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Actin cytoskeleton and cell motility
Julie Plastino, UMR 168

Course outline

I Introduction to actin biochemistry and biomimetic systems (Listeria, beads)
...general overview of the field and review of work on the subject (including our work)

I1. The moving cell: force production, retrograde flow

111. The blebbing cell and in vivo cell migration including invasive cancer cell motility

Cell movement

Keratocyte

Verkhovsky et al., 1999

Cancer
Metastasis

D
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Alberts et al., 1994




Components of the cytoskeleton: protein polymers

MICROTUBULES

@
s
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Alberts et al., 2002

The exception...nematode sperm cells
No actin, no myosin, no microtubules

More about this on Monday...

Polymerization and depolymerization of (MSP)
Major Sperm Protein \

institutCurie
Plastino, unpublished




Movements in the cell...

4 ancient mechanisms account for (almost) all
intracellular displacements in eucaryotes:
Molecular motor-based

1) Microtubules + kinesins and dynein

trailing  leading

cld
hesd_ ' B

® kinesin

? (7D EETY .‘ﬁ@\ Kinesins walk along microtubules
\dotachod/
N

PLUS hydrolysis
END Yo

myos n

eae (rr rr ( (rrrf 7 (rr 1‘

}), Myosins walk along actin filaments

F"- us h\.nd ro Ivsls
EN cycle
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Alberts et al, 2002

MIN us actin filament
END

Movements in the cell...

Polymerization/depolymerization-based
3) Polymerization and depolymerization of MTs

Depolymerization of microtubules pull chromosomes apart during anaphase

4) Polymerization and depolymerizaton of acD

..Polymerization and depolymerization of Major
Sperm Protein (MSP) in nematode sperm cells

D
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Introduction to actin

Muscle actin Non-muscle (cytoplasmic) actin
20% of total protein 5% of total protein

Fradelizi unpublished results (1999)

Evolutionarily conserved: muscle,
cytoplasmic, protozoan actin <5%
different D)
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Structural polarity of actin

Binds ATP and EM
Mg?* or Ca?* i
Pointed end

o
E&
i

i

Decorated seed

i

€00z ‘Astiog pue puejjod

Kabsch et al., 1990 Barbed end
Polymer:

42 kD Monomer: filamentous or “F-actin”

lobular or “G-actin” .
: D)
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Electron microscopy

Electron beam

i %
@<

Electrons blocked by objects—resulting « shadows »
observed on a phosphorescent screen
or captured on photographic film 1))

institutCurie

W
",44_

/R ~EEE 1 plasiic
B o (0] : 3 =
& | @ i embedding
and sectioning
| 2. Negative
| — D — staining
3. Platinum
@/ : shadowing
N & s (critical point
S — drying)

D
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Modified from Mathews et al. Biochemistry 3rd ed.




Mechanical force from the
chemical potential of protein polymerization

Reaction coordinate =)
OO+ 0 T

o,

Case |
Excess monomer
Spontanecus elongation

L

D.
og
o

o

AG negative

Free energy (G) =3

Reaction coordinale =3y

- OO+ 0 [Ensun]
Case 2; J‘
A equilibrium f' \
No change in langth }/ \
&
o  mmuns | —t

(]
/f;\? a £ o 5 T a6 loaded
- UQIII? Z I
AG unioaded

[
Case 3:
Excess polymer
Spomaneaus shrinkage
y r7 AG positive
e o

Fres energy (G) —
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Biochemical polarity of actin

Elongation rate constants

Actin bundle o G <= B
(Limulus sperm) 13%.%5 o3k
o

1
association and X T
dissociation M — =

Cc= o= Cc=
0.6uM i 20uM
Pollard, 1986
g
5
o
P
2
Cc= _ Ce= g
Cc: (koﬂjkon) 0.12 uM X 2.0 uM ‘::;_
monomer concentration A e a i
giving equal rates of }gf % §
2 AT




TIRF microscopy: confirm rate constants

Total Internal Reflection Fluorescence

Wavefront 5 R .
Ie Total internal reflection at the glass/aqueous

n ='1'.’§:§"-"1'.37) .
interface generates an evanescent wave...

Interface St FluoToPhare decays exponentially = illuminates to depth
Laser 5 goa V.o ‘ Mic‘é::?sj:%pe of ~100 nm
Excitation— 5 -] . b, T(“ =1.Ee1ﬂ]
5
T T . !
it I, Fioure

D

Fujiwara et al., 2007 institutCurie

Aside about diffusion limitation

ke = 47 k fue B(Dy + Dg) N, 107 Debye-Smoluchoski

k steric factor

f.1cc €lectrostatic factor Can estimate k, at about 0.1-75 uM-1s°t

b interaction radius So both barbed and pointed end COULD
Dy, diffusion coeff monomer "~ be diffusion-limited...

D¢ diffusion coeff filament

N, Avogadro’s number i Poli-nt-ed end B
vk, r ° 1
At zero viscosity, |
k+ is infinite = Barbed end o
diffusion limited... "

only for barbed end

Increasing viscosity
Drenckhahn and Pollard, 1986




Actin polymerization

Equilibrium

F-actin

Elongation

Time

D
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The Pyrene Assay

*Follow amount of filamentous actin formed over time

388nm
Q ¥ 365nm w
7 » \
B 7o
- >
) F. 3
0
D,
‘ F-actin seeds. %
2D G-actin. Fg-

-G-acti Time
3D Pyrenyl-G-actin. Slide by P. Noguera




Nucleation

so00 [ With nucleation

so00
4000
3000 |

2000 |

fluorescence (arbitrary)

1000 G

0 200 400 60O 80D 1000 1200
time (s)

Yarar et al., 2002

D
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Polar growth and treadmilling

ATP-actin ADP-actin
Polymerization of Depolymerization of
ATP monomers ADP monomers

Treadmilling = no net consumption of monomers

D
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Actin in the cell

[actin monomer] = 50-100 uM

NiH 3T3 mouse fibroblast

500-1000x higher
than the critical
concentration of
barbed ends!!!!

Tight control of nucleation and monomer sequestering D
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Actin organizing proteins

|

t*g:*

B Actin ATP
B Actin ADP*Pi
2> Actin ADP

/g

o
7o

(monomers) (monomers) (depol.)

NPFs Nucleation AFormins . Arp2/3 O VASP

Promoting Factors (nucleation) (nucleation/ (barbed ends)
(e.9. WASP/Scar/WAVE) branching)
Profilin p-Thymosins ADF/cofilin - () Gelsolin  ( Bundlers/

(capping) \Qcrosslinkers

10



How the Arp2/3 complex nucleates

Actin Arp2 Arp3

y 729K ) 7 Bl
. / 4 4y 153 i’ ’ "
158 O 3V K% L
¥ ] T gl L 'Aﬁ - %8
Prat® Ay ¥ ey
;‘%\}ﬂ_‘. ° s ] gt W iﬁi" ﬁ?“:xﬁ
o o 3 w3 B g 2

Robinson et al., 2001

NPFs bind monomer
Cause conformational
change of Arp2/3 complex

©

institutC urie

Rodal et al., 2005

..and branches

Figure 5. Schematic representations of the precursers and assembled
components of the branch junction. (&) Drawing of the inactive Arp2/3
complex and a standard actin filament. [B] Model of the branch junction.
The following eonformational changes are proposed to occur: (1) opening
the nuclsotide-binding clefts of mother filament subunits M2 and M4; (2] con-
wverting subunit M4 from a filament 1o a monomeric conformation; (3] converk-
ing Arp3 into filament conformation; [4) moving Arp2 tethered by ARPCS
next to Arp3 to form the first two subunits of the daughter filament; and
(5] converting Arp2 into filament conformation

Rouiller et al., 2008 D
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TIRF microscopy of Arp2/3 branching

D
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Amann and Pollard, 2001

Formins: nucleation without branching

€ Formin elongation mechanism

Filament elongates as actin-profilin complexes

FH2 binds actin subunits bind to multiple sites on FH1 and i
to nucleate a filament transfer rapidly to the barbed end % € 5| \
Profilin \ . < ey ﬁ_e 4
C = gt’ Q 5— o S 4 \ !i
L Jq ( < e e
L'\"E‘/ Ht&/ & é -Q_,Qf g — & Actin
%

<: q Pointed
Pollard, 2007
.- FH1
H1 L__J" .l .

! Unlike other nucleators (Arp2/3,
_‘“‘ Spire, Cobl), formin remainsO

associated to barbed enc !r'u'tCurlc

FH2 @
FH2
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Zoom in on the barbed end/formin interaction

(b) Elongation

AT:\ /0

- hydrol is\ Movement of one ) .
y vs/ FHz2 domain Processive capping

{
O PP
i K, 110 uM-1sL;
10 x acceleration of barbed
& end polymerization

(mystery!! since b.e. pol.

‘Open’ ‘Capped’ ‘Open’ ‘Capped - - ..
already diffusion-limited)

Key:

Agtin monomer O FH2 domain g,

Profilin L] FH1 domain =

Plasma membrane FH1-FH2 dimer (cj

Renault et al., 2008 ( >
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Steps in cell motility

D - Protrusion
. ‘/\ Adhesion

r— Traction Actin *
Myosin @

Retraction
- 1)

institutCurie

Modified from Mitchison and Cramer, 1996
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Theriot and Mitchison

Actin in green

Listeria monocytogenes

Theriot et al. http://cmgm.stanford.edu/theriot

Motility reproduced in vitro

Hard or soft
bead or liposome

Plastino, unpublished

CeII extracts or

Mmlmal protein mix

Coat with actin
pol. activators

Golsteyn et al., 1999

ACTIN
ASSEMBLY

institut(f urie
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Actin networks on spherical surfaces

EM thin sections ActA-coated beads ) )
Plastino, unpublished, 2001
— i Dy

¥ - « -

R p Bigger beads support a
|y thicker steady-state
‘R actin layer

A “living” actin layer
-2 color experiment
first red, then green

©
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van der Gucht et al., PNAS 2005

Stress build-up on spherical surfaces

0:0 G-Actin

Pressure

G-Actin
)
e_0
()
1400
1200 [
1000 |
800 |

600 |

Actin thickness (nm)

400 [

200 |

S 2 4 institutC urie
Bead radius (um)
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Two regimes of actin gel growth

1400

1200 |
BTN _ Stress-limited regime
£ so0 f 1 ?
;_‘:“ 600 . . .. .
§ e lefusmn-llmlted regime
‘ 200

L]

L] 2 4 (] 8 10 12 14
Bead radius (microns)

b e Otang b p
Ce k+(O'0rtho 1- = k—(Gortho) + k! (O'tang) °
r [ ..

D=10%cm?st

z2 -
e*(O'tang)z D¢ W

Ly
k—p(O'tang) institutCurie
Plastino et al., 2004
Stress release drives symmetry breaking
Spontaneous
symmetry
breaking

Polarization
triggered by
photodamage

institutCurie
van der Gucht et al., PNAS 2005
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Stress controlled by biochemical parameters

R : v . 1
High gelsolin (capping)
2 i 1
A
ﬂé‘\ —
= — Low gelsolin
c 1F
Il < .,
0 1 1 1 1 1
0 10
t (min)

What happens in high capping?
1—all b.e. capped, so monomer concentration = Cc p.e. (0.6 uM instead of 0.1 uM)
2—filaments are short = mesh size increases

institutCurie

van der Gucht et al., PNAS 2005

Elasticity and fracture...two scenarios

Steady-state thickness:  Critical thickness:

giooi;;iigxftz%éo 12 1/2
: h®*=R A hf;R[L)
E£la Ed
Ap, chemical energy of polymerization, & mesh size of actin gel, I, fracture energy per unit surface, d, pre-existing crack size
b 2 | casel: h' <h®
T ' —» no plateau
=
=g y =% casell: h' > h®
) g —> plateau
of R B —> delayed fracf[ure
van der Gucht et al., PNAS 2005 t (m|n) (energy barrler)

17



Use the in vitro system to answer biological questions

CeII extracts or

Mmlmal protein mix

Hard or soft Coat with actin ACTIN
bead or liposome  pol. activators ASSEMBLY

NiM 373 mouse fibroblast O

Use this system to study two cytoskeletal elements
important for leading edge morphology and dynamics: D
the Arp2/3 complex and Ena/VASP proteins institutCurie

Golsteyn et al., 1999

Golsteyn et al., 1999

Actin structures in moving and adhering cells O Arp2/3

O VASP

Leading

Lf edge

NiM 373 mouse fibroblast

Filopodia

red = actin;
green = cadherin;
yellow = colocalization

Vasioukhin et al., 2000

18



What does VASP do?

—2>VASP does not interact directly with the Arp2/3 complex.

2>VASP is not an actin nucleating protein.

or| AeMcP

—2>VASP is an anticapping protein.

Actn Pobmar oM

el institutCurie

Barzic et al., 2004

VASP drives processive elongation like formin

C VASP-mediated
processive filament elongation
on a surface
~10 nm
| —
£ [} T
g ©
Vi @ J@

-VASP 10.5 subunits/sec Y

+VASP 74 subunits/sec
Clustering on bead, VASP becomes processive
65 subunits/sec

N.B. Dictyostelium VASP
Low salt conditions (50 mM)

Breitsprecher et al., 2008 institutCurie
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Bead system applied to Arp2/3-VASP interplay

Cell extracts or -
Minimal protein mix

Hard or soft Coat with actin ACTIN ASSEMBLY
bead or liposome pol. activators

‘ /Branching
Arp

F-actin
an

institut(f u rie

Filament growth

Effect of increasing VASP on bead velocity

Arp2/3 Bead = 121
=
£ 101 | { + ’ ’ ’
S t
> 8
Se X7
>
0
@ 2] Q*}
Arp2/3 + VASP Bead ol ' ' '
A} >
Increasing VASP on bead
= 1pm Abrupt increase in bead velocity
Plastino et al., 2004 with increasing amounts of VASP

20



+VASP = Increased velocity, filament alignment, hollow comets

=y

2um

Bar 500 nm

D

institutCurie
Plastino et al., 2004

Hollow comets NOT due to diffusion limitation

G-actin If diffusion-limited, would expect:

ylill

g
-]

o
=

Esol 502

1 g

240 e 40 £ :

i - What we observe: wall thickness
3 3 increases with bead size

w
=
=]
o

o
=)

D

0 10 20 30 40 50 60 7.0 80 © institutCurie
Drop radius {pm)
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Force distribution on deformable beads

1.5 pm  —

D
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Boukellal et al., 2004

Apply Laplace...

NB: A sphere has two curvatures
C,=C,=1R

O

Laplace equation

\
AP = y(surface tension)[1 L1
R R,

ool

r

Boukellal et al., 2004

22



Hollow comets due to stresses in the gel?

Gel moving faster on the sides, pulling on the center.
7'30" 9'45" 13'30"

mg me e 1

Paluch et al. 2006

Why rupture only with VASP?

VASP weakens network/surface link?

1) “Detaching activity”” Samarin et al., 2004?
2) Result of decrease in branching?

D

institutCurie

Enhanced speed ﬁ Decreased actin density

Phase
contrast Actin

o ST -

‘ﬂ-) - v

E o\o . .

©
g 10; .
3 @ Actin With VASP = comet 4x less dense,
5 ° @ Arps but bead moves 7x more quickly.
2 6 So per unit time, ~2x more actin
2 4 incorporated in the presence of VASP.
e | _ What then accounts for the 7x increase
E 2 i - in bead speed??
° 0 (;(; - 76% Global change in how actin comet acts

on surface.
% mole PRO




Jumping behavior with VASP

Arp2/3only  Arp2/3+VASP Jumping behavior only with VASP
0.15 um/min 0.7 pm/min

— -
]
5 um

3um
Drops with VASP:
--5-fold velocity increase
--kiwi shape
--hollow comets

4 um

I

I
.
4 pm

Trichet et al., 2007

Calculate stresses during jumping

Y "
_ z
Just after a jump L. 4 .| -
5{/?\‘ E N -
Just before a jump | < ‘:
Bed | e )
2L
' . ~N L
During the jump | i
B - -
=

2 -1 o 1 H
Curvilinear ecordinate {um}

Trichet et al., 2007
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Jumping behavior of VASP-recruiting drops

--never observed without VASP

--not observed on hard beads under same conditions

--occurrence dependant on drop size

-M"\ih/w\

m 7/ :
Nt

1 — g__
2um 1] 100

Lkl 1.1

1

S m cum Cwao
() Mpogaa doig

e
200 300
Elapsed time (sac)

Trichet et al., 2007

Droplet Comet
radius (um) 9% Hopping count

01 233 20
12 352 88

D
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What defines soft bead jumps?
...Clues from protein clustering on fluid surfaces

Trichet et al., 2007

h

7.0
Arp2/3 Arp2/3 + VASP _ *°
Drop Drop S0
B BarsZ m E =0
H 20
Exponential increase in 10

!\IPF clgsterlng W_lth Ty —

increasing drop size Drop radius (um)
convection/unbinding diffusion/binding

V drop velocity

e = — D diffusion coefficient
k, unbinding constant

k, binding constant

25



Convection and diffusion control steps

400 — 14.0

350} Slope = 12.0
: i 100 s/um
g 300; e 10.02
99250} & CONCLUDE:
o 18.0 ¢ 1) Travels one radius length in low speed phase
£ 200} N From step time = 100 s/um X R, low speed velocity 0.01 pm/s
= 450 + 6.0 @
| ! =
L] . £l 14.0 3 2) Travels one radius length in high speed phase
» 100 Slope =2.1 ~ Total step 2R

50t 12.0

% 102030 4.0 5.0
Drop radius (um)

CONVECTION

S=-=2p-=0»

‘ Low speed phase High speed phase D
Unattached VCA DIFFUSES back to the front of the dro institutCurie

Why jumping only with VASP?

VASP weakens clustering i.e., enhances diffusive effect or
reduces convective effect...due to decreased surface attachment of network?

Attachment catastrophes in the presence of VASP

Trichet et al., 2008

E ™ m
- y, \ 5
E L] |II // 1 illl' a
T4a0t K| a2 )
5, | \L,’r M ] \ .
z b Mi = | Elongation
8,0l | | [ ]110 g factor = b/a
=" 'ﬂf f M I
|
| WAL Y £
06. o 0.8
Elapsed time (sec)

D
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Jumping also with low branching or high capping

=1
&

Ll

Movement type (%) O
3

.- .
aot l _‘-H?"_--—-‘._.‘ ]
= © Low Arp2/3 complex
% s 10 150 200 250 or high gelsolin =
[Arp2/3] {nM) jumping
E 100, : :
£ 0
£ w
z
8
2 2
n - -
o 50 100 1% 200 250
[gelsolin] (M) O

institutCurie
Delatour et al., 2008 stitut

Jumping hard beads show a completely different behavior
behavior
10lum .

a b e
=i
.
.i
i
i
5pm 5Spm
i
o 1 2 3 4 6 6 7 & & A1

Diameater (um)
Bernheim-Grosswasser et al., 2002

. - 10 pm
r=225pum —

I Bead Size = I Jumping

I Bead Size = l Step Size

Step Time
r=315pm r=4.55pum
Bernheim-Grosswasser et al., 2005
For hard spheres, friction and gel elasticity control steps O

institut(f urie
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Overall conclusion: global effect of VASP is to
weaken actin network-surface attachment

->on beads/drops, results in faster movement, hollow comets or jumping
movement

->in cells, allows cell membrane to move/evolve and actin cytoskeleton
to remodel

->mechanism...related to reduced branching in the presence of VASP??
=

D
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New insights: How can side-branching produce motility?

Amann and Pollard, 2001

Filament
seeds added

T -
/ ] No filament
| i /4= seeds

nal T J
Pollard, Nature 2003 /

Fluorescence, a.u,
=
=

Machesky et al., PNAS 1999 Filament seeds
+either Arp or NPF

28



Barbed ends not preferentially oriented toward the surface

TIRF microscopy on rods

Fluo actin
that bleaches
so only see
new polymer

Achard et al., Curr. Biol. 2010

In absence of capping,
Arp2/3 nucleated filaments
« escape » from the surface

NPF (WASp/Scar) Surface Stalled filamenit

E (— !

— - 7! e g : E

- O * : :

A Forward- =

: Outwaed- tacingg brach <
COMPIEX g branch o I"":':':"T'“‘I

Capping protein %

Pointed end l*ﬁ“?'r = - E

brr= Barbed end - =

T y - H

Actin primer @ [

Sykes and Plastino, Nature 2010

©
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But in cells, most barbed ends are pointing forward...

b
EM of actin filaments in cells

% filaments

40

20

Determine polarity with myosin labeling

Svitkina et al., J. Cell Biol. 1997

T T T T
¥ barbed end forward
@ parallel 1o edge
A pointed end forward |
v V—
v “'-.._‘_'
.
L \
L o-.___._...--o-_.__.‘_.--"
. e A—— gy

] 2 4 1] B 10 12

Distance from edge (pm)

©

institut(f u rie
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Barbed end anchoring proteins in cells:
formins, Ena/VASP?

D

institutCurie

Part Il. Force production in the moving cell

Part I. How protrusion is

Protrusion produced by actin polymerization
Adhesion
Part 1. How protrusion
_ X Actin is converted into motility
Traction ® Myosin
Retraction

D
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30



Cell-substrate adhesion

3 parts of a cell-substrate adhesion:
Actin filaments

Integrins—transmembrane proteins that bind the substrate
All the rest (vinculin, paxillin, zyxin etc.) —proteins that mediate the link actin-integrin

integrin

e P
Lo, 2006

green = actin;
purple = coloc. vinculin and B3 integrin

Cavalcanti-Adam et al., 2007

« The molecular clutch »

Unengaged clutch

!
] i
Motor traction High flow \
— = i
i 5 &Y
h A g )
! =/
i . s, o |
E L
! AYAVAVAVAVMLN
1 Low strass = I
i i
Feactin @ Myosin @ Clutch proteins
L Matror ligand I Adhesion
e T acuie
- o G Sy Engage clutch
g adhasion siles
TR i ot iy
E Engaged cluteh

:Sirenglhening A

Giannone et al., Trends Cell Biol. 2009

Extension

Low flow

High strass @

institutCurie
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Actin flow in cells

P- ACTIN SFECEKLES
EATOCYTE

High flow in immobile cell
--motor turning over, but
clutch not engaged =

cell not going anywhere

Jurado et al., MBC 2008

SPECELES

Low flow in mobile cell

--clutch engaged = polymerization
converted into movement

...but still some residual flow

D
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Measuring actin flows in cells: kymograph analysis

Jurado et al., MBC 2008

Speckle labeling (low amounts of fluo species)

aouelsIig

D

institutCurie

32



ASIDE: All motile cells characterized
to date display some degree of retrograde flow...
???keep the clutch lightly engaged for reactivity???

Direction of movement

- === --l---x--]----- No retrograde flow

Retrograde flow

1D,
institutCurie
What causes retrograde flow??
‘ Monomers add here and push the cytoskeleton backwards
} Motors contract the cytoskeleton here and pull the network backwards
So which is it?
--Conflicting results in the literature--
Bottom line: probably cell-type and cell region dependent

1D,
institutCurie
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JCB (1988), 107: 1505-1516
Actions of Cytochalasins on the Organization of Actin

Filaments and Microtubules in a Neuronal Growth Cone
Paul Forscher and Stephen I Smith — ~ 0 ¢eo)

Weuron, Vol W, PEI-THL Apri, THR. Coppight 178 by Cot Fross

Myosin Drives Retrograde F-Actin Flow
in Neuronal Growth Cones

©. M. Lin,” E- M. Expreatico, M. 5. Mosseker, !
and . Forsatar!

Myosin creates retrograde flow

Cytochalasin

B —
g i 10 BOM . 30mM BDM .
s P 1 iz
2 %Ny ’;v*zq e
& s e ;_‘f % o 2,3-butanedione-2-monoxime
% ) % , § r}\ P (inhibits myosin ATP-ase activity)
Sl Maagt bod )
3. R -
s » 5 2 & . institutCurie
Time (min)

Molecular Baokogy of e Cell
Vil 10, SIS 4050, Deceriber 1959

Two Components of Actin-based Retrograde Flow in
Sea Urchin Coelomocytes

John H. Henson,*** Tatyana M. Svitkina,® Andrew R. Burns,*
Heather E. Hughes,” Kenneth J. MacPartland,” Ronniel Nazarian,** and
Gary G. Borisy®

Maybe it’s more than myosin...

Cytochalasin D
treatment
(blocks polymerization)

)

institutCurie
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Two Distinct Actin Metworks

It’s both myosin AND polymerization Drive the Protrusion of
in two different regions of the leading edge Migrating Cells

17 SEPTEMBER 2004 VOL 305 SCIENCE
Retrograde flow
Ve_IOCItY mapg n . Front of the moving cell
migrating epithelial /

cells A 100 ;M blebbistatin

Inhibit myosin = no effect cell edge,
slows down in interior

nmmin

B 0.5 pM cytochalasin D (cytD)

Before perfusion
= Before perfusion. After parfusion of cviD _ After washout rum/min

Inhibit polymerization = little effect cell interior,
slows down edge (and engenders retraction...the white lines)

D

institutCurie

A Forts, M. Machacek, 5. L Gupton, €. M. Waterman-Soner. "
G. Danuser*

Molecular clutch predicts: ; Exonsch

Low Bow

Inverse linear relation between flow and movement | ..

Generally true...one example:

Mideoular Buckigy of the Cell
Vel 18, S0-E28, Febrratry 0%

Slipping or Gripping? Fluorescent Speckle Microscopy in
Fish Keratocytes Reveals Two Different Mechanisms for
Generating a Retrograde Flow of Actin®

Carlos Jurado, John K. Haserick, and Juliet Lee*

1w 15

~
)

Speed increases, g R,
Flow decreases T =
Sum remains constant » N -
£ 1 A
- Control & (Myosin inhibitor)
=13 5
Speed (um/min) i Specd (un/min)
Natural variability: Fast moving cells slow
Blue cells—fast down and retrograde flow
Red cells—slow increases D

institutCurie
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Another example:

Neuronal growth cone

Control: retrograde flow of a bead,
no filopodia extension

Inhibit myosin: retrograde flow of a bead slows,
filopodia extension speeds up

O

institutCurie
Lin et al, Neuron 1996
Some exceptions...
Comparison of Actin and Cell Surface .
Dynamics in Motile Fibroblasts .z ,,,{ . e
Julie A. Theriot and Timothy J. Mitchison* E{ .. st .
2 . .

Lo hec s S W I * * | Nocorrelation between

3; e . protrusion speed and

P . * retrograde flow

EERS .

-
Ll
E-11
0.4 L3 LX) &2 LX) o8

Rate of cell protrusion lum/mink
Adaptive force transmission in amoeboid cell migration

Jirg Renkawitz', Kathrin Schumann', Michele Weber', Tim Limmermann', Holger Pflicke', Matthieu Piel’,
Julien Polleux*4, Joachim P. Spatz* and Michael Six

NATURE CELL BIOLOGY WOLUME 11 | MUMBER 12 | DECEMBER 2009

As expected, retro increases...but movement stays the same!!

Dendritic cells 9 80 : : - Na
(immune system) M-y ‘°,1;',“f," -y SEk iy
k.o. all integrins, but a0 Eg 8
confine = motile H gg 2
7 g X 3 s &-}l
oo o

Retrograde actin flow (sm min-)




Molecular clutch generally portrayed e Habton §
as actln—llnk_er or [lnker—lntegrln slippage JEpns -
NOT integrin-ECM slippage A L Em—

o . . : i -\/\I\IT NS D

Only a few reports of possible integrin-ECM slippage Towsess = L

D

Cell

Stationary cell
movement

Imaging fluorescent integrins
Red...yellow...green...purple

Rainbow = integrins moving

No rainbow at front of moving cell

Smilenov et al., Science 1999

After release of myosin inhibition A L i
= transient slippage then stops

20,40

Aratyn-Schaus et al., Curr. Biol. 2010

Force transmission to the substrate: traction forces

Visualize forces exerted on the substrate using deformable elastomer substrates
(track wrinkles, embedded beads, pattern deformation, microstructures...)

a Fibroblast bafore relaxation b Fibrobilast after relaxation

D

institutCurie

du Roure et al., PNAS 2005
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Molecular clutch predicts:
Low retro flow should be associated with increased traction force

% i
Ex o Frictional « 8 &
4 ” ippage| _ & 5 . . . .
E - 5 3 "o Filopodia traction forces in growth cones
i =0
E %‘ fa .8 %‘ Chan and Odde, Science 2008
£ = e %
& e s

Substrate Stifiness
K. (M)

But maybe more complex in other cell types...depends on age of adhesion

F-actin/ n Myosin-Il Traction Magnitude
3 ‘ T T
'gﬁso -
& 100 Ej
5 5| L Q
8l T + &
=
LP FA CB
Cell Region

w
=1

F-actin Speed (nm/s)
3
F{IF

o ? = D
g S [F__FA_CB institutCurie
Gardel et al., J. Cell Biol. 2008 Cell Region
Retrograde flow and force production in 3D...
Cell-cell adhesion
Time
>

= A plasma
k' plasma — membsane
membr il ————— ]

actin belt

= adherent
/4 ~junction

f-catenin
a-catenin

/N

&P spectrin, )
'~ vinculin, J@
| afadin, AP23 T aerin
| e-actinin

[ p-catenin
catenin

©

itCurie

Gates and Peifer, 2005
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Zebrafish germ cells—migrate to gonad during embryonic development

activity

} - Rhad-dependant
| Neighbouring ces Tatgracts Sow

institutCurie
Kardash et al., 2010

Part 111. Blebbing phenomenon and in vivo cell migration

B16 mouse melanoma

Deep cells killifish embryo

Actin-GFP

Rachel Fink webpage, Mt Holyoke College
Cell 20-40 um long

Vic Small, Klemens Rottner
Cell 30-50 pm wide

Dictyostelium amoeba

Yoshida et al., 2006
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Dictyostelium moves by bleb formation

Initiation either

via membrane-cortex
detachment

or by cortex puncture

t
/ White trace =

5SS Centroid velocity e A____ Protrusion
Highest velocity corresponds iy adhesion =
to bleb events 1 motility

institutCurie

Yoshida et al., J. Cell Sci. 2006
Charras and Paluch, Nat. Rev. Mol. Cell Biol. 2008

A few words about the cortex

What we have seen up until now hasn’t been cortical...

Cortex fully reformed in an old bleb

* Regulation: Cdc42, Rac, RhoA (regulatory proteins)
* Nucleation: unclear
* Tethering: ERM proteins

(Ezrin, Radixin, Moesin)

Charras et al., . Myosin 1

J. Cell Biol. 2006 .
No cortex in a new bleb

EM of a cortex of a fibroblast

« Filaments next to the membrane
* No specific orientation

* Meshsize ~100nm

* 50nm < thickness < 2um

D

institutCurie

Morone et al., J. Cell Biol. 2006
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Internal pressure drives bleb formation

Decrease internal pressure with osmotic shock = suppress blebbing

High osmolarity
buffer

Reduced volume
and reduced internal
pressure

Yoshida et al., J. Cell Sci. 2006

Cortical tension is important for blebbing

Decrease myosin activity = suppress blebbing

Myosin (+ actin) create cortical tension

Trigger blebs...

w

B 2000 OAQ,* 5
S &
1300 é‘\\

£ £
E =
S m Inhibit myos,n éz -..measure bleb
§ & size under
5 =1 .
s zuo 2 myosin inhibition
Lo
o WDOTZOO ?Oﬁi 4?0 500
f" ?;h 3’», ?«o q* sﬁ" ension (pN/um|
o 3'9 e- @, \@, o
L EEEY

Tinevez et al. PNAS 2009




Cortex rupture versus membrane detachment

a Bleb b brane detach b Bleb initiation by cortex rupture

Previous movie

See also Paluch et al.,
Biophys. J. 2005
00"

achn-GFPin & 1929 fragment

Charras and Paluch, Nat. Rev. Mol. Cell Biol. 2008

L A

astitat Curie, Paris, 2005

— eribrane Actincortex | Mycsinmotor  © Cortex-membrane linker -
5 um

A
-".!—:.Pl-\’.i
Arrows: cortex intact during bleb expansion institutCurie
Tie-in with bead symmetry breaking
S 5% / 27
T\ 4 \Q_._ ‘%;/ \\ T actin
I T W

Paluch et al., J.Cell Biol. 2006

On beads, stresses generated by spherical geometry
In cells, stresses generated biochemically

Next step, acto-myosin cortexes in liposomes...towards an artificial cell
Cécile Sykes’s group
Institut Curie
Controlled production
of an actin cortex in a
liposome

D

institutCurie

Pontani et al., Biophys. J. 2009
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Dictyostelium aside, in vivo significance of blebbing...
tumor cell invasion and motility

Invasion
and

migration
require
protease
degradation 4
of basement 8
membrane

and ECM

\"\
\Hmawa

Repaud Chabrier.(2009) x

Membrane-tethered matrix
metalloproteases (MT-MMP)

Inhibit proteases = tumor cells switch to blebbing mode
(in in vitro reconstituted ECM)

B
<
0.75 4 2o
. - &
Migration in 3D £ O:go%g
1 B GO OOl
HT1080/MT1 cells AR R
(reconstituted) - ol
Sozs | S ?ioo“
w . r
.- fcsiiciy
- 00000
04 -3e dte
Wolf et al., J. Cell Biol. 2003 control cocktail

Probably an artifact of artifical matrix...cell balls (same cells as previous study)

Acid extracted 100 M

= I

Spm Control  No protease

o Control No protease More in vivo-like (MT1 RNAI)
like in Wolf et al. .
( ) (MT1 RNAI)

Sabeh et al., J. Cell Biol. 2009
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Nevertheless, shows that cells can employ mutliple strategies

A adhesion [ Amostoctmoprogy | Focataics | imbocpes [ Other amostod cets |
i A

c ContraCt.Ion . @ o N neutiopris [18.34]. o Feppen)

P polymerization (@ SN THmRObes 4 mcae e
Gancritic cells

(M5, unpublshed).  Pamsons sper (21,48,

Mycibaribiod Miyollinnisied
redraphes (16] Bictytstebus 18,20]

and T oalls [17]

Dvctynstietum [20.33)

Sendc cols [19),
neutropeils (18],
B ymphobiasts |10}
T hrmphablasts [30]

Funatus deep colis [26]

Myull-inhitsted
‘dendritic cols [19]
and neutrophis |19

kL
protrusive

PR La-treated Febenfist PGCs [25].
N, ceniicoslls  Fundlus deap cells [24,25],
/ \ {Suppl. Video2, smoeboid tumor cells
an v " Fig. 1B} {800 referonces in Bax 1)
contractile

Lammermann and Sixt Curr. Opin. Cell Biol. 2009

D

institutCurie

Whatever works...

Lammermann and Sixt Curr. Opin. Cell Biol. 2009

Dendritic cell
chemotaxis in
a 3D collagen matrix

Same cells.

Drub (LatB) which
prevents polymerization
(but leaves cortical actin
intact)

D

institutCurie
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Rounded polarized morphology
MDA-MB-231 cells migrate in Matrigel

MDA-MB-231 cell in Matrigel Particle Image Velocimetry (PIV)

Poincloux et al., PNAS 2011

S = = N N oW
(4] o (4.] o w o
(yywi) Ayoojen peagoloiw

o

Putting cell motility, cell-substrate
and cell-cell adhesions all together in tissues:
morphogenesis in the C. elegans embryo

Thwe Elpses: O GORE

How a fertilized egg
becomes a worm

Ventral enclosure

Dorsal intercalation

DLG-1::GFP translational reporter Ibp-1::gfp transcriptional reporter

Wormbook
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Ventral enclosure

1) Leading cell 2) Leading cell

3) Ventral pocket
migration

junction formation closure
and fusion
D A ‘h. LY Lt
N jUd r‘r__» "L’
]""'*\‘-:\-'"4
"~

/

Simske and Hardin, 2001

JAM-1-GFP
Total time 5-10"
Actin and a-catenin-

Bar 10 ym
rich filopodia

Actin and (probably) myosin dependent N

institutCurie

Dorsal intercalation

Wormbook

Simske and Hardin, 2001 JAM-1-GEP
DLG-1::GFP translational reporter Bar 10 pm

Time between frames 10”

anterior

L
| | o.

apr-1 apr-1 1 dig-1 L I%ﬂl R

—_— —_— —= b
Dorsal

? ? | Hypodermis

Seam
Hypodermis

£ | | basal

posterior | protrusionfextension
GENESIS/ CELL INTERCALATION CELL

ORGANIZATION  WEDGING ELONGATION FUSION

Simske and Hardin, 2001

Actin and microtubule dependent

institutCurie
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Summary of the cell shape changes
associated with
ventral enclosure and dorsal intercalation

Midline

Ventral < j 4. Ventral _
Midline

Piekny and Mains, 2003 D
institutCurie
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