Cellular Motility

Course 2: Mechanics of cell crawling on substrate

Thomas Lecuit
chaire: Dynamiques du vivant
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Summary - course 1

® Physical constraints on cell motility: low Reynolds number Re — ULp
Inertia is negligeable. World dominated by viscosity o n

® Net forward movement requires non-reciproqual movement
eg. Rotation of helical structures, beating of flexible filaments

® Convergent evolution of means of propulsion in viscous media (water,

extracellular matrix in organisms).
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Summary - course 1

3 general problems

|. Decoding the environment: What is the nature of cues!?
e Cells don’t move randomly but sense an external cue
® What is the nature of external cues? Diversity of cues
(chemical, mechanical, electric, light)
e Temporal vs spatial decoding

2. Processing the cue: Cell polarisation

e Symmetry breaking: converting external gradient into vectorial cell organisation
® Deterministic vs Stochastic processing
® Polarisation of a cell or a trajectory

3. Mechanical response: Principles of movement
® Depends on environment

® Force generation: Active processes: actin pushing forces, actin flow,
actomyosin contractility

® Force transmission: Passive resistance: friction/adhesion, viscous
resistance of medium.
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Mechanics of cell crawling on substrate in 2D

|. Force generation: Active processes: actin pushing
forces, actin flow, actomyosin contractility

2. Force transmission: Passive resistance: friction/
adhesion, viscous resistance of medium.
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2D cell motility on a substratum

® Cell adhesion to substrate

® The engine of motility:
— actin polymerisation
— membrane tension
— cell adhesion
— cell contraction

Julie Thériot’s lab
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Cell contacts with a substrate

® Cells were first recognised to be pinned on the surface, at
adhesion sites:
Use of reflexion interference microscopy

Focal contacts within 10-20 nm of glass surface
Coined by Izzard and Lochner (1976)

e Focal contacts are adhesion sites: stationary as cells move

e Cells are motile so motility entails dynamics of adhesion sites

M. Abercrombie The Croonian Lecture: The Crawling Movement of Metazoan Cells
Proceedings of the Royal Society of London. 207, 129-147 (1978)

Curtis, A. S. G. J. Cell Biol. 20:199-215. (1964)

Izzard and Lochner J. Cell Sci. 21:129-160. (1976)
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Adhesion to the substrate
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Cell induced substrate deformation

Cells exert traction forces on substrates
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A. Harris, D. Stopak and P. Wild. Nature. 290:249-251 (1981)
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The Lamellipodium: the « engine » of substrate motility

Cell fragments devoid of nucleus and microtubules are motile
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R. Phillips, J. Thériot, J. Kondev, H. Garcia PBOC

t=0 sec

Euteneuer U, Schliwa M. Nature. 310(5972):58-61 (1984)

e cell fragment motility is persistent
® |ts determinants (the « engine » of motility) must be present at
the lamellipodium itself

Erin Barnhart (Thériot lab), Stanford
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Composition of lamellipodium

Actin architecture

e A branched actin network in the lamellipodium
e Barbed end of actin filaments towards the leading edge
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R. Phillips, J. Thériot, J. Kondev, H. Garcia PBOC

T. Svitikina and G. Borisy. Journal of Cell Biology, 139, 397-415 (1997)
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Dynamics of lamellipodium

Actin turnover and treadmilling

e actin filaments grow from the margin of the lamellipodium
e filaments are « transported » inward in cells but remain stationary in the substrate referential
[ ]

The speed of retrograde actin flow correlates with cell movement

® Model: Treadmilling of actin from the margin

Caged fluorescent G-actin
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(time after photoactivation/un-caging)

fluorescence intensity cells were permeabilized in the presence of fluorescein-phalloidin
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Dynamics of lamelipodium

Actin turnover and treadmilling

® Fluorescent speckle microscopy:

Lamellipodium
o

—Based on low incorporation rate of fluorescenct G-actin
—speckle tracking (particle imaging velocimetry)

Cell body

lab reference s 0-25

® F-actin retrogralde flow

lllllll

—Calculate assembly and disassembly maps from actin cell reference
intensity /(¢) and divergence of FSM flow field V-v(x, 1)

e Polarization of ass isassembly of F-actin
Net turnover rate of actin:
a(x, t) = dl(x, t)/dt + I(x, t)div(v(x, 1)) + VI(x, )v(x, ). *

| |
Vallotton, P., Gupton, S. L., Waterman-Storer, C. M. & Danuser, G. PNAS. 101, 9660-9665 (2004). Assembly Disassembly
C. Wilson et al. and G. Danuser and Julie Thériot. Nature 465, 373-379. (2010)
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Dynamics of lamelipodium

Polarized actin nucleation at the leading edge
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Dynamics of lamelipodium

Polarized actin nucleation at the leading edge

Actin turnover

® Mechanisms of fast actin polymerization
— polymerization competent subunits at a 100x
the critical concentration for pure actin
—Profilin associates with ATP-actin and blocks
incorporation at pointed ends
—Mechanisms that reduce polymerization to
maintain a sufficient pool of competent subunits
far from equilibrium: Capping at barbed ends and
ADF/Cofilin which breaks filaments.

® Importance of capping: restricts filament growth
at the leading edge. Induce stronger pushing
forces (see later).
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T. Pollard and G. Borisy. Cell 112:453-465 (2003)
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Actin turnover requires cell contraction

Keratocytes
° ADF/Coﬁhn breaks ﬁlaments and Inhibition of myosin Il with blebbistatin blocks inward flow
contributes to maintaining a high pool of and alters the pattern of disassembly of the actin network

monomers to sustain polymerization

Before treatment 10 min after 50 uM blebbistatin
e Actomyosin contraction also contributes Lamellipodium Lamlipodiurn

to actin filaments disassembly.

Correlation between actin disassembly and Myosinll localisation

YFP-myosin distribution

-

(Median projection)

Assembly Disassembly

L LT Q|
Assembly Disassembly

C. Wilson et al. and G. Danuser and Julie Thériot. Nature 465, 373-379. (2010)
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Actin turnover requires actomyosin contraction

Keratocytes

e Two parallel pathways for actin disassembly in a keratocyte:

e Myosinll induced disassembly and actin turnover (induced by cofilin and other regulators)

Jasplakinolide reduces actin turnover by
blocking depolymerization.

Belbbistatin inhibits Myosinll

—Synergistic effect of jasp and blebbistatin
Cell movement and actin retrograde flow are
completely blocked
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Mechanism of force production by actin polymerization

The model of « Brownian ratchet »
® The problem:

Extension of lamelipodia is driven by actin polymerization, but no motor is involved.
The free energy drop associated with polymerization is sufficient to deform the membrane

However, what is the mechanism for energy transduction that produces a mechanical force?

28
=]
vt
I I I ] D) e—:+
® The model: A N
< 6 L.JH,L 1.
¥ w40
bl 3
Polymerization rate: R = kpy(x) X M - B and | L{x) XM= if x28 Ny
L) XM=0 if x<& ™
x>0 | —o-l IOJ* R
Velocity without load: v =8 x & ~ 0.75zm/s at 25 uM actin monomer concentration T \ 4

Velocity of polymerization ratchet | v = 8[ae ™™ = B]

where w = f X 8/kpT

is the dimensionless load force :
or, equivalently, the work done against load (ie. membrane) by adding one monomer

The polymerization rate & is weighted by the probability of the load allowing a gap the size of a monomer

1 Efl}.ﬂbﬁ‘;;ii Thomas LECUIT 2021-2022 C. Peskins, G. Odell and G. Oster. Biophysical Journal 65:316-324 (1993)
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Mechanism of force production by actin polymerization

The model of « Brownian ratchet »

Not a biased random walk in which the jump probabilities are asymmetric

and diffusion is biased
Here diffusion is unbiased

Actin polymerization rectifies the thermal fluctuations of the load
occurring at the membrane: renders unidirectional the random
fluctuations (diffusion) of load.

The origin of the force for movement arises from thermal fluctuation of
the load.
But the free energy of binding of actin monomer to filament is large —
enough with respect to thermal fluctuations to drive the ratchet forward:
If AGy ~kgT then monomer would dissociate before back diffusion of membrane >
or due to load associated with it > AN

kT |
stall force: f= —%ln(g) ~ 78 pN o

load force given membrane tension: 25 pN
So a few filaments can easily push the membrane

Brieher et al. JCB. 2004 http://www.jcb.org/cgi/doi/10.1083/jcb.200311040

This model also accounts for the motility of the bacteria Listeria monocytogenes in cells, driven by actin comet tails

i NP
ol

E é" l}n'ﬁ\fé E Thomas LECUIT 2021-2022 C. Peskins, G. Odell and G. Oster. Biophysical Journal 65:316-324 (1993)
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Mechanism of force production by actin polymerization

Elastic Brownian ratchet

The thermal fluctuations of the load (membrane) are not quite sufficient to produce de[formations ]
_22[ (- w)@R2)

W (€ - - Da

Brownian ratchet model: velocity depends on diffusion coefficient of load =7

® The model: consider now the thermal fluctuations
of the elastic polymerizing filament

thermal fluctuations induce filament bending \
the bending modulus B of actin filaments determines the extent of
fluctuations

the persistence length A of filament reflects this: B = AkgT

Andrew Ward et al, Nature Materials (2015)

an actin filament at angle @ with respect to a load is modelled as a ID spring:

4xkgT

ie. stiffer spring for low angles
(near perpendicular to membrane)

A. Mogilner and G. Oster. Biophysical Journal 71:3030-3045 (1996)
Thomas LECUIT 2021-2022
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Mechanism of force production by actin polymerization

Elastic Brownian ratchet

® Result: load-velocity relation:
depends on angle
V = & cos (8)[koMp(0, f) — kual] e=3om  FON
A=l um
p(8, f) : probability of a gap of sufficient size and duration to allow addition of | monomer 7
It depends on spring stiffness, which depends on persistent length of filament and Z 800
filament length. 4AkgT V fnmv's)
k(f, A0 = Psin’(8) 800
At low angles thermal fluctuations cannot sufficiently bend filament for filament 0
growth.At large angles, the thrust associated with polymerization is lower. So there 0 2
must be an optimum in between. 8 g degl

3 dimensionless parameters define the different regimes:

w = fOkgT, dimensionless work of the load force to bend a filament by &
g = :(082;‘2](3?, mean elastic energy stored in filament sufficiently bent to intercalate one monomer.

f: wi2e = fli,® load force relative to the force required to bend a filament by one intercalation distance, S

Lamelipodium

load force/filament i

£~ 0.035 pN predicted stall force for strip of 5um membrane front: 250N
’ P (5000 filaments and 5pN stall force/filament)
w~002 x| e measurement: 45nN to stop advancing membrane in keratocyte
kg ~ 0.6 pNfum, ¢ ~ 0.6
8, ~ 48°

The model predicts that filaments grow more and more
P parallel to membrane as the resistance force increases
COLLBGE
DE FRANUE Thomas LECUIT 2021-2022
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Importance of membrane tension

Feedback between membrane tension and actin polymerization during cell motility

e Membrane tension depends on available membrane area, cytoskeletal activity (actin
polymerization) and cell-substrate adhesion (wetting forces)
® Membrane tension in turn affects actin polymerisation and cell migration

—Iload force in Brownian ratchet models

Migration
speed

increased increased & actin monomer

low tension i i i
/\ high tension streamlining retrograde flow g Factin
@ focal adhesion

multiple single \
lamellipodia lamellipodium

increased
polarization

m»

decreased
polymerization

Membrane tension

P. Sens and J. Plastino. J. Phys.: Condens. Matter 27 (2015) 273103 (13pp)
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Membrane tension and cytoskeletal forces

Feedback between membrane tension and actin polymerization during cell motility

® Measurement of cell membrane tension using an optical tweezer

Tether force [pN]

100 _ F - 27B 20 n=65 cells
E_ 60f T R, @
g 5

-d 50 540 310
g 20
[
F oo 0

20 0 0 10 0 40 80 0 250 500

Counts Time [sec] 1/R, [pm™] Tension [pN/um]
F = 54 =1 pN B = 0.14 = 0.01 pN - um T= 276 = 10 pN/um

Tether forces

Bending modulus Membrane tension
(links tether force Fr

and tether radius Ry)

Lieber AD. et al, Theriot J, and Keren K. Current Biol. 23:1409. (2013)
LLEGE A. Houk et al. O. Weiner. Cell 148, 175-188 (2012)
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Membrane tension and cytoskeletal forces

Feedback between membrane tension and actin polymerization during cell motility

untreated

® Membrane Tension requires an « active »

cytoskeleton (turnover and contraction) —

250 500
Tension [pN/pum]

Control Arp2/3 inhibitor  Cytochalasin D

F-actin density
15 i { | ) (phalloidin)

e Tension is enhanced by actin based
protrusive forces at cell front

y[a.u] @

Intensit
o
w

n=100 " h=60cells | n=50
left center right left center right left center right
Position along edge

*%

c D
+ .

g0 + g 400] rochalino

= =5 I

~ ~

3 ﬁ 2 |

= = I

< 200 i c 200

9 e, i

= oln=30 cells 22 12 = 0

Control  Arp2/3  Cytochalasin D Before  After
inhibitor

COLLBGE . , o
BE FRANCE Thomas LECUIT 2021-2022 Lieber AD. et al, Theriot J, and Keren K. Current Biol. 23:1409. (2013)
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Membrane tension and cytoskeletal forces

Feedback between membrane tension and actin polymerization during cell motility

200
[ ]

In-plane membrane tension is the main
contributor of tension in keratocytes
(tension in blebs similar to non-bleb regions)

Tension [pN/um]
S
o

n=7 12

Non-blebbing Blebbing
region region

CytoD treated cell’s blebbs

A Adhesion strength (RGD density)

e Tension is enhanced by cell-substrate

B
adhesion and low contractility
'E' 400
=
2
2
c
.Q 200
2 i
= |
o=t 24 12 35 13 12 25 11
calyA yamt.q bleb calyA yemt.q bleb calyA yemt.q bleb
Myosin contractility
OLLBGE

W }35 FRANCE  Thomas LECUIT 2021-2022 Lieber AD. et al, Theriot J, and Keren K. Current Biol. 23:1409. (2013)
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Membrane tension and cytoskeletal forces

Feedback between membrane tension and actin polymerization during cell motility

e Caells adjust actin polymerisation to membrane

U

surface area so as to maintain membrane tension: RN ERP — 15 p<10°
. o £, >
>Feedback of tension on actin polymerization mum" > &
. . . — . B n=105 98 <
(consistent with Brownian ratchet model)? S | S |
O |
£ -
>Homeostasis % 3
AL 05 =05
Control Fused Control Fused
® Membrane tension is determined by
mechanical force balance between
actin pushing forces, load exerted by ~ membrane tension membrane membrane tension
. . . ension : imposes a load on
membrane tension, myosin rear retraction T oo growing actin
: , —- . k
contraction and adhesion to myosin etor
bstrat contraction h
substrate.

Lieber AD. et al, Theriot J, and Keren K. Current Biol. 23:1409. 2013
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Force feedback on branched actin network
architecture and mechanics

. Arp2/3 complex

@ Nucleation Promoting
, Factor

@ Capping Protein
@ Actin

=
= | =

|Grow1h under low foroel T | Force increases... I l and network adaptsl

Bieling et al., D. Fletcher and D. Mullins Cell 164, 115-127 (2016)
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Force feedback on branched actin network
architecture and mechanics

Cantilever

’
J/g—Ap2/3,
i PEG-Layer:
il

® An in vitro assay to assess actin assembly in response to a load

e Force feedback increases actin density

cantilever

control network E 87 10
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£ 6 1]

= X

loaded network > 1 5 [coverslip | NPF pattern | ]
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® Force feedback increase mechanical efficiency of actin network

E . 107+ energy consumption rate .
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Q > © — [} s [3)
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2
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COLLEGE Bieling et al., D. Fletcher and D. Mullins Cell 164, 115-127 (2016)
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Force feedback on branched actin network
architecture and mechanics

® How do load-induced changes in network architecture affect the ability of
branched networks to transmit and resist forces!? *

10
=) -
. o X
Stiffness of network increases o 8 P
. . 5 1 115
with filament density e 38 3
S 3 8
: A -
S 2 ; o
hay c ol 1 0
5 gt 05 B
S (0]
. o4 " : : +—L0.0
time N 0 250 500 750 1000
7 growth stress [pN/um? or Pa]

® Growing branched actin networks adapt to a specific growth force to become
maximally stiff and minimally viscous at that load.

measure properties

branched actin networks . atincreasing load o 4t
are stiffest when the test o i : ‘ ‘ ‘ S
: 1%}
load matches the original £ i S 3t o arowth siress
growth force = ‘ : ‘ ‘ * ks [Pkl
. . . H = 24+
experienced during its % i g ‘102
assembly. 5 m i ﬁ é é g 41 :, U
' o 1 5 4
| testload
! growth stress
OLLEGE Bieling et al., D. Fletcher and D. Mullins Cell 164, 115-127 (2016)

AW 0k FRANCE  Thomas LECUIT 2021-2022 ) o
. e og Mechanism: https://www.biorxiv.org/content/10.1101/2021.05.24.445507v1




Load adaptation of lamellipodial actin networks

c
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J. Mueller et al., and M. Sixt Cell 171, 188-200 (2017)



Load adaptation of lamellipodial actin networks

® As cell projected area increases, actin density increases and protrusion speed decreases

—cell area increases correlates with increased membrane tension
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® Increase in membrane tension increases actin density and reduces velocity (and vice versa)
—Membrane aspiration is used to increase membrane tension
Detachement reduces membrane tension
— Test of causality

Area

Li=Act e sty

Lifeact intensty
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Load adaptation of lamelipodial actin networks

—EM tomography reveals changes in branched actin network architecture following
changes in membrane tension (ie. mechanical load on actin)

Geometry

angles of actin filaments are
normally predominantly at
around +/- 35°

Following transient increase in
membrane tension, angles at

0-20° and 50-70° are more
frequent

When tension is decreased,
angles at 0° become
predominent

Thomas LECUIT 2021-2022
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Load adaptation of lamelipodial actin networks

—Stochastic computational model based force velocity curves from Mogilner & Oster 1996

® Filaments away from the leading edge

membrane are not protected from — Wildtype veiocity, 230nm/s v
. . Velocity increase, 330nm/s Y
capping and stop elongating — Velocity decrease, 130nm/s N £
. . 400+ 7 ' ZN B
e Given a certain value of 80nmis |1 \ { - 1
protrusion speed, filaments that = [ A i\ / / [ ]
_u‘! 33(:nn\'5"""“"""i" . -l | OV & >
grow at angle ¢ need to grow at £ aast N 1\ R o g
) € oor I\ |\ Increasing | -
velocity 1/cose faster to keep up = P\ . iy | ] N
with the membrane 8 sionvetbA S ’ ¢ 1 L
> { / 1 ¢ '
. , 200¢ i\ Decreasing 1 £
e If load is reduced, speed increases, S AN vid o8 |
and filaments that grow at lower " mm,si . - !
angles reach the plasma qooltade o b0 o d 0 0000
membrane faster than other FELPPPPPS VSPPPPPOP 2z
filaments, which thus are capped. I :\q'.. ‘ 2 -
‘Angle {o cel edge. @ (%) W

® Conversely, if load is increased .
filaments are larger angles are c
selected as well.

ULLBGE J. Mueller et al., and M. Sixt Cell 171, 188-200 (2017)
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Mechanics of cell crawling on substrate in 2D

2. Force transmission: Passive resistance: friction/
adhesion, viscous resistance of medium.

Thomas LECUIT 2021-2022
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Cell adhesion and force transmission

¢ free retrograde flow:

no movement

The molecular clutch model

Cytoskeletal Dynamlcs and

Nerve Growth

Tim Mitchison® and Marc Kirschnert

s m}“&__é"\# EP % L.-'-a

‘--c:"-’(” = e

e Molecular coupling to o)
substratum (ECM):
protrusion

b | AT XXX NI OO > 3
O?' l l
““““““““ PIT TP 2 777777

AR L (L L
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—
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e ¥ aiie) Soct gl %

T. Mitchison and M. Kirschner Neuron 1:761-772 (1988)
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Cell adhesion and force transmission

Mechanosensitivity

Integrin o,
[ e B
0 50 100 150

N

Actin flow speed Actin a-actinin

<+«— Retrograde actin flow / %
140 L5

120 Actin regulatory layer  yagp Zyxin
100 - C—4
80

Force transduction layer Talin Vinculin

z (nm)

60 c
20 Integrin signalling layer =

20 Paxillin  Phospho-paxillin

0 xy:500nm  Extracellular matrix — «— Traction forces 9
<+— Cell body Leading edge —> .
(Proximal FA tip) Paxillin phosphorylation (Distal FA tip) Integrin FAK

“ <

Traction force magnitude

Thomas LECUIT 2021-2022 Kanchanawong, P. et al.. Nature 468, 580-584 (2010).
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Cell adhesion and force transmission

Differential transmission of actin motion within focal adhesions

® Retrograde actin flow velocity is reduced at focal
adhesions consistent with frictional molecular
coupling with Integrins limiting flow .

¢ Flow is not blocked 0.70

e Method used Fluorescence speckle microscopy
(FSM) and TIRF (submicron resolution)

H/min

0.35

09

e Shear at focal adhesion: gradient of velocity within Focal adhesions
e Slippage interface

05

Average Coherency

wmn
044 08

Actin

a-actinin
/ ~

Actin regulatory layer  yagp Zyxin

o
w

8  Forcetransductionlayer ~ Talin  Vinculin
Integrin signalling layer s

Paxilln  Phospho-paxillin

=
(
t

(=]
o

Xy:500nm - Extracellular matrix <+ Traction forces o

Average Speed
o

o Leading edge—> \
(Proximal | FA tip) (Distal FA tip)

integrin
V) -

Ke Hu et al. G. Danuser and C. Waterman

ST Science 315, 111 (2007
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Cell adhesion and force transmission

Differential transmission of actin motion within focal adhesions

¢ In protrusions, focal adhesions are
stationary

® At stationary FAs: stable correlation of
velocities

¢ In retractions, FAs disassemble

e This is associated with increased velocities
and correlation during slippage up to a
maximum

® Suggests that dissociation of Vinculin from
more stationary FA components causes

slippage.

DCS & VMCS

LLBGE
. ERANCUE Thomas LECUIT 2021-2022
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Correlation between actin flow and vinculin dynamics
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Cell adhesion and force transmission

mechanics of force transmission at the molecular clutches:
impact of substrate stiffness

® Model

. . Myosin Motors
Elastic coupling at molecular clutches

F-actin Bundle

+
{I{IXX <<<%<(4 Leading Edge
,; ing Edg

Tension along engaged clutches increases
their off- rate constant, koff*, exponentially

. ’ . . . k
according to Bell’s Law with a characteristic Y fitament 9P k(\\’ o
breaking force Fb : of == Molecular Clutches
Force balance between elastic resistance of F— x >
substrate and tension engaged in molecular %
clutches Compliant Substrate X,

C. Chan and D.J. Odde

J— Science 322, 1687-1691 (2008)
I Ele COLLBGE

M~ DE FRANUCE Thomas LECUIT 2021-2022
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Cell adhesion and force transmission

High Substrate Stiffness: Time Low Substrate Stiffness:
® Predictions: “Frictional Slippage” “Load-and-Fail”
—High substrate stiffness: Frictional slippage B $23iggaeseezase gae s §434iiaaeataREN
as elastic bonds in clutches soon reach - S | P—
breaking force, so life time of elastic bonds is W00 e 20D - -
T g3
very short Bi "%,;vi:,,;;,,wf A

Slippage at constant velocity Shh fensionibuilduup

NN

gt g

MWWWWWWWWWWWY

...........

—Low substrate stiffness: Load and Fail e

- —————— -
B N S R R . o S

. . £33 2 z é $2282 2
Substrate compliance slows down tension LS ,,f,ff,f,hi%% BB gHEI
build up in clutches and increases the life Spring Tension coupling failure
time of actin/clutches interaction Low BETIEET WM High
Low resistance causes high rates of actin flow. As = =
the substrate strains and tension builds up, %) B | ®
more and more clutches are engaged as they 3 & Am Frictional « & =
share the load.This in turn increases mechanical 5 © g % 100 Slippage = 9
: : = S Q .
resistance and reduces actin flow 2 EL £ | % 3_' »
. . . Q. ‘N =
Stochastic loss of a clutch induces catastrophic o "C) % S © S 3
. . . © © 5 =
collapse of all clutches, coupling failure and rapid Z s > =% 22
rise in actin flow rate @ = Z 0w P s P
o = = Traction Force ~
60 ' -10
Emergent oscillatory dynamics r Ry B o1 ! 0 100
& ey Time (=) Substrate Stiffness
Ksub (pN/nm)
COLLBGE C. Chan and D.J. Odde
DE FRANUE Thomas LECUIT 2021-2022 Science 322, 1687-1691 (2008)
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Cell adhesion and force transmission

mechanics of force transmission at the molecular clutches:
impact of substrate stiffness

Reference
Bea

730-Pa PAG with
® Experimental tests: embedded

fiduciary marker Reporter
beads . 7o

Observation of substrate deformation
induced by filopodia on growth cones

Reference Bead

Reveals Load and Fail dynamics on soft "Bead Y Y
substrates

' — W 260 Pa =
oas C v D 0=009 |
0.16 Mesn e ' /I\
. B! 108 +/- 7 Py |
Force Velocity curves reveal a sharp 5018 e e 4 2 1o ’/
. . . 0.12
transition at |kPa substrate stiffness o =i
similar to model predictions g )
o

o= Experiment

Sl tion

0 40 B0 120 160 200 More 0.1 ' e 100
Velocity (nm/s) Substrate Stiffness
(kPa)
e COLLBGE C. Chan and D.J. Odde
! B DE FRANCUE Thomas LECUIT 2021-2022 Science 322, 1687-1691 (2008)
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Cell adhesion and force transmission

Directionally asymmetric catch bond between the clutch and Actin

Measurement of Vinculin Actin association
under load using optital tweezers

optical trap (OT)—based assay to define the load

dependence of the binding interaction between
vinculin and F-actin

A 2-state catch bond model best fits the data

(similar to E-cadherin based adhesion cf
Cours 2017-2018)

Could impact actin filaments orientation

Thomas LECUIT 2021-2022
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Cell propulsion and contractility

Cell motility requires coordination of anterior protrusion and
posterior retraction, as well as translocation of the cell body

But not necessarily as in neurons where axon extension requires motility of growth cone.

membrane tension

actin
T

pushing

actin retrograde flow

Mechanisms of Front-Rear Coupling :

e Temporal coupling ensures overall cell translocation, instead of cell
elongation (eg. neurons)

e Spatial coupling is associated with cell polarization and persistence of
motility

ODLLEBEGE
E ¥FRANUE Thomas LECUIT 2021-2022
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Mechanisms of Front-Rear Coupling: Spatial

Membrane Tension and cell polarization

e Cells exhibit front rear polarity:

® Questions:
—~Mechanisms of unipolar polarity (in spite of dynamic repolarization)
—Persistence of cell polarization?

T. .Tsai et al. and J. Ferrell and J. Theriot, Developmental Cell 49, 189-205 (2019)

HL60 cell: human leukocyte

Thomas LECUIT 2021-2022
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Spatial Front-Rear Coupling: Polarization

Conceptual mechanisms of Unipolar polarization
Local excitation (positive feedback loop) + Global inhibition

Membrane

Diffusible inhibitor
(Turing instability) A Q

see course 27 Nov 2018
https://www.college-de-
france.fr/site/thomas-lecuit/
course-2018-11-27-10h00.ht

Limiting substrate ,
(Meinhardt) A Q Q <’

Membrane

Membrane tension Q _>. =
LLEGE

E FRANUE Thomas LECUIT 2021-2022 A. Houk et al. O. Weiner. Cell 148, 175-188 (2012)
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Spatial Front-Rear Coupling: Polarization

Membrane tension

HL60 cell: human leukocyte

Heat treated cells form tethers

20s { 40s 60s 80s 100s 120's
J J 2
II
Pseudopod formation after cell severing

Argues for short-lived inhibitor generated at the leading

Cell polarity persists in tethered cells:
long range inhibitor propagates
through tether (a priori incompatible
with diffusion)

This short-lived inhibitor could be due to mechanical
tension, a rapidly synthesized limiting component, or a
diffusible inhibitor with a short half-life.

Low diffusivity through tether incompatible with biochemical models - X R|8
® Limiting substrate model: the rate of pseudopod | 7

. . . . » | d—O
recovery requires a high rate of protein synthesis of
substrate (6 p/s), which has to be balanced by
exceedlingly high diffusion coefficient (>300pm2/s) to
maintain polarity in tethered cells

o
o

o
~

Normalized Recovery

Tether
retraction

Percent Recovery
n
o
2

o
N

Ly

¢ Inhibitor: short-lived inhibitor to explain recovery but 0

0 0.25 0.5 0.75 1 0 50 100 150 200 250

given time of diffusion through tether, would not Time (sec) T (s
repress at long range in tethered cell.

c

5 tn%%«%é Thomas LECUIT 20212022 A. Houk et al. O. Weiner. Cell 148, 175-188 (2012)
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Spatial Front-Rear Coupling: Polarization

® Membrane tension probed with

Membrane tension

Inactive cell

Lo Torgon
tether increases during cell
protrusion fl
Hoh Toeion

Low poling fore on ead
Cell aspiration increases O Highpuing force on eas
membrane tension and inhibits
Scar/WAVE at leading edge
Reduced membrane tension (ie.
hypertonic medium and Myoll :
inhibition) increases WAVE at the g
cell front ¢
Membrane tension works as a 3 6s
long range inhibitor of actin :
nucleation. ombrane ol

9

Thomas LECUIT 2021-2022
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Mechanisms of Front-Rear Coupling

Actin retrograde flow and Myosin advection

a Mechanical positive feedback enables efficient front-rear coupling )

Myosin follows
9-15 sec later

(D Myosin accumulation at the rear depends on actin network retrograde flow

\(2) Myosin contraction at the rear increases front persistence )

Thomas LECUIT 2021-2022 T. .Tsai et al. and J. Ferrell and J. Theriot, Developmental Cell 49, 189-205 (2019)
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Mechanisms of Front-Rear Coupling

Actin retrograde flow and Myosin advection

® Cell protrusion at the front and cell retraction
at the back are synchronous (cell area is i\

constant) g '- -
QLT
-
'.JJ

® Coupling is instantaneous, calling for
mechanical coupling (ie. membrane tension)

Protruded area (per 3 sec)
Retracted area (per 3 sec)

¢ Incompatible with diffusion of molecule @ S
(diffusion over 30 ym would take around 30s).
H200 &
100 §
<
0 1 2 5 4 5 6 7 & 9 10 11 12 13 14 15
Protrusion to retraction
12
10 Retraction
25 fmes
86 0.4+19sec
84
2
0—6 -3 0 3 6 9 12
Time offset (sec)
Thomas LECUIT 2021-2022 T. .Tsai et al. and J. Ferrell and J. Theriot, Developmental Cell 49, 189-205 (2019)
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Mechanisms of Front-Rear Coupling

Actin retrograde flow and Myosin advection

Myosinll is polarized at the back of

cells
Myosinll polarity fluctuates

High correlation with cell protrusion
with a consistent 9s delay

This delay is incompatible with
Myosinll contractility causing cell
retraction

Myoll polarity correlates with
protrusion speed

PS precedes MRS | MRS precedes PS
-« |>

06+

044

0.2

Myosin rearward @ 20
localization score (MRS) Q 0

MRS (AU)

Time (min)

Correlation between D

protrusion speed (PS) and MRS

Not-

ol--

-0.2
-45 -30 -15 0
Time offset (sec)

8
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T. .Tsai et al. and J. Ferrell and J. Theriot, Developmental Cell 49, 189-205 (2019)



Mechanisms of Front-Rear Coupling

Actin retrograde flow and Myosin advection

Kymograph in the laboratory Maximal Intensity Projection
frame of reference in the cell frame of reference

® Myosinll is transported
from the front to the
back of the cells during

Actin-YFP

motility

o g

" <

£

S

o

Actin : Myosinll ™
advection el Soeed _ o
® Modeling of diffusion ell Speed Myosin Localization Score
.g o aM”: —VaM” +k M. -k .M 1
advection and association/ o " ont" p T Ko My,
d|ssoc|at|on eXPIa'ns drifm,nd_my/osin attachment detachment 0.5
dynamic relocalisation of oM M 0
. . fo_ D f —k M. +k .M 1 2 3 4 5
Myoll and correlation with P P ol + Ky Time (min)
. . 4 ax M Y
cell protrusion (with 10s diffusion of oo myosin  Mchment  detachment
delay)
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ODLLBGE Offset time (sec)
E ERANCE Thomas LECUIT 2021-2022 T. .Tsai et al. and J. Ferrell and J. Theriot, Developmental Cell 49, 189-205 (2019)
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Mechanisms of Front-Rear Coupling

Actin retrograde flow and Myosin advection:
® Front and back of leukocytes are mutually reinforcing.

® Mpyosinll inhibition does not block instantaneous coupling between protrusion and retraction
(consistent with some other mechanism (ie. membrane tension) required for this)

e But Myosinll activation locally (blebbistatin and photoinactivation) causes expansion of
leading edge and increased velocity, as well as increased persistence.

o :
2L 02 ; Photo-inactivation
® 8 0.15 '
2c 01 0.4 Before .  After
S c . — '
®© =
o © 0.05 % g
S 03
-3 9 3B
5 ' o8
£ 100 s 02
£ [oaNel
=2 -2 01
< 50
o Y Retraction Protrusion
[oX ' 0
»n 0 L
-1-050 05 1 15 2 25
Time from photo-inactivation (min)
Thomas LECUIT 2021-2022 T. .Tsai et al. and J. Ferrell and J. Theriot, Developmental Cell 49, 189-205 (2019)
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Mechanisms of Front-Rear Coupling

— causes adaptation of cell to changed environment
Actin retrograde flow and Myosin advection:

(- Dynamic myosin localization enables efficient turning )

In a turning cell:
(D Re-orientation of actin network flow leads to asymmetric myosin distribution at the rear

=%

@ Myosin “flashes” re-orient the cell rear to assist efficient turning

LLBGE T. .Tsai et al. and J. Ferrell and J. Theriot, Developmental Cell 49, 189-205 (2019)
. FRANUE Thomas LECUIT 2021-2022
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Feedback mechanisms underlie cell turning

Long-term trajectories of cells exhibit Persistent Turning States

Cellular Trajectory ) 1.0

1 I 1 I 1
Angular Speed
Autocorrelation

L I L I L I L I L
0 10 lag (min) 30 40 50

0
: Distribution of Angular Speed (deg/s)
I L L 1 T T
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& 50["
! ‘
|| G | »
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. | >
] R 3
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100 7 I
L 1 1 1 I 1 1 1 T 1 . 1 1 J -
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S Allen et al., Julie Thériot and A/ Mogilner, Cell Systems 11, 286-299 (2020)
el COLLBGE
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Feedback mechanisms underlie cell turning

Cell asymmetry during cell rotation

Asymmetric Shape Mode (4)

® Asymmetric shape is associated
with cell turning

1 w (deg/s)

[ ]
> - _°
15 L& 0 05
single cell

population (n=10)

g
=3

® Asymmetric actin density underlies cell

turning: higher rate in the outer side of the turn
cells pivot around turns with faster

lamellipodial protrusion on the outer side
of the turn

=)

Actin intensity [a.u.]

()

100

. \ . ,
20 40 60 80
Point along the leading edge

This is not sufficient to account for turning

450 Control
e Asymmetric Myosinll: Higher 20 = \
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. . O -te-mmmmm e S oo+
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Feedback mechanisms underlie cell turning

Cell mostly steered from the rear

Asymmetric Actin flow patterns

In cell frame of reference, flow A ~ .
explains Myosinll enrichment by smoogms o orsgms | ()
advection L
¢ In lab frame of reference, minimal /
symmetric flow at cell front polariz
reflects high coupling to ( BRI A
substrate (adhesion) ) VSN s 4
e asymmetric centripetal flow at cell frame of reference lab frame of reference
the rear reflects grip (left) and
SIIP (I‘Ight) Traction forces (Pa)
A T = —
Measured _—
e Asymmetric Traction forces Traction |
® Symmetric propulsive forces at the front
® Asymmetric resistive forces at the rear
20 uM 0 —20 UM 20 uM
weaker inward traction at rear right (outer side of turn) MW’V
stronger forward traction at rear right F ™
g2 @
COLLBGE T

? DE FRANUE Thomas LECUIT 2021-2022
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Feedback mechanisms underlie cell turning

Feedback loops cause persistent turning

® High flow speed associated with low adhesion
e Low flow speed associated with high adhesion

“Centrifugal” myosin accumulation Asymmetric Actin Flow Asymmetric Substrate Adhesion

propulsive forces
NN

1 High Myosin < e
' myosin 1 High Contraction STICK —>» pinching <« g p
I carried to outer side 1 [ fotces o e
Cell’s Viewpoint _' by actin flow Substrate’s Viewpoint High traction forces g lowtractionforces
t ® Y O 7

Increased myosin contractility and actin flow on
the outer side of the turning cell breaks
adhesions on the outer edge of the cell (SLIP),
weakening traction forces (colored vectors)

COLLBGE Allen et al., Julie Thériot and A/ Mogilner, Cell Systems 11, 286-299 (2020)
DE ERANCE Thomas LECUIT 2021-2022
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Conclusions

e Force production: actin polymerization
® Force transmission: substrate adhesion
® But excess mb tension and adhesion inhibit motility (negative feedback)
® Mechanical adaptation via feedbacks - impact on environment sensing
spied - -
. streamlining\;v retrograde flow
Membrane tension N2

decreased
polymerization

increased
poarlzaty
» membrane tension

P. Sens and J. Plastino. J. Phys.: Condens. Matter 27 (2015) 273103
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