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The transbilayer distribution of polyunsaturated phospholipids
determines their facilitating effect on membrane deformation

Marion Tiberti® Bruno Antonny ** and Romain Gautier **

In the cell, membrane deformation and fission (collectively refered as to ‘budding’) is driven by specific protein
machineries but is also influenced by lipid composition. We previously reported that phospholipids with polyunsaturated
acyl chains facilitate membrane budding because they adapt their shape to membrane curvature, thereby decreasing
membrane bending rigidity. The facilitating effect of polyunsaturated lipids was observed in experiments and simulations
performed on membranes where the two bilayer leaflets had the same lipid composition. However, biological membranes
are generally asymmetric. Here, we present coarse-grained molecular dynamics simulations on asymmetric phospholipid
bilayers undergoing deformation via a pulling force along the bilayer normal. One leaflet contains monounsaturated
C18:0-C18:1-phospholipids, whereas the opposite leaflet contains polyunsaturated C18:0-C22:6-phospholipids. When
present in the monolayer orientated towards the pulling force and thereby in the convex face of the forming tube, C18:0-
C22:6-phospholipids facilitate membrane tubulation. In contrast, C18:0-C22:6-phospholipids in the concave face of the
tube have no effect. Analysis of lipid shape indicates that these contrasting effects arise from the superior ability of
polyunsaturated phospholipids to swell in the convex leaflet, whereas mono and polyunsaturated phospholipids behave
similarly in the concave leaflet. The leaflet-dependent effect of polyunsaturated phospholipids matches well their
asymmetric distribution in biological membranes, notably in synaptic vesicles, which are produced by the fastest budding

event in the body.

profiles of phospholipids shows striking differences between

1 Introduction cell types and between organelles7’8. Notably, synaptic
Formation of transport vesicles on membrane-bound vesicles, which are the smallest transport vesicles and form by

organelles and at the plasma membrane is driven by the
assembly of protein coats, which impose a spherical shape to
the membrane, and by proteins acting at the bud neck to
promote membrane fission’. In addition to these specific
machineries, other factors contribute to the efficiency of
vesicle formation. These include cytoskeleton proteins,
molecular motors, and intrinsic physical membrane properties
such as protein crowding, membrane tension or membrane
bending rigidityz.

Rigidity, which describes the resistance of the membrane to
bending, depends on the lipid compositions. For example,
saturated lipids, which increase membrane rigidity, reduce the
efficiency of protein coat-mediated membrane budding",
whereas polyunsaturated phospholipids, which reduce
membrane rigidity, facilitate membrane deformation and
fission>>®. The effects of lipid unsaturation on membrane
budding might be physiologically relevant since the acyl chain
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an ultrafast endocytic event, are extremely rich in
phospholipids with a polyunsaturated acyl chain (C20:4 or
C22:6) at position sn2 of the glycerol backbone”*.
Furthermore, manipulating the acyl chain profile of the

. . 6,11
membranes of model cell lines affects endocytosis™ .

Numerous experimental approaches have been developed to
study membrane budding events, from cellular observations to
reconstitutions with  well-defined lipid and protein
componentslz. In addition, coarse-grained molecular dynamics
simulations have been designed to mimic membrane
deformation®.

By combining experiments and simulations, we previously
addressed the impact of phospholipid polyunsaturation on
membrane buddings’s. Membrane enrichment in C22:6-
containing phospholipids dramatically increases the budding
efficiency of the endocytic proteins endophilin and dynamin
both in cells and in vitro. In addition, a comprehensive analysis
coupled to molecular dynamics simulations indicates that the
efficiency of membrane deformation increases by two orders
of magnitude depending on the number of polyunsaturated
acyl chains carried by the phospholipids (0 < 1 < 2) and the
degree of acyl chain unsaturation (series 14:0 < 18:1 < 18:2 <
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18:3 < 20:4 < 22:6). This large range results from the
combination of two effects: a decrease in membrane rigidity
per se, but also an increase in membrane permeability. Overall,
lipids with one saturated acyl chain and one polyunsaturated
acyl chain (e.g.

18:0-22:6) provide the best compromise for keeping the
permeability of the membrane at low levels, while facilitating
membrane buddings.

Our previous in vitro reconstitutions and simulations were
performed with symmetric lipid bilayers. However, biological
membranes are asymmetric. Historically, the transbilayer
distribution of the main lipid classes was studied on the
plasma membrane of erythrocyte cells™. Phosphatidylserine
(PS) and phosphatidylethanolamine (PE) are mainly found in
the inner (cytosolic) leaflet, whereas sphingomyelin (SM) and
phosphatidylcholine (PC) are mostly present in the outer
leaflet®. This asymmetry in lipid classes should be
accompanied by a strong asymmetry in the acyl chains.
Indeed, PS and PE are the most polyunsaturated lipid classes in
biological membranes. For example, PS and PE species
containing 4 to 6 double bonds account for about 60 to 80 mol
% of these phospholipids in the brain including synaptic
vesicles™. In contrast, polyunsaturated PC species are less
abundant (= 15 mol%) and SM is mostly saturated. Thus, the
asymmetry of the plasma membrane in term of lipid classes
should translate into a strong asymmetry in acyl chain content.
This possibility was recently addressed by the Levental group
who performed a comprehensive lipidomics analysis of the
erythrocyte membrane’®. Phospholipids with more than two
unsaturations are much more abundant in the cytosolic leaflet
than in the outer leaflet, notably due to the exclusive
distribution of polyunsaturated PS and PE species such as 16:0-
20:4 PS and 16:0-22:6 PE in the cytosolic leaflet. Differences in
the diffusion rate of model peripheral proteins as well in the
fluorescence properties of probes, which were added
externally or internally, indicate that the cytosolic leaflet of
plasma membrane of several cell types is more fluid than the
outer leaflet®®. Thus, the compositional differences between
the two leaflets of the plasma membrane might contribute to
distinct biophysical properties. whether the
transbilayer distribution of polyunsaturated lipids has an

However,
influence on membrane bending rigidity has not been tested.

In this study, we used molecular dynamics simulations to
examine whether the transbilayer distribution of
polyunsaturated phospholipids in model membranes impacts
membrane mechanics. We observed that polyunsaturated
lipids facilitate membrane deformation when they are present
in the convex leaflet (positive curvature) but not in the
concave leaflet (negative curvature). This topology makes the
plasma membrane of neurons well adapted to fast
endocytosis.

2 Computational Methods

Molecular dynamics simulations
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Our simulations were performed according to a previously
described procedure13 that we adapted to membranes with a
specific acyl chain profile5’6. Specifically, we used Martini
coarse-grained lipid models (Wassenaar et al.,, 2015) to
approximate monounsaturated 18:0-18:1 and polyunsaturated
phospholipids 18:0-22:6 (Fig. 1A). The which
contained

=18 000 lipids solvated with a 100 nm-thick water layer, were
built by the Charmm-Gui tool adapted to coarse-grained
simulations and were equilibrated with a standard six-step
process™.

systems,

To simulate membrane deformation, we applied a force
perpendicular to the initially flat bilayer (Fig. 1B). The force
varied from 150 to 225 kl.mol nm™ and was applied to a lipid
patch of 3 nm in radius (Fig. 1B). These lipids were restrained
in the lateral plane (x,y). Pulling simulations were performed
with GROMACS 4.5'7. The different membranes were
simulated under a semi-isotropic condition and the periodic
boundaries were applied in all directions. Lipids and
water/ions were coupled separately. The time step was fixed
at 20 fs and the cut-off for the Lennard-Jones and electrostatic
interactions was set at 1.2 nm. The smooth particle-mesh was
used to evaluate the electrostatic interactions. During the
production runs, the V-rescale thermostat and Berendsen
barostat'® stabilized the temperature at 310K and pressure at
1bar, respectively. The simulations were performed for 200 ns
or 400ns and were repeated three to five times for all
conditions.

Membrane composition

All simulations with bilayers displaying symmetric lipid
composition have been published and were used here for
comparisons.

To study the impact of the distribution of the polyunsaturated
phospholipids between the two membrane leaflets, we
prepared PC bilayers in which one leaflet contained 0, 25, 50,
75 or 100 mol % of 18:0-22:6 PC whereas all other lipids were
18:0-18:1 PC. The resulting asymmetric system required slight
adjustment of the total lipid number in each leaflet to
maintain the area of the two leaflets equal.

To evaluate the impact of the polar head, we prepared
asymmetric bilayers in which one leaflet was made solely of
18:0-18:1 PC, whereas the opposite leaflet contained 50 mol%
18:0-18:1 PC and 50 mol% of another phospholipid (PE or PS)
with a defined acyl chain profile (either 18:0-18:1 or 18:0-
22:6).

To better approach the composition of biological membranes,
we built a multi-component system in which one leaflet
consisted of 18:0-18:1 PC whereas the opposite leaflet
the phospholipids of the plasma
membrane both in term of polar head and acyl chain profilelg.
This leaflet is described in Table 1. As a control, we built a
similar bilayer in which all polyunsaturated phospholipids were

mimicked neuronal

This journal is © The Royal Society of Chemistry 20xx
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replaced by 18:0-18:1 phospholipids (Table 1). We used
counter ions to neutralize all systems containing anionic lipid.

Simulation analysis

For each tube, we measured the following geometrical
parameters. We estimated the length of the tube (including the
base) by calculating the difference between z,., and z.;, of the
bilayer and subtracting membrane thickness. We calculated the
elongation velocity from the slope between t =20 ns and t = 100 ns
of the tube kinetics. We estimated the tube radius (r) for tubes

A 18:0-18:1 PC 18:0-22:6 PC
¢
Y .y
» o

~9000 lipids per leaflet

Constant force (F)

~80 nm

~80nm

Fig 1 Principle of the molecular dynamics simulations. A. Phospholipid coarse-grained
models. Black beads are polar head, yellow beads are saturated carbon and orange
beads are unsaturated carbon. B. The pulling system. The phospholipids shown in red
are the central patch from which we applied a constant pulling force, perpendicular to
the initially flat membrane (left) to induce deformations leading different curvature of
membrane (right): positive curvature in red and negative curvature in blue.

longer than 40 nm. For this, we divided each tube into 4nm
slices and the radius of each slide was obtained by averaging
the distance between the center of the tube and the nitrogen
beads (NC3 in PC, NH3 in PE and CNO in PS) that compose the
outer leaflet (outer radius) or the inner leaflet (inner radius).
The final radius (r) was the average of the radius of all slices.
The tube curvature (c2) was given by 1/r.

To obtain the curvature at the base of the tube (c1), we
determined the radius of an osculating circle.

The area per lipid (APL) was calculated from the lateral surface
of the entire tube by the following formula:

This journal is © The Royal Society of Chemistry 20xx
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APL=2ntrh/n

where h is the estimated height of tube (without the base and
dome), r is the radius and n is the number of lipids in this
region.

For the conformation analysis, we used two methods. One to
provide information on the conformation of the sn2 acyl
chains. The second one provided information on the overall
phospholipid geometry.

The bending angle of sn2 acyl chains was calculated between
GL1-D2A-CA4 and between D1A-D3A-D5A for
monounsaturated and  polyunsaturated phospholipids,
respectively. To cluster the acyl chain conformations, we
divided them into 3 groups: straight (> 120°), moderately
kinked (between 70° and 120°), and highly kinked (< 70°).

To assess the effect of membrane curvature on phospholipid
geometry, we overlapped all lipids of the tube that are in the
same leaflet (excluding the base and the dome). To do this, we
used the lipid cylindrical coordinates. By rotation and
translation operations, all lipids were aligned on their GL1
bead without modifying their intrinsic geometry. Thereafter,
we projected the lipids onto a grid (75 x 75 squares) and used
a grey color logarithmic scale to represent the number of
beads in each square. The resulting overlays were represented
in two ways; one in which we separately analyzed the sn1 and
sn2 chains; one in which we considered all beads from the two
acyl chains.

Table 1 : Composition of the outer leaflet of the multicomponent
system. Top: neuronal plasma membrane; Bottom: control. PI:
phosphatidylinositol.

PC(27.3%) PE PS(20%)  PI(10.2%)
(41.8%)

18:0-18:0 23.1% - 4.6% -
18:0-18:1 37.2% 12.1% 19.5% 27.9%
18:1-18:1 10% - 21.8% -
18:0-20:4 20.2% 35.2% 21.8% 27.9%
18:0-22:6 9.5% 52.7% 23.2% 44.1%

PC(27.9%) PE(41.6%) PS(20.5%) PI(10.2%)
18:0-18:0 23.5% - 4% -
18:0-18:1 66.9% 100% 74% 100%
18:1-18:1 9.6% - 22% -
3 Results

3.1 The transbilayer distribution of polyunsaturated phospholipids
determines their effect on membrane deformation

In previous simulations performed with symmetric PC
membranes, we reported a strong facilitating effect of
polyunsaturated lipids on membrane deformation®®.
Specifically, the rate of tube elongation (induced by a constant
perpendicular force), was 3-4 times higher with 18:0-22:6 PC
membranes compared to 18:0-18:1 PC membranes. To
determine if this effect depends on the transbilayer

distribution of polyunsaturated lipids, we performed similar
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simulations with asymmetric membranes. One leaflet
contained monounsaturated 18:0-18:1 PC, whereas the other
leaflet contained polyunsaturated 18:0-22:6 PC. We applied a
constant force on one side or the other (Fig. 2A). Therefore,

djust margins

Journal Name
left) or inner (Fig. 2B right) leaflet of the tube.

The snapshots of Fig. 2B and the quantifications of Fig. 2C-D
show that the transbilayer distribution of polyunsaturated

the polyunsaturated lipids were either in the outer (Fig. 2B  phospholipids had a dramatic effect on membrane
A C .
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symmetric membranes 0 ns 18:0-18:1 PC 18:0-22:6 PC g 80 .'
in® in 2. 18:0-22:6 PC 18:0-18:1PC £
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Fig 2 The transbilayer distribution of polyunsaturated PC determines its facilitating effect on membrane deformation. A. Schemes of the membrane models composed of 18:0-18:1

(blue) and/or 18:0-22:6 (red). B. Snapshots of membrane deformation at 0 or 200 ns. C.

Time course of tube pulling from symmetric 18:0-22:6 (black) or 18:0-18:1 (grey) PC

membranes and from asymmetric PC membranes with 18:0-22:6 PC outside (red) or inside the tube (blue). D. Outer and inner tube radius for each membrane system and each
replicate of pulling simulations. E. Left: time course of tube pulling from asymmetric membrane under increasing pulling forces. Right: Tube elongation velocity as a function of
pulling force. F. Curvature values at the base and at the middle of the tube for each asymmetric membrane system (see panel A for the definition of c1 and c2). Errors bars in D
show standard deviation of the tube radius as measured from 80-100 snapshots of the same simulation over time. Error bars in E and F show standard deviation from three

simulations (E, F)

deformation. When 18:0-22:6 PC was present in the outer
leaflet of the tube, the overall process of elongation was fast
and similar to that observed with pure symmetric 18:0-22:6 PC
membranes (Fig. 2C). When 18:0-22:6 PC was present in the
inner leaflet of the tube, elongation was slow and comparable
to that observed with pure symmetric 18:0-18:1 PC
membranes (Fig. 2C). Tube radius analysis showed that tubes
with 18:0-22:6 PC in the outer leaflet and 18:0-18:1 PC in the
inner leaflet were as thin as pure 18:0-22:6 PC tubes. In
contrast, tubes with 18:0-18:1 PC in the outer leaflet and 18:0-
22:6 PC in the inner leaflet had a larger diameter, similar to
that observed with pure 18:0-18:1 PC tubes (Fig. 2D).

We repeated the tube extrusion protocol at varying forces,
from 150 to 225 kJ.mol*nm™ (Fig. 2E). The elongation velocity
increased with the applied vertical force and was always much
faster when polyunsaturated lipids were present in the outer
leaflet of the tube compared to the opposite distribution. In

4| J. Name., 2012, 00, 1-3

addition, membrane curvature at both the base and along the
tube (Fig. 2B) was greater when 18:0-22:6 PC was on the outer
leaflet of the tube (Fig. 2F).

To check that these results were not biased by the limiting
membrane surface or the pulling area, we performed
simulations under other conditions. First, we doubled the
surface of the membrane.

Second, we enlarged both the membrane surface and the
pulling area by 4-fold. As shown in Fig. S1, 18:0-22:6 PC
facilitated membrane deformation in these systems only if
present in the outer leaflet of the tube or the bud.

Altogether, these simulations indicate that it is not necessary

to have polyunsaturated lipids on both leaflets to facilitate
membrane deformation: polyunsaturated phospholipids are

This journal is © The Royal Society of Chemistry 20xx
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beneficial solely when present in the outside, i.e. convex,
leaflet of the tube.

3.2 Dose-dependent effect of 18:0-22:6 PC

The concentration of polyunsaturated phospholipids in
biological membranes varies from a few mol % to up to 80 mol
% depending on the organism, the tissue or the organellem’zo.
We performed simulations in which we increased the amount
of 18:0-22:6 PC from 0 to 100% in the outer or in the inner

A Force 200 K.J.mol'1 nm'1
100
iE%&%ﬂ& g% 25 [50 [ 75 [100
100| N=5 20
— 100% [}
’E“ 80- — 75%) w 15_ L
£ — 50% 3 ]
= 60/ . 5:“
2 25% =10 s
L — 0% £
© 40' g) .
2 g5
201/
%0 160 200 300 400 0 25 50 75100
Time (ns) % of 18:0-22:6
B
f§ ‘J‘ EA 125 (50 |75 [100
100
s
100
N=3
= 80 20
3 £
= =
S < gl
= 1))
ﬁ 5 10 |
E £
|_
o+
0 100 200 300 400 0 10 20 30
Time (ns) Time (ns)

Fig 3 Dose response of the effect of 18:0 22:6 PC when present in the outer (A) or in the
the inner (B) leaflet of the tube. The left panels show the times course of tube pulling
as averaged from 3 or 5 replicas; the shaded area shows the SD. The right panel in A
shows length/radius ratio of the tube at 200 ns. The right panel in B shows a zoom of
the deformation kinetics at early stage.

leaflet of the tube. We observed a monotonous increase in the
deformability of the membrane, both in length and in radius,
when the fraction of 18:0-22:6 PC increased in the outer leaflet
of the tube (Fig. 3A). In contrast, the presence of
polyunsaturated phospholipids inside the tube was not
beneficial for tube elongation (Fig. 3B). In the latter case, we
noticed that the curves of tube elongation crossed (Fig. 2C and

This journal is © The Royal Society of Chemistry 20xx
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3B). For the first 100 ns, when a dome but not a full tube had
just formed, the presence of 18:0-22:6 PC in the leaflet
opposite to the pulling force facilitated membrane
deformation. Thereafter, that is during tube elongation, the

0.5

A B c D
%0.4
£
§0.3
<
§
§ 02
s
w
0.1
0 50% 18:0-22:6 50% 18:0-18:1
. 180181PC PC | PS | PE 180181"‘3 PC | PS | PE
out '*—\ ==~ 50%18:0-18:1 PC Ve ,--~ 50%18:0-18:1 PC
- R - - -
50% 18:0-22:6 N 50% 18:0-18:1 N
PC|PS | PE 18084 PC PC | PS | PE 18:0-18:1 PC

50% 18:0-18:1 PC 50% 18:0-18:1 PC

Fig 4 Effect of the lipid polar head group. Tube pulling was performed as in Figure 2B
with bilayers in which 50 % of PC in one leaflet was replaced by PE or PS. A, B. With
50% 18:0-22:6 PC, PS or PE in the outer (A) or inner (B) leaflet of the deformation. C, D.
With 50% 18:0-18:1 PC, PS or PE in the outer (C) or inner (D) leaflet of the deformation.
Error bars: standard deviations from three replica

presence of 18:0-22:6 PC was slightly inhibitory.

3.3 Influence of the lipid polar head

To determine if the effect of the transbilayer distribution of
polyunsaturated lipids depends on the nature of the polar
head, we next moved to more complex bilayers. The first
system consisted in bilayers in which one leaflet contained 100
% 18:0-18:1 PC whereas the other leaflet contained 50% 18:0-
18:1 PC and 50% PS or PE with a defined acyl chain profile
(18:0-18:1 or 18:0-22:6).

In all cases, we observed that the chosen polyunsaturated
phospholipid (PC, PE or PS) in the outer tube leaflet favored
membrane deformation, whereas the opposite distribution did
not (compare panels A and B in Fig. 4). In addition, the polar
head had a slight impact. There was less difference in tube
velocity when we inverted the inner/outer distribution of 18:0-
22:6 PE as compared to what we observed with 18:0-22:6 PC
or 18:0-22:6 PS. Owing to its small polar, PE might be more
adapted to the inner leaflet of the tube than PC or PS.

We also evaluated the impact of the polar head in the context
of pure monounsaturated phospholipids (Fig. 4C and D). Under
these conditions, the elongation rates were very similar,
except when 18:0-18:1 PS was present in the outer leaflet of
the tube. Under this condition, membrane deformation was
accelerated. The negative charge of the polar head might
promote repulsion between neighboring lipids in the outer

leaflet, thereby facilitating the growth of tube as
experimentally observed”
We concluded that the intrinsic impact of lipid

polyunsaturation on membrane deformation weakly depends
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on the nature of the polar head. Moreover, this facilitating
effect of 18:0-22:6 on membrane deformation is greater than
those promoted by other physicochemical properties, such as
size and charge of the polar head.

3.4 Effect of polyunsaturated phospholipids in a model neuronal
plasma membrane

Fig 3 Tube elongation velocity from a bilayer with one leaflet mimicking the
composition of the cytosolic leaflet of the neuronal plasma membrane. A. Scheme of
the lipid composition. The inner leaflet of the tube contained 100% 16:0-18:1 PC. The
outer leaflet contained a fixed ratio of PC, PE, PS and Pl with a defined acyl chain
profile. The acyl chains were either highly polyunsaturated as found in neurons (top),
or saturated/monosaturated (bottom). B. Time course of tube pulling from the bilayer
described in A. Force = 200 kJ mol™ nm™. For each composition, three independent

simulations are shown.

We next moved to the composition of the neuronal plasma
membrane as previously used by the Marrink group in
simulations™. We focused only on the cytosolic leaflet, which,
during endocytosis, becomes the outer leaflet of the tube
generated in our simulations. The phospholipid composition of
the cytosolic leaflet, which showed a high Ilevel of
polyunsaturation (64 mol%), is given in Table 1. For simplicity,
the opposite leaflet was made of 18:0-18:1 PC. To evaluate the
importance of lipid polyunsaturation, we prepared a control
system, in which we replaced all polyunsaturated acyl chains
(20:4 and 22:6) by monounsaturated (18:1) ones (Fig. 5A).
Again, lipid polyunsaturation in the outer tube leaflet strongly
favored elongation (Fig. 5B), suggesting that our results could
be extended to more realistic membranes.

3.5 Polyunsaturated phospholipids show conformational plasticity
in the convex leaflet

We suspected that the key role of the transbilayer distribution
of polyunsaturated lipids on membrane deformation, might
arise from a better adaptation of these lipids to positive
curvature than to negative curvature. To address this
hypothesis, we performed a molecular analysis by computing
various parameters, including the area per lipid, the acyl chain
flexibility, and the lipid shape.

6 | J. Name., 2012, 00, 1-3

The area per lipid, which corresponds to the ratio between the
number of lipids in a given leaflet and the surface of this leaflet
is shown in Figure 6A. Note that the surface area was
determined at the level of the lipid polar head (choline). In the
concave membrane region (inner tube leaflet), the area per
lipid of mono and polyunsaturated PC was very close,
suggesting a similar ability of the two PC species to compress
at the level of the polar head. In contrast, we observed a
the
polyunsaturated lipids occupied a 20% larger surface than
monounsaturated lipids. We also compared these values to
The
transition from flat to convex leaflet is accompanied by a 53%
increase in the surface area of polyunsaturated phospholipids

strong difference for convex (outer) leaflet:

the standard values observed on flat membrane.

as compared to 36% for monounsaturated ones (Fig. 6A). This
analysis suggests that polyunsaturated lipids have a better
ability to swell in the convex leaflet than monounsaturated
lipids.

Figure 6B shows how the sn2 acyl chain of PC in the convex
(outer) leaflet distributes between three main conformations
(straight, moderately kinked, and highly kinked). Compared to

18:0-18:1 PC, 18:0-22:6 PC showed a 5-6-fold increase in the
highly kinked conformation at the expense of the straight one.

Last, we analyzed the geometry of PC as a function of its acyl
chain content and its distribution between the inner and outer
the tube. By
transformations, we overlapped all PC molecules present in

leaflets of translation and rotation
one leaflet such as to get a side projection of the lipid. This
projection gives the overall shape of 18:0-22:6 PC or 18:0-18:1

PC in regions of positive or negative curvature (Fig. 6C).

In the concave leaflet, the 2D projections of 18:0-22:6 PC or
18:0-18:1 PC were very similar, suggesting that the acyl chains
explored a similar volume. In the convex leaflet, the 2D
projections of 18:0-22:6 PC or 18:0-18:1 PC were different. The
polar head region of 18:0-22:6 PC was partially masked by its
acyl chains, whereas the polar head of 18:0-18:1 PC was more
visible. Performing the same analysis on either the snl or sn2
chains shows that this effect arose from the ability of the sn2
polyunsaturated acyl chain to form a collar around the polar
head, whereas the neighboring snl1 saturated acyl chain was
rather straight and sank deeper in the bilayer (Fig. 6D).

Overall, this geometrical analysis indicates that, when present
of the deformation,
phospholipids

membrane
their

in the convex face

polyunsaturated adapt shape to

membrane curvature.

4 Discussion

Our simulations suggest that the transbilayer distribution of
polyunsaturated lipids is decisive for their facilitating effect on
membrane deformation. When present in the concave face,

This journal is © The Royal Society of Chemistry 20xx
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polyunsaturated phospholipids provide no advantage over
monounsaturated ones. When present in the convex face,
polyunsaturated phospholipids have a positive effect, which is

ARTICLE

than in some differentiated membranes. Molecular analysis
suggests that polyunsaturated phospholipids are well adapted
to regions of positive curvature because their acyl chains tend

as large as that observed when these lipids are present on the
two leaflets. This clear-cut effect of the transbilayer
distribution of polyunsaturated lipids is observed whatever the

to invade the space left vacant by the polar head group. Thus,
our simulations suggest a rationale for the enrichment of
polyunsaturated lipids in the cytosolic leaflet of the plasma
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Fig 4 Conformation analysis. A. Area per lipid for each species in the outer and inner leaflets of the tube. The scheme represents the ability of each lipid to compress or dilate its
area as a function of membrane geometry. B. Conformation distribution of mono or polyunsaturated PC when present in a convex membrane region. C, D. Overlay of the side
projection of the indicated PC species according to the acyl chain profile and distribution in the outer (top) or inner leaflet of the tube. The polar head beads are shown in black,
the acyl chain beads are shown in grey. The grey intensity reflects the number of events where a bin of the grid is occupied by a bead from the two acyl chains (C) or only from the
indicated acyl chain

lipid class (PC, PE or PS) and occurs at concentrations similar membrane’®: to

make the
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membrane well adapted to fast inward deformation, such as
endocytosis.

Membrane deformation necessarily constrains the geometry
of phospholipidszz. The elementary volume available for a lipid
in a convex leaflet has the shape of an inverted cone, whereas
the elementary volume available for a lipid in a concave leaflet
has a conical shape. One possibility to
constraints is lipid sorting to match these elementary volumes

resolve these

b)) W
+

and lipid shape: a lipid with a conical shape might
preferentially reside in the concave leaflet, whereas a lipid
with an opposite shape might preferentially reside in the
convex leaflet®®. However, lipid sorting by curvature is readily
counteracted by entropy as lipids diffuse rapidly and, in
general, tend to mix**. lipid sorting by

curvature is observed under stringent conditions such as

Experimentally,

extreme curvature or when the membrane is close to phase
. 24-28
transition™ .

Fig 5 Model of the impact of polyunsaturated lipids on membrane deformation as a function of their asymmetric distribution.

Polyunsaturated lipids offer an alternative mechanism for the
adaptation of lipid composition to membrane shape. Instead
of displaying an intrinsic shape, lipids with polyunsaturated
acyl chains behave as contortionists: they adapt their
conformation to membrane curvature”?**°. The present study
suggests that this adaptation occurs mostly in the convex
leaflet. The analysis of the area per lipid (Fig. 6A) suggests that,
in the concave leaflet, the main constraint for lipid packing is
the size of the polar head group not the volume occupied by
the acyl chains. In contrast, phospholipids in the convex leaflet
have to occupy a large surface area at the level of the polar
head group. Geometrical analysis suggest that the various
kinked conformations of polyunsaturated acyl chains allow
them to populate the interfacial region. Interestingly, this

effect could explain the unexpected enrichment of PE in the
outer surface of membrane tubes as observed in simulations®".
Protrusions of the sn2 polyunsaturated acyl chain toward the
interfacial region could alleviate the interfacial stress arising
from the small area occupied by the polar head of PE.

The distribution of concave and convex surfaces in a forming
tube or in a bud is more complex than in a closed structure
such as a vesicle. At the connection between the tube and the
flat parental membrane, the bilayer exhibits a saddle curvature
where the two principal curvatures are opposite in sign, i.e.
positive and negative. This geometry might explain why the
impact of polyunsaturated lipids is different between the
onset of membrane deformation (when a dome is forming)

Please do not adjust margins




and during tube extension. As depicted in Figure 7, there are
constraints in lipid packing that are specific to the saddle
geometry and which make polyunsaturated lipids in the leaflet
opposite to the pulling force advantageous for dome
formation. When a tube has formed, the saddle geometry at
the base remains, but its contribution to the overall energy of
the tube should become negligible compared to the
constraints in the tubular part itself. Under these conditions,
polyunsaturated lipids in the outer leaflet of the tube are
advantageous for elongation.

In the future, testing the impact of the transbilayer distribution
of polyunsaturated lipids on membrane mechanics will require
preparing asymmetric membranes, which is notoriously
difficult. We note, however, that new protocols have recently
been published to form asymmetric lipid bilayers32'35.

5 Conclusions

Biological membranes are asymmetric not only for the main
lipid classes, which are defined by the polar head regions, but
also for the lipid species, which are defined by the acyl chain
profile. Lipids with polyunsaturated acyl chains preferentially
reside in the cytosolic leaflet™®. Our coarse-grained pulling
simulations suggest that this distribution is highly favorable for
endocytosis, because polyunsaturated phospholipids are well
adapted to positive curvature. The presence of
polyunsaturated phospholipids in the cytosolic side of the
neuronal plasma membrane might contribute to the
exceptional speed at which this membrane undergoes
endocytosisaﬁ.
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