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From membrane shape to membrane mechanics

* Large body of experimental data on membrane geometry

Clathrin medlated endocytosis

Avinoam et al., Science (2015)

[ Y

What biophysical mechanisms
allow cells to shape and maintain
observed membrane structures?

G J

SN Wu et al., PNAS (2017)
e = Bl Terasaki et al., Cell (2014)

e Spontaneous curvature
* Membrane heterogeneity

Chabanon et al.

e Continuous quantity WIREs Syst Biol Med (2017)
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Proposed methodology

e C(Classical continuum approach to membrane biomechanics at equilibrium

Forward approach

r

.

Shape eqg. and
incompressibility eq.

~

Parametrize
and solve

J

f

* Inverse approach: use geometry as an input, and compute BC, load and/
or distribution of spontaneous curvature

r

.

Shape eqg. and
incompressibility eq.

~

Inverse approach

: Output:
Parametrize

and solve

Spontaneous curvature,

J

stress, energy ...

f

Inputs:
Exp.data —-» Geometry, BC

Chabanon & Rangamani, Soft Matter (2018)
Chabanon & Rangamani, in preparation
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Modeling approach

Augmented Helfrich energy to  W(o,H,K;6%) = A(c) +k(6%)[H — C(0)]* + ks (6)K ,

account for protein density o: protein contrib;c‘io_n to spontaneous curvature
membrane energy induced by proteins
Shape equation Incompressibility condition
Ak(H — C)]+2HAkG — (kG).qpb™F +2k(H — C)(2H* — K) VA =—-WsVo — Vk(H —C)* - VigK ,
+2H (k¢K—W(0,H,K;0%)) =p+2AH . with W =Ag —2k(H —C)Cy .

Assumptions on the geometry
4 Catenoid-like necks ) Helicoidal ramps

o ‘\A

\ Chabanon & Rangamani, Soft Matter (2018) ) Chabanon & Rangamani, in preparation

For minimal surfaces (H=0) with homogeneous mechanical properties

|AC(0) —2KC(0) =0 A= —[A(G)+kC(c)2]+ Ao .

Imposing the geometry, we solve for the distribution of spontaneous curvature (C),
and compute the total bending energy
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Necks as catenoids

Chabanon & Rangamani, SIAM LS 2018

-150 0 150 -150 . 0 150 -150 0 150 -150 0 150 -150 0 150

5 x=
I o gl
. Y5 o
of---T-J--—-I° - .
ﬁ &_ PRy )N 1 © H . 2
5t : e A = (k1 4 r2)/
10F : g LA K = Kkiko
© Normalized H ! ' .

-15F| A Normalized K : N : - Catenoid:

100 120 140 160 H=0and K <0

:Catenoid-like neck,
' approximation |

0 20 40 60

o0

0
0

Chabanon & Rangamani, Soft Matter (2018)
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Application to catenoids

e Catenoid geometry r=r,cosh(z/r,) withz€ [~ho/2;ho/2]

A
Gaussian curvature distribution

KL2
f 4 . i 1 r 1

arc length: v = — > 5
se[-L/2 ; L/2}"). LA | racosh”(z/ry) gz
i 1 ]2 b

— -5
(14 (s/10)?) 3

AC(o)—2KC(o) =0

e Solve for the spontaneous curvature with identical boundary conditions

Spontaneous curvature distribution
C/Co
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Influence of neck radius :

Co
* Fixed total arc length L and identical boundary ”
conditions Cy arc length:

i sel-L/2 ; /2] 4) AL
o Vary neck radiusr, @ L [

z/L
C/CO
©® »® A N O N A O

4
&9
o
o

0.5

s/L

=) C shows a switch in sign under a critical neck radius
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Simple oscillator analogy

. d2
If Kis constant V?’C -2KC=0 = dc — —WwC
ds?
BC: C(0)=C(L) =Cy C(s) = Co cos(ws — wlL/2)
cos(wlL/2)
Co
C(L/2) =
(L/2) cos(wlL/2)
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Influence of neck radius . “

* EXxistence of energy barrier to constrain the neck  .ciengn:

se[-L/2 ; L/2] A =M

Q
B
. o
-----------

Co

C(s=0)/C,

C/C0
® O A MM O N A~ O

4
L O

0.5 0 0.5
s/L

Need at least two distinct mechanisms to constrain a catenoid-like neck

How to overcome the energy barrier to close a catenoid-like neck?
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Modulation of the energy barrier

* |nfluence of the boundary conditions

/ 10 -
A
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Helicoids

Catenoid-like necks

Chabanon & Rangamani, Soft Matter (2018)
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\-

Helicoidal ramps

Chabanon & Rangamani, in preparation y

e (Continuous and isometric transformation between catenoid and helicoid

.04

All results from catenoids hold for full helicoids

|22 But ... helicoids in the
12 Endoplasmic Reticulum are
more like parking ramps, with
{15 one arm and hollow

1.4

=
o

1.2
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Helicoidal ramps

* Switch in spontaneous curvature with inner radius

C(ro)

Z
A C/?o
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Switch in sign of spontaneous curvature

The position of the switch and energy barrier are
modulated by the pitch
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Helicoidal ramps with spatial variations of BC

* Linear gradient at external boundary C(z) = Co + (€1 = Co) -

anti-aligned y4 ¥4 aligned
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Aligned switch

* Double energy barrier present a local minimum possibly involved in

regulating ER ramps geometries



anti-aligned f+ +v aligned
switch {* +{ switch

C1=-2Co

anti-aligned f+
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Asymmetric double switch in C

reversal

switch .
. i

Ci1=-1Co

Chabanon & Rangamzani, SIAM LS 2018

anti-aligned $¥ v+ aligned
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Summary
Inverse approach
» Methodology to compute the Emg;&;)r;gggﬁf;pydeq} TR Soontaneous cunature,
spontaneous curvature required to A ——
maintaining a given membrane Exp. data »
structure

Catenoid-like necks e (Catenoid as model for necks
- * Energy barrier at specific neck radius

* Asymmetry constrain the energy
landscape

* Requirement of at least 2 mechanisms
to constrain catenoid-like neck

i)
SRR

Chabanon & Rangamani, Soft Matter (2018)

Helicoidal ramps

e Helicoid as model for ER ramps
* Energy barrier at inner ramp radius
* Double energy barrier for gradient of C
* Non-trivial distribution of C

* Possible regulation mechanisms of ER ramps Chabanon & Rangamani, in preparation
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Local stress balance of elastic membranes

* Mechanical equilibrium of an elastic surface w, subject to a lateral

pressures p:
? with the stress vector defined as ?
W — 3
tangential components normal components
T =T%%a; with T°% = o’ +bipre S = —MS

e Components of the stress vector depend on the surface energy per
area W(H,K;0a)

= (A+W)a*? — QHWy +2KWx)a® + W™ \yhere A(0%) = — [y(6%)+ W (H,K;0%)).
M = %WHaaﬁ + Wb b =2Ha*P — p*P

e Normal and tangential stress balance

1 )
A (EWH> + (Wk).qpb*P +Wy(2H? — K) +2H(KWx —W) = p+21H ,

oW

aea ’eXp _I_A' OC) aﬁOC O )

— (Vo +WiK o +WyH o) aP® = (

Steigmann, Arch Ration Mech Analysis (1999). Rangamani et al., Biomech Model Mechanobiol (2013), Biophys J (2014)



