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Introduction: Microvills
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J. Gorelik et: al. ; PNAS 100, 5819-5622 (2003




Introduction: Microvills
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human blood lymphocyte

S. Majstoravich et. al. ; J. Gorelik et. al. ;
BLOOD (2004) 104, 1396. Meol. Cell. Endo. 247 (2004) 101




Introduction: Microvilli

Actin bundles: a ARy O

Dynamic:

J. Gorelik et: al. ; PNAS 100, 5819-5622 (2003




Microvilli

Schematic picture:

Tip complex

Actin monomer diffusion

——

Actin filament
break-up at base




Actin polymerization driven motion

1. Extracellular stimuli 6. Growing filaments push membrane forward
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Our model: link actin polymerization
with membrane curvature

Instability
— Filopodia

454 Biophysical Journal Volume 90 January 2006 454-469

Dynamics of Membranes Driven by Actin Polymerization

Nir S. Gov* and Ajay Gopinathan®

*Department of Chemical Physics, The Weizmann Institute of Science, Rehovot, Israel 76100; and 'Department of Physics and Materials
Research Laboratory, University of California, Santa Barbara, California 93106-9530 USA




Filopodia: Membrane proteins at the tip
- . .

Phospho-tyrosine
(PY), Cdc42, Src
etc.

Do these active
proteins have a
positive
Spontaneous
curvature ?
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Estuardo Robles, Stephanie Woo, and Timothy M. Gomez
The Journal of Neuroscience, August 17,2005 « 25(33):7669 —7681




*Also Important
are bundling
proteins such as
Fascin
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p . Tatyz.lna M. Sw.ntk.ma, Elena A. Bulanqva, Olng Chaga,
fo FMmins : Danijela M. -V.’ln evic,' Shin- 1ch1r0- Kojima,

p rOte Ct' N g a Ct' N The Journal of Cell Biologv, Volume 160, Number 3, February 3, 2003 409-421
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Restoring force: saturation

Restoring force

Protrusion length

I. Derényi, F. Jiilicher and J. Prost, Phys. Rev. Lett. 88 (2002) 238101.




Equation of motion

n Active proteins
in tip

— =—wh + An

Where: Restoring force

Growth velocity

And a noise term:




Microvilli: Height distribution

Observations:

S f- y

Simultaneous differential
dynamics of single microvilli

Microwvilli
in ridges

0.2 04 0.6 Preferable position of
Height (pm) microvillar formation in ridges

J. Gorelik et: al. ; PNAS 100; 5819-5622 (2003




Microvilli: Height probability distribution

From the equation of motion
— Fokker-Planck equ.:

2
oP @(th)Jr%@PA

ot oh o\

At steady-state we

ofsi OP [ 0t =0

where: [REVRCRIEIIN Ire

Describes the distribution| ofi tip activity.




Fluctuations in the size ofi the MV tip

Aggregation driven by spontaneous curvature:

Thermal
noise !
Typically x~5-20 kg Tt




Microvilli: Height probability distribution

Why narrow
distribution
in ridges ?
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FEBS Letters 579 (2005) 2001

A. Sharma et. al. ;
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Mol. Cell. Endo. 247 (2004) 101

J. Gorelik et. al. ;




Microvilli: Spatial distribution/patterns

Tip complex

MN-M\/ H>0 |
attractive
Interactions:
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Reduced membrane curvature _
energy between the MV: curv
Increased curvature energy. of K
flattened tip: bend ™ g
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Min. helght Tor ridge: EeuE= S




Microvilli: ridges & height distribution

MV of unequal heights attract each other
less then MV of equal heights

—> Additional restoring force: B/




MV in ridges: Height prob. distribution

Ridge height equation  (aLECANITMEEMN SIS

of motion: Ot

Mean-field:

nn

Probability distribution function
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Exponential tails: due to force saturation

B ‘Wildtype Lymphocytes
B WaASp -~ Lymphocytes

% Microvilli
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human blood lymphocyte

S. Majsteravichiet. al. ; BLOOD (2004 104, 1396.




Long Microvilli: Force saturation

oh —wh+An  h<h,
ol —wh.+An  h > h,

Restoring force

i (hy~ A(n)l & < h,

Protrusion length

RRGQhUQ/Dhe—th/Dh h < h, anlaced b

R;€2h(—th+A<n>)/Dh h > hc
a olo (= = o



Long MV: Height probability distribution
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FEBS Letters 579 (2005) 2001

A. Sharma et. al. ;
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Mol. Cell. Endo. 247 (2004) 101

J. Gorelik et. al. ;




Microvilli: Spatial distribution/patterns

* Dynamic — [~
¢ “Thermodynamic
" phase diagram




Microvilli: Spatial distribution/patterns

* Linear aggregates due to
positive spontaneous curvature
of tip complex

T. Tlusty & S. Safran; Science 290 (2000) 1328
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Microvilli: Spatial distribution/patterns

» Assume single height of MV: <h>
» Excluded volume interactions
» Defects: free ends and 3-fold junctions

Based on:
Zllman, A; Sairan, SLA.; Settmann, T.; Strey, R.; Langmuir, 20 2199 (2004.).




Microvilli: Energy of defects

E ~ 27TKN 7K
R 8

Increases
with h

IEGCERES

more slowly
Withi 1




Formation of networks

If the MV height increases, junctions multiply
over ends:

transition to
a
connectead
network:




Free energy of gas of defects

F(¢)/kpT = (1—=¢)In(1—¢)+ ¢e(Inpe — 1) + ¢;(Ing; — 1)
+ Qc€e + Q€5 — %qbe Ing¢p — %gbj In ¢

@ is the area fraction of the MV
@, & @, Is the area fraction of the ends
and 3-fold junctions respectively

Minimize with respect to iIndependent
defects’ concentrations:




Microvilli: Spatial distribution/patterns

Using: k=10 kg T, h=400nm

Percolation line

Network "liquid" |
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MV area fraction ¢




Note: Large “effective” temperature

Using: k=10 kg T, ©=0.05

Percolation line

Coexistence re|

Network "liquid"
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Average normalized MV height (nm) '




height-density phase diagram
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Does it really behave as “active’-
thermodynamics ?

Predictions of
thermodynamic theory:

P(l) ~¢é" where: [ = s
4,12+34,12
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* Phase
separation ?
» \What
changes

between cells
>

» Equilibrium
between
systems in
contact ?




Conclusions

> Spontaneous curvature of membrane
proteins that activate actin
polymerization drives Microvilli
dynamics and morphology.

» Coupling of active and thermal
fluctuations on different length and
time scales: “Active-Thermodynamics™
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Multi-scale Modeling
~100nm |

Thermal & actin-driven
aggregation — Tip formation

Thermal & actin-driven aggregation
of MV — Network formation
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Cell-wide morphology and shape




Experimental challenge:

We need to characterize the
physical parameters of the
protein aggregates at the
membrane:

>\What Is the spontaneous
cunvature ?




