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Membrane Tension: Conclusions

e Membrane is a composite material comprising a lipid bilayer
coupled dynamically to an actin rich cortex.

® The effective membrane tension reflects contributions of in-plane
tension and adhesion between the cortex and the membrane

® The membrane is an inelastic fluid so membrane tension can, in
some conditions, propagate mechanical information nearly
instantly across a cell

® Coupling between membrane tension and actin turnover can
determine cell shape and cell motility (keratocytes).

e Membrane availability and possibility to change surface can tune
membrane tension: but this is a slow process

® In general coupling between the membrane and actin cortex is the
main contributor of effective membrane tension (but not always:
keratocytes...)

® Dynamic coupling between actin and membrane tunes effective
viscosity associated with membrane flows.
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Mechanics of the cell cortex

Cortical actin network dynamics

F-actin labelled with UtrophinABD::GFP (Benoit Dehapiot, T. Lecuit)
Drosophila embryo epithelial cells
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Mechanics of the cell cortex

e Cortex Viscoelastic properties

® Mechanics dependent on:

e Single filaments mechanics : semi flexible polymers
Persistence length I, = B/ksT ~ 8-17um so filaments are not bend strongly by thermal agitation
Bending modulus small: contributes to filament mechanics and is modified by Cofilin

actin: 0.040 pN/um? Cofilin + actin: 0.0091 pN/um?
McCullough BR, Blanchoin L, Martiel JL, De la Cruz EM. J Mol Biol. 381(3):550-8; 2008

® Filaments length distribution

® Filaments turnover: half-time 10-50s

® Geometrical arrangement in network: mesh size 50-250nm

® Molecular interactions kinetics (crosslinkers): half-time <1s-few s

e Contractility: Morone N et al, and Kusumi A. J. Cell Biol. 174:851.2006
® Molecular motors: Myosins: Active semi flexible polymer gel

® Viscoelastic properties:
® Elastic on short time scales (seconds) and fluid like on longer timescales (flow, creep etc)
e Strain stiffening: in response to external sheer or internal contractile stress.

o F|uidisation through molecular motors Humphrey D et al Kis J. Nature. 416:413. 2002
Le Goff L, Amblard F, Furst EM. Phys Rev Lett. 88(1):018101. 2002
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Myosin motor Mechanochemistry

Mechanoenzymatic coupling

Free-Energy consumption associated with ATP Binding, ATP hydrolysis and ADP+Pi dissociation

e ATP binding resets the cycle: escape from rigor state

e ADP+Pi release have 2 effects:

-subtle change in conformation of head domain
that is allosterically communicated to and
amplified by the lever arm.This causes power
stroke and force generation
-increase in affinity of binding to Actin that
increases load and force generation state.

ATP hydrolysis associated with recovery stroke

Motors are kinetically tuned so as to change the
speed at which different phases of the cycle occur.

Motor duty ratio: fraction of the cycle that motor
spends in strong actin bound state (i.e. fraction of
cycle that is force generating).

Sweeney LH. and Holzbaur E. Motor proteins. 2017 CSHL Perspect Biol doc 10.1101/cshperspect.a021931
in The Cytoskeleton ed. Thomas Pollard & Robert Goldman
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Myosin motor Mechanochemistry

Myosin Duty Ratio

® Motor duty ratio: fraction of the cycle that motor spends in strong actin bound state (i.e.
fraction of cycle that is force generating).
® The duty ratio varies between Myosins and has different functions.

e Low duty ratio: e.g. in fast-muscle contraction. It increases the speed of movement on actin
filaments. The power per motor is low, but this is compensated by the tight, high density
organisation of motors on actin.

e High duty ratio: e.g. Myosin-V allows high processivity of 2-headed motor and cargo
transport.

(when | motor in ATP bound state, detached from actin, the other head is strongly bound to actin).

® The kinetics of ADP release tunes the duty ratio: Pi versus ADP release is rate-limiting step.

® Regulation:
-Varies between different Myosin motors or Myosin-Il isoforms (lIA versus 1IB)

Wang F. et al., and Sellers J. J. Biol. Chemistry. 278:27439-27448. 2003
-Duty ratio scales inversely with number of motors in complex: small minifilaments/higher

duty ratio. Collective duty ratio in mini filaments.

Ex: duty ratio of NMII: ~0.1-0.35 ; 14-30 motors in small filaments.
duty ratio of smooth muscle Myoll: ~0.04 ; 100s of motors in thick filaments

-Strain on Myosin-Actin cross-bridge can slow ADP release and increase duty ratio: force
dependent increase in force generation.

Review: Heissler S. and Sellers J. Traffic. 17(8):839-59. 2016
Bloemink MJ. and Geeves MA. Sem. Cell & Dev. Biol. 22:961-967. 2011
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Myosin motor Mechanochemistry

Mechanoenzymatic coupling: Load sensitivity

e Optical trapping experiments to study the effect of load on motor duty ratio.
e Determination of:

- displacement of myosin on actin (power stroke size)

- the number of steps before motor detaches (processivity)

- amount of force a motor exerts on actin

- mechanoenzymatic features of kinetic cycle

Review: Spudich J et al. Cold Spring Harbor Protoc.2011:1305-1318. 2011
® Load sensitivity present in all motors tested.

Ex: low resisting forces >0.5pN slow down ADP release for Myo- 1B, which becomes rate limiting and increases duty ratio
higher forces >1pN block detachment from actin (s-min range)
Laasko JM et al, Ostap EM. Science 321:133-136. 2011

Non-Muscle Mli
Muscle MIl < » Myo-V/VII/VII
Thermodynamic
coupling
Fast movers Force holders Strain sensors Gated/processive

Review: Heissler S. and Sellers J. Traffic. 17(8):839-59. 2016
Bloemink MJ. and Geeves MA. Sem. Cell & Dev. Biol. 22:961-967. 2011
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Conclusions

e Cortical tension is an important component of cell surface tension

¢ |t emerges from Myosin motor contractility acting against cross linked
actin filaments.

® Myosin are complex mechanoenzymes that follow an ATP-driven kinetic
cycle converting the free energy of ATP binding, hydrolysis and ADP+Pi
release into mechanical work.

® Myosins are kinetically tuned to adjust their duty ratio through the
regulation of mini filaments assembly and collective dynamics.

e Actomyosin mechanical tension depends on motor activity, cross linkers
dynamics and actin filament buckling that collectively allow the the buildup
of internal stress.

® Cortical tension is tuned by actin cross linkers dynamics, actin filaments
length and spatial organisation (parallel/antiparallel, isotropic/anisotropic,
etc).

® Cortical tension exhibits spatial and temporal patterns in cells (eg. flows).

® |t is the principal contributor of interfacial tension in adherent cells.
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Perspectives

From cells to tissues...

Adhesion and cortical tension are interdependent: mechanical
feedbacks, boundary conditions, etc.

Integration of adhesion and cortical tension: junction reinforcement or
remodelling?

Control of spatial patterns: impact on tissue patterns and dynamics.
Self organisation: pulses, flows, trigger waves at cell and tissue levels.

Mechanochemical coupling: material properties at cellular and tissue
scales.
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