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membrane fusion

how does membrane fusion work?

K. K. Lee EMBO J. 29, 1299 (2010)
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embrane fusion

how does membrane fusion work?

possible (heuristic) explanations?
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mbrane fusion

artificial pore

Target

VII’US

Targ

how does membrane fusion work?

possible (heuristic) explanations?

Conventional model for HA-mediated fusion

ATTACHMENT ~ DEFORMATION HEMIFUSION PORE
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Working model based upon tomographic observations

ATTACHMENT DIMPLING SCISSION
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Virus

@ capture morphology change and
dynamics

o isolate metastable states

o3

CONSTRAINED PORE
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membrane fusion

how does membrane fusion work?

artificial pore under lateral tension, low hydration

o identify the fusion pathways
e capture morphology change and

- @ estimate energies and times
dynamics

) o role of the peptides
@ isolate metastable states
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minimal models for collective phenomena in lipid membranes
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o large time scales, many lipids
e computational efficiency

o sampling from thermal fluctuations
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contents

minimal models for collective phenomena in lipid membranes

lipids as diblocks

»«,} 4

atomistic | martini diblock

coarse-grained solvent—free soft
o large time scales, many lipids
e computational efficiency

o sampling from thermal fluctuations

membranes as continuum sheets

mechanical properties of unperturbed
membranes:

@ time and length scales

@ energetic contributions
local modifications by fusion objects

o thickness and density profiles in simulations
and numerical calculations

@ superposition of effects
lipid mediated interactions

o the peptides stabilize the pore

o the peptide lowers the line tension of the pore



overview of the thesis

planar membranes protein/lipid interactions hydrophobic stability

o reference values @ superposition of effects e conditions for stability

stalk morphologies pore/protein interactions

o universality of structures in models and

. @ superposition of thickness profiles
experiments

5 / 22



model
solvent-free, coarse-grained model

bonded (harmonic spring, bending):
Usp Ny—1 ks
L= 2121 2;; (r; — rz+1)2

Ny—1
BT = Sty k(1 —cosbit1)

M. Hémberg and M. Miiller, J. Chem. Phys. 132, 155104 (2010)
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solvent-free, coarse-grained model

non bonded (density functional)'

Huplp] _ [ d3r (UAA 2 4 ”AAA pd)

kg T

RS

corresponding eq of state:

PR‘L
BT

P R3/ksT

=p+
250

1JAA 2

2
2+ gUAAAP%

200
150
100

T T T

—eq. of state
- compressibility

KNy := 1/kgT kep. - 1 =70,
ky=-(dP/dV)/V

(fluid /vapor phase coexistance)

the virial coefficients are set by pcoes and the kNy:

_okNyt3

Pcoex

3k
vAA = VAAA = 5

M. Hémberg and M. Miiller, J. Chem. Phys. 132, 155104 (2010)




P R3/ksT

solvent-free, coarse-grained model

mixed virial coefficient
MF
XN "= peoes (vap — 3(vaa + vBB))

250 T T T
200
—eq. of state

150 - compressibility

100

50 KNy := 1/kgT kep. - 1 =70,

0 ky=-(dP/dV)/V

-50

-100 : : .
0 2 4 6 8

M. Hémberg and M. Miiller, J. Chem. Phys. 132, 155104 (2010)




properties planar membranes

planar lamellar membrane

time scale
length scale

coupling
moduli

fluctuation
spectrum

7 / 22



time and length scale

diffusivity
5 0.015 T T T T
. <(x(t)—x(0)) > - X
D =1lim; o " § 0.012
timestep: 1[Ats] ~ 8[ps] 2 o009
a X fluid/gel transition
(martini 0.04[ps], atomistic 4[fs]) 0.006
X
0.000 T e
60 80 100 120 140 160

e varying kN, W
b
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time and length scale

diffusivity
5 0.015 T T T T
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quantities fluctuations

we sample from thermal fluctuations

ks (s —35)? fluctuati antity, ks coupli
AF, — /da}dy Eg(s(m,gi)Q 3) s fluctuating quantity, ks coupling
3

harmonic approximation

7.0

-kN70
-kN 80

Energy [ksT]
.
=

5 46 0
Thickness [AL]

00 . n
300 342 383

550

constant, L patch area.

L

]

9 / 22



quantities fluctuations

Energy [keT]

we sample from thermal fluctuations

AFs = /dxdy 5

harmonic approximation

5 46 0
Thickness [AL]

550

s (s(z

,y) —8)2
2

lim —
s L—oo 52

®l

standard deviation

| ]
0.001[ ]
o - thickness
1) - #lipids/area
2 lensity
b
g
0.0001
y=-1.042 x +0.028
P " MR
le+02 1e+03
patch area [AL?]
#Hiipias/ L2
3 >
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quantities fluctuations

we sample from thermal fluctuations

2
AF, = /dxdy ks (s(@,y) = 5)° L
2 52

harmonic approximation standard deviation

7.0 T
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3 4.7 % e%swy
9] )
S 35 g
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Y
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I
e 2
L
o= pd
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5.2 - 52 (_12
1 _ 1 1
kcom kmelt Fel
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quantities fluctuations

we sample from thermal fluctuations

2
AF, /dxdy ks (s(2,9) = 5)°
2 52

harmonic approximation standard deviation
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energetic contributions

bending (height), peristaltic (thickness),

7\2 =\2
F = %j‘dfﬂdy (kben (RLI + %2) + kel (d—d) + kmelt ([);2/1) ) Helfrich model

a2

bending:

kpen, bending rigidity
peristaltic:

ke; elastic coupling
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energetic contributions

Fren = %fd:tdy kben(VQh(Iv y))2

=
=
[
ey
e ————
<h2(¢1)>L2 = Tpend®

bending (height), peristaltic (thickness),

Monge representation

2 2 T
[ ]
. le+02f —midplane E
c = —fit height
5 £
- o 10F J
g 2
o <
7] v L ]
a; 1
8
8 01f ]
1l L Lol L n
0.1 1 10

_ o [AL7]
bending:
kien bending rigidity 14.3[kp T']
peristaltic:

ke elastic coupling
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energetic contributions

bending (height), peristaltic (thickness),

1 1 d? C,
Fben =3 deEdy kben(VQh(Iv y))2 FPBT =3 fdmdy kel (ETZ 1)
T T T T TT T T T
L ]
. let02F _m\dﬁ\ane E
E 0 o
E = it (hlcjkness
- ~ 10F 3
g 2
o c
> <
i 1F ]
o
8
o A o 01f .
£ ‘_‘ ...
_QC) 0.1 1 10
2 1AL
—— bending: ril
§ T —_ _\\ kien bending rigidity 14.3[kp T']
c - - W= = \ peristaltic: B
S =\ ke elastic coupling 1.74/d?[kz T/ AL*]
= \
=

<h2(¢1)>L2 m
1

<d2(q))L2 = %32
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energetic contributions

bending (height), peristaltic (thickness), protrusion (lipid separation)

.h'

!
/

- ———

a -3 e -- _\

_qé .'o. - - \\

Q e~ -
= » = - \
& T T -\
(h*(q))L* =

I 1
Kpen q? 2(1k>\ +v242)

2 2 __
(d*(q)L” = Epen a% —4Ckpen 4% +ker / d? + 2(kx+vx4%)

Branningan and Brown, Biophys. J. 92, 864 (2007)

— T
[ ]
— let02F -m\dﬁ\ane E|
I [ — thickness
g —fit height
2 = — fit thickness
= N 10F it height E|
[*] =~ —fit thickness
[ N
& < 1 ]
o 1
[
5
o 01r |
L Ll L Lol L n
0.1 1 10
2 -2
: ¢ [aL]
bending:
kien bending rigidity 12.5[kp T']
peristaltic:

k.1 elastic coupling 1.96/d?[kp T/ AL*
cp spontaneous curvature

a area/lipids

¢ = co — adaco = 0.14/d[AL?]
protrusion:

kx protrusion rigidity

¥ Mmicroscopic surface tension

we extract: kpey,, C, ke
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lipid /protein interactions

hydrophobic inclusion

radial thickness profile

weakening of the
membrane

continuum model

superposition of effects

pore stabilisation




thickness profile

contact angle and thinning

cylindrical transmembrane protein

cluster of connected monomers

radius 1[AL]
hydrophobic mismatch 1.3
Ny/A =38[AL™?]
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thickness profile

contact angle and thinning

density phob

0. =31°

I TR R |
10 12

 enrichment/overshoot

Ve

bulk thickness depletion/undershoot

bulk region



lipi ustration

bond density

B oo
5.80

e bond length
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lipi

oil partitions close to the peptide

bond density il density

| [P ™ T

5.80
464
3.48
2322 .
116 .

0.00

N o

o bond length o density of the oil

o the oil loses its
translational entropy

@ acts as a sensor to
partion where most of the
o dodecane stress is

oil molecule:

o hydrocarbon tail
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lipi

oil partitions close to the peptide

bond density il density

| [P ™ dif

5.80
464
3.48
2322 .
116 .

0.00

N o

point to point
hydrophobic density
difference with and
without oil

o bond length o density of the oil

o the oil loses its
translational entropy

@ acts as a sensor to
partion where most of the
o dodecane stress is

oil molecule:

o hydrocarbon tail
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discrete description

mean separation
rescaled to the bulk value
thickness from the polar/apolar density
intersection

2 ——
,
1.5+ 1
< I ]
[Z=]
0.5+ =
0 L L " 1 L L L L L

0 2 4 6 8 10
radial distance [AL]

o thickness
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discrete description

mean separation
rescaled to the bulk value

thickness from the polar/apolar density
intersection
bead number normalization

v
RIS 151
N

S
% 5‘

a/abul k
T

0.5~

upper and lower monolayers

P O R L S
K 2

4 6 8 10
radial distance [AL]

o thickness

Delaunay triangulation @ mean area
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weakening of the membrane

lowering the line tension of the pore

s ) T
— A=8.630k, T/AL] (-) .

=
=
T

—
)
T

|

—

classical nucleation theory

lateral pressure [kBT/ALZ]

0.8
G = Go+2rRyA — wR2P,
line tension of the pore in NVT 0.6
ensemble
0.4r- B
)\ ' 1 L 1 1 | ' 1 s | '
P = Ri 0.05 0.06 0.07 008 009 0.1 0.11
P

-1
1/R,[AL™]
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weakening of the membrane

lowering the line tension of the pore

(peps) tr

ki
vu

<
<

=
=
T

-
A=7.491k, T/AL] (pep.-)
A TALL () 1

—
)

—

classical nucleation theory

o
o

G = Go+2rRyA — wR2P,

0.6

lateral pressure [kBT/ALZ]

L 1 L | " L L L 1 L L
0.05 006 0.07 008 009 0.1 0.1
I/R,[AL"]

o the peptide lowers the line
tension of the pore

“pore’s radius correction”
N,
P =2 (1 —« "53”)
1= &, Pep TRy,
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continuum description

elastic model
F=[dody e (V2d)? + dhyen coV2ds + 2828 4, V2 d, + 26k d2
ds(z,y) := d(z,y) — d Euler Lagrange equations: fﬁ’, =0

(Fuen V4 + 22C92 4 5 d(a,y) =0 VEi= ( z o )

g
.8

0.7

0.6
o o e G e G - 05

dy(rp)=hy,
d's(rp)=tanec — Cartesian solution

04
03
= 02
4 1 01
= A = 00
= 0 0 o o 0 0 O = -01
i i e t | A
T 1 2 3 4 5 6 7 8 9 10
1
1
AJ

1
ds [AL]

dy(L)=0
d(L)=0

sketch

radial distance [AL]

4
T




continuum description

sketch

elastic model
= fd{l?dy kb%(vzd ) + 4kbencOv2 ds + kaMC ds VQ ds + 2d2 d2
ds(z,y) := d(z,y) — d Euler Lagrange equations: fﬂ’, =0

o2
(khr:nv% + 4"b<nfv2 + ](2I> d,g(il?, y) =0 vi = ( %r 002 )

g

07 | dfrp)=hy
06 d's(rp)=tanec — Cartesian solution
ey - 05 - simulation
o - —
| o e o o o o P - v g — 04
FEEAE SSS8S 3 !
- -~ 03
T ° )
- - 02 dy1)=0
i 09 Tt 0.1 | dy(L)=0
B! - 00 \‘ M
o= S -0.1
} o 4 IJ_LIHI }%ll‘llxxlt 0.2 L L L L L L L L
S rrr T ) N U N T G S T 1 2 3 4 5 6 7 8 9 10
HHHHH THERE W
o e s o e R 8 e radial distance [AL]
LANE EEE SN ANR NN AN SN BN BN 4 LN S U B B B B |

nd F. Schmid, Biopi
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continuum description

elastic model

F=[dody e (V2d)? + dhyen coV2ds + 2828 4, V2 d, + 26k d2

ds(z,y) := d(z,y) — d Euler Lagrange equations: fﬁ’, =0

T

(Fuen V4 + enlw2 4 2) dy(r) =0 V2 5= Lo, (r0r)

drp)=hy

d's(rp)=tan9c - Cartesian solution
—simulation
- radial solution

ds [AL]

dyD)=0
d(L)=0

=
2
5 00
4
wn

B. West, F. L. H. Brown and F. Schmid, Bi

1 2 3 4 5 6 7 8 9 10
radial distance [AL]
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continuum description

elastic model

F=[dody e (V2d)? + dhyen coV2ds + 2828 4, V2 d, + 26k d2

ds(z,y) := d(z,y) — d Euler Lagrange equations: fﬁ’, =0

(Fuen V4 + enlw2 4 2) dy(r) =0 V2 5= Lo, (r0r)

fitting equation: Ae ™"/ émyﬂ & =2.2[AL] k = 0.83[AL™ ]
duftp)=hy
d's(rp)=ta-nec — Cartesian solution
- simulation
- r_aldial solution
i

ds [AL]

dyD)=0
d(L)=0

sketch

1 2 3 4 5 6 7 8 9 10
radial distance [AL]




fine exploration

thickness characteristics

the solution of the continuum model is 10 000 times faster than simulations

maximum thinning dmaaz minimum distance 7,

thinning min dist

-0.08

-017
-0.25 60
-0.34
-0.43

-0.51
-0.60

N
S

contact angle
contact angle

n
S

bulk thickness



superposition of effects

two inclusions

100 . . T :
density phob
- o 084
08
06 0.69
05 —
0aN -
02 S 053
01
ERES
kel
022 ~ thinning (simulations)
X 0.06
-0.09 fmono thinning dys,"
025 . . " A
300 560 820 1080 1340 1600
interpep distance [AL]
500 -
462
7 425 minimum (simulations)
® 7 it MiNImum splits in two 388
o dll : superposition effect is stronger 3 0
. T £ 312
clusterisation of gramicidins: £
(hydrophobic matching) 218
238
T. Harroun et al Biophys. J. 76, 937 (1999) 200 ) ) ) )
30 56 82 108 134 160

interpep distance [AL]
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superposition of effects

two inclusions

density phob
]

09
08
06
05
04™
02
01

dmax [AL]
=
3

~ thinning (simulations)
— thinning (calculation)

-0,09 fmono thinnin, Ay |
025 . . " .
300 560 820 1080 1340 1600
interpep distance [AL]
500 -
462
425 )
Ir . H H . — minimum (simulations)
® 7 it MiNImum splits in two 388 — minimum (calculation)
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T. Harroun et al Bioph) 76, 937 (1999) 200 . ) )
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many peptides

thickness (simulations) thickness (calculations)

thickness

0.37 >
0.22
0.08

& 0.07
-0.21
-0.36

-0.50

=
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many peptides

thickness (simulations) thickness (calculations)

thickness

EAREEREEEE

0.37
0.22
0.08

-0.07
-0.21
-0.36

-0.50
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many peptides

thickness (simulations)
~—

thickness (calculations)

thickness

EAREEREEEE

0.37 >
0.22
0.08

-0.07

-0.21

-0.36

-0.50




summary

unperturbed membranes

o sampling from thermal fluctuations

e time and length scale
e energetic contributions

o power spectrum

e material properties
e parametrisation of the continuum model
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summanry

unperturbed membranes lipid/peptide

o thickness profile
e undershoot below the bulk value
e good agreement between simulations and
calculations

o sampling from thermal fluctuations
e time and length scale
e energetic contributions

o power spectrum

e material properties
e parametrisation of the continuum model

o superposition of effects

e the membrane gets thinner
e pore stabilisation
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summanry

unperturbed membranes

o sampling from thermal fluctuations
e time and length scale
e energetic contributions

o power spectrum

e material properties
e parametrisation of the continuum model

oil partition

o oil partitions
e at the interface with the peptide
(pore’s rim and stalk’s ends)
o (relaxes the lipid frustration)

lipid/peptide

o thickness profile
e undershoot below the bulk value
e good agreement between simulations and
calculations
o superposition of effects

e the membrane gets thinner
e pore stabilisation
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o superposition of effects

e the membrane gets thinner
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oil partition fusion pathways

o oil partitions
e at the interface with the peptide
(pore’s rim and stalk’s ends)
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@ metastable states

e identify them
o (evolution change by lipid composition)
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summanry

unperturbed membranes lipid/peptide

o thickness profile
e undershoot below the bulk value
e good agreement between simulations and
calculations

o sampling from thermal fluctuations
e time and length scale
e energetic contributions

o power spectrum

e material properties
e parametrisation of the continuum model

o superposition of effects

e the membrane gets thinner
e pore stabilisation

oil partition fusion pathways

o oil partitions
e at the interface with the peptide
(pore’s rim and stalk’s ends)
o (relaxes the lipid frustration)

@ metastable states

e identify them
o (evolution change by lipid composition)

minimal models

e fast and fine exploration of phenomena
e tuned by more detailed models

e confirm the multiscale approach
(universality of stalk’s morphologies)
(bilayer repulsion)
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future developement

lipid/peptide
o dynamics

o study the peptide diffusion by changing
the peptide description

o study the lipid diffusivity depending on
the radial distance from the peptide

21 / 22



future developement

lipid/peptide stalk/pore/peptides
o dynamics
o study the peptide diffusion by changing e competing line tensions
the peptide description e interactions between a boundle of peptide
o study the lipid diffusivity depending on and a stalk

the radial distance from the peptide
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Dissipative Particle Dynamics thermostat

simulation technique: MD + MDPD thermostat
characteristic:
o the total force is the sum of the conservative,

random and dissipative forces
Flot — F¢ + Fr +Fd
o the forces are pairwise
Flot =3 Fg + Fj + Fy
o the forces are soften via a weighting function
Fij = Fyw(ry)

=
®

05
04
03
02
01

Density [N/AL']

7.4

. L0 ‘I U‘Z u‘a‘ u‘h q‘x [ 7‘
24 26 8 30 32 34 36
Normal distance AL

P. Espafiol and P. B. Warren Europhys. Lett. 30 191 (1995) S. Y. Trominov et al. J. Chem. Phys. 117 9383 (2002)
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Dissipative Particle Dynamics thermostat

simulation technique: MD + MDPD thermostat

features of the multibody DPD:
o the total force is the sum of the conservative, o local density dependance
random and dissipative forces

tot _ e " d o “pragmatic extension of the
F=F+F +F classical DPD that allows one to
prescribe the thermodynamic
behavior of a system”

o the forces are pairwise
Flot =3 Fg + Fj + Fy

o the forces are soften via a weighting function

ensembles
Fij = Fyw(ry) o NPT
o NVT
— .
e NP; T tensionless membrane.
s |
‘378 ,
3
Z76f B
5 05
[=] 04
74 03 B
0.2
o1
720 | Ceareroegs o ||
24 26 32 34 36

8 30
Normal distance AL

P. Espafiol and P. B. Warren Europhys. Lett. 30 191 (1995) S. Y. Trominov et al. J. Chem. Phys. 117 9383 (2002)
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otl relaxation

(r,2)

Pag(r,2) = kn Tp(r,2) + kg Tp(r,2) + & 3,

Pyg (1,2)+Prr(1,2)

normal component Pl(r,z) = P,.(r,z) —
no oil with oil
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otl relaxation

(r,2)
Pag(r,z) = kpTp(r,z) + kpTp(r,z) + 4 >




otl relaxation

(r,2)
Pag(r,z) = kpTp(r,z) + kpTp(r,z) + 4 >

o identification of the
interface

@ position of the
relaxation by the oil
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monolayer spontaneous curvature

calculation of the spontaneous curvature

) 16 T T T T T T T T T
&
a‘ 13 — dens phab
E B — dens phil 1 | I
o — Pz2-(Prx+Pyy)l2 ateral pressure
=3 10 spontaneous curvature
g Poyy(r,2) + Pyy(r, 2)
5 l _ TZ\ " yy\'>
8 8 Pzz(nz)_PZZ(T?Z)_( 2
[0}
o 5
§ 2 spontaneous curvature
&
-
) 0 L ,
é‘ kpenco = / dz ZPZZ(Z)
[7) -3 0
c
[}
o -6 P S T R T R S co = —0.36[AL71]
4 3 -2 1 0 1 2 3 4 5 6
Z[AL

normal lateral pressure profile



elastic model

B!
Il

/dxdy (lg,,mz(v%)2 T ha (2427

+ W (Veh)2+(Vz7)2 + VAV2T /24 VdVzT))
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slab mean square displacement

mean square displacement in radial slabs
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superposition of effects o inclusions
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ness of a circular stalk

we search iteratively a torus surrounding the .
. y & we count the beads inside the torus
stalk with:

o the center of mass of the beads is the

o the smallest lateral radius torus position
o the largest normal radius e the radius of the torus is 7, = \/Z/Qﬂ', A
@ the most contact with heads the area occupied by the beads

o the less contact with tails !
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radial evolution
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stiffness and density profile

radial density profiles - model/scale dependence

exp data L - . . .
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otl contribution

addition of small oil chains in the bilayers
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