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Conical Lipids in Flat Bilayers Induce Packing Defects Similar to that
Induced by Positive Curvature
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ABSTRACT In biological membranes, changes in lipid composition or mechanical deformations produce defects in
the geometrical arrangement of lipids, thus allowing the adsorption of certain peripheral proteins. Here, we perform molecular
dynamics simulations on bilayers containing a cylindrical lipid (PC) and a conical lipid (DOG). Profiles of atomic density
and lateral pressure across the bilayer show differences in the acyl chain region due to deeper partitioning of DOG compared
to PC. However, such analyses are less informative for the interfacial region where peripheral proteins adsorb. To circumvent
this limitation, we develop, to our knowledge, a new method of membrane surface analysis. This method allows the identification
of chemical defects, where hydrocarbon chains are accessible to the solvent, and geometrical defects, i.e., voids deeper
than the glycerol backbone. The size and number of both types of defects increase with the number of monounsaturated
acyl chains in PC and with the introduction of DOG, although the defects do not colocalize with the conical lipid. Interestingly,
the size and probability of the defects promoted by DOG resemble those induced by positive curvature, thus explaining
why conical lipids and positive curvature can both drive the adsorption of peripheral proteins that use hydrophobic residues

as membrane anchors.

INTRODUCTION

The compact arrangement of lipids in biological membranes
can be altered in several ways. Thus, membranes contain
substantial amounts of lipids such as PE or DAG whose
intrinsic conical shape makes them less prone to align
within the bilayer than abundant cylindrical lipids such as
PC (1,2). Furthermore, membranes are frequently deformed
by external forces (motors, cytoskeleton, or protein coats)
and adopt shapes such as tubes, discs, or vesicles, where
lipid molecules are necessarily tilted (3—6). These consider-
ations raise the question of packing defects. To what extent
do the presence of conical lipids in a flat membrane or the
application of an external force cause imperfections in the
geometrical arrangement of lipids?

In a physiological context, the presence of lipid packing
defects in membranes can be an asset. In the endoplasmic
reticulum, they may facilitate the folding of nascent trans-
membrane proteins (7). In small transport vesicles, they
create stress that makes the membrane more prone to
undergo fusion (8). Finally, lipid packing defects seem
essential for the membrane adsorption of various peripheral
proteins (1,2,9,10). Striking examples are CTP:phosphocho-
line cytidylyltransferase (11-13) and ArfGAP1 (14-16)
whose binding to lipid membranes is strongly favored by
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the presence of conical lipids and/or by positive curvature
(when the protein faces a convex membrane surface).

At first glance, a lipid packing defect induced by a conical
lipid in a flat membrane or by positive curvature should
resemble a void in the interfacial zone (14,15,17). However,
this picture is probably oversimplified. First, lipids are not
stiff objects: by twisting their flexible acyl chains they could
minimize unfavorable exposure to water (13). Second,
lateral diffusion could attenuate the misalignment of lipid
molecules: lipids with complementary shape could cluster
(e.g., a cone with an inverted cone) or lipids with a specific
shape could accumulate in regions of favorable geometry
(e.g., a cone in a region of negative curvature). However,
recent measurements as well as theoretical calculations
suggest that these processes are not very efficient due to
entropic cost (18-22). These various considerations empha-
size the need for a better atomic description of packing
defects in lipid bilayers that are under physical (bending)
or chemical (presence of conical lipids) stress.

So far, only a few simulation studies with various DAG
species have been reported. Recently, we showed that intro-
ducing DOG into DOPC perturbed some properties of the
bilayer (e.g., thickness and order parameter) and made an
embedded amphipathic helix of the ALPS (Amphipathic-
Lipid-Packing-Sensor) family more flexible compared to
ALPS in pure DOPC (16). Bennett et al. (23) used potentials
of mean force to determine the flip-flop barrier of palmitoy-
loleoyl-glycerol across a pure palmitoyloleoylphosphatidyl-
choline (POPC) bilayer or across a model of liquid-ordered
membrane. Finally, Alwarawrah et al. (24) reported
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simulations of dipalmitoylglycerol (DPG) within a POPC
bilayer in presence or absence of cholesterol. DPG was
shown to induce spaces between PC headgroups that did
not localize above DPG but between the first and second
nearest-neighbor PC headgroups of a DPG.

In this work, we use a combination of atomistic simula-
tions and new, to our knowledge, geometrical tools to assess
the physicochemical perturbations that are induced by the
highly conical lipid DOG in a flat PC membrane (Fig. 1).
We observe that although DOG increases the number and
size of lipid-packing defects in the interfacial zone, the
defects do not colocalize with the DOG molecules, suggest-
ing global rather than local perturbations. Of importance,
the defects induced by DOG strongly resemble those
induced by positive curvature, which have been recently
described by Voth and co-workers (25). This analogy
explains why some peripheral proteins that use hydrophobic
insertions and notably amphipathic helices of the ALPS
family appear hypersensitive to both positive curvature
and conical lipids (26). This latter aspect is further devel-
oped in an accompanying work (27).

METHODS
System setup

Four systems composed of a fully solvated (40 water molecules per lipid)
lipid bilayer were considered in this study: three pure systems composed
of DMPC, POPC, or DOPC lipids, and one mixed system containing
DOPC and DOG lipids at a molar ratio of 85:15 (denoted DOPC/DOG

DOPC

sn-2

sn-1

FIGURE 1 Structure of DOPC and DOG. Note that the double bond on
each aliphatic tail is in a cis configuration. Each label below the phospho-

rous atom applies for both DOPC and DOG and for each aliphatic chain
(sn-1 and sn-2).
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throughout this work). Note that DOG is tolerated in DOPC bilayers
provided that its molar density does not exceed 15-20 mol % (28,29);
beyond, its conical shape induces a transition to an inverted hexagonal
phase (Hpp). For each composition three different patches were used: 70
lipids, 128 lipids, and 280 lipids. The DOPC/DOG mixture was obtained
by replacing the head of randomly chosen DOPC molecules by a hydroxyl
group. We performed the same number of DOG substitutions in each leaflet.
Each bilayer was then properly equilibrated for 100 ns before a production
run of 100, 200, or 700 ns (Table S1 in the Supporting Material). For pure
DOPC and DOPC/DOG, additional simulations of patches of 1024 lipids
were performed (5 ns of equilibration and 195 ns of production).

Force field and simulation details

The Berger force field (30) was used for all lipids. In DOPC and DOG, the
cis-double bond of each acyl chain was corrected as previously suggested
(31,32). For DOG, our previous model (16) was used: its parameterization
is entirely based on Berger except for the charge on the hydroxyl oxygen,
which is set to —0.7 e (taken from OPLS-UA (33)). In the accompanying
work, a peptide is simulated with the OPLS-AA force field (34) within lipid
bilayers identical to those of this work. We thus directly used the half-¢
double-pairlist OPLS method (35,36), so that our lipids are directly compat-
ible with peptides/proteins simulated with OPLS-AA. For compatibility, the
TIP3P water model (37) was used. Additionally, for the patches of 280
lipids only, 120 mM of ions (Na'/Cl™) were added to be consistent with
the simulations of the companion work (containing a peptide) (27).

All simulations were performed using GROMACS 4.5.3 (38) within
the NPT ensemble. All systems were equilibrated with the Berendsen
thermostat at 300 K (with a time constant of 0.1 ps; lipids and water coupled
separately) and the Berendsen barostat at 1 bar (with a time constant of 1 ps
and a compressibility of 4.5 x 107> bar™ 1) (39). Production runs were run
at 300 K using the velocity-rescaling thermostat (40) (with a time constant
of 0.1 ps, lipids and water coupled separately) and at 1 bar using the
Parrinello-Rahman barostat (41) (with a time constant of 4 ps and
a compressibility of 4.5 x 107> bar™"). Pressure coupling was applied
semiisotropically (x and y directions coupled, z direction scaled indepen-
dently from x and y). Periodic boundaries were applied in all directions.
Bond lengths were constrained using the P-LINCS algorithm (38). A
time step of 2 fs was used with the leapfrog integrator. Trajectories were
initiated by assigning a Maxwell-Boltzmann distribution of velocities at
the chosen temperature. Water molecules were kept rigid using the
SETTLE algorithm (42). Lennard-Jones interactions were cutoff at
1.0 nm. The smooth particle-mesh Ewald method (43,44) was used for
evaluating electrostatic interactions, with a real space cutoff of 1.0 nm,
a grid of 0.12 nm, and an interpolation order of 4. The neighbor list was up-
dated every 10 steps. Frames were saved every 10 ps (100 ps for the big
patches of 1024 lipids) for subsequent analysis. All molecular graphics
were generated with VMD (45).

Analysis of bilayer properties

A number of classical analyses of membrane properties were conducted,
including hydrophobic thickness, lateral diffusion, bending and area
compressibility modulus, lateral pressure profile, and potential of mean
force of lipids across the membranes. All details on these analyses are re-
ported in the Supporting Material.

Packing defects mapping using ASA and a new
Cartesian scheme

Packing defects were defined and evaluated in three ways: i), using an
approach analogous to the one used by Voth and co-workers (25), and ii),
using, to our knowledge, two new methods that we introduce in this work.
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The first method is based on the evaluation of the ASA of the bilayer
aliphatic carbons. The ASA was evaluated on the two leaflets of 280 lipids
with the program NACCESS (46) using a probe radius of 0.3 nm as done in
(25). All the nonzero areas were then projected on the x-y plane and defined
as defects (overlapping defects were merged into a single one).

Our new methods for evaluating packing defects consist in the following
procedure. First, the plane perpendicular to the membrane normal was map-
ped into a grid of 0.1 nm resolution. For each grid point, we scanned the
normal to the membrane plane starting from the solvent and descending
up to 0.1 nm below the sn-2 carbon of the nearest glycerol. During the scan-
ning procedure, solvent atoms were ignored and the analysis was done sepa-
rately on each leaflet. At each z position of a given grid point, the presence
of an eventual overlapping atom was evaluated by calculating a distance
between the grid point center and the center of any atom of the bilayer.
Overlap was assigned when this distance was shorter than the grid point
diagonal half-length (0.07 nm) plus the van der Waals radius of the atom
(see Fig. S1). Depending on the nature and depth of the first atom met
during this scanning procedure (i.e., the first atom that overlaps with the
grid point under consideration), we distinguished three cases: i), no defect
when the atom was nonaliphatic; ii), chemical defect when the atom was an
aliphatic carbon; iii), geometrical defect when the atom was an aliphatic
carbon and was 0.1 nm below the sn-2 carbon of the nearest glycerol. Adja-
cent elementary points of similar nature were then merged, resulting in
defects of various sizes. Note that geometrical defects are a subcategory
of chemical defects. Further details on the two methods are given in the
Supporting Material, notably the choice of van der Waals radii.

As noted previously by Voth and co-workers (25), the distribution of
packing defect size falls off exponentially. For all methods, the area defect
distribution was plotted on a semilog scale and fitted to an exponential
decay: p(A) = Be ", where p(A) is the probability of finding a defect
area of A nmz, B is a constant, and k is the exponential decay in units of

~2. All points below 0.05 nm?* were discarded from the fit (small defects
tend to be similar whatever the composition). All probabilities strictly
below 10~ were also discarded because of their poor convergence.

RESULTS AND DISCUSSION

Does DOG directly create voids in the interfacial
zone of DOPC bilayers?

Because DOPC and DOG differ solely by their polar heads
(Fig. 1), one may naively assume that replacing some
DOPC molecules by DOG in a bilayer will affect the atomic
density in the polar head region, although leaving the hydro-
phobic region unaltered. In other words, a DOPC — DOG
substitution should create a void or defect corresponding to
the lack of phosphocholine. However, in previous MD simu-
lations we and other groups reported a more complex picture
(16,23,24). The critical point is that DOG (here used at
15 mol %) does not occupy the same position as DOPC,
but, instead, slightly sinks toward the center of the bilayer.
The different partitioning of DOG and DOPC is exemplified
by two observations (Fig. 2). First, carbon 2 (C2) of DOG
occupies a deeper (—0.2 nm) position than the corresponding
atom of DOPC (compare the red and gray atoms in Fig. 2,
a and b, and the dotted profiles in Fig. 2, ¢ and d). Second,
the density profile of DOG lacks the characteristic minimum
at the border between the two leaflets that is observed for
DOPC, thereby indicating that the aliphatic tails of DOG
partially invade the bilayer center and interdigitate (compare
the red and gray dotted lines in Fig. 2, ¢ and d).
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FIGURE 2 Cross-section analysis of DOPC/DOG and DOPC bilayers.
The upper panels show snapshots of DOPC/DOG (85:15 mol:mol) (a)
and pure DOPC (b) bilayers. All atoms are represented as wireframes
except C2 atoms of DOPC and DOG, which are depicted as gray
(DOPC) or red (DOG) spheres. The middle panels show density profiles
for DOPC/DOG (c¢) and DOPC (d) bilayers with the density of the whole
system in black, DOPC in gray, DOG in red, and water in blue. The vertical
dotted lines coincide with the C2 carbons of DOPC (gray) and DOG (red);
the vertical solid line corresponds to the center of the bilayer. The lower
panels show the symmetrized lateral pressure profile (with error bars)
of DOPC/DOG (e) and DOPC (f) bilayers. The vertical lines indicate
the bilayer center as well as the C2 atoms of DOPC and DOG. Note that
the density and pressure profiles indicate substantial changes between the
two bilayers for the hydrophobic region but not for the polar region.

These observations suggest two conclusions. On the one
hand, DOG should substantially affect the bulk properties
of the bilayer. For example, an effect of DOG on the elastic
properties of the membrane can be anticipated because the
different partitioning of DOG and DOPC leads to an
increase in membrane thickness (Table 1 and Fig. 2). On
the other hand, how DOG affects the interfacial properties
of the bilayer remains unclear. Notably, it is difficult to
understand how DOG could create defects in the interfacial
region while partitioning deeper than DOPC. Solving this
second issue was the main motivation of this work and, as

TABLE 1 Structural, dynamic, and elastic properties of a pure
DOPC and DOPC/DOG bilayer

Pure DOPC DOPC/DOG
Hydrophobic thickness & (nm) 2.63 = 0.11 2.89 = 0.08
DOPC diffusion coefficient 8.8 = 1.1 87 £ 0.8

D (1078 em?s7h

Compressibility K (N m Y 0.331 = 0.006 0.351 = 0.027
Bending modulus « (kT) 214 + 0.6 143 =+ 14
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explained later, requires new analytical methods. Before
presenting these new approaches, the next two sections
summarize other general observations that can be extracted
from a classical analysis of DOPC and DOPC/DOG simula-
tions and which give information about the physical
properties of such bilayers. Additional analysis is also pre-
sented in the Supporting Material, including evaluations of
the DOPC and DOG area and volumes (Fig. S2 and
Fig. S3), as well as determination of the hydration of the
phosphate groups in DOPC/DOG and DOPC bilayers. As
expected, DOG (Fig. 1) leads to a slightly higher hydration
of the membrane polar region because oxygen O4 can act
both as a hydrogen bond donor and acceptor, in contrast
to oxygen O4 of DOPC, which acts only as a hydrogen
bond acceptor (Fig. S4).

The changes in the lateral pressure profile
induced by DOG in the polar head region are
marginal

An alternative method to analyze the cross section of
a bilayer is to compute the lateral pressure profile P(z) along
its normal (13). A typical P(z) profile shows a sharp negative
peak corresponding to the cohesive interfacial tension at the
hydrophilic/hydrophobic interface. This peak is flanked by
two positive peaks at the level of the polar headgroups (elec-
trostatic and steric interactions, hydration repulsion) and
aliphatic chains (steric interactions) (47). Thus, P(z) gives
the tendency of each region to shrink or to expand and has
been proposed to be a valuable parameter to assess the effect
of conical lipids on the membrane surface; the prediction is
that a conical lipid should reduce the pressure at the polar
head region, hence facilitating protein adsorption (13).

As shown in Fig. 2, e and f, the most noticeable effect of
DOG on the lateral pressure profile of a DOPC bilayer is
a twofold increase of the positive peak at the level of the
aliphatic tails (at = 1.2 nm). This peak corresponds, on
average, to carbons C8 and C2 of the oleoyl chain of
DOPC and DOG, respectively. Surprisingly and in contrast
to what has been predicted (13), this increase is insuffi-
ciently counterbalanced by a decrease in the lateral pressure
in the polar head region (around *= 2.0 nm). In fact, the
pressure decrease in this region is quite modest (within
the error bars of our measurements) and cannot counteract
the pressure increase in the aliphatic region. Instead, the
overall pressure of the DOPC/DOG system is kept at zero
by a further drop in the cohesive interfacial tension.

Because lateral pressure profiles and bilayer elastic prop-
erties are connected (47,48), we expected a change in
rigidity and/or compressibility of the bilayer upon DOG
addition. Table 1 shows the area compressibility and
bending modulus of the two lipid compositions. The addi-
tion of DOG in DOPC decreases the bending modulus of
the bilayer by 35% (from 21.4 to 14.3 kT) but does not
significantly change its compressibility modulus. It is inter-
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esting to note that an increase in bilayer thickness is gener-
ally associated with an increase in bending rigidity (49)
(e.g., 20.5 = 2.4 kT and 29.0 += 3.6 kT for diC18:1.9 and
diC22:1, respectively). However in our case, the increase
in membrane thickness does not result from an increase in
acyl chain length but from the different partitioning of the
two lipids in the bilayer as well as an increase of order
parameter of DOPC acyl chains (16). We conclude that
the different partitioning of DOG and DOPC along the
membrane normal facilitate rather than impede membrane
deformations.

Dynamic properties of mixed DOPC/DOG bilayers

We then evaluated the propensity of DOG and DOPC to flip-
flop between leaflets. Evaluation of transbilayer movements
is important in the context of defects in lipid packing:
a translocating lipid should create transient perturbations
in the bilayer and, conversely, a bilayer with lipid pack-
ing defects could favor flip-flop movements. However, no
flip-flop of DOG and DOPC could be observed in our simu-
lations, whose cumulative length amounted to a few micro-
seconds. In contrast, we observed normal lateral diffusion of
DOPC, which was essentially unaffected by the introduction
of DOG (Table 1). Of note, Alwarawrah et al. (24) found
that DPG reduces lateral diffusion of POPC within a
POPC/DPG mixture, suggesting that the saturated chains
of DPG but not the monounsaturated chains of DOG affect
the lateral movements of PC molecules.

We determined the PMF for moving the headgroup of
DOG or DOPC into the center of a pure DOPC bilayer or
a DOPC/DOG bilayer. As shown in Fig. 3, DOPC and
DOG retain the same energy profile in both compositions,
suggesting that DOG, at 15 mol %, does not favor flip-
flop movements. Note the slight shift between the curves,
which is due to the difference in thickness between DOPC

100 DOPC

— in pure DOPC

80 — in DOPC/DOG

60

40

Free Energy (k] mol™)

20

0 05 I 15 2 25
Distance from bilayer center (nm)
FIGURE 3 Potentials of mean force for transferring the headgroup of
DOPC and DOG from water to the center of a pure DOPC or DOPC/
DOG bilayer. For each PMF, the position restraint was placed on the
hydroxyl or phosphate of the headgroup (for DOG and DOPC, respectively)
and used to determine the x axis. The PMFs are shown with error bars.
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and DOPC/DOG bilayers, and the flatness of the energy
profile in the bilayer center for DOG, which indicates that
its translocation is accompanied by dehydration (i.e., as
opposed to DOPC, there is no need to form a water pore
to translocate DOG across the bilayer, see Fig. S5). The
energy barrier for moving DOPC and DOG to the center
of the bilayer was 100 and 35 kJ/mol, respectively. From
these values, we estimate (23,50) the half-time of DOPC
and DOG flip-flop to be ~30 min and 100 us, respectively;
values that are well above the timescale of our simulations
and in good agreement with previous MD simulations of
palmitoyloleoyl-glycerol in POPC (23). We conclude from
this analysis that transbilayer movements are unlikely to
contribute to lipid packing defects induced by DOG.

DOG incorporation increases occurrence and
size of packing defects at the hydrophilic/
hydrophobic interface

The previous analyses give a time-averaged picture of the
cross section of DOPC and DOPC/DOG bilayers. However,
for a peripheral protein initially in the solvent, what should
be more important is the instantaneous structure of the
membrane surface: does it display defects at any given
time and are these defects deep and large enough to facili-
tate protein adsorption? Therefore, we need to change our
point of view by 90° and consider the structure of DOPC
and DOPC/DOG membranes from the top to look at their
microscopic details.

To do so, we use three methods (Fig. 4). The first approach
is similar to that introduced by Voth and co-workers (25) and
is based on the evaluation of the ASA of the bilayer aliphatic
carbons using a spherical probe of 0.3 nm in radius (approx-
imately the size of a bulky residue) (see Fig. 4 b). The second
and third approaches are based on a Cartesian scheme (see

a b accessibility
surface area

¢ chemical defects

yellow: aliphatic carbons
grey: other atoms
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Fig. S1). First, the bilayer surface is mapped into a grid
(x, y) whose pixels have a surface area of 0.01 nm?. For
each pixel, we scan the normal to the membrane plane (z)
from the solvent toward the center of the bilayer. We define
two types of lipid packing defects: i), chemical defects, when
the first atom that is met along the normal is an aliphatic
carbon (Fig. 4 ¢); and ii), geometrical defects, when the first
atom that is met is an aliphatic carbon and it is 0.1 nm below
the sn-2 carbon of the nearest glycerol (Fig. 4 d). Thus,
geometrical defects are a subcategory of chemical defects;
the former correspond to voids in the bilayer, whereas the
latter correspond to regions where aliphatic chains are
exposed to the solvent (see schemes in Fig. 4).

The different panels of Fig. 4 show top views of DOPC/
DOG and DMPC bilayers with defects as revealed by the
ASA method (Fig. 4 b) and by our Cartesian scheme for
both chemical (Fig. 4 ¢) and geometrical (Fig. 4 d) defects.
These various representations immediately suggest that,
whatever the method used, the lipid packing defects are
more abundant and larger in DOPC/DOG than in DMPC
bilayers, two extreme cases in terms of lipid packing.

Similar analyses were performed on thousands of snap-
shots of DMPC, POPC, DOPC, and DOPC/DOG bilayers,
leading to the statistical analysis shown in Fig. 5. For all
lipid compositions, the distribution of defects follows
roughly a single exponential function above a threshold
value of 0.05 nm? (below this value, all bilayers display
the same distribution). As noted previously, all distributions
suggest a second regime (which does not follow a pure
exponential decay) for very large defects (25). Of impor-
tance, the exponential decay constant decreases when satu-
rated acyl chains are replaced by monounsaturated ones and
when DOG was introduced in the bilayer; the probability of
occurrence of large defects follows the order: DMPC <
POPC < DOPC < DOPC/DOG. The three methods agree

d geometrical defects

FIGURE 4 Detection of lipid packing defects.
The three methods to identify packing defects in
the interfacial zone of model membranes are sche-
matized in the top row. The other panels show
snapshots of the surface of DOPC/DOG and
DMPC bilayers with polar heads in gray and
aliphatic carbon atoms in yellow. For each compo-
sition, the columns are arranged as follows: (a) the
pure bilayer; (b) the bilayer with the packing
defects (blue) computed with the ASA method;
(c and d) the bilayer with the chemical (c¢) or
geometrical (d) defects (blue) computed with our
new Cartesian scheme. The ASA method uses of
a probe of 0.3 nm in radius and maps the accessible
aliphatic carbon atoms. The Cartesian schemes
probe the bilayer vertically by squares of
0.01 nm? and look for all accessible aliphatic
carbon atoms (chemical defects) or only those
that are below the glycerol level (geometrical
defects). See text for further details.
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FIGURE 5 Size distribution of packing defects

in model membrane systems. The various plots
convex show the probability of finding a defect of defined
size as obtained by the ASA method (a; like in
(25)) or by the Cartesian schemes for geometrical
(b) or chemical (c) defects. The color code is as
follows: green, DMPC; blue, POPC; black,
DOPC; red, DOPC/DOG. Each solid line is a fit
Z 4 to an exponential distribution for defects larger
DOPC/DOPS  (han 0.05 nm? and with probability >10"*. The

DOPC/DOG

(Cuietal) fits give the following decay constants (in units

. DMPC of nm~?) for DMPC, POPC, DOPC, and DOPC/

—e— POPC DOG, respectively: (a) 13.1, 12.1, 9.0, and 7.7;
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—e— DOPC/DOG (b) 14.6, 12.4, 11.5, and 10.8; (¢) 8.8, 6.7, 5.3,

and 4.7. The decay constants obtained in panel

(a) are plotted in panel (d) and compared to those
8 i obtained by Cui et al. (25) on a DOPC/DOPS patch
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remarkably well on this trend, but they identify defects of
different sizes. Chemical defects essentially correspond to
all regions where aliphatic atoms are visible from the
membrane surface, regardless of their depth (compare
Fig. 4, a and c). Geometrical defects are smaller because
of their more restrictive definition (Fig. 4 d). Finally, the
ASA method detects defects of medium size (Fig. 4 b) but
the results depend on the choice of the probe radius (here
0.3 nm like in (25)); changing this value results in different
defect areas. The main advantage of the ASA approach is
that it is not sensitive to the orientation of the defects
because the probe does not follow a preferential direction,
whereas our Cartesian-based approach detects a vertical
defect more readily than an oblique one because the
membrane is scanned along its normal. The Cartesian-based
approach combines two advantages: a fine resolution
(0.1 nm) without the need to tune a probe size and the possi-
bility to identify defects not only by their chemistry, but also
by their depth. In the accompanying work (27), we show
that geometrical defects, which closely resemble voids,
are crucial for the partitioning of peptides that use hydro-
phobic insertions.

Packing defects induced by DOG incorporation
or by positive curvature are similar

Because incorporating conical lipids into a flat membrane or
imposing positive curvature represent two alternative ways
to promote the binding of some peripheral proteins
(9,14,15), we next wanted to compare the packing defects
associated with these two different conditions. As shown
in Fig. 5 d, the change in defect size distribution when going
from a flat DMPC to a flat DOPC/DOG membrane (this
study) closely matches the change in defect size distribution
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20 22 24 either in a flat or in a convex conformation.

observed by Voth and co-workers (25) when going from
a flat DOPC/DOPS to a convex (radius = 20 nm) DOPC/
DOPS membrane. This comparison suggests that the struc-
ture of the interfacial zone of a convex membrane strongly
resembles that of a flat membrane containing conical lipids.
In line with this hypothesis, the two types of bilayers share
other features. In bilayers containing conical lipids or dis-
playing positive curvature, the lipid polar heads are more
disordered and solvent accessible, whereas the acyl chains
are more ordered (16,51). This analogy has, however,
some limitations. Notably, bending a membrane is generally
associated with a decrease in membrane thickness (51),
whereas incorporating a conical lipid induces membrane
thickening (Fig. 2, Table 1). Thus, a membrane containing
conical lipids is a good mimetic of a curved membrane for
the interfacial zone, not for the central region.

It seems obvious that packing defects induced by mem-
brane curvature should be evenly distributed on the bilayer
surface. In contrast, DOG-induced defects may colocalize
with the conical lipids themselves. To assess this second
possibility, we evaluated the overlap between packing
defects and the acyl chains of the DOG or DOPC lipids
(Table 2). For this, we first determined the relative surfaces
occupied by DOG and DOPC acyl chains. For each surface,
we then determined the fraction of area that is occupied by
lipid packing defects. Strikingly and as shown in Table 2,
this fraction was not significantly higher in the DOG area
than in the DOPC area. Therefore, geometrical and chemi-
cal packing defects are evenly distributed on a flat DOPC/
DOG bilayer and do not colocalize with DOG although
DOG favors the formation of defect. We conclude that
incorporation of DOG lipids into a flat DOPC bilayer
mimics the effect of inducing a positive curvature because
the spatial localization of the conical lipids inside the
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TABLE 2 Spatial distribution of packing defects in a DOPC/
DOG bilayer

Nature of packing defects DOG (%)* DOPC (%)°
Geometrical 14 =05 1.7 £ 04
Chemical 54 13 54 = 0.7

After determination of the relative surfaces occupied by DOG and by
DOPC acyl chains, we determined the percentage of each surface that
corresponds to chemical or geometrical packing defects. In this analysis,
we retain only defects larger than 0.1 nm? The obtained values show that
packing defects are not enriched in the surface occupied by DOG compared
to DOPC (the distributions overlap, see Figure S6). A snapshot illustrating
this idea is shown in Figure S7.

“Fraction of area occupied by packing defects within the total area of
DOG lipids.

PFraction of area occupied by packing defects within the total area of
DOPC lipids.

bilayer rapidly becomes uncorrelated with packing defects
(packing defects are highly dynamic objects and have short
life times around 10-100 ps), which are thus ubiquitous and
randomly distributed on the bilayer surface.

CONCLUSIONS

The concept of lipid packing defects has been instrumental
to explain some observations on peripheral proteins. In
brief, it is assumed that voids in the membrane interfacial
zone, which are induced either by positive curvature or by
conical lipids, act as binding sites for exposed hydrophobic
residues of the protein (1,9,13,52). However, this picture
remains elusive at the atomic level. First, the flexibility
and movements of lipid molecules could attenuate the
geometrical defects. Second, the analogy between defects
induced by positive curvature and defects induced by
conical lipids is deceptively simple. Imposition of a positive
curvature necessarily affects all lipid molecules (like in a
fan), whereas introduction of conical lipids may have a
more local effect.

Here we show that, as far as the surface structure of the
membrane is concerned, there is a striking similarity
between the defects induced by conical lipids and by posi-
tive curvature. This similarity arises from the fact that
conical lipids do not induce defects at their exact location
but instead impose a stress over the entire membrane surface
that leads to defects of various sizes, randomly distributed
over the surface.

In a physiological context, this finding is important
because it suggests that large lipid packing defects may be
restricted to membranes of the early secretory pathway.
Indeed, not only do these organelles exhibit regions of
high curvatures (such as the tubules of the endoplasmic
reticulum or the transport vesicles of the Golgi apparatus),
but also their bulk lipid composition is favorable for the
formation of large defects (unlike the bulk composition of
late secretory membranes) (9). Studies in yeast suggest
that several lipid metabolic pathways that desaturate the
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acyl chains or modulate the sizes of the polar head groups
maintain a high ratio between conical and nonconical lipids
in these organelles as compared to the plasma membrane
(53-55).

A second important implication of the analogy between
the packing defects induced by conical lipids and by
membrane curvature concerns MD simulations. Performing
all-atom simulations on curved membranes requires high
computational resources and poses issues such as establish-
ing simple periodic conditions. In contrast, simulations on
small flat membrane patches are more amenable to simula-
tions. In the case of sensors of membrane curvature that use
hydrophobic insertions, performing simulations on flat
membranes containing conical lipids should help to dissect
the mechanism of membrane adsorption. In the accompa-
nying work (27), we use this approach to study how ALPS
motifs sense packing defects in membranes.
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