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brane protein isolation. Since their discovery, experimental membrane protein extraction and purifi-

cation by keeping intact their lipid environment has become significantly easier. With the aim of

identifying new applications of these interesting copolymers, their molecular binding and function-
ing mechanisms have recently been intense objects of study. In this work, we describe the use of
styrene-maleic acid copolymers as an artificial tool to stabilize the fusion pore. We show that when
these copolymers circumscribe the water channel that defines the fusion pore, they keep it from
shrinking and closing. We describe how only intra-organelle copolymers have stabilizing capabilities

while extra-organelle ones have negligible or even contrary effects on the fusion pore life-time.

1 Introduction

Exocytosis is a fundamental process used by eukaryotic cells to
release biological compounds and to insert lipids and proteins in
the plasma membrane. Specialized secretory cells undergo regu-
lated exocytosis in response to physiological signals®3. In partic-
ular, sperm exocytosis or acrosome reaction is a regulated secre-
tion with special features required to fertilize the egg, one such
feature is extensive membrane remodelling, including membrane
bending and fusion 246,

In this remarkable process multiple fusion pores open between
the outer acrosomal membrane and the overlying plasma mem-
brane, connecting the lumen of the acrosome to the extracellu-
lar milieu. Therefore, the fusion pore functions as an effective
mechanism to connect intracellular organelles and release vesicle
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contents during exocytosis. Although the nucleation of the fu-
sion pore is thermodynamically unfavourable (and thought to be
mediated by specialized proteins), it is widely accepted that once
formed the pore can evolve following different paths: rapid dila-
tion, slow expansion, transient flickering (open-close repetitions)
and also resealing@.

The stabilization of the fusion pore by specialized proteins has
been extensively studied experimentall and computation-
all being a fundamental molecular mechanism relevant
for the understanding of the diverse roles of the cellular fusion
machinery2. The prospect of a rational mechanism to stabilize
the fusion pore has implications in exocytosis control, vesicle con-
tent discharge regulation, fusion pore gating and diameter regu-
lationZ.

An interesting approach from synthetic biology is the produc-
tion of complex synthetic organisms that perform useful func-
tions13. The use of artificial molecules to mimic or to interfere
with cellular properties and behaviours has helped to understand
the working mechanisms of a cell’¥, 1n particular, styrene-maleic
acid copolymers (SMACs) have shown remarkable capabilities to
effectively solubilize biological membranes into nanodiscs, allow-
ing for simpler protein isolation directly from their native envi-
ronment without the use of detergents. Therefore, they have
become an interesting tool for the study and characterization of
membrane proteins with already promising results20°23]

Inspired by the natural protein-mediated processes known for
fusion pore stabilizationZ81024125] \ve describe here an artificial
alternative. We show that SMACs have the ability to stabilize
the fusion pore in terms of its life-time. When located inside the
organelles connected by the fusion pore (above and below the bi-
layers) SMACs bind to the membranes, diffuse towards the water
channel and prevent the fusion pore from collapsing. Remark-

Journal Name, [year], [vol.], 1 |1



ably, the stabilization of the fusion pore is mainly dependent on
the amount of intra-organelle SMAC:lipid contacts, with no sig-
nificant intervention from extra-organelle SMACs (located in the
cytosolic water, between the bilayers, see figure[T).

2 Results and Discussion

We have conducted unbiased molecular dynamics simulations for
SMACs located between and above/below the bilayers belong-
ing to two different organelles (see figure [Tp). In this arrange-
ment the intra and extra-organelle spaces are mutually exclusive
(see inset in figure ) and do not share molecules neither be-
fore nor after the fusion pore has been formed (see figure [Ip).
We have induced the formation of the fusion pore from initially
flat and parallel bilayers using our in-house collective variable
procedure®. For SMACs in the MARTINI coarse-grained space2®
we have used the parameters developed by Prof. Orekhov (who
generously shared his files with us through personal communica-
tions) to study lipid patches in the bilayer?Z, see figure
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Fig. 1 Independent organelles nucleating a fusion pore. a) Organelles about
to fuse. Intra-organelle contents are colored in violet and orange, white is left

for the extra-organelle environment. b) Organelles connected by a fusion pore.

We have used biologically relevant membranes includ-
ing 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) and the
MARTINI POP2 general model for phosphatidylinositol bis-
phosphate lipids, corresponding to the atomistic model
C16:1(9¢),C18:1(9¢c) dioleoyl (DO-PIP,)20:28530  This ternary
membrane composition (POPC:POPS:POP2) is analogous to the
plasma membrane used experimentally by Jahn and collabora-
tors®L to trap synaptotagmin-1 to the plasma membrane in the
presence of calcium.

2.1 Intra-organelle SMACs stabilize the fusion pore

As observed by Marrink and collaborators=2, SMACs bind to the
membrane generally during the first few nanoseconds of the sim-
ulation due to the high SMAC-membrane affinity. Under the fu-
sion pore configuration, we have observed that intra-organelle
SMAC:s stabilize the pore, preventing its traversing water channel
to collapse and the bilayers to detach.

We have determined fusion pore closure time by dynamically
counting the amount of C4 tail lipid beads present in the space
between the lipid bilayers (see figure ). For planar and parallel
membranes there are no C4 beads between the bilayers simply
because all lipid tails point toward their respective bilayer interi-
ors. On the other hand, for the formed fusion pore (where lipids
surrounding the water channel are gradually tilted toward the
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Fig. 2 Styrene-maleic acid copolymers. a) Structural formula of an SMA
copolymer. b) Beads representation of a 3:1 Styrene/Maleic ratio SMAC frag-
ment. Side and front views. ¢) A SMAC containing 195 beads. In all cases,

maleic acid beads are black and styrene ones are green.

opposite bilayer describing a clean membrane fusion path), the
amount of C4 beads increases as a function of the fusion pore
width. For more details on lipid tilting and splaying during mem-
brane fusion see Mirjanian et al.®3 and Caparotta et al.”.

To measure effective SMAC:lipid interactions, we have counted
the number of bead contacts (<0.5 nm) between both groups
(SMAC beads and lipid beads), normalized by the number of
SMAC:s in each simulation (see figure ). In cases with poor or
low SMAC:lipid interactions, the SMAC-driven stabilization of the
fusion pore did not take place and the pore closed (simulations
#5 and #6). A snapshot of simulation #5 (figure , left) just be-
fore pore closure (0.19 us) suggests insufficient SMA-membrane
interactions, unlike the snapshot of simulation #3 (figure , left)
at the same time with two SMACs already fully inserted in the
membranes, parallel to each lipid-water intra-organelle interface.

Snapshots of these two simulations (#3 and #5) were also taken
at t=3.5us showing for simulation #5 (figure [Bp, right) a com-
plete recovery of the bilayers after the fusion pore closure. On
the other hand, simulation #3 (figure , right) shows a well-
stabilized fusion pore with SMACs inside the bilayers and sur-
rounding the water channel.

Simulations #1 to #4 are examples of the intra-organelle SMAC-
driven stabilization. On the other hand, simulations #5 and #6
constitute an counterexample, showing that the amount of intra-
organelle SMACs is only a necessary condition for fusion pore
stabilization, which becomes sufficient when steady SMAC:lipid
contacts are able to establish (simulations #1 to #4). Overall, for
different amounts of intra-organelle SMACs (4, 8, 12 and 24) the
fusion pore is stabilized in terms of its life-time, if and only if
effective contacts exist between the SMACs and the lipid bilayers.

Panel is a time extension of panel , showing the amount
of C4 beads surrounding the fusion pore until t=10us for simula-
tions #1 to #4. Importantly, simulations #1, #2, #3 (red, blue and
green lines) indicate the stabilization of the fusion pore with al-
most constant values of C4 beads, while for simulation #4 the pore
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Fig. 3 Intra-organelle SMACs. a) C4 tail bead count between the bilayers.
All simulations correspond to intra-organelle (i) SMACs, in different amounts
(4, 8, 12 and 24) and for each amount simulations were repeated twice (see
supplementary information for repetitions of simulations #1, #2 and #4). b)
Molecular dynamics snapshots for simulation #5 at two times: t=0.19us and
t=3.5us. c) Normalized SMAC:lipid bead contacts (<0.5nm). d) Molecular
dynamics snapshots for simulation #3 at two times: t=0.19us and t=3.5us.
PO4, GL, NC3 and D2A beads are orange, the rest of lipid beads are grey.
Water molecules are not shown. e) Extension until 10us of simulations #1, #2,
#3 and #4.

widens significantly (almost doubling the amount of C4 beads
surrounding the water channel). This result means that the fu-
sion pore enters in an expansion regime (until ~6.5us) before
stabilizing at a higher value (~150 C4 beads).

2.2 Extra-organelle SMACs have unfavourable stabilization
effects
As before, panel [4a shows the amount of C4 beads between the
bilayers to measure the time of pore closure, now in the pres-
ence of extra-organelle SMACs exclusively. Analogously, figure A
shows SMAC:lipid contacts (<0.5nm). It can be observed that in
all cases (simulations #7 to #12) the fusion pore collapses before
1.5us while the number of SMAC:lipid contacts keeps increas-
ing (#9 to #12) until saturation (#7 and #8). Interestingly, the
steady state regime in panel [4c correlates to the fusion pore clo-
sure time. Simulations #7 and #8 (magenta and orange curves)
show the fastest increase of SMAC:lipid contacts and are also the
first ones where the pore collapses. On the contrary, simulations
#9 and #11 (violet and red) are the ones with the largest tran-
sient regime in SMAC:lipid amount of contacts terms and the ones
with the longest lifespan pores, suggesting that extra-organelle
SMAC:lipid contacts have inverse effects in fusion pore stabiliza-
tion. In all cases studied here, no permanent fusion pore stabi-
lization is achieved by extra-organelle SMACs exclusively.
Figures and [d correspond to a set of eight simulations
(#13 to #20) containing both intra and extra-organelle SMACs
in different proportions (the first number between parenthesis
is the amount of extra-organelle SMACs followed by the num-
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Fig. 4 Extra-organelle and hybrid extra/intra-organelle SMACs. a) and b) C4
tail bead count between the bilayers. c) Normalized SMAC:lipid bead contacts
(<0.5nm). Simulations were repeated once and correspond to extra-organelle (e)
SMAG s, in different amounts (4,8 and 12). d) Difference (A) between extra and
intra-organelle normalized SMAC:lipid contacts (<0.5nm). Simulations were
repeated once and include different amounts of extra-organelle (e) and intra-
organelle (i) SMACs. e) Extension until 10us of simulations #14 (4 extra-
organelle and 8 intra-organelle SMACs) and #15 (8 extra-organelle and 16 intra-
organelle SMACs).

ber of intra-organelle ones). Panel 4p measures the amount of
C4 beads between the bilayers to determine the pore closure
time. Panel|4d shows the difference between the extra-organelle
SMAC:lipid contacts and the intra-organelle ones. Therefore,
curves above zero are simulations with greater amounts of extra-
organelle SMAC:lipid contacts and curves with negative values
are simulations with relatively larger amounts of intra-organelle
SMAC:lipid contacts.

It is observed that the first pores to collapse are those with no
SMAGCs included (#19 green and #20 yellow lines), followed by
the one with the highest amount of extra-organelle SMAC:lipid
contacts (#18 violet line) which closes at ~0.75us.

The next pores to close are the next ones in descending order of
extra-organelle SMAC:lipid contacts (#17 magenta and #13 cyan)
at ~1.6us and ~2.1us. Finally, the last pore to close is also the
last one in descending order of extra-organelle SMAC:lipid con-
tacts (#16 orange) at ~3.3us. As expected, simulations reach-
ing negative values in panel [4d, establishing less extra-organelle
SMAC:lipid contacts and more intra-organelle ones (#14 red and
#15 brown), correspond to the fusion pores that do not close.
Panel[@k shows the time extension of simulations #14 to #15 until
10us to verify the SMAC-driven fusion pore stabilization mecha-
nism. Therefore, permanent intra-organelle SAMC:lipid contacts
and their dominance over extra-organelle ones, is a direct mea-
sure of the lifespan of the fusion pore.
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Fig. 5 SMACs extension and diffusion in the fusion pore. a) SMACs end-
to-end distance over time as they diffuse in the bilayer for two intra-organelle
SMACs (yellow and red) and a single SMAC (purple) solvated in water. Line
colours match molecule colours. Water molecules are only shown as cyan sur-
face representation for the single SMAC solvated in water without bilayers. b)
Averaged SMAC:SMAC amount of self-contacts over time. Inset on the left

details the initial behaviour.

2.3 SMACs extend and isolate from other SMACs as they mi-
grate into the bilayer

As SMACs diffuse into the bilayers they experiment their own con-
formational changes. Figure |[Sh describes the SMACs end-to-end
distance as a function of time for different setups: (i) yellow and
red lines correspond to yellow and red intra-organelle SMACs as
shown in top-left and top-right snapshots at t=0 and t=3.5us re-
spectively and (ii) purple line corresponds to a (purple) SMAC
solvated in water with no bilayers present. Remarkably, the yel-
low SMAC that remains outside the bilayers keeps a globular con-
formation (yellow line) just like the purple SMAC solvated in wa-
ter without bilayers (purple line). On the other hand, the SMAC
that penetrates the membrane (red molecule) and locates itself
below the lipid-water interface, extends to its full length ~9nm
(red line) at t~~3.5us.

To describe how intra-organelle SMACs collectively self-
organize to stabilize the fusion pore we have measured the
amount of SMAC:SMAC contacts (<0.5nm) over time. Figure
shows the time evolution of 4 intra-organelle SMACs initially
located above the bilayers (see inset in figure [5p, left snapshot
at t=0). During the first ~250ns SMACs transiently bind to-
gether but rapidly reduce their mutual interactions which are re-
placed by SMAC:lipid ones (see inset). For the rest of the time
SMAC:SMAC contacts decrease monotonically while the fusion
pore is stabilized, see snapshot at t~3.25us with 4 SMACs inside
the bilayers and 2 SMACs fully inserted in the pore (orange and
red), surrounding the water channel. Therefore, as the fusion
pore is stabilized SMACs coordinate around the water channel
along the perpendicular axis to the bilayers in a fully extended
conformation.

4| Journal Name, [year], [vol.], 1

2.4 SMACs reduce the total mobility of the lipids and the
amount of water molecules trapped inside the bilayers

When the fusion pore is fully formed, lipids surrounding the wa-
ter channel orient themselves radially with their tails towards the
centre of the traversing channel (see red lipids in molecular dy-
namics snapshots in figure [6p). Therefore, the amount of C4
tail beads in transient contact with water molecules (either from
intra or extra-organelle spaces) is increased due to the natural
toroidal geometry of the fusion pore (although other geometries
have been observed=432) When the pore collapses and the bilay-
ers recovery to their planar and parallel configurations, lipid tails
return inside the bilayer core and lipids expose their phosphate
groups toward the water interfaces. During this complex lipid re-
organization®®37 the amount of C4:water (C4:PW) contacts are
a measure of how many water molecules are trapped, on average,
inside the bilayers.

Figure [6h shows this count starting from a formed fusion pore
without SMACs (cyan line) and for the same system but with 36
SMACs (12 extra-organelle and 24 intra-organelle). The time
instant when the pore closes is indicated for both simulations
as a step down in the C4 count. Although the closure event
marginally reduces C4:water contacts, it is observed that the pres-
ence of SMACs reduce the amount of waters inside the bilayer
(orange line). Molecular dynamics snapshots in panel [6a show
representative splaying lipids (red molecules) and intra-organelle
SMAC:s ascending inside the pore through the water channel (blue
molecules).

Nevertheless, we have observed a special case where one extra-
organelle SMAC connects both bilayers (in a bridge-like way)
which has the opposed effect. Under this particular configura-
tion, a single extra-organelle SMAC mechanically pulls from both
bilayers toward the centre of the inter-membrane space, disorder-
ing membrane molecules at the lipid-water interface and facilitat-
ing the infiltration of water molecules.

The mobility of all lipid molecules is also affected by their inter-
actions with SMAC molecules, particularly, the total lipidic Mean
Squared Displacement (MSD) is reduced by increasing amounts
of SMAC:lipid contacts (see figure S5 in supplementary informa-
tion). In the stabilized fusion pore, the amount of SMAC:lipid
contacts increases together with the radius of gyration of all
SMACs (see figure S7 in supplementary information), while the
ensemble average of SMAC self-interactions monotonically de-
creases over time (see figure S8 in supplementary information).
These effects combined support the premise that establishing
steady state SMAC:lipid contacts promotes SMACs to isolate and
to increase their conformational exploration space.

The distance between the centre of the pore and the nearest
intra-organelle SMAC has also shown to be determinant for fusion
pore stabilization, during the first hundreds of nanoseconds in
conditions with already high amounts of SMAC:lipid contacts (see
figures S3 and S4 in supplementary information).

Finally, no significant effects on the second rank order param-
eter (P, eq. [1) were observed along simulations where the pore
was stabilized and where it was not (see figures S10 and S11 in
supplementary information), indicating negligible effects on pos-
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Fig. 6 a) SMACs reduce the amount of trapped waters inside the bilayer.
Curves show lipids tail beads (C4) to water beads (PW) contacts <0.5nm for an
initial fusion pore with no SMACs (cyan line) and an identical fusion pore with
36 SMACs (orange line). Arrows indicate the closure time for both unbiased
simulations. Molecular dynamics snapshots on the right show water molecules in
green with splaying lipids in red and SMACs in blue. b) Neutralized SMACs also
stabilize the fusion pore. Left, SMAC:lipid bead-to-bead number of contacts
for an unbiased simulation of a fusion pore with 24 intra-organelle SMACs.
Middle, an identical arrangement but with neutralized SMACs. Right, molecular
dynamics snapshot shows zero-charge SMACs with the stabilized fusion pore.

For clarity, water molecules are not shown.

sible phase transitions of the bilayer. P, measures the tilting of
hydrophobic lipid chains using equation|[T}

1
P = E(3cos29 -1 1)

where 6 is the angle between the vector defined by the head
group to hydrophobic beads and the axis normal to the bilayer.
Then, P,=1 indicates perfect alignment, P,=-0.5 indicates per-
pendicular alignment and P, =0 indicates random alignment. For
more details on this parameter see Marrink et al.2%,

2.5 Neutralized intra-organelle SMACs also stabilize the fu-
sion pore

To quantify which SMAC:lipid bead-to-bead interactions are more
relevant during the stabilization of the fusion pore, we have mea-
sured all pairwise interactions between SMACs beads and lipid
beads in an unbiased simulation with 24 intra-organelle SMACs.
As observed in panel [Bb on the left, the main interactions are
the SC2 beads in SMACs maleic acid with NC3 beads in POPC
lipids (blue solid line), with more than two times the amount
of SMAC:lipid contacts compared to the rest. This dominant
SC2:NC3 interaction accounting for the highest amount of steady
state contacts is not unexpected as maleic acid SC2 beads (as
parametrised by Orekhov et al.27) are negatively charged (-1)
while NC3 beads in POPC molecules are positively charged (+1),
as defined for MARTINI, being NC3 beads in POPC the only lipid
bead positively charged for this membrane (POPC:POPS:POP2).
For more details see figure S6 in supplementary information.

To determine if SC2:NC3 electrostatic interactions are exclu-
sively responsible for the whole fusion pore stabilization process,
we neutralized the -1 charge in all SMACs SC2 beads. By re-
peating the simulation under identical conditions we obtained the
SMAC:lipid bead-to-bead interactions shown in panel [6p on the
right, where no significantly dominant bead-to-bead interactions
can be distinguished. Surprisingly, the fusion pore is again sta-
ble under these conditions (see snapshot inset in panel [6p on the
right), suggesting that the whole group of SMAC:lipid interac-
tions are still robust enough to compensate the absence of the
main electrostatic interactions and nevertheless extend the life of
the pore. Table 1| shows SMAC:lipid bead-to-bead interactions
in descending order of importance for both cases: neutralized
(SC2=0) and originally charged SMACs (SC2=-1). See figure S9
in supplementary information for density charge profiles along
the normal axis to the bilayers.

Table 1 SMAC:lipid bead-to-bead interactions in descending order of
importance in terms of the amount of contacts

position  Neutralized SMACs (SC2=0) Charged SMACs (SC2=-1)
1 SC2(STY):C1A SC2(MAL):NC3

2 SC2(STY):C4A SC3/SC2(STY):Cl1A

3 SC3(STY):C1A SC2(STY):D2A

4 SC3(STY):C4A SC3(STY):D2A

3 Conclusions

In this work we have shown how styrene-maleic acid copolymers
located in the intra-organelle space function as stabilizers of the
fusion pore. We have conducted ps-length coarse-grained un-
biased molecular dynamics to measure the life-time of the fu-
sion pore in the presence of different amounts of SMACs, located
in both intra and extra-organelle spaces, exclusively and simul-
taneously. We have shown that the amount of intra-organelle
SMAC:lipid contacts that spontaneously form are the key in
the stabilization mechanism, being extra-organelle ones incon-
sequential or even antagonistic to this end. As stabilized pores
are less likely to proceed to the expansion regimeZ, an event fac-
ing a major energy barrier®8, we propose SMACs as an artificial
tool to stabilize the fusion pore by tuning its dynamics, to control
exocytosis and to regulate vesicle cargo discharge.

4 Computational Methods

We have conducted all our simulations with the MARTINI coarse-
grained model28 using SMACs parameters developed by Orekhov
et al2Z. In all cases the bilayers used were POPC:POPS:POP2
in concentrations (85:10:5), constructed with the CHARMM-
GUI web server3?. All bilayers contained 1024 molecules each
(~17x17nm), which ensures negligible finite-size effects due to
interactions between periodic images of the fusion pore®. Each
bilayer was initially solvated in more than ~15x103 PW coarse-
grained polarizable water molecules®? to fulfil the ample water
condition for MARTINIZ?, When merged together, the amount
of extra-organelle water molecules (confined between the bilay-
ers) was adjusted to equilibrate the inter-membrane separation
distance at ~3.5nm, in resemblance to the protein-mediated fu-
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sion pore stabilization by one synaptotagmin-1 C2B domain®. It
has been suggested that inter-membrane distance could also be
a mechanism to stabilize fusion pores against re-closuretl, For
a detailed description of inter-membrane distances effects, see
Smirnova et al. 42,

Molecular dynamics simulations were performed with
GROMACS-2020.243%> with the semi-isotropic NPT ensemble
and a time step of 20fs in all cases, with the exception of the
simulation of a single SMAC solvated in water (no bilayers)
where the isotropic ensemble was used instead. The temperature,
T=303.15K46"50 was controlled by a V-rescale thermostat®l
using a coupling constant of 1ps. The pressure was maintained
at 1.0bar and compressibility was set to 3x10~*bar~!. For
equilibration runs the Berendsen barostat>? was used with a time
constant of 5ps while for production the Parrinello-Rahman baro-
stat3 was used instead, with a time constant of 12ps. Neighbour
searching was performed using a Verlet cut-off scheme with a
buffer tolerance of 0.005kJ/mol/ps. The minimum frequency
to update the neighbour list was set to 20 steps with periodic
boundary conditions (PBC) in all directions. The reaction field
method was employed for Coulomb interactions with a cut-off of
1.1nm and a relative dielectric constant of 2.5. Van der Waals
interactions were treated using the cut-off scheme with a cut-off
of 1.1nm. Before production runs, all systems were minimized
and equilibrated for at least 100ns to generate properly relaxed
initial configurations.

SMAC:lipid and SMAC:SMAC interactions were measured with
GROMACS gmx mindist implementation using option -group,
to count contacts with multiple beads in the first group as
one. Molecular dynamics snapshots were visualized using Vi-
sual Molecular Dynamics (VMD)24. Data graphics were plotted
with Grace (GRaphing, Advanced Computation and Exploration
of data). Figure panels were organized using Inkscape and GIMP
(GNU Image Manipulation Program).
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