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Versatility of functions involving
intrinsically disordered proteins

Deciphering the sequence function relationship of
intrinsically disordered proteins: the case of WH2
domains that regulate the polymerization of actin

Carine van Heijenoort, ICSN-CNRS, Laboratoire de Chimie et Biologie Structurales
1 avenue de la terrasse, 91190, Gif-sur-Yvette
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The challenge : understanding the multiple states of proteins
a continuum from order to disorder
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Uversky, V. N.; Oldfield, C. J.; Dunker, A. K. J. Mol. Recognit., 2005, 18, 343.
Habchi, Tompa, Longhi & Uversky, Chemical reviews 2014, introducing protein intrinsic disorder
van der Lee et al., Chemical reviews 2014, classification of IDRs and IDPs
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The challenge : understanding the multiple states of proteins
From the “folded path” ...

«lock & key » Crystal structures
induced fit Fischer

/ .. & / conformational selection Karush
f ;’ i Koshland
] conformational s
—f oo
- allostery '

Monod/Wyman/Changeux
virus/pathogen penetration
/ membrane insertion

Nucléosome activation

Gene [ORF)'!—> Sequence '

s - ms

Partners l Confom?altional
encountay transition

Energic

Conformational
selection

Coordonnée conformationneile ‘>

» Proteins are complex thermodynamical ensembles : multiple states in exchange
» Different state ensembles can be functionally different.
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The challenge : understanding the multiple states of proteins
From the “folded path” ... to the “intrinsically unfolded path”

disorder — The folding upon binding
order question

no binding
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van der Lee et al. Classification of Intrinsically Disordered Regions and Proteins.
Chemical Reviews, 114(13):6589-6631,2014.

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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The challenge : understanding the multiple states of proteins
From the “folded path” ... to the “intrinsically unfolded path”

The “non” folding
question Functional disorder

The folding upon binding
“fuzzyness” and versatility of the free and bound states?

display of sites
flexible linkers
entropic bristles, springs and clocks

Sequence

question

Stasc Dynamic

Tompa P, Fuxreiter M, Fuzzy complexes: polymorphism and structural disorder in
protein-protein interactions. Trends Biochem. Sci. 2008, 33, 2--8.

510088 - p53
Complex:

P Fabrizio Chiti and Christopher M. Dobson,

Protein Misfolding, Functional Amyloid,
and Human Disease, Annu. Rev. Biochem.
2006. 75:333-66
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A chameleon sequence (the C-terminal region of p53) in
complex with four different partners and exhibiting four
different structural forms (Oldfield et al. BMC Genomics 2008, 9)

Carine van Heijenoort

“Intrinsically disordered” proteins/regions and interactions
Generalized concept of allostery in multi-domain proteins

Variable arrangement of globular domains, disordered linker

regions and short recognition elements

» Complex conformational energy landscapes

» Population remodeling in the conformational ensemble,
driven by ligand binding or changes in conditions (pH, salt,
localization, concentrations, expression level, etc.)

= [ntrasteric regulation, autoinhibition, intramolecular
regulation, active-site directed regulation, signaling function,
motif exposure, etc...

WASP e == - Auto-inhibited WASP P S— Activated WASP G-actin
{WHT}B{GBD}—PRD B[ GBD_}{PRD| :
ol TT [AlcIv ]

WASP-GBD

Tompa, Chem. Rev. 2014, 114, 6715-6732. Multisteric Regulation by Structural Disorder in Modular Signaling Proteins: An Extension of the Concept of Allostery.
«Renault, Deville, van Heijenoort, Cytoskeleton 2013, 70:686-705. Structural Features and Interfacial Properties of WH2,8-Thymosin Domains and Other Intrinsically Disordered Domains in the
Regulation of Actin Cytoskeleton Dynamics
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? “Intrinsically disordered” ?

» Secondary/tertiary/quaternary structure?
» Conformers ensemble(s)

» Flexibility?

» Timescales? é@(} cm @@O

Saio, et al., science 2014

» Spacial extension/restriction

» exchange between conformers/folding/unfolding

Coupled affrity and specificity =
» Thermodynamics/kinetics - ; Baker et al. Nat. Struct
4 L Mol. Biol. 2007
+ = -
» Affinities? )
Deccogied afinity and speciicey X &

» Kinetics of binding?

EaE B

/=85

T p— ‘5‘5 e
- \"m i ¢ Bah et al. Nature 2015
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» Specificity?

» Trajectories/spatial exploration?

Carine van Heijenoort

? “Intrinsically disordered” ?

v

Secondary/tertiary/quaternary structure? | m

——
» Conformers ensemble(s) m W
» Flexibility?
=
» Timescales? Fluorescence, Protease
FRET,etc. digestion rates
» Spacial extension/restriction TR Single molecule
- experiments,
(SAXS, size
. . exclusion AFM
» exchange between conformers/folding/unfolding e ——
» Thermodynamics/kinetics

» Affinities? m
Biophysical techniques
ITC, SPR, fluorescence, etc.

» Specificity?
» Trajectories/spatial exploration?

I ——

» Kinetics of binding?
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Disorder seen by NMR

» Secondary/tertiary/quaternary structure? m \ChelnicalShifts

m Disorder seen by NMR R

¢ Chemical Shifts - C—N Coy —C—{BN |

» RDCs ¢ HSQC spectra <-> electronic environment (I) I

1 1
; " . )  Relaxation rates Hl o, H
» Conformers ensemble(s) m Chemical Shifts, RDCs, Spin relaxation, PRE | « Spin relaxation - .
Ordered . z Disordered F
« PRE 3 3
» Flexibility? m i E110 110
» Timescales? « Chemical Shifts | 120 120
* RDCs e £ E
» Spacial extension/restriction * Relaxation rates LI 3
« Spin relaxation a7 (190 190
» exchange between conformers/folding/unfolding | |* PRE | AR bl hah” Rk i i \Ra 2EaE" RAST ARl i
1 1
Hippm) ° ¢ Hippm) ° ¢
» Thermodynamics/kinetics — — . . -
Y / e Secondary shifts : §(measured)_g(random coil) <_> Secondary Structure Propensities
—_— " I
» Affinities? m » Titration experiments
« Chemical Shifts | A2d from 8(13Ca,13C0,'3CB,'SN,"H",'Ha)
. . .. * RDCs 100 j j ! j ! Helix CoblAB
» Kinetics of binding? « Relaxation rates = ) B strand o,
« Spin relaxation 2 3 . % i
. S 50 SRR e KRR 2 0,
» Specificity? + = g i} § : 5 40%
» Trajectories/spatial exploration? 0
Sequence
Carine van Heijenoort ReNaFoBis - Oléron - 2016 Mai 26th Carine van Heijenoort ReNaFoBis - Oléron - 2016 Mai 26th
[NMR| Disorder seen by NMR R [NMR| Disorder seen by NMR
* Chomlsnl Shifks (I: B Cq_i o Chomical Shiths « Relaxation rates <-> line widths o
* RDCs ¢ HSQC spectra <-> electronic environment 1I | 0 » RDCs Invisible in
* Relaxation rates Hl  1H, « Relaxation rates NMR spectra
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Heonm) Baker et al 2007 Nat. Struct. Mol. Biol. 14(8), 738
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NMR Disorder seen by NMR

> Chomical Shiks ¢ Relaxation rates <-> line widths

* RDCs
¢ Relaxation rates
* Spin relaxation a _
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¢ Combined NMR, XRay, ITC

visible in
NMR spectra
De Biasio et al., NATURE COMMUNICATIONS 2015
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m Disorder seen by NMR

¢ Chemical Shifts

* RDCs

¢ Relaxation rates
¢ Spin relaxation

* PRE

T———

« Secondary Structure Propensities
o Restriction of motion

¢ Exchange between conformers
= Different timescales

| ]
Y i
/ ]
: \ |
. %
¥ 3
§ A A C
H3 (478-402) H2 (476-488) H1 (470-484) . | N
"% 2% 3% N ) |
L |
- 448 xmnumnmnmnmnmn se0 o) 75__‘1
m “Qy"':mmmmm, n ‘i 31 "\“H“' Jensen, M.R et al.,(2008)

:m:mmm:mmn n J. Am. Chem. Soc. 130 ; (2009) structure 17.

e
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NMR Disorder seen by NMR

* Chemical Shifts = Long range contacts

* RDCs
. Cys-5
» Relaxation rates
* Spin relaxation i *
« PRE N
I
T——— .
= contact => intensity decrease
A
| DN |
. v
. ]
o =
g w 574 '?é,,
 —— 3.
E Y &
Ba £
% = o
e QGDQWNECL *m&a . - L 120 180 200 M0 280 30 W0 &0 440
Residue Number
Influence of lonic Strength and Urea on Long-Range

(A) Hydrodynamic radius values of htau40 in buffer (99.9 % D20, 50 mM phosphate buffer [pH 6.9]), upon addition of 600 mM NaCl and in the presence of 8 M urea.
(B) PRE profiles of amide protons in spin-labelled htaud0 in buffer (red bars) and in the presence of 600 mM NaCl (blue bars). The single-cysteine mutant A239C was
labelled with MTSL. Intensity ratios were averaged over a three-residue window.

Structural Polymorphism of 441-Residue Tau at Single Residue Resolution.
Mukrasch et al., PloS Biol. 2009, Vol 7, Issue 2
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m Disorder seen by NMR

¢ Chemical Shifts
RDCs v Combination of NMR methods

= Disordered segments

Ll
¢ Relaxation rates

* Spin relaxation = Secondary structure propensities

* PRE = Timescales of conformers exchange
P————— = Long range contacts
v Combination of techniques
= Back-Calculation of parameters
= Modeling of conformers ensembles
: & Backbone sampling
L4
= & Ew ) ;
: = . T
o =5 | RDC ”"-r‘ ‘“fyw‘ 3
(O] O iy [ - .- - Long-ral:!ggstruﬁma g
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Jensen, Zweckstetter, Huang &Blackledge, Chemical reviews 2014, special issues on IDPs
Exploring Free-Energy Landscapes of Intrinsically Disordered Proteins at Atomic Resolution Using NMR Spectroscopy
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The case of intrinsically disordered domains that regulate actin polymerization

Actin

@ Major actor of

* motile processes

(cell division, synaptic plasticity, endocytosis)

* morphogenetic processes

(polarity of the embryo / right left asymetry)

o cellular motility

(lamellipodia extension / cellular adhesion)

&= Assembly/disassembly of actin filaments

@ Monomeric G-actin :

43 KDa ; 4 domains

Mg?2*; ATP

Carine van Heijenoort

pointed end

barbed end
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Dynamics of actin filaments, a highly regulated process

pointed end

. ATP G-actin
. ADP G-actin
Membrane
Formin
NWASP
v ARP2/3

. Capping Protein
@® ADF/Cofilin

Profilin Carlier and Pantaloni 2007
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Proteins

T84, d. melamogater Ciboulor,
WASR, WAVE, MIM, WIR
/ASP..

NPFs WASP, N-WASP,
WAVE, ...

mDial-3, INF2, FMNL3, or
FMN1-2 subfamilics of

formins

CP (a hacrodmer)
CD2AP, CKIP, CARMIL.....

Formins (FH1-FH2 domuins)

Spire, Cobl, VopF/NopL, JMY,
N-WASP

Carine van Heijenoort

Intrinsically Disordered Domains/Regions in actin’s assembly dynamics

WH2 /TP domains

Table I. Multiple Interactions and Roles of IDRs in Proteins Representative of Different Activities in Actin Self: D

DR(s)
Singhe (;-xtin-b-ndin.
e
Middle B-GBD or meyffi
regions, C-terminal m
cA

Coterminal DA[D
or FSI

B-subunit C-term. tencade (8-
tentade)

CARMILpepeide

FH1 domain: repeats of
proline-rich motifs binding
to profilin

Functions related to the DR(s)

sequester Gactin-ATP of pro-
mote s unidirectional
assambly on barbed-end
(profilin-like activity)

B-GBD: binding to PPy,
Rho-GTPas, kinas/SH2,
(V)CA VCA: binding to B-
GBD, G-actin-ATE, Ap2/3

N-term. DID binding, cooper-
ativity/syncrgy for FH2-
mediated G-actin nudkeation
or FH1-FH2-mediated fila-
ment clongation, WH2-
DAD: filament severing in
association with FH2, FSI:
Spire-KIND binding

Folding & binding to barbed-
end terminal actin required
for tight capping of CP

uncap CP acfh heterodimer
bound to barbed-end

Recruit and foed the FH2-
bound barbed end with
profilin:G-actin-ATP

uester o rucleate G-actin-
ATP/ADE. o promote G-
aain unidirectional assembly,
sever flament, cap barbed-
end.... N-WASP, JMY:
increase cfficiency of beanch-
ing mediated by NPE-Am2/3

Role of disorder

Fuzy complexcs: vasiable local
dynamics in G-actin-bound
states control variable asocia-
tion propertics with barbed-
nd and can be runcd with a
point mutation/modification

signal integrator, mokecular
bub, mutwally exdusive ineer-
actions, cooperative intesdo-
main middie-to-tail
awoinhibitica, cooperative
allostaric activations

signal integrator, mutaally
axclusive intcractions, inter-
domain bead-to-cail autoinhi-
bition, dynamic binding with
G- andlor F-actin, FSE
dynamic tuning of FH2

activity with Spire

optimal and dynamic binding
of CP i heserodimer to fi-
amene barbed ond

allosteric mechanism disturbing
CP af bending/rwisting
bound to barbed-cnd

FHI disorder state offers a
larger capeure radius for
peofilin:G-actin, and with its
noa-redundant repeats,
specds the dongation rate of
barbed-cnds assodiated with
FH2-Cterminal domains

cooperative & dynamic binding
with different actin temiary
& quaternary stroctures,
repeats promote interactions
with several actin subanits of
Flament or may asemble
variable/dynamic G-actin
dligomers

Renault, Deville, van Heijenoort, Cytoskeleton 2013, 70:686-705

Refs
[Didry et al., 2012)

[Kim ¢t al., 2000; Chen et al,,
2010

(Li and Higgs, 2005; Chhabea
et al, 2009; Gould et al,,
2011; Vircarna ec al., 2011;
Bor et al., 2012)

[Takeda et al, 2010]

[Takeda et al, 2011; Kim
ecal, 2012)

[Shoemaker ¢t al., 2000; Paul
and Pollard, 2008; Courte-
manche and Pollard, 2012)

[Quinlan et al., 2005; Abuja
et al,, 2007; Bosch ct al.,
2007; Husson ct al, 2011;
Gaucher e al., 2012
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Intrinsically Disordered Domains/Regions in actin’s assembly dynamics

WH?2 /T domains

Protein Cellular functions | non-canonical properties

ATP-G actin sequestering / profilin-like 8-thymosin domains
Thymaosin &4 ﬂ

Ciboulot
TetraThymosin-G

cell motility (300-600 uM in hematopoietic cells) ]

Drosophila brain development
o Eevefopmen{

Filament br g using Arp2/3 ol
N-WASP B Co ek £ ] d cell motility (invadopodia) / Fil. Barbed end capture ]
Tan endosomes traflicking
WHAMM i — - £ TH ER-Golgi transport, Golgi organization
WAVE2 C=T18 {_r [l cell motility (lamellipodia, ruffles), cell-cell contact

My B EE=ET—{HERER cen motilty /actin nucteation

RickA YY" Rickettsiae pathog llular actin-based motility
AGtA #FE—— Listeria pathogen intracellular actin-based motility

Synergy of WH2 d ins with other actin-binding d\ I

vaspiev  (CRlCEREER

cell motility / Filament Barbed end tracking

cell motility (WASF regulation)

muscle sarcomere erganization

muscle sarcomere erganization / actln nucleation

fitament Barbed
ment severing

. polarity in early embry is /actin
Spire — O end

Cobl

filament
il

VopFVepl

Carine van Heijenoort ReNaFoBis - Oléron - 2016 Mai 26th




IDPs/IDRs in actin’s assembly dynamics

WH2 /T domains

e ~850 putative WH2/Tp domains in eukaryotic e Low sequence identity, variable length (25-55)
systems (SMART database) e 40% among tp domains, 20% among WH2 domains,

o Isolated or inserted in large modular proteins <15% for tp/WH2

o Usually several repeats, up to 27 e N-ter helical propensity, LKKT/V, variable C-ter length

C-ter
Total  7M(143) 148 (127

16113 o
097 (1-43)_ 144 (127}
7112

391,313

103 (1)

1458 (1-4)
50143 5(07)
40 )
" 1019,
o

w14 20
20 0

1 2
160 )

4
3

s EALE 2.
X 1

o
N

21 (13

TRARRRRENRARANARSRRARSSI0T

60 200 300 400 500 60

Mumber of peoteins comtaining WH2 or 6T domains.
(mumber of Gomains per protein)
W WH2domains W Symosins domains
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Dynamics of actin filaments, a highly regulated process

pointed end

Ciboulot

barbed end

ATP G-actin

‘ ADP G-actin

~ Membrane

Formin

NWASP

v ARP2/3

. Capping Protein
@® ADF/Cofilin
Profilin

g‘?

Thymosin 34
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Isolated WH2/Tf} domains Sequestration vs Promotion

of polymerization at barbed end of filaments

Isolated WH2 /T domains

aaaoaaa linker - central - ---- C-terminal ---
Tp4 l-———————————— MSDKPDMAEIEKFDKSKLKKTETQEKNPLPSKETIEQEKQAGES--44
Ciboulot_Dl 1-MAAPAPALKDLPKVAENLKSQLEGFNQDKLKNASTQEKI ILPTAEDVAAEKTQ--——— 53
OO L LU AL L L L OO

Tf34 : sequesters G-actin
Domain 1 of ciboulot (CibD1): promotes actin polymerization at barbed end of filaments

N-terminal :Linker: Central & C-terminal Function

» Role of charges in the central and C-terminal fragment
Domanski et al. JBC 2004, Hertzog et al. Cell 2004

» Design of mutants and chimera of T4/CibD1

Carine van Heijenoort ReNaFoBis - Oléron - 2016 Mai 26th
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Sequestration vs Promotion
of polymerization at barbed end of filaments

N-terminal Linker Central & C-terminal  Function

R4 TE EQ S

Influence of |ram | P Multiple influences
central | along the whole
& CibD1 _— P sequence
c | CH1 P
-termina - =
segment cnz — Q Charges in the
CH3 ] .
L . C-terminal fragment
2
Influence of ;rg: g sizelz\I otf the .amlp}?ilpatic
N-terminal [ 5 ST [
=
segment  |TB4m P ) i
CH2m S Charges in the Linker
[ . R
Influence of | CH1 NODK P .
linker CH2 ﬁ S Detailed
segment  |CibD1 INQDK r Mechanism ?
CH3 DKSK S

Domanski et al., J. Biol. Chem. 2004 ; Hertzog et al. Cell 2004; Carlier et al., An.N.Y.Ac.Sci. 2007, 2010; Cantrelle, Didry et al. EMBO J. 2012

ReNaFoBis - Oléron - 2016 Mai 26th




Structural characterization of IDPs involved in actin regulation
A challenging task !

Actin polymerization (60pM @ 4°C)
Low stability of G-actin

Actin mostly extracted from rabbit muscle

High flexibility of free WH2 domains

Local flexibility in the complexes

=
/*/2”%

%= Combination of biochemical and structural techniques
XRay diffraction, NMR, SAXS

Low stability of complexes

Carine van Heijenoort
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interaction WH2-actin

Crystal structures of the bound states

difficulties informations

diffraction | dynamics / heterogeneity Detailed view of the interface

XRay cristallization conditions Partial view of the complex

N-terminal  .Linker . Central & C-terminal Function
TR4 S
[ [ *
CibD1 ST e g
Long N-ter ' '
chimeras el
Gelsolin-TP4(C-ter)/G-actin
¥ XRay sfructure
v A e r pdb 1T44
% @
-, “Na
P "|{f
Ciboulot/G-actin i W:‘“"’ 1
XRay sfructure 7 v
pdb 15QK 7
A N
Hertzog et al. Cell 2004 v % (7
Cantrelle, Didry et al. EMBO J. 2012 v~ Irobi et al. EMBO J. 2004

Carine van Heijenoort
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interaction WH2-actin

Crystal structures of the bound states

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
T84 T EEE . 5
caoo: I /// /[T e
ca3 S

CibD1 linker NQDK
Y

T134 linker DKSK in CH3

o 1 \
Salt bridge GLU?ctine ---LySlinkerWH2

Carine van Heijenoort
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rates

CD=
s Ax5+mode\mg

What kind of questions can we tackle by NMR?

“Induced fit”

Hydrophobic
interactions

free -
nolhound Tel e

o

50 85 80 75 70

A THN (ppm)

*, selection”

.,
O

.
i

'S
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Molecy],).
i atop; )
ing upy 2 Nexibili, P mities
Indin
Hydrophobic gmemams"’
interactions Enveloy,
Pes
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Detailed analysis of actin-T8/WH2 domains interactions

difficulties informations

XRay cristallization conditions
diffraction

Detailed view of the interface
Partial view of the complex

dynamics / heterogeneity

©)

difficulties informations

NMR

Detailed analysis of
free and bound WH2 domains
Stability of the complex
« Folding upon binding process
No exploitable data on |« Global and local dynamics along the whole domain

actin « Kinetics of binding
« Variation of the physicochemical conditions

Carine van Heijenoort
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interaction WH2-actin

Folding upon binding process by NMR

15N-1HN HSQC SPECTRA 105{ TB4-G-actin Gat
E T=298K e
3‘10 free tB4 N26 (NHp)
z T=277K
£ 110 (-3

©F12

L
125 K14 ©

70
d'H (ppm)
K25g E24 K19

9.0 8.5 8.0 75
5 1H (ppm)

wComplete folding of all analyzed forms upon binding to ATP-G-actin

Linker Central & C-terminal

N-terminal
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interaction WH2-actin

0, 'H=1.291 ppm

NMR structures of the bound states

L O Neem)
8 3 3 3

N

‘) = Filtered NOESY experiments
{H-N}51<--->H__
U-[?H,'SN] WH2 domain
{H-N}50<--->H__
/ -> proximities between H{'°N} of the WH2
domain and H{'*N/'%C} of actin.

g

Carine van Heijenoort

8.2 8.0 7.8
9, 'H" (ppm)

ReNaFoBis - Oléron - 2016 Mai 26th

interaction WH2-actin

NMR structures of the bound states

H methyls of threonine
1H=
0, 'H=1.291 ppm| -
- ‘

1161 ()

1171 /
E {H-N}51<--->H__ v T202
&11&
z {H-N}50<--->H__ .
= o 1199 /
©

120 g

121

A\ '
8.2 8.0 7.8 e
b
3, 'H" (ppm)

@ The C-terminal end is in contact with G-actin
@ nOe contacts are compatible with the proximities observed in the bound

fragment of Tf34 in the crystal structure
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interaction WH2-actin

NMR structures of the bound states

@ NOESY experiments: The whole WH2 sequence is in contact with G-actin
@ nOe contacts are all compatible with the observed bound fragments of
Ciboulot, chimeras & Tf34 in crystal structures
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interaction WH2-actin

NMR structures of the bound states

linker - central - ---- C-terminal --- Function

Ciboulot D1 GPLGSLKDLPKVAENLKSQLEGFNQDKLKNASTQEKIILPTAEDVAAEKTQ P
CH1 GPLGSLKDLPKVAENLKSQLEGFNQDKLKKTETQEKNPLPSKETIEQEKQAGES P
CH2 GPLGSLKDLPKVAENLKSQLEGFDKSKLKKTETQEKNPLPSKETIEQEKQAGES S
TR4 MSDKPDMAEIEKFDKSKLKKTETQEKNPLPSKETIEQEKQAGES s
@ Whatever the function:
105 [ 4
ca1 -° ‘ Same positioning & structure
o CH2 ; e - for identical segments on actin

é 528 b4
£ o ( o ¥ée
2120 o o -
X L
“ -K27 ' L4
125{ o o° PPy
« ‘. F 3 . P26
- -
130
9.0 8.5 5 7.0 6.5

805 opm) 7.
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interaction WH2-actin

Isolated WH2 /T3 domains
G-buffer : sequestration

—

Bound
N-ter

G-buffer
Long N-ter
Linker DKSK

G-buffer
Long N-ter
Linker NQDK

| SEQUESTRATION

G-buffer
Short N-ter
Linker DKSK
Charged C-ter

Cantrelle, Didry et al. EMBO J. 2012
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interaction WH2-actin

kinetics of the binding process

TR4 _I{EK_ S
CH 2 — ¢ * NMR '°N; exchange & >N R;
CH1 1P « Kd measurements
CibD1
ot Bound->Free Bound| k
F K, B T ? 10ms 100ms s 10s "
’\9 +  actin <__>(-\7 ' ' — — »
el o Froet ; CH1 CH2
FUF BB . F_ A Y
SRR ) Freo-=Botnd Kd~0.25uM Kd~1nM
KeZKolActinl o+ =1/, o€ - 551 <kyir< 50s°1 Kofr <0.5s°1
0 oy '”“E\Vw,. S off S off <0.58 f/—:\‘\
— C-ter
£ 10s{ CH2 CH1 Koft <((_).58'1
g
Siel e O e —
e *—@
g , G54 | H 54 |
© H H H + _)
:ZZ 6 -------- I @ © 5s1 <(k?505'1
o o 7, =200ms ©,=200ms o
8.4 8.26_‘H B(Bpm) 78 8.4 B.g_‘H (?)gm) 78

» Highly different binding kinetics between CH2 (sequesterer) and CH1 (Promotor of polymerization)
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interaction WH2-actin

Isolated WH2 /T3 domains
G-buffer (low salt) : sequestration

=
Bound e “Fuzzy” C-terminal helix
G-buffer N-ter o Variable binding kinetics
Long N-ter
Linker DKSK
Kex

CH2

CH1 CH2
4 Kd~0.25uM Kd~1nM
@) 551 <Kofr< 505 Kofr <0.5s%
= e
G-buffer § Kofr <0.5s1
Long N-ter [ _(')
Linker NQDK wn
e LU
CH1 D + ——
(0] €
| 551 <Kofr< 50s7!
72} N-ter
=
G-buffer
Short N-ter
Linker DKSK Bound
Charged C-ter C-ter —
Tp4

Carine van Heijenoort

o Effect of salt?

————
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interaction WHZ-actin Variation of physico-chemical conditions : effect of salt

G-buffer (no salt) --------- > F-buffer (150mM KCI)

amphipatic helix

(hydrophobic interactions) (electrostatic interactions)

Effect of ionic strength on affinities

N-terminal helix

» CH2

Evolution of intensities of HSQC peaks for free and
bound states (WH2:actin 2:1) upon increasing [KCI]

C-terminal helix

free

»Very large salt effect on Kd
(Kd 1nM[G-buffer] --->0.5pM[F-buffer])
»behavior at 150mM KCI shifts towards

reference T

free
bound
reference

the one of CH1 without salt 0

» CH1
» Moderate salt effect on Kd
(Kd 0.25uM[G-buffer] --->3.5uM[F-buffer])

» Complete release of the bound form at

~50mM KClI ’

0 20 40 60 8 100 120 140 O

[KCI] (mM)

Carine van Heijenoort

% 40 60 80 100 120 140
[KCI] (mM)
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interaction WHZ-actin Variation of physico-chemical conditions : effect of salt

G-buffer (no salt) --------- > F-buffer (150mM KCI)
TR4 "DKSK_ o
CH2 i : 1S
CH1
CibDl—} P
amphipatic helix Charged

(hydrophobic interactions) (electrostatic interactions)

Evolution of intensities of HSQC peaks for free and
bound states (WH2:actin 2:1) upon increasing [KCI]

3 - Prior release of the C-terminal segment
[CH1:{Actin]=2 upon KCI concentration increase.

CH1 (promotes polymerization)

2.5 Nter fragment
Cter fragment

.51

Normalized Intensities

G-buffer (no salt) F-buffer (150mM KCI)

0 20 % 50 0 700
[KCI)(mM)
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interaction WH2-actin

fuzziness of the bound states - NMR & SAXS

R4 —'.-_} S

CH2 I

CHI—} P

CibD 1 I N O D

" J
Wis————Prsg ——————————
— —
CiboulotD1/actin
16 in G-buffer 3
5 Chimera3/actin
. E
[\l [3e] 3 < in G-buffer
§ § & © g in F-buffer
= |E-_ 3 \ i
ooy &= 2 N,
E E Cy )
T E
o o 1E- vy
00 005 010 015 020 025 030 035 040
Momentum transfer Q, At
%\

PN

CHIMERA 1
&
CibD1

G-buffer (no salt) F-buffer (150mM KCI)

Carine van Heijenoort

G-actin-ATP-Lat.A

Momentum transfer Q, A
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interaction WH2-actin

fuzziness of the bound states - NMR & SAXS

TR4 —'_} S

CiboulotD1/actin
1E- in G-buffer

4 Chimera3/actin
in G-buffer

in F-buffer

00 005 010 015 020 025 030 035 040
Momentum transfer Q, At

Log 1(Q), a.u.
o

CHIMERA 2
&
CHIMERA 3

1E-

CHIMERA 1
&
CibD1

G-buffer (no salt)

Momentum transfer Q, A

F-buffer (150mM KCl)
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Isolated WH2 /T3 domains
G-buffer : sequestration / F-buffer : variable function

=
=
G/F-buffer //N
Long N-ter
Linker DKSK
SO
F-buffer
zZ Long N-ter
/;3 % o) Linker NQDK
= =
= <
G-buffer § N
Long N-ter @ i x
Linker NODK = ] /_\
e T =
= i
2 0
7 o f

F-buffer
Short N-ter

=
G/F-buffer Linker DKSK
Short N-ter Lack of charges
Linker DKSK @ Bound in C-ter
Charged C-ter Cter  —= i

Cantrelle, Didry et al. EMBO J. 2012
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Isolated WH2 /T3 domains
How scarce sequence elements control the dynamics and the function

aaaoao linker - central - ---- C-terminal ---
T4 l-———————————- MSDKPDMAEIEKFDKSKLKKTETQEKNPLPSKET IEQEKQAGES--44
Ciboulot_Dl 1-MAAPAPALKDLPKVAENLKSQLEGEFNQDKLKNASTQEKI ILPTAEDVAAEKTQ-——-— 53
HUMAN WIP = -—————————-— EQAGRNALLSDISKG-K-KLKKTVTNDRSAPILDKPKGAG-————-———

aooooaaaoooooo

G-pointed face

Sequestration

WIP EQAGRNALLSDISKG- K—KLKKTVTNDRSAP ILDKPKGAG

IBarbed end elongation

Sequestration

-f ¥ i
G-barbed face Nter AOLOOLOO lm£ - central -

---- C-terminal ---
Tp4 lommmm - MS DKPDMAEIEKFDKSKLKKTETQEKNPLPSKETIEQEKQAGES——4 4
Ciboulot D1 1 —MAAPAPALKDLPKVAENLKSQLEGFNQDKLKNASTQEKI ILPTAEDVAAEKTQ----— 53
\I Barbed end elongation

Carine van Heijenoort ReNaFoBis - Oléron - 2016 Mai 26th

Isolated WH2 /T3 domains : “fuzziness” determines the function

One target & alternative functions
ﬁ Variation of key sequence elements along the whole sequence

N control the dynamics and the function
ionic/polar interactions modulate Salt
local flexibility in the bound state dependent

Control
of

A key ionic/polar interaction )
can control the flexibility/anchorage dynamics

of a fragment of the IDP on its target &,
function

’ Amphipatic helix - hydrophobic interactions
Control of anchorage and modulation of global interaction strength

= Fine tuning to obtain moderate affinities and versatile functions,
compatible with a dynamic actin polymerization/depolymerization processes
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Question: On the structured target side?

Looking from the actin side

Producing actin

» recombinant 5C actin in insect cells
» non polymerizable actin A204E, P243K (AP-actin)

Producing labeled actin
» 15N-AP-actin, 100pM, 298K, 950MHz

)
Rabba actinsC actir] NIV\/\\fi \.J\J\, HN) (ppm)
Moo

[TE2- Tmi7eL | -
D3 | V201T
TSV |N225Q | bl
T6A | T260A | »

Feiov | o |
L16M | S271A |
Vi7C [ A272C |
76V | 1287V |
T103V | N297T |
V129T | M299L |

| T160s | 73588 |

N162T | A365S

_M'JNJKA"’L

0.5 Fae. / A
T [ | . 9 » KH) (ppem)

\ i. A. Meola et al., Journal of Structural Biology 188 (2014) 71-78

Thermal Shift Assays:
Same thermal stability

To go further :
15N,2H-actin

G-buffer
50mM Tris pH-7,4 ; 0,2mM ATP;
0,5mM CaCl2

Fluorescence derivative (arbitrary unit)
b

— 5C-actin | I
3.5 |— AP-actin |
T,762.25°C

35 45 55 65 75 85 95
Temperature (°C)
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Question: On the structured target side?

Looking from the actin side

» Is recombinant 5C actin suitable to analyze WH2 interactions?

CH2 bound to 5C actin ®oc22
CH2 bound to rabbit actin @

.
G4 0 a
R . %@ é
®

E21
7

2 T T
Isbound'sfree)sc

110 15N (ppm)

A3("H-"N) (ppm)

120

o
BAEEARERAREARERERERRARRE

A3("H-"*N) (ppm)

130

L LI L L B A BRI B
9.0 85 8.0 75 7.0 1H (ppm) Residue No

» recombinant 5C actin or rabbit muscle actin :
Similar interaction of the CH2 domain
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Question: On the structured target side?

Looking from the actin side 'y

» Isrecombinant non polymerizable AP-actin suitable to analyze WH2 interactions?

Microscale Thermophoresis (MST)

HOL bt an Protein Ka(nM)
120 - Apuactin
g 100 rabbit actin 104+29
¢ w 5C-actin 124432
g 60
£ . AP-actin 5004120
:Z 20
. 7 » recombinant AP-actin vs 5C/rabbit actin :
0 Different interaction of the CH2 domain ?
10" 10‘" 1(;' 10% 10° 10* 10°

[CH2] (M)
[actin]=50nM

» NB.Kd of 1nM measured from competition with
TB4 using AEDANS-labeled a-skeletal G-actin
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Question: On the structured target side?

Looking from the actin side 'y
» Is recombinant non polymerizable AP-actin suitable to analyze WH2 interactions?
L L L L L L L £ L L L L L L £
CH2 bound to rabbit actin g CH2 b. [ &
- cH2 bound to AP-actin N b= [z - cHzbound toAP-actin ° Fz Rabbit actin
o 8 Q @82 N °
b P‘* P [ [} rE a * o re
N = o
1 . L ] i L 2
o, 8 . Y Q?; I CH2
I Qs rs 1 9 ) r o AP-actin
wan 8 -8
o o L] r
- e rC ] E
e @0 r
B T T T T T A T T T =
9.0 8.0 7.0 1H (ppm) 9.0 8.0 7.0 1H (ppm)

o

4 (8aP-8tree)

10 20 30 40
CH2: GPLESLKDLPKV

AB(H-N) (ppm)

LRKTETQEKNPLPSKETIEC
eyl -
ter heli C-ter helix ..
25)
. 20f
N
L s
e
1of
sk
% s 40 42 w s 52 54 56
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Isolated WH2 /T domains : “fuzziness” and actin state determines the function

One target & alternative functions
Variation of key sequence elements along the whole sequence
control the dynamics and the function

+ Actin state

ionic/polar interactions modulate Salt
local flexibility in the bound state dependent
Control
A key ionic/polar interaction of .
can control the flexibility/anchorage | dynamics
of a fragment of the IDP on its target &
function

Amphipatic helix - hydrophobic interactions
Control of anchorage and modulation of global interaction strength

< Fine tuning to obtain moderate affinities and versatile functions,

compatible with a dynamic actin polymerization/depolymerization processes
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Intrinsically Disordered Domains/Regions in actin’s assembly dynamics

Carine van Heijenoort

WH2 /T domains

Sequestration of monomeric actin (Isolated WH2 /T@)

Promotion of polymerization at barbed end (Isolated WH2/
TB)

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, ...)

» Usually moderate affinities (uM)
» Tunable specificities modulated by
» key residues spread along the sequence
- versatility of folding upon binding processes
- variable flexibility in the complexes with actin
» post-transcriptional modifications
» expression levels of partners
- Cooperative / antagonist key interactions
- Allosteric processes
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What about more complex systems?

F ies using Arp2/3 complex

endocytosis, cell motility (invadopodia) / F end cap

» Interaction of the tandem WH2 (V2) domain repeat with actin? mechanism? Cooperativity?

O»

Fluorescence ) o

24, oo —> O0p —

Crystal structure:
1:1 complex

Va2 yopq *A

ky=0.02yM ko=0.3uM § .
Gel filtration (=) )
Gaucher et al. J. Biol; Chem 2012
Multi-functionnal WH2 repeat proteins
Cobl & neuro-morphogenesis / actin nucleation, filament
|ciliogenesis) severing, ADP-acti ] ing

» Interaction of the tandem WH2 (CoblKAB) domain repeat with actin? mechanism? Cooperativity?

Pointed A2ME Cobl-3W
end P24
o
" . aa Crystal structure:
A T P N &2 2 actin mutants
3 % .
el scunl) ¥ < o Unusual electrostatic
- e AN ) : -
d e interaction of the amphipathic
‘ helix of the first domain
actin nuclei actin nucei e Unusual actin/actin interface
Barbod stabilized by
nucleator

Chen et al. Cell Reports, 2013.
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What about more complex systems?

[15N, 13C, 2H]-CoblAB

Interaction CoblAB - Actin

CoblAB:actin 1:1; ;1:1.75

950MHz, 298K, pH7

~30 new peaks

Carine van Heijenoort

CoblAlactin 1
CobtAB-actin 13

o8

06

I/

o4

02

Extended C-terminal helix in the

o 40 60 80 %e w0 Tua, bound form
L . "
residue number * "'....
s “ "a gy ay
®AS (ppen) ag
o I
CoblAB !
E o
. 1 20%
25% 40%
bound bound
_ bound €Xtended
flexible
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What kind of questions can we tackle by NMR?
Analyzing the free states

“Induced fit”

Boung
N States
< Conformatmnal

ates flt': D 2

e sta
Free - vional

ensempje

Confor““‘ |
ensemb e

Hydrophobic
interactions

free s
bound s
3 B o
-3 °
S el
R R fﬂ,
, 345 R N-ter
12s) u.l
e i
& . 5
- G
S0 65 80 75 70 GO
B
THN (ppm) @6 B
8

lonformational
,.selection"

‘e

.

.
.

N

cD i
in
SPAXS“'““)de Hydrophobic

interactions

Carine van Heijenoort
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Question: diversity of the free state ensembles?

What about more complex systems?

CH2 NWASPV2 CoblAB
5% 15% 20%
% w 2% | O\ 30% 25% _ Q\ 40%
20% 25% )
very fast backbone dynamics lT C‘::I\ﬁar:;ge ::ti::'eoaf‘-:fliclfi’cses )

- slow exchange
- less accessible

Highly variable and complex dynamics of the free states
Question - What is possible to do in molecular dynamics / simulation studies?

Ka(actin-CH2)

0.001uM /0.1uM Ka(actin-NWASPV2) Ka(actin-CoblA)=0.5uM
Ka(actin-CH1) 0.02uM ; 0.3puM Ka(actin-CoblB)=0.05uM
0.3uM / 3uM

The relationship between pre-structuration and affinity is not straightforward!

Carine van Heijenoort
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Laboratoire de Chimie et Biologie Structurales "hMN i RISM c=,@r_“‘r @ 'C
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