Morphogenesis: space, time, information

Course 3: Spatial and temporal instabilities

Thomas Lecuit
chaire: Dynamiques du vivant




Biological organisation in space and time

¢ Two modalities of information flow during morphogenesis

Program Self-organization
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hierarchical, indirect interactions °
modular °

long and short range interactions
high-wired
multiple parameters

local and direct interactions
few rules and parameters
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Spatial and Temporal Instabilities

Chemical and Mechanical Information

Time: spikes, oscillations
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|. Introduction - Program and Self-Organisation

2. Chemical Instabilities

2 1. Spatial instabilities - Turing patterns
22.Temporal instabilities - Excitability
23. Spatial-temporal instabilities: waves

3. Mechanical instabilities
31. Cellular aggregates: viscoelastic model
32.Active gel: hydrodynamic and viscoelastic models

4. Mechano-chemical Instabilities

41.Mechano-chemical coupling: actomyosin dynamics
42. Actin based trigger waves

5. Developmental significance: impact on cellular and

tissue morphogenesis
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Summary: Spatial and temporal instabilities | — 27 Nov

Spatial Instabilities Temporal Instabilities
® Local positive feedback ® Local positive feedback
® Long range inhibition ® Negative feedback with a delay
—
Chemical C. @ Fast C’ — @
Slow
Db> Da
Mechanical Contractility driven positive feedback

Elasticity: « long-range inhibitor »

Turing-like patterns
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Ill - Mechanical Instabilities

® Pattern formation in an active fluid (e.g. actomyosin gel)

d,c = —0a,J, j= —Dod.c+ vc, (1)
diffusion  advection

Diffusion: smoothens fluctuations

Advection: amplifies fluctuations (mechanical feedback)

p— ¢ Dimensionless parameter that considers the respective
Diffusive flux . )
— —- > contributions of two sources of flux
£ Advective flux
83 —p
£2 Péclet number (advection rate/diffusion rate)
g5
g IS Mechanical
8 £ tension Pe — U€/D
- e DE D@D@E>eE ><

Space

Motor > Mechanical
protein tension
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Ill - Mechanical Instabilities

e Pattern formation in an active fluid: actomyosin flow

(A) (B)
. 1.6 ;
-~ 1.4 =
E -5 12 %
(")
£ -4 1.0 2
3 2
0.8
myosin-GFP - 3 S
g 0.6 2
?:J -2 0.4 =
& : . z 0.2 7
anterior posterior = >
,"a ’ 0 0 S
&4 3 0.125 0.375 0.625 0.875
S : relative position x along the AP axis
5 pm anterior posterior
©
CONSERVATION LAW CONSTITUTIVE EQUATION of the active fluid
. C i
J=— Da— + VC ATbF:,TXg{S'rZS'S friction (e.g., against
ac a.l aX concentration cell membrane)
FI3 = T ox flux j has adiffusive viscosity of motors oo
component with ax - 7 \%
change in motor change in motor diffusion coefficient _ ﬂ + A ( ) X
concentration concentration . o - n OX C M C
over time flux over space D and an advective force balance between
component W?th bulk total viscous motor-dependent stress and friction
flow velocity v stress stress active stress
equations describing cortical flows (v) and motor concentration (c) as a function of space and time
D FRANGE  Thomas LECUIT 2018-2019 M. Mayer et al., and SW. Grill. Nature. 2010. 467, 617-621
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Ill - Mechanical Instabilities

® Pattern formation in an active fluid (e.g. actomyosin gel)

Hydrodynamic flow description:
dic = —=dy),  J= —Dictue (1) conservation law (species c)
diffusion advection

o=mnd,v+ {Au. (2) constitutive equation

9.0 = yv, (3) force balance

_ PeCOacf(CO)
1 + k*¢?

PeCOacf(CO)
1+ (Bml/L)?

Linear stability: Eigen values A(k) = —kzD(l ) Flow driven non-homogeneity for

¢ =4n/vy hydrodynamic length scale
Pe = U€/D Péclet number (advection rate/diffusion rate)

{Ap(e) = (LA w)of(c) with a,.f(co) > 0 (active stress increases with concentration of co)

(b) 10?

101 L

| pattern-forming
< 10 region

[ )

e Active stress driven flow must overcome
frictional resistance and diffusive dispersion:
(requires large enough Pe and upregulation of
active stress by regulator dcf(Co)>1)

. J

-2
107 0 10! 102

Pe/(1+(Brt/L)*)
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Ill - Mechanical Instabilities

Mechanical instabilities

self-organization in

, nonequilibrium
Mechanics d .
mechanical systems
» Space: Turing instabilities

e Turing like pattern: Activator induced active stress drives fluid
flow that must overcome frictional resistance and diffusion.

e Active stress as « local activator» with autocatalysis (advective
flow) Friction as « long range inhibitor ».
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Ill - Mechanical Instabilities

Temporal Mechanical instabilities

Time: spikes, oscillations

self-organization in

, nonequilibrium
Mechanics d .
mechanical systems
» Space: Turing instabilities
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Ill - Mechanical Instabilities

® Pulsatory patterns in active fluids (e.g. actomyosin gel)

Reaction-Diffusion-Advection Model:

Hydrodynamic flow description with 2 chemical species that activate or inhibit active stress

[ )

Pulsatory dynamics emerge:
9,A = -V - (vA) + DV?A, (1)
|. if activator of active stress A
0,1 = =V - (vI) + aDV"I, (2)  «=D/D diffuses faster than inhibitor |
Vo=yv, o=0,+Aul. 3) (different diffusive relaxation time
scale)
passive/viscous  active \_ J
stress stress A

(function of Aand I)  ¢Au = (CAu)of(c). with  /(¢) = fo+ (1+5) -+ (1-p)

B asymmetric parameter
B >1:A activates and | inhibits active stress

I+1,]

2r(d) —— Linear stability /zﬁ?::”/—\ t t+T/4 t+T/2
@ (© ) Co il
40 oy inhibitor
(C)] uo,ﬁonmmn =
P: Péclet number S T2
= - Ie— AN
0
P=v |_/ D ~ 1 0 00000000000000000000 -
1 2 3 0 31 (b) .
B S = active stress
(o Homogeneous 5 hvdrod .
[o] )
o | e Stationary - Y rg ynamic
o Oscillating -1 velocity
0 s
0 -1 0 1 2 3 x/l x/l x/l
Ié]

Thomas LECUIT 2018-2019 K. Vijay Kumar, J. Bois, Frank Jilicher and Stephan Grill. PRL. (2014). 112, 208101




Ill - Mechanical Instabilities

® Pulsatory patterns in active fluids (e.g. actomyosin gel)

Reaction-Diffusion-Advection Model:

Hydrodynamic flow description with 2 chemical species - ™

Pulsatory dynamics emerge:

0,A=-V-(VA)+DV*A—k(A-4y)., (12 2. if activator of active stress

turns over faster than inhibitor
9,0 = =V - (vI) + DV — px(I = I,).  (13)

_ (different kinetic relaxation time
K activator turnover rate

e scales)
p > 0 ratio of inhibitor to L )
activator turnover rate

@ (b) stationary d) t+T/4 © t+T/2
TTe0 o000 O AAAAAAA- | [N IR e 158 B FEtE: e
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Ill - Mechanical Instabilities

® Pulsatory patterns in active fluids (e.g. actomyosin gel)

( Active stress regulated by Activator A and Inhibitor I: 0, = oa(c4, C])\

Pulsatory dynamics emerges from coupling between:
¢ differential effect of A and | on active stress generation

e differential relaxation modes of A and | (diffusion or turnover)

\_ j

Active stress also depends on density and orientational order of actin filaments
and Myosinll minifilaments: allows for more complex feedbacks and patterns of
orientational order of actomyosin network

N

OLLEGE
E FRANCE Thomas LECUIT 2018-2019 K. Vijay Kumar, J. Bois, Frank Jilicher and Stephan Grill. PRL. (2014). 112, 208101
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Ill - Mechanical Instabilities

e Pulsatory patterns in viscoelastic contractile networks

Model: Contractile viscoelastic network with turnover :

Captures properties of actomyosin networks in cells.

K
T, o) T,
(a) 4 (b) H
W « >
kon = co/ AN ¢
on = Co/? SESRS Myosin
koffc = C/T kon( )koff Aﬂn mass
©)15 Sl _ turnover  conservation (dcl/dt = 0 if no turnover)
dc 1 cdl
—=——(c—cy) —5—, 1
dt r( 0) [ dt (1)
dl
uEZTe—T(C)—K(l), (2)
7 yiscous contractile elastic force
0 200 400 600 800 1000 0.8 1.0 1.2 14 force force
Time [s] C/CO
external
force

LLEGE N : :
FRANCE  Thomas LECUIT 2018-2019 Kai Dierkes, A. Sumi, J. Solon and Guillaume Salbreux. PRL, (2014)113, 148102.
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Ill - Mechanical Instabilities

e Pulsatory patterns in viscoelastic contractile networks

0. : ) dl
Model: Contractile viscoelastic network with turnover : He = T,-T(c)—K(l), (2)
® linear stability analysis: ——  Hopf bifurcation for:

steady state cp,lo  T(c) = T(cq) + ti(c — o)

K(I) = K(Io)+ k(I = 1y) + k3 (1 = [y)? (tico)/(kily) = 1+ u/(k7)

* Significance: K .
Contraction t1 concentrates contractile units VWUWWL g
o
thereby increasing contraction: Positive Feedback T eﬁ—Qm-PTe g
, , , , K= =
Viscous damping opposes (and elastic tension L=
. . . . . —>
enhances) this effect.  |l/k:: relaxation/retardation time scale /
4.0
Constant turnover tends to restore C to Co © op1
and down regulate contraction: Negative Feedback . > —ggg
. 5 2.0
T : turnover time scale Lo
0.0
0.0 0.5 1.0 15 2.0 0 2 4 6 8 10 12 14
T Time/r

Oscillatory dynamics emerges when:
- contraction overcomes viscous resistance and motor turnover

LLEGE
FRANCE Thomas LECUIT 2018-2019 Kai Dierkes, A. Sumi, J. Solon and Guillaume Salbreux. PRL, (2014)113, 148102.
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Ill - Mechanical Instabilities

e Pulses, travelling waves and contractile instabilities
in viscoelastic contractile networks

Model: Contractile viscoelastic network with turnover of actin and Myosinll:

e Study the effects of non-linearities associated with:
- active stress (function of network density, orientational order)
- elastic energy (function of Myoll and actin densities)
- turnover (Myoll strain dependent unbinding)

K
?Unbound *b> Bound
myosin -€— myosin

ku

stable oscillations/pulses
.E—cadherin *- Actin 8 C E 0 0.25 0.5 d El 0 2 4 6 8 10 12
| [
— 7 I
8 )
S 5l $05
2]
2 :
a 5 %0 01 02 03 04 05 20 10 15 2
gLl travelling waves '
e
o 0 5 10 15 20 25 0 5 10 15 20 25 30 35
. . mle 3f W, m— ,
elastic active = Iy
stress stress Y i
sos | ' '{ Sos P
. _ / a ]
[t = 0, P (€) + 9x0”(py) b o ool A" 00 | |
6 1 2 3 4 5 6 7 8 "0 5 10 15 20 "0 5 10 15 20
: P Lo travelling waves t
advection  diffusion  turnover Tz, (Active stress) g
. . 2 h b 9 . 0O 5 10 15 20 25 h E 0 05 1 15 2 25
Py = —0x(pyit) + Dpy + S(e, ), e

x ‘\\h‘\\h“\' L —

contractile
instability
- Myosinll kymographs
LEGE
FRANCE Thomas LECUIT 2018-2019 Deb Sankar Banerjee, A. Munjal, T. Lecuit and Madan Rao. Nature Comm, (2017)18:1121
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|. Introduction - phenomenology

2. Chemical Instabilities

2 |. Spatial instabilities - Turing patterns
22.Temporal instabilities - Excitability
23. Spatial-temporal instabilities: waves

3. Mechanical instabilities
31. Cellular aggregates: viscoelastic model
32.Active gel: hydrodynamic and viscoelastic models

4. Mechano-chemical Instabilities

41.Mechano-chemical coupling: actomyosin dynamics
42. Actin based trigger waves

5. Developmental significance: impact on cellular and

tissue morphogenesis
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IV - Mechano-chemical Instabilities

® Myosin-ll minifilament assembly
(processive bipolar motor)

C h e m i Stry closed and

inactive myosin II
homodimer

e Rhol pathway head

essential light chain
regulatory light chain

GEF
Rhol GDP ——* Rhol GTP "Rho kinase
RhoA — Citron kinase
GAP | |
Ca%*/calmodulin ————— MLCK
l Cdc42 — > MRCK
\ open and active
Dia ROCK nonprocessi\ll\:e
MRLC <——= MRLC® e
——— MLCP 1
\J “""""""":Q G‘?’?’."""“":Q
F-actin MYOH : ® MHC kinases IGIG) : ®

minifilament assembly competent

e S e S e S e e s e e e e o e e e e

assembly incompetent

processive bipolar myosin II
minifilament

4y COLLEGE _ . . 100 nm
> DE FRANCE  Thomas LECUIT 2018-2019 illustration: Nigel Orme.
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IV - Mechano-chemical Instabilities

Chemistry Mechanics
e Rhol pathway e Actomyosin contraction
GEF
Rhol GDP ———* Rhol GTP
GAP | | Jcell cortex
l actin passive myosinlI
v filaments  crosslinker motors
Di ROCK
' MRLC =——= MRLC®
—— MLCP 1
A
F-actin byl
+ minifilament

== e

OLLEGE . , .
E FRANCE Thomas LECUIT 2018-2019 illustration: Nigel Orme.
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IV - Mechano-chemical Instabilities

e Pulsatile contraction of actomyosin networks: a mechano-chemical model

Active RHO-1 >
25 15 v Y 0 Zi
cC s n
Q= ~
S £
Q —
Lo °
Myoll and Rho | GTP exhibit pulsatile g &
i =©°-1. 0w
dynamics ® 50 100 150
Time [s]
advection
, nullcline Oici +vVei + ¢; Vv = Ri(cr, Cm
740 B B BN B B e 2 g T . ~ Vv
H H [ N A A
Nullcline analysis: SRS RRRER - N K 7"7{"
N T VLA A o
® Rhol activation kinetics is independent LG comoving time compression reaction
of Myoll concentration EIN| R _ derivative of ¢;  induced  kinetics
. . . . . . < [ - enrichment (i =r,m
e Myoll activation kinetics is a function of E s 777 Lo (i=rm)
. Q —
Rhol concentration - ‘ I
- ) iR . . .
o ¢, /55;:” Calculate Reaction kinetics Rr and Rm
Q i -—
2 2 LR (exchange between cytosol and cortex)
z : z \ ; TR based on evolution of concentration
z RV T AN |°* and flow field
TN
\
ik Ri(Cr, Cr)
rA Rt \ ~—~~ g"""
SRRt R . S |
nullcline Rm=0[+*7t 11 1 13, non RRAI -
0 1 2 0 S
[1/s] \E/ '
Xy

LLEGE
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IV - Mechano-chemical Instabilities

e Pulsatile contraction of actomyosin networks: a mechano-chemical model

. . gl 1 alpi<xat)+axji(xvt):Ri(p(xvt))
: A2V +20f (pm) —~v=0
Hydrodynamic mechanochemical Model: 1V 20 (pm) = v i1(0,8) = v(x, )i, 1) — Ddepi(,1)
" = {f(pm) ituti i
— o) 4 0% (o) consg:m;tclziieegzlatlon conservation law: reaction kinetics and advection
o = n0w(x,1) +0(pm il
0,0 =yv. !
Recruits 0 30
Linear stability analysis reveals that instability = £ z
requires large enough active stress RHO-1  Myosin ¢ — o ——
and explains instability of C. elegans cortex 7 7
Enriches by flow £ i 2 1
3 5 % 10 é 10 RHO-1  Myosin
;3;7: 0 % -% nriches ow
Instability requires Rhol dependent 88 S——u. | < e
. . f P4 . II o _10 : 0 Full model 0 Partial mode
activation ot Myosin 0 21 Hr o 10 20 0 10 20
Spatial frequency v [pm-1] Hydrodynamic length A [um] Hydrodynamic length A [um]
3 0.3
let-502 ) s [let-502 RNAI
Rivag —Heenus i N
RHO-1  Myosin ' B2
2} 102 0 21 Mt

YET: Pulsations do not emerge E»\hﬁw
from the model

NMY-2 fluorescence ¢, [a. u.]

-

10.1

0 . . 0

LLEGE 0 ! 2 % s
FRANCE  Thomas LECUIT 20182019 M Nishikawa, SR Naganathan, F Jilicher and S. Grill. eLife, (2017) 6:€19595.
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IV - Mechano-chemical Instabilities

e Pulsatile contraction of actomyosin networks:a mechano

Os

Rho | GTP pulsations persists following
inhibition of Myosinll

Pulsatile Rhol signalling can entrain
pulsatile contractility

Increasing the mechanical feedback (eg.

increase advective flow speed via
reduction of hydrodynamic length)
causes more irregular instabilities

LLEGE

FRANCE
1530

Thomas LECUIT 2018-2019
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RHO-1 Myosin
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E
=
Experiments 255
E
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M Nishikawa, SR Naganathan, F Julicher and S. Girill. eLife, (2017) 6:€19595.
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IV - Mechano-chemical Instabilities

e Pulsatile contraction of actomyosin networks: a mechano-chemical model
Origin of Rhol GTP oscillations.

A) Rhol GDP (B)

A

FAST @ ( v
Rhol GTP

MyolII F-actin

GAP

@ SLOW

© Z
‘n
. ~ c
e | = g
Rhol GTP | e 1S
F 2 B ] B P G : 2
> y (1}
-12 -10 -8 6 -4 0 4 8 12 16 20 24 28 g
time (s) L <

_ _ _ 2 um 20 40

illustration: Nigel Orme. time (s)

Francois Robin, J.B Michaux, W. McFadden and Edwin Munro. J Cell Biol. 2018 Oct 1. doi: 10.1083/jcb.201806161.
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IV - Mechano-chemical Instabilities

e Pulsatile contraction of actomyosin networks: a mechano-chemical model

Characteristics of an Excitable Chemical system:

o Rhol positive Feedback and Existence of threshold
rho-1(RNAI)
wild type 10 hours 13 hours
AB Interphase ¢ ;
0.09 ¥ , ¥
5 ¢ 7 e
2. 006 / fr 5
x \4 ; 4
T
< 003 .
5 Mitosis
0
0 01 02 03 04 05
[AHPH]
Rhol GTP A\
Cytokinesis

Rhol GTP —

O Pulses (n = 10)

O No Pulses (n =11) © ©0 0000 owmo o

8 9 10 11 12 13 14 15
Hours of rho-1 RNAI treatment
Francois Robin, J.B Michaux, W. McFadden and Edwin Munro. J Cell Biol. 2018 Oct 1. doi: 10.1083/jcb.201806161.
Thomas LECUIT 2018-2019




IV - Mechano-chemical Instabilities

e Pulsatile contraction of actomyosin networks: a mechano-chemical model

Rhol positive Feedback is Independent of Myoll activation

spd-5(RNAI) nmy-2(RNAI)

MyoIl

2500

N
w
o
o

N
[y
o
o

Rhol GTP

GFP::AHPH
Intensity (a.u)

1900

0 10 20 30 40 50
crezaver I Rhol GTP
any-2:micate [ /o1

time (sec)
«€«——— O GFP:AHPH

300

Francois Robin, J.B Michaux, W. McFadden and Edwin Munro. J Cell Biol. 2018 Oct 1. doi: 10.1083/jcb.201806161.
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IV - Mechano-chemical Instabilities

e Pulsatile contraction of actomyosin networks: a mechano-chemical model
Delayed Negative Feedback depends on recruitment of Rho | GAP

GEF
Rhol GDP ——* Rhol GTP
GAP
(D) Z
g
onr R PR i o LA i o i e -
o
N
Illﬂlﬂlll! :
-12 -8 -4 12 16 20 24 28 32 §
tlme(s) [ =
3 um

time (s)

rga-3(+/-) rga-3(-/-)

Pulses of a RhoGAP are synchronous with Myoll pulses o d(t) (g

e Rapid accumulation of GAP coincides with reduction and

reversal in Rhol GTP concentration
e RhoGAPs (RGA) are required for pulses of Rhol GTP

early
interphase

early
interphase

late
interphase

Rhol GTP

Francois Robin, J.B Michaux, W. McFadden and Edwin Munro.
J Cell Biol. 2018 Oct 1. doi: 10.1083/jcb.201806161.
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IV - Mechano-chemical Instabilities

e Pulsatile contraction of actomyosin networks: a mechano-chemical model
Rho| GAP decorates actin filaments and is recruited to the cell cortex by actin filaments

= whole cortex

one pulse

LifeAct::mCh

LifeAct::mCh

»

LifeAct:mCh  GFP::RGA-3 merge GFP::RGA-3 GFP::RGA-3

F-actin GAP MyoIl Rhol GTP
LifeAct::mCh  GFP::RGA-3 NMY-2::RFP GFP::AHPH

Francois Robin, J.B Michaux, W. McFadden and Edwin Munro. J Cell Biol. 2018 Oct 1. doi: 10.1083/jcb.201806161.
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IV - Mechano-chemical Instabilities

e Pulsatile contraction of actomyosin networks: a mechano-chemical model

Actomyosin oscillations emerge from autocatalytic activation of Rhol and
delayed negative feedback inhibition

(A) Rhol GDP

GAP

FAST @ (
Rhol GTP

‘ ‘ @® SLOW

|

Myoll F-actin

45 pErRANCE  Thomas LECUIT 2018-2019
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IV - Mechano-chemical Instabilities

e  Travelling waves in actomyosin networks: a mechano-chemical model

e Rhol waves amplitude
increased by RhoGEF

a Activated frog egg b Activated frog egg Activated frog egg
normal/F-actin

~0.225ums™! ® Rhol is required for Actin waves

normal/actwe Rho Ect2 OE/act|ve Rho

800

N
o
o

Amplitude (a.u.)

O]
SRS
& S

:rapid binding — wave front
Utrophin: slow binding — wave back

Ect2/Rho | GEF
GEF

Rhol GDP =——= Rhol GTP"

GAP

William Bement et al and George von Dassow. Nature Cell Biology 17(11):1471-83 (2015)
Thomas LECUIT 2018-2019




IV - Mechano-chemical Instabilities

e  Travelling waves in actomyosin networks: a mechano-chemical model

e Characteristics of an Excitable system:

(A) Rhol GDP (B) (D)
FAST @ ( H 5 0.02
\ . .
—
Rhol CTP S 0.01 Rho@@ Positive Feedback
© sLow £
O ,,,,,,,,,,,,,,,,,,,,,,,,,,,
0 02 04 06 08 1.0
F-actin [Rho]
© distance 20 pm 0.02
S
1 ~
g -g- 0.01 Dela)’
= < 0 Rhol —F-actin
€ o A
© <
-0.01
0 02 04 06 08 1.0
time —» o | [Rho]
£
.02 (—
g - l 5 0.0 actin— Rhol
2 = Negative Feedback
r ° O\
€ [~
© S
-0.02
0 02 04 06 08 1.0
distance [F-actin]

. coLLic William Bement et a and George von Dassow. Nature Cell Biology 17(11):1471-83 (2015)
LLEGE
U DEFRANCE Thomas LECUIT 2018-2019 illustration: Nigel Orme.
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IV - Mechano-chemical Instabilities

e  Travelling waves in actomyosin networks: a mechano-chemical model
Actin depolymerisation increases Rhol amplitude and wave length

g Starfish oocytes; Ect2 OE + local latrunculin application—high dose/active Rho + F-actin

William Bement et al and George von Dassow. Nature Cell Biology 17(11):1471-83 (2015)
Thomas LECUIT 2018-2019




IV - Mechano-chemical Instabilities

® Excitable dynamics of actomyosin networks: a mechano-chemical model

Actomyosin oscillations emerge from autocatalytic activation of Rhol and
delayed negative feedback inhibition

(A) Rhol GDP

GAP

FAST @ (
Rhol GTP

‘ ‘ @® SLOW

|

Myoll F-actin

|52 bErRANCE  Thomas LECUIT 2018-2019 illustration: Nigel Orme.
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IV - Mechano-chemical Instabilities

e Biochemical excitability of actomyosin networks
¢ Mechanical feedbacks:

Mechanical Feedbacks:

® Tension dependent Myosinll unbinding kinetics (strain dependent stabilisation)

ﬂ) Rhol GDP
A

Y. Ren et a D. Robinson Curr. Biol. 19:1421 2009 (via actin cross linker Cortexilin)
Effler et al D. Robinson Curr. Biol. 16:1962 2006
Luo et a D. Robinson Biophy. J. 102:238 2012
e Tension-dependent filament assembly/disassembly
K. Hayakawa et a, M. Sokabe. JCB 195:721 2011 ( tension suppresses Cofilin binding)

e Tension dependent activation of Myoll

® Advection driven concentration of upstream activators

K. Vijay Kumar, J. Bois, Frank Julicher and Stephan Grill. PRL. (2014). 112, 208101
Munjal, A., Philippe, J.-M., Munro, E. & Lecuit, T. Nature 524, 351-355 (2015).
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M. Nishikawa, SR Naganathan, F. Jilicher and S. Grill. eLife 2017;6:€19595. DOI: 10.7554/eL ife.19595
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IV - Mechano-chemical Instabilities

¢ Mechanical feedback in excitable actomyosin networks

Pulsation of Myosin-Il and its activators Rho | GTP, ROK

Rhol GDP » O & 1.6 1.4
T >
Rhol GTP 4 @ g.; 1.4 ’8'1%
© G 1.2 P&
S e O =
S 1.2 — N

Rhol GTP Lo o

94 102 0 100 200
| | t|me (s) time (s)
l l 2 pm
MyolI F-actin ; o N e
Myoll::GFP 7N
Rho I GTP::GFP
OLLEGE Munjal, A., Philippe, J-M., Munro, E. & Lecuit, T. Nature 524, 351-355 (2015).
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IV - Mechano-chemical Instabilities

¢ Mechanical feedback in excitable actomyosin networks

Non-linear amplification of
Myosinll recruitment during
pulse assembly

Advection of all biochemical
network components

COLLEGE

1530

F-actin
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Munjal, A., Philippe, J-M., Munro, E. & Lecuit, T. Nature 524, 351-355 (2015).
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IV - Mechano-chemical Instabilities

¢ Mechanical feedback in excitable actomyosin networks

© ROCK inhibitor - 200
o 400 /" control
Pulsation of Rho| GTP requires rno1 e 5 S e
: o z 300___ . - ROCK
Myosinll activation . Y A inhibitor
0 40 80 120 200
time (s) N 0 . 100 200
2 pm time (s)
Rhol GDP
All network components show Rh UGTP UABD vwaBDHiz
. . ° E 001 9
convergent advection during - 3
El o g
pulse assembly ere ‘ ’ 3 -
: . advection 3 -0.01 &
Advection requires Myoll Myoll | Factin =0 4
-0.02

Monomeric Myoll
Rok

Competition between

. Pulse assembly
245
9 3
motor driven advection % ‘

and turnover underlies oscillations = ¢ ¥+

Recruitment + advection o1 Recruitment + advection 1 Recruitment + advection <1
Dissociation Dissociation Dissociation

Myoll phosphatase

F-actin
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<

T Kiindi g(recrwtment)
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-~

Advection

Munjal, A., Philippe, J-M., Munro, E. & Lecuit, T. Nature 524, 351-355 (2015).
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|. Introduction - phenomenology

2. Chemical Instabilities

2 |. Spatial instabilities - Turing patterns
22.Temporal instabilities - Excitability
23. Spatial-temporal instabilities: waves

3. Mechanical instabilities
31. Cellular aggregates: viscoelastic model
32.Active gel: hydrodynamic and viscoelastic models

4. Mechano-chemical Instabilities

41.Mechano-chemical coupling: actomyosin dynamics
42. Actin based trigger waves

5. Developmental significance: impact on cellular and

tissue morphogenesis
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lll - Mechano-chemical Instabilities

® An actin based wave generator during cell motility

WAVE ‘2\ By ; A P e
Regulatory ‘f’

Complex .. -»*‘f{“*' :

Arp2/3 complex

Actin cytoskeleton

) Orion Weiner, et d., and Mark Krischner PLoSBiol 5(9): €221. doi:10.1371/ journal .pbio.0050221
LLEGE
FRANCE Thomas LECUIT 2018-2019
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lll - Mechano-chemical Instabilities

Mechano-chemical propagation of trigger waves

(if) Possible mechanisms for spatial
propagation of excited state

Polymerization

What spatially propagates —
the wave?

Diffusing regulator

=

— Mechanical stress

¥y COLLEGE
J” DE FRANCE  Thomas LECUIT 2018-2019 Jun Allard and Alex Mogilner. Current Opinion in Cell Biology 2013, 25:107-115.
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lll - Mechano-chemical Instabilities

® An actin based wave generator during cell motility

HemI-YFP Diffusing regulator

Hem|-YFP

10 J 104
ik | =

1(0))

® The Wave2 complex
dynamically equilibrates

I(t) 11(0)
-1(0) ).1.( 1(26)

within a few seconds ot

chemoattractant | —~ =1.01*(1 — exp(-0.1*x
between the cytosol and the il —a 20ommiLp | S ol A el
membrane =4

(T42) ~ 6.4 sec

T T T T |l U

¢ The movement of the Wave2 w0 o x » R T
. Time (s) Time (s)
front is not due to the
translocation of the protein
but to its dynamics
recruitment in a wave-like
manner

+Latrunculin A

® Rapid equilibration requires actin filaments

LLEGE Orion Weiner, et d., and Mark Krischner PLoSBiol 5(9): €221. doi:10.1371/ journal .pbio.0050221
FRANCE Thomas LECUIT 2018-2019
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lll - Mechano-chemical Instabilities

e The Heml wave has characteristics of a trigger wave
Hem-YFP

Diffusing regulator

® Successive trigger waves at
the cell edge with refractory
period

¢ Colliding waves annihilate

(key property of trigger wave,
reflecting refractory period)

LLEGE Orion Weiner, et d., and Mark Krischner PLoSBiol 5(9): €221. doi:10.1371/ journal .pbio.0050221
FRANCE Thomas LECUIT 2018-2019
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lll - Mechano-chemical Instabilities

Diffusing regulator

e Actin filaments provide inhibitory signal on Wave2 trigger wave dynamics.

Hem|-YFP

Control T/ T T T T T

—a—fMLP
—o— fMLP + LATB
ol —a—fMLP +JASP

g 8
v

& & &
T

I(t) / 1(0)

g8
Ay

Lifetime (s)

Velocity (pm/min)

3 & M N

% Control +LATB +JASP " Control +LATB +JASP
— ) 60 200 30 40 50 60
Time (s)
Hem|-YFP
Actin destabilisation (LatA)  Actin stabilisation (Jasp)
LLEGE Orion Weiner, et a., and Mark Krischner PLoS Biol 5(9): €221. doi:10.1371/ journal .pbio.0050221
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lll - Mechano-chemical Instabilities

Diffusing regulator

¢ Blocking membrane protrusion by mechanical barrier leads to wave collapse
® Induction of new wave in adjacent cell region

e Adaptative strategy for cell motility

Expansion

—_— [

Reoriented

- | migration
Barrier |

Inhibition

Orion Weiner, et d., and Mark Krischner PLoSBiol 5(9): €221. doi:10.1371/ journal .pbio.0050221
Thomas LECUIT 2018-2019




lll - Mechano-chemical Instabilities

Diffusing regulator

® The leading edge of plated cells shows oscillatory dynamics, and lateral waves.
® Leading edge velocity anti-correlates with F-actin density

A LifeAcf-mCherry B LifeAct-mCherry
t 1LLfA/Vel Cross-Correlation | e 1_LfA/VeI Cross-Correlation |
@ @
E E
3 05 3
| ol | O
. c [
i 1o 2
i > (1] 0}
time > o 0 o
[ S
O o
.5 osl— . . .
200-150-100 50 0 50 100150200 -20-15-10 -5 0 5 10 15 20
Time Delay (s) As (Arc Length, um)
S S A , , L :
m Space independent correlations Time independent correlations
H Leading Edge Velocity (nm/s) I LifeAct-mCherry Intensity (A.U.)

Angle (Degrees)
8 8
Angle (Degrees)

3
.

Time (s) Time (s)

Gillian L Ryan, et a., and Dimitrios Vavylonis Biophysical Journal Volume 102 April 2012 1493-1502
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lll - Mechano-chemical Instabilities

Diffusing regulator

e Excitable dynamics driven by activator diffusion and fluctuations underlies leading
edge dynamics

A Leading Edge B C o3 1550
A — Activator %_ 03 1500
F - F-Actin g u - g
E 1400 3
E i 1350 E&
non-linear autocatalysis g i
1 negative feedback 6 Tto700™3b0 -4t 860504
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B: F-actin g 5 - bl s
barbed ends 0B _ $ ‘) 5 ¥ s § R 3 P
F:actin filaments ! < -8 < -
s...‘é,ﬂ A" AL v
°° - - s 1250
oF B Tlme (s) % 100 200 500
—c:@B_@F' ﬂmm
ot F F-Actin G F-Actin
Free Barbed Ends Free Barbed Ends
B/F Cross-Correlation B/F Cross-Correlation
:
S osl §
o c
o 2
lz -
2 o} ‘eé
= ; =
8 - 3
0.5 ! 0.5 PR TR SRS T TR
200-150-100-50 0 50 100 150 200 20-15-10 -5 0 5 10 15 20
Time Delay (s) As (Arc Length, pm)
COLLEGE Gillian L Ryan, et al., and Dimitrios Vavylonis Biophysical Journal Volume 102 April 2012 14931502

DE FRANCE Thomas LECUIT 2018-2019

1530




lll - Mechano-chemical Instabilities

® in vitro evidence of tension dependent spatial coupling in wave progressio.. A
/N

e Contraction (eg. Myosin) induced wave of actin disassembly

Mechanical stress

A —~
S 100
Myosin VI = S — 2min
‘% 50 — 48 min
’ é — 121 min
® Myosin induces sequential =l A8 A — T N
. Nl " )
defo rmation and % * % & position on linescan (um)
N = 7N\
disassembly Of anti-parallel contraction deformation disassembly
. B _
actin filaments _ S0 _
Myosin Il < - 13 min
2 ‘5>; 50 — 55 min
N Wy .= 8 — 157 min
20pm 13 min 55 min 157 min - SR
NI Vi ®  Dosition on linescan (um)
ZNIN:. —> 7N pestionenesEa L
contraction disassembly disassembly

A
A\ 4

intensity linescan

® Myosin induces actin
disassembly trigger waves

14 min

Thomas LECUIT 2018-2019

A-C Reymann, et ., and Manuel Théry, Laurent Blanchoin. Science, 336:1310-1314



lll - Mechano-chemical Instabilities

Mechano-chemical propagation of trigger waves

(if) Possible mechanisms for spatial
propagation of excited state

Polymerization

What spatially propagates —
the wave?

Diffusing regulator

=

— Mechanical stress

¥y COLLEGE
J” DE FRANCE  Thomas LECUIT 2018-2019 Jun Allard and Alex Mogilner. Current Opinion in Cell Biology 2013, 25:107-115.
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Self-organisation of mechanochemical systems: principles

® Mechano-chemical systems give rise to complex spatial and temporal
instabilities across biological scales:

e.g. spatial patterns, pulsations and trigger waves in actomyosin networks

® Mechanical « Turing-like » instabilities:

autocatalytic amplification of active stress (advection, non linear effects due to stress/strain
dependent activation of stress, effect of orientational order of actin filaments or ECM, etc)

long range negative feedback: elasticity, friction, diffusion etc.

® Excitability of biochemical network

autocatalytic amplifications of fluctuations and delayed negative feedback.
spatial coupling (diffusion of molecule)
e.g. Rho| GTP oscillations and travelling waves:

e Mechanical feedbacks in excitable systems:
positive feedback, and/or spatial coupling.

® Mechano-chemical coupling: advection and turnover of active stress regulators

v/ Length and time scales associated with mechano-chemical

OLLEGE information govern these dynamics
E FRANCE Thomas LECUIT 2018-2019
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|. Introduction - phenomenology

2. Chemical Instabilities

2 1. Spatial instabilities - Turing patterns
22.Temporal instabilities - Excitability
23. Spatial-temporal instabilities: waves

3. Mechanical instabilities
31. Cellular aggregates: viscoelastic model
32.Active gel: hydrodynamic and viscoelastic models

4. Mechano-chemical Instabilities
41.Mechano-chemical coupling: actomyosin dynamics
42. Actin based trigger waves

5. Developmental significance: impact on cellular and

tissue morphogenesis
Thomas LECUIT 2018-2019




V - Developmental significance

e Embryonic cells exhibit actomyosin pulsations

|<750 pum ’

A P  C. elegans embryo

myosinII Gonczy lab, EPFL

\ ¢ Al AR ’l'!”m'"wl’-"mm--,.,m.
Nty

wsiv ls210b

P  Drosophila embryo

|<7500 pum —

Keller lab, HHMI Janelia Campus

Thomas LECUIT 2018-2019




V - Developmental significance

¢ |Impact of pulsatile contractility on cellular and tissue morphogenesis:
tissue invagination, tissue extension.

See Courses | Ith and |8th December

myosin %
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wsiv [sdnsv

extention
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©
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P~ Keller lab, HHMI Janelia Campus
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A. Martin,, M. Kaschube and E. Wieschaus, Nature (2009) 457:495-499
M. Rauzi, PF Lenne and T. Lecuit, Nature (2010) 468:1110-4.

OLLEGE Munjal, A., Philippe, J-M., Munro, E. & Lecuit, T. Nature (2015) 524, 351-355.
E FRANCE Thomas LECUIT 2018-2019
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V - Developmental significance

¢ |Impact of pulsatile contractility on cellular and tissue morphogenesis:
tissue invagination, tissue extension.

= Cadherin
F Integrin

Rho — ROCK — -

} Myosin contraction
Ca2+ _— ...

Thomas LECUIT 2018-2019 Li Heet a. and Denis Montell. Nature Cell Biology 2010. 12:1133-1142




V - Developmental significance

¢ |Impact of pulsatile contractility on cellular and tissue morphogenesis:
mouse embryo compaction

Two-cell Four-cell Eight-cell Compacted morula Blastocyst

Memorial University of Newfoundland
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Jean-Léon Maitre, R. Niwayama, H. Turlier, F. Nédélec and, T. Hiragii. Nature Cell Biol, 336:1310-1314 (2015)
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V - Developmental significance

¢ |Impact of pulsatile contractility on cellular and tissue morphogenesis:
mouse embryo compaction

Cell perimeter (um) 108

0

108

LifeAct~-GFP

Cell perimeter (um)

Jean-L éon Maitre, R. Niwayama, H. Turlier, F. Nédélec and, T. Hiragii. Nature Cell Biol, 336:1310-1314 (2015)
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V - Developmental significance

® Spatial patterning by mechano-chemical instabilities during tubulogenesis

Viscous flow of active gel with
turnover (of actin):

Po—

op = i (pv) + Doyp,

o= o :)(Op/po + 10y,

Contractility must
overcome diffusion and
frictional resistance to flow
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E. Hannezo et a S. Hayashi and J-F. Joanny. PNAS 112:8620-8625 (2015)

see also: J. Bois, F. Julicher and SW. Grill. PRL. 2011. 106, 028103




V - Developmental significance

® Spatial patterning by mechano-chemical instabilities during tubulogenesis

. . Wavelength of stationary pattern:
Experimental tests of the model using mutants that are expected to affect & Do\, /4 yP
Ae =21 @ .

friction of the actin network with the cell boundaries:
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E. Hannezo et a S. Hayashi and J-F. Joanny. PNAS 112:8620-8625 (2015)
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V - Developmental significance

e Pulsatory and wave of cell contractions reveal the out of equilibrium nature
of cell and tissue morphogenesis.

e.g. apical cell constriction during tissue internalisation and invagination.
cell intercalation during tissue flow and extension.

e Biological function:
|. Pulsations prevent geometrical trap and favour exploration of cellular
configurations (active noise).

2. Tissue viscoelasticity: time scale of deformations (set by pulses period) vs
timescale of dissipation

3. Enables collective dynamics: non synchronous behaviour
4. Trigger waves enable rapid, long range communications
5. Trigger waves confer adaptation to environment (cell motility)

® |mplication of self-organisation: high complexity of behaviours from low level
developmental information.

LLEGE
FRANCE Thomas LECUIT 2018-2019
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Self-organization

® |ocal and direct interactions
e few rules and parameters

0 J Complexity emerges from very simple rules
' The amount of information required to model/encode
is very small

Thomas LECUIT 2018-2019




Next Course

Chfes

4 mm = ‘IOrO

wild type embryo

Lhs Sl

ventral furrow invagination

LEGE
FRANCE Thomas LECUIT 2018-2019

1530

=




