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Active Matter : an unusual state of matter

Hydrodynamic Equations

Active phases of cortical actin on the cell surface

Nanoscale patterning and dynamics of passive molecules

Anomalous Number Fluctuations of passive molecules on the cell surface

Spatiotemporal regulation of Chemical Reactions : Signaling and Sorting

**Active phase segregation : patterning at the immunological synapse
**Information Cascade

**Slipping of a contractile actin ring on spherical and cylindrical cells



Active Gel Contractility (Force ~ 1 uN, i.e., 100 pN per actin filament)

t=11008 t=34405s t=23500s t=3620s

In-vitro reconstitution : F-actin, a-actinin,

Bendix et al, 2008 .
myosin Il and ATP
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Non Clathrin Mediated Endocytic Pathways
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Active Gel Contractility gives rise to STRESSES and CURRENTS
Resulting hydrodynamic equations : (in)stabilities, patterning and fluctuations
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Sliding Contractile Rings in fission Yeast

. . ' . Balasubramanian lab, Singapore
Nanoscale Organization of Cell Surface (GPI) Proteins Jap

Mayor lab, Bangalore

Bulls-eye patterning in Immunological synapse

formation
R. Vale lab, UCSF




Organization and Regulation of Lipid Tethered Proteins
e.g., GPl-anchored proteins, Ras-signaling proteins, glycolipids
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GPI-anchored Proteins
(> 10% of all membrane proteins :
300 functionally diverse proteins)

Mayor and Rao, Traffic
Shapma et al, Cell 2004

Goswami et al, Cell 2009 High nanocluster

concentration

Garcia-Parajo etal,
PNAS 2009




Nano Clusters of GPI-Proteins on Flat Taut regions of cell surface

Acto-Myosin Activity regulates Clustering and Dynamics
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Figure 24. The membrane skeleton is largely comprised of actin. The thin white bands
i seen on the filaments in this high magnification image indicate that the membrane skeleton in
i close proximity to the linid bilaver is comprised of actin filaments.
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ACTIVE MATTER

E Acto — Myosin Filaments

Consume Chem Energy (ATP)

\

Cyclical Conformation Change

v

Movement
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F (T) — O Active Forces are Internal Forces
()

— F = v -0 Momentum Conservation implies

Active stresslets
0ij X Qij

Q=S (nn — n?(1/d)1)

Point-force dipole model

a # b

- f

f

polar, vector

N, — Ny NO{ (relative velocity)

Hatwalne et al, PRL 2004



2 — component Active Hydrodynamics

HYDRODYNAMIC VARIABLES
(vector) orientation or relative velocity 1) (}(7 t)(Broken Symmetry)

Filament concentration C(X, t) (Conservation)

Hydrodynamic Velocity V/ (}(7 t)

Note :

Active terms not
derivable from free
energy

Detailed Balance
violations

Force Balance




Active Composite Cell Surface : Membrane + cortical actin

Kripa, G., S. Ghosh et al (under review)
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Figure 24. The membrane skeleton is largely comprised of actin. The thin white bands
seen on the filaments in this high magnification image indicate that the membrane skeleton in
close proximity to the lipid bilaver is comprised of actin filaments.



Active Forces and Currents : Dynamics of
Polar Actin Filaments on cell surface

Filament orientation |
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Kripa, G., S. Ghosh et al (under review)

Steady State Patterns : Inward Pointing Asters
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[Myosinll]/[G-actin] ratio
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Dynamics in steady state : Active Temperature > 0
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3 Classes of cell surface molecules:

INERT  does not interact with dynamic actin, e.g. short chain lipids

*PASSIVE interacts with dynamic actin, but does not remodel it, e.g. GPI-Protein

ACTIVE interacts with dynamic actin, and remodels it, e.qg., Integrin receptors

Kripa, G., S. Ghosh et al (under review)



Passive Cell Surface Molecules (GPI-AP) : interact with active actin but do not affect it
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Active Fluctuations on cell surface

oy S F = s
A S i

Density fluctuations of passive molecules can report on activity of underlying
substrate

J xn

Current proportional to
orientation




Root Mean Square Fluctuations of Number

AN = +/S(qg — 0)L2
where S(q,t) = (p(¢,t)p(—q,1))
S(q) = ¢ > H(by)
((d=2)=3/5
since N x L2 (Toner and Tu, 1997)

VAN2  N4/5

L]
s =



Standard Deviation versus Mean

» Take "windows’ of different sizes on cell surface and
measure time series of fluorescence intensity in each window

» Compute mean fluorescence intensity in each window
» Compute Standard Deviation of intensity in each window

= Plot Standard Deviation versus Mean



Number Fluctuations for an Inert Particle

| | VAN2 x VN

(Brownian Particle)

4.2}

Kripa, G., S. Ghosh et al (under review)



Anomalous Number Fluctuations from phase fluctuations of n

VAN2 xc N¥/5 = NO-8 5, NO5

~l o .| VAN?x VN

(Brownian Particle)

4.2}

Kripa, G., S. Ghosh et al (under review)



Crossover from brownian to active (anomalous) Number Fluctuations !

\/ANQ X N4/5 _ NO.S > NO.5
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Inert Particles : NBD-SM, DOPE, ......
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Spatiotemporal regulation of chemical reactions
by active cytoskeletal remodeling

A. Chaudhuri, B. Bhattacharya et al. (2010)
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Steady State Remodeling of Active Filaments
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Second and higher-order chemical networks in signaling and sorting




Active Gain in reaction time
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Reactivity 'Phase Diagram’
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Active Chemical Thermodynamics : Aster as an enzyme (E)

Passive Molecule, A F+ A= FA— A"+ F

with Michelis-Mentin kinetics
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1/7? Reaction Cascade

E+A1:EA1:EA1AQ::Eﬂlﬂpﬁﬂ*—FE

High Hill Coefficient



Active Segregation of Molecules and Patterning

Mechanisms for Segregating T Cell Receptor and Adhesion Molecules During

Immunological Synapse Formation in Jurkat T Cells
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Include Protein-Protein Morse Potential

2
Interactions Vaﬁ (’r) — Va@ (1 _ e—a("“—"“o))

*/ ke
-

Kf)
Vaa > Vpp Vap large
Vip small
(eg., TCR, ICAM-1) (eg., TCR, LAT) (eg., GPI-APs)

g(r) has a cusp as r — 0



Phases of Active Cortical Actin on spherical
and cylindrical cells

Pragya Srivastava, RRI



Fission Yeast : Misplaced Cortical Actin Ring

Mohan Balasubramanian Lab,
Singapore

P. Srivastava, RRI
R.Shlomovitz, Weizmann




Satyajit Mayor (NCBS)
Active Hydrodynamics Theory
Kripa Gowrishankar (RRI*)

Pragya Srivastava (RRI)

Roie Shlomovitz (Weizmann, Israel)
Fluorescence-based experiments
Debanjan Goswami (NCBS*)
Subhashri Ghosh (NCBS)

Applications : Cell Surface Signaling, Sorting,

Immunological Synapse

Abhishek Chaudhuri (Postdoc, RRI*)
Bhaswati Bhattacharya (JNCASR*)
Ron Vale (UCSF)

Discussions
Sriram Ramaswamy (IISc)
John Toner (Oregon)

Contractile Slipping in Yeast
Mohan Balasubramanian (TLL)
Mithilesh Mishra (TLL)

P. Srinivasan (TLL)

Funding : CEFIPRA 3504-2, HFSP



