwg (H2)

1000 1200 1400

0 1 1 1 1
0 200 400 600 00
Vepma (ﬁz)

1200 1 4OOI

] | | | | |
200 400 600 00 1000
G5

VepMa

5 L L L L L L
0 200 400 600 l_?00 1000 1200 1 400I 0
Vepma (H2)
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Characterization of dynamic processes in the spectral timescale
The case of one observed peak - slow regime with one major conformation

3
Ae—

0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
(H2) Vopmg (12)
=

0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
el (Hz2) Vepma (H2)

i Elargissement du pic majoritaire donne des
informations sur la nature de I'état non détectable.

1 Ajustement global des courbes de RD conduit aux

parametres cinétique, thermodynamique de I'échange et a
des informations structurales sur |'état minoritaire

< 1, =2-5ms
= pg= 1% =10%
= Individual Ao(*®N) = 08 ppm

R2PP = R™ 4 0.5k, — vepacosh (Dg coshny — D_ cosn_)

¢ + 2Aw? ¢ + 2Aw?

D, =05[142222Y | . p_—05|-14222Y

+ ™ /82 + (2 T /62 + (2
G L G T A

¢ = [(pB — pA)kem]2 — Aw® + 4pAkagx
C - ZACU(]?B - pA)kea:
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Characterization of dynamic processes in the spectral timescale
The case of one observed peak - fast exchange regime

Régime d'échange rapide : 'ajustement global des
courbes de RD permet d'obtenir la constante de
vitesse d'échange kex et le produit papsAw?.

~ 1, ~05ms

=~ pg = pa
< Ao(®N) ~ 03 ppm

0 200 400 600 00 1000 1200

1400

R

app __

2

1

— Rgﬂf + pApBAwQTex[l — 471, vcop tanh
47—6:13VCP

Carine van Heijenoort - RMN - Approche “multi-échelles” spatiale et temporelle

66



RéNaFoBis - Oléron 2014
Quelques exemples typiques de la littérature

Caractérisation d’états intermédiaires de repliement

“Petites protéines globulaires” (domaine SH3)

Korzhnev and Kay (2008) Acc Chem Research 41(3) 442-451. Probing Invisible, Low-Populated States of Protein Molecules by Relaxation
Dispersion NMR Spectroscopy: An Application to Protein Folding

Repliement au cours d'une interaction

Sugase et al. (2007) Nature 447, 1021-1025. Mechanism of coupled folding and binding of an intrinsically disordered protein.
Hansen et al. (2009) J. Mol.Biol. 387,1-9. Binding Kinetics of Histone Chaperone Chz1 and Variant Histone H2A.Z-H2B by Relaxation
Dispersion NMR Spectroscopy.

Sélections conformationnelles
Interaction protéine-ligand (lysozyme)
Mulder et al, Nat. Struct. Biol. 2001, 8(1), 932. Studying excited states of proteins by NMR spectroscopy

Bouvignies et al., Nature 2011, 477, 111. Solution structure of aminor and transiently formed state of a T4 lysozyme mutant

Allostérie (partenaires de KIX)

Bruschweiler, Schanda, Kloiber, Brutscher, Kontaxis, Konrat and Tollinger, ]. Am. Chem. Soc. (2009) 131, 3063-3068. Direct Observation of
the Dynamic Process Underlying Allosteric Signal Transmission.

Enzymes

Boehr, Dyson and Wright (2006) Chem. Rev. 106, 3055-3079, An NMR Perspective on Enzyme Dynamics
Hwang et al, PNAS 99, 13561 (2002) ; PNAS 101, 9618 (2004) Solution structure and dynamics of the outer membrane enzyme PagP by
NMR. Boehr et al, (2006) Science, 106, 3055-3079, The Dynamic Energy Landscape of Dihydrofolate Reductase Catalysis. Henzler-Wildman

et al. (2007) Nature 450, 838-844 Intrinsic motions along an enzymatic reaction trajectory (Adenylate kinase). Eisenmesser et al. (2005)
nature 438, 117-121. Intrinsic dynamics of an enzyme underlies catalysis (prolyl cis-trans isomerase cyclophilin A (CypA)).

Hansen, Vallurupalli and Kay. ] Biomol NMR (2008) 41:113-120, Using relaxation dispersion NMR spectroscopy to determine
structures of excited, invisible protein states
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Characterization of dynamic processes in the spectral timescale

KIX domain of CPB

|Aw] ("°N) [ppm)]

|Aw] ("*N) [ppm]

IAe) ("N) [ppm)
o lura L) -
P
o

I\

|Aw| ("*N) [ppm)
%

Folding processes

>

Val635 ('°N)

O
&

lle657 ('5N)

pH=5.5, T=300K

Tollinger et al., Biochemistry 2006, 45, 8885-8893
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repliement au cours d'une interaction

Binding Kinetics of Histone Chaperone Chzl and Variant Histone H2A.Z-H2B by

Relaxation Dispersion NMR Spectroscopy

D. Flemming Hansen, Zheng Zhou, Haniqgiao Feng, Lisa M. Miller Jenkins, Yawen Bai and Lewis E. Kay (2009) J.
Mol.Biol. 387,1-9.

~— Chz.core

sH2B-H2A. 28 N A Kon

0.8 e H2A.Z-H2B:CHzl &2 H2A.Z-H2B + CHzl
/N Kot
- =
= 086
g Kb = koff/kon

0.4 (micromolar range)

<0.3 . A131

Zhou et al. Nat. Struct. Mol. Biol.(2008), 15(8), 868

Analyse de I'élargissement des résonances du complexe 1:1 du a I'échange avec
les formes libres minoritaires (~1%) invisibles

Observation of H2A.Z-H2B : K'on=kon[CHZ1]
Observation of CHz1 : k"on=kon[H2A.Z-H2B]
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14

(€)

(d) |
AR

!

| A g od LOEM)

repliement au cours d'une interaction

Kon
H2A.Z-H2B:CHz1 k<:> H2A.Z-H2B + CHz1

of f
= Les données de dispersion de relaxation (RD) sont compatibles avec un
processus d'échange entre deux états.
= Les variations de déplacements chimiques obtenus a partir des données
de RD sont compatibles avec les Aw connus entre les états libres et liés
(NB. déplié pour CH1z libre)

< Les données de RD se rapportent bien au processus de liaison.

< Elles permettent une détermination précise des parametres
thermodynamiques et cinétiques.

kon = 108+10’M!s! >> rapide que la limite de diffusion (~10°-106 M1s?),
probablement due a de fortes contributions électrostatiques.

kotf = 22+¢2 s : limite supérieure pour les vitesses a laquelle les histones
H2A.Z-H2B sont fournies par la chaperone Chzl au complexe de
remodelage de la chromatine SWR1 (qui catalyse ensuite le remplacement
de l'histone canonique H2A-H2B par H2A_Z-H2B)

NB. Données a comparer avec la vitesse d'ouverture du nucléosome
~20-90s! determinée par FRET.

Carine van Heijenoort - RMN - Approche “multi-échelles” spatiale et temporelle



RéNaFoBis - Oléron 2014

Sélection conformationelle

= Couplage mouvements - catalyse

Le cas de la dihydrofolate réductase (DHFR)

“-T’F
| T

- (occluded)

£

E:NADPH:THF
(occluded)

Carine van Heijenoort - RMN - Approche “multi-échelles” spatiale et temporelle

400 800 1200 1600 2000

Ser77. Asp37
Met42 D 25
) [N
hydride 20}
transfer &
o« st

E:NADP*THF

L]

400 800 1200 1600 2000

30

400 800 1200 1600 2000
1k, (s")

Boehr et al, Science 2006, 106, 3055-3079
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E:NADP*folate ]

400800120018N2ON

%

4ooaoo1zoo1soozooo

\N

400800120016«)2000

E:NADP*THF

400 800 1200 1600 2000

E:NADPH:THF

>

120

# L.y

800 1200 1600 2000
1k (s")

400

Sélection conformationelle

= A chaque étape du cycle, la conformation majoritaire est en échange
avec les états précédent et/ou suivant dans le cycle.

=~ Constantes cinétiques et thermodynamique associées aux échanges
sont compatibles avec les données enzymatiques.

= La vitesse de transfert de I'hydrure et les vitesses de recyclage a
I'état stationnaire sont contrdlées par la dynamique des transitions
entre les états fondamentaux et excités au cours du cycle.

%’ll “. hydride
1 transfer
\ max. '
————— 950 s
E:NADPH:DHF Y
(model E:NADP*folate) E:NADP":THF
i
rEEYE cofactor -1
/ WG release [ 200S
: 260 §"
. E:NADPH " 2 YA
=22
product ‘I 4

release

13 g

E:NADPH:THF

72
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Sélection conformationelle / allostérie

Direct Observation of the Dynamic Process Underlying Allosteric Signal Transmission

A

7%

Free energy

Tex = 3.0+ 0.3ms @ 27°C

| . >
Reaction coordinate

< La liaison du domaine d'activation du facteur de ftranscription MLL a KIX induit
une redistribution des populations relatives des conformeres de KIX en faveur
de I'état dans lequel le site de liaison de c-Myb (pKID) est préformé.

<~ Cet état minoritaire n'est pas détectable dans la forme libre de KIX

Brischweiler et al, J. Am. Chem. Soc. (2009) 131, 3063-3068

73
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Sélection conformationelle / allostérie

Direct Observation of the Dynamic Process Underlying Allosteric Signal Transmission

Reaction coordinate

-gooa[ A® gy = g
*I*“i“" + l'll“*lww e \l || fl

KIX residue number
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Sélection conformationelle / allostérie

Direct Observation of the Dynamic Process Underlying Allosteric Signal Transmission

A 7% -
93% ‘ A"

Free energy

Reaction coordinate

= Les chdines latérales des isoleucines participent a la formation d'un réseau d'interactions qui
constitue le «chemin» a travers lequel se transmet l'information allostérique.

= L'analyse de la transition allostérique du domaine KIX de CBP fournit une description a
I'échelle atomique du mécanisme de ftransmition coopérative d'information entre deux facteurs
de transcription.
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Sélection conformationelle / allostérie

L
.-

A

-_\
_—

K-

Free energy
2
R
~
® 2
>

Reaction coordinate

= Modulation des affinités selon le degré de peuplement du
conformere de plus haute affinité.

= Réglage fin des affinités peut €tre critique pour la régulation
de la spécificité de la transcription. Plusieurs résultats indiquent
que la coopérativité des interactions entre les facteurs de
transcription (médiées par CBP) peuvent promouvoir une synergie
dans l'activation transcriptionnelle.

=~ Moreover, the rate at which allosteric information is
transmitted between binding sites might pose an essential
constraint for the flow of information through the networks of
proteins that regulate gene transcription in the cell.

Brischweiler et al, J. Am. Chem. Soc. (2009) 131, 3063-3068
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Un exemple de I'apport de la RMN dans la relation dynamique/fonction:
Le role de la dynamique dans le switch conformationel de petites protéines G

Interrupteur moléculaire | RRRRRRRRRRRRRRRRRRRRRRRRRRRRRARRRR
Changements de conformation de grande amplitude MMMM%M%MM%MM LUYYLYYY - M%MM

Roéle de la dynamique dans le switch conformationel \

LB

= A17Arf1-GDP
! A17Arf1-GTP

Buosi et al. JBC 2010
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Un exemple de l'apport de la RMN dans la relation dynamique/fonction:
Le role de la dynamique dans le switch conformationel de petites protéines G

A Time=0
A27 ® |L25
L25
We @
© @ We
o
10.6 104 102 100 938
Time=4h
A27 ELZS
L25
We
| - We
106 104 102 100 98
Time=12h
A27
ELZS
L25
We
PN ° Wg
ud
10.6 104 10.2 100 98

B

C

intensities (normalized)

O

Decay time constant (h)

-0,2

1
H1-N14 GTPyS E time
i 23h
| 4.4h
™ 1.4h
i 6min
H1-N15 GDP, H1-N15 GTP
135 134 132 S(ppm)

kY
oe \”\\\ L25 (GDP)
| \\\;\,

ol GDP T T

1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400

time (min)

*
s * 9

A17Arf1-GDP=>A17Arf1-GTPYS
A17Arf1-GTP=>A17Arf1-GTPyS

BN Y FTETTY

Sequence

= Suivi de la cinétique de sortie du

nucléotide par RMN et du changement

de conformation associé en temps réel

(15N A17A1f1-GDP/

14N GTPyS
(large exces)

{PN}A17Arf1-{* N} GTPyS

~ Le changement de conformation associé a
[’échange du GDRP est plus lent que la vitesse de
sortie du nucléotide

<~ Existence de formes intermeédiaires

lors du switch




Un exemple de I'apport de la RMN dans la relation dynamique/fonction:
Le role de la dynamique dans le switch conformationel de petites protéines G

¢ Interrupteur moléculaire | AR R R R R R R R AR RRRRRRRRRRRARRAR
¢ Changements de conformation de grande amplitude MMM%MMM%%%MMM ¥ 'y

& Role de la dynamique dans le switch conformationel

FL-Arf1-GDF A17Arf1-GDP A17Arf1-GTP
Dispersion de relaxation Echange 'H<->’H
(us-ms) (mn-h)
B2 B3 p4
g i h o« o, 7 . N\
gl ‘ < Plasticité particulere de la forme A17Arfl-GDP
2 z ~ Mouvements concertés le long de la protéine lors de
P ['ouverture de [’hélice N-ter permettant le switch
£ | conformationel.
| I B S
O uence 140 160 180 < Quverture du feuillet 5 dans la zone de switch
échange ps-ms protection par rapport a I'’échange H/D
dans A17Arf1-GDP dans A17Arf1-GDP et FL-Arf1-GDP

Buosi et al J. Biol. Chem. 285(49):37987-94.



