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ABSTRACT Sensing membrane curvature allows fine-tuning of complex reactions that occur at the surface of membrane-
bound organelles. One of the most sensitive membrane curvature sensors, the Amphipathic Lipid Packing Sensor (ALPS) motif,
does not seem to recognize the curved surface geometry of membranes per se; rather, it recognizes defects in lipid packing that
arise from membrane bending. In a companion paper, we show that these defects can be mimicked by introducing conical lipids
in a flat lipid bilayer, in agreement with experimental observations. Here, we use molecular-dynamics (MD) simulations to
characterize ALPS binding to such lipid bilayers. The ALPS motif recognizes lipid-packing defects by a conserved mechanism:
peptide partitioning is driven by the insertion of hydrophobic residues into large packing defects that are preformed in the bilayer.
This insertion induces only minor modifications in the statistical distribution of the free packing defects. ALPS insertion is
severely hampered when monounsaturated lipids are replaced by saturated lipids, leading to a decrease in packing defects.
We propose that the hypersensitivity of ALPS motifs to lipid packing defects results from the repetitive use of hydrophobic

insertions along the monotonous ALPS sequence.

INTRODUCTION

In early reconstitution experiments on liposomes, it was
observed that the activity of the peripheral protein Arf
GTPase-Activating Protein 1 (ArfGAP1) increased >2
orders of magnitude when conical lipids were introduced
at the expense of cylindrical lipids in the bilayer (1). Later,
an effect of similar amplitude was observed when the lipid
composition was kept constant while the liposome radius
was decreased from 150 to 30 nm (2). These two observa-
tions led to a model in which ArfGAP1 senses the packing
defects between lipid molecules that arise from the
mismatch between the actual curvature of the membrane
and the lipid geometry.

Since then, this model has gained more interest. First,
membrane curvature is recognized as an efficient index to
control several biochemical reactions on membrane surfaces
in space and time (3-8). In the case of ArfGAP1, its hyper-
sensitivity to membrane curvature helps to organize two
reactions: the assembly-disassembly cycle of the Coat
Protein complex I (COPI) coat, a complex that shapes Golgi
membranes into small transport vesicles, and the attachment
of such vesicles by long tether proteins (2,9). Second, the
motif by which ArfGAP1 recognizes membrane curvature
has not only been identified (10,11) but has also been found
in proteins with different functions, such as membrane
tethers, nucleoporins, and lipid transporters (11-15). This
motif is called the Amphipathic Lipid Packing Sensor
(ALPS) motif.
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ALPS motifs are sequences of 20—40 amino acids that,
despite weak sequence identity, share similar physicochem-
ical features (10,11). They contain hydrophobic residues
that are regularly distributed every three or four residues,
with a marked preference for bulky ones (e.g., Phe, Leu,
and Trp). In between, small polar residues, notably Gly,
Ser and Thr, are abundant, whereas charged residues are
rare if not absent. ALPS motifs are intrinsically soluble
but bind efficiently to liposomes that contain conical lipids
(i.e., dioleoylglycerol) or display a highly positive curva-
ture. Circular dichroism (CD) spectroscopy has shown that
membrane adsorption of ALPS is accompanied by its
folding into an «-helix (10,11,16), and molecular-dynamics
(MD) simulations performed on the ALPS motif of
ArfGAPI in its membrane-embedded helical conformation
suggested that its secondary structure is less stable than
traditional amphipathic helices (17). Nevertheless, the
molecular details of the interaction between ALPS motifs
and biological membranes remain elusive because of the
dual difficulty of performing structural studies on an intrin-
sically unfolded sequence and in a membrane environment.
In particular, we still lack a thorough description of peptide
partitioning into membranes, as well as a molecular under-
standing of how the specific amino acid composition of the
peptide gives rise to its peculiar function as a curvature
Sensor.

The current model for sensing of membrane curvature
by ALPS motifs posits that bulky hydrophobic residues
serve as probes to detect the defects in lipid packing that
arise from membrane bending (4,10,11,17). This mode of
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membrane curvature recognition, which is based solely on
the hydrophobic effect, seems very different from that of
well-folded domains such as BAR, which recognize
membrane curvature via a complementary shape between
their concave basic surface and convex acidic membranes
(3,18). More generally, defects in lipid packing can be an
asset for the adsorption of several peripheral proteins (e.g.,
a-synuclein), as well as for the functioning of transmem-
brane proteins (19-21).

To understand the hypersensitivity of the ALPS motif to
membrane curvature and lipid geometry, it is necessary to
address the differences, at the molecular level, between
membranes that are abundant or scarce in packing defects.
In a pioneering study, Voth and colleagues (22) character-
ized the packing defect distribution in anionic lipid bilayers
of different curvatures by analyzing their accessible surface
area (ASA). The size distribution of packing defects
depends nontrivially on the curvature, and falls off ex-
ponentially with a characteristic constant that depends on
curvature. In a companion study, we performed the same
analysis on bilayers that contain lipids with different
numbers of monounsaturated acyl chains and with or
without the conical lipid dioleoylglycerol (23). Remarkably,
using either the ASA approach or a new method based on
Cartesian coordinates, we obtained a similar result: the
size distribution of packing defects showed an exponential
decay that depends on the number of monounsaturated
acyl chains or on the introduction of conical lipids (23).
Thus, inducing positive curvature and introducing conical
lipids in a flat bilayer are two alternative ways to increase
the occurrence of large lipid packing defects.

In this work, we explored the specific mechanism that
couples the adsorption of ALPS motifs on the bilayer
surface to lipid packing defects. We conducted MD simula-
tions of the binding of the ALPS motifs of ArfGAP1 and
GMAP210 to a lipid bilayer that is rich in packing defects.
By simultaneously monitoring the interaction of the peptide
with the bilayer and the localization and size of packing
defects, we were able to show that the ALPS motif partitions
in the bilayer via the insertion of hydrophobic residues into
large preexisting packing defects that can be thought of as
dynamical binding pockets for the inserting residues. The
repetitive use of this elementary mode of membrane inser-
tion along the monotonous ALPS sequence may explain
the hypersensitivity shown by ALPS motifs to positively
curved membranes.

MATERIALS AND METHODS
MD simulations

Two peptides were studied in this work. The first one was the first ALPS
motif of ArfGAP1 (amino acids 197-231, sequence DDFLNSAMSSL
YSGWSSFTTGASKFASAAKEGATK) (10,16,17). The N-and C- termini
were acylated and aminated, respectively. Amino acids were numbered
from 2 to 36, in agreement with previous literature (17). Thus, F26 in the
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peptide corresponds to F222 in ArfGAP1. The second peptide was the
ALPS motif of GMAP210 (amino acids 1-38, sequence MSSWLGG
LGSGLGQSLGQVGGSLASLTGQISNFTKDML). To faithfully model
the peptide that has been studied experimentally (11), the N- and C-termini
were in their default protonation state.

The peptides were modeled as a complete a-helix and then solvated in
abox of water of 5 x 5 x 5 nm® with charge-neutralizing counterions using
periodic boundary conditions. Several replicas of the system were run for
50 ns, and unfolding of the peptide into a molten-globule state was observed
after ~10 ns in all simulations. For each system, one of the final structures
was used as a starting point for the peptide-membrane simulations. The two
lipid bilayers used in this study were a patch of 250 dimyristoylphosphati-
dylcholine (DMPC) lipids of area 9 x 9 nm? and a patch of 240 dioleoyl-
phosphatidylcholine (DOPC) and 40 dioleoylglycerol (DOG) lipids (molar
ratio 85:15) of area 9.5 x 9.5 nm? The two bilayers were equilibrated by
performing 100 ns of MD in a water box containing Na* and Cl~ ions at
physiological concentration (120 mM). The final bilayer structures were
used to start the simulations with the peptide. All peptide-bilayer simula-
tions were initiated by placing the unfolded peptide at a distance of
2.5 nm from the lipid bilayer. Water molecules that spatially overlapped
with the peptide, as well as excess ions, were removed to keep the overall
system charge at zero. Each replica (five for ArfGAP1 with DOPC/DOG,
five for ArfGAP1 with DMPC, five for GMAP210 with DOPC/DOG, and
five for GMAP210 with DMPC) was started from the same conformation
by assigning different random velocities. On average, the total number of
atoms was 65,000 in a box of 9.5 x 9.5 x 10 nm’. All replicas were run
for 400 ns, with the exception of two MD runs of ArfGAP1 with DOPC/
DOG and two MD runs of GMAP210 with DOPC/DOG that were run for
1 us. The cumulative length of the aforementioned MD runs amounted to
10.4 ps.

All data collections and equilibration runs were performed using
GROMACS 4 (24), and the all-atom OPLS force field (25) was used for
the protein in combination (26) with the Berger model for PC lipids (27)
and with the TIP3P model (28) for water molecules. For DOG, we used
our previous model based on the Berger model (with a charge of —0.7 e
on the hydroxyl) (17). Because OPLS-AA and Berger lipids have different
1-4 combination rules, the half-¢ double-pairlist method was used to mix
both force fields (26,29). Electrostatic interactions were calculated with
the Ewald particle mesh method (30), with a real-space cutoff of 1 nm.
Bonds lengths were constrained using the LINCS algorithm (31) and the
integration time step was set to 2 fs. The system was coupled to a Bussi ther-
mostat (32) and to a semiisotropic Parrinello-Rahman barostat (33) at
a temperature of 300 K and a pressure of 1 atm. Additional simulations
of 1-2 us of the ALPS motif of ArfGAP1 in a DOPC/DOG (85:15) bilayer
were carried out at higher temperatures and are described in the Supporting
Material. In addition, MD simulations of a toluene molecule, analog to
phenylalanine side chain (34), and of two model peptides representative
of individual turns of ALPS motifs (amino acid sequence: SFLG and
SLG) are described in the Supporting Material.

Packing defects were computed using the Cartesian method described in
the companion article (23). Unless otherwise specified, the packing defects
discussed in this study are geometrical packing defects, i.e., packing defects
that extend below the glycerol level. By convention, we define the instanta-
neous glycerol level as the average value along the normal to the membrane
plane of the sn-2 carbon atom of all lipid molecules (for each leaflet sepa-
rately) at a given time.

Data analysis was done using GROMACS utilities, and molecular images
were made with the use of Visual Molecular Dynamics (VMD) (35) and
PyMol (36).

CD spectroscopy

The ArfGAP1[197-231] peptide, whose N- and C-termini were
acylated and aminated, respectively, was purchased from Proteogenix
(France). DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) and DOG
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(1-2-dioleoyl-sn-glycerol) were purchased from Avanti Polar Lipids
(Alabaster, AL). The peptide was solubilized in 10 mM Tris pH 7.2,
120 mM NaCl buffer, and the concentration of stock solutions was carefully
determined by absorbency at 280 nm (¢ = 6990 M~'.cm™"). To produce
liposomes, dried films were prepared by evaporation of lipids in chloroform
and resuspended in 10 mM Tris pH 7.2 and 120 mM NaCl. After five freeze-
thawing cycles, the liposome suspension (10 mM lipids) was extruded
through 0.2 um polycarbonate filters. Alternatively, the suspension was
sonicated with a titanium tip sonicator to obtain small liposomes. Titanium
and lipid debris were removed by centrifugation at 100,000 g for 20 min.
The hydrodynamic radius (Ry) of large and small liposomes was deter-
mined by dynamic light scattering in a Dyna Pro instrument. Liposomes
were stored at room temperature and used within 2 days after preparation.
The CD experiments were performed on a Jasco J-815 spectrometer at
controlled temperature with a quartz cell of 0.05 cm path length. Each
spectrum is the average of 10 scans recorded from 200 to 260 nm with
a bandwidth of 1 nm, a step size of 0.5 nm, and a scan speed of 50 nm/min.
Control spectra of buffer with or without liposomes were subtracted from
the peptide spectra.

RESULTS AND DISCUSSION

The ALPS motif of ArfGAP1 binds to DOPC/DOG
bilayers via the insertion of large hydrophobic
residues

According to several observations and models (37-41),
amphipathic peptides bind to lipid bilayers in two steps:
partitioning of the peptide from the solvent to the interfacial
region of the bilayer, followed by folding into a partial or
complete «-helix. Although the dynamic behavior of the
ALPS motif of ArfGAP1 in its a-helical state when inserted
into a lipid bilayer was recently reported (17), little is known
about its partitioning mechanism at the molecular level.
Previous experiments showed that ALPS binds to large lipo-
somes containing conical lipids as efficiently as it does to
small liposomes (1,2). We thus conducted CD experiments
to check the secondary structure upon binding and to deter-
mine the optimal content of DOG for binding to large lipo-
somes. These experiments indicated that a DOPC/DOG
ratio of 85:15 is appropriate, because the ALPS peptide is
capable of binding to large liposomes of such composition,
but this capability is severely hampered when DOG is re-
moved (Fig. 1).

To characterize the mechanism of ALPS motif partition-
ing into a model membrane, we thus performed MD simu-
lations of the ALPS motif of ArfGAPI in the presence of
an explicit lipid bilayer. A total of five MD replicas (Table 1)
for a cumulative length of 3.2 us were performed starting
from a conformation in which the peptide was unfolded
and placed >2 nm away from the bilayer surface (see
Materials and Methods). This choice was motivated by
recent MD simulations that showed that amphipathic pep-
tides in an initial random-coil structure form contacts with
lipids more frequently than do folded peptides (42), and it
was further justified by the a posteriori observation that
the ALPS motif is able to sample multiple conformations
before binding to the bilayer (Fig. S1). We also noted that
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FIGURE 1 The ALPS motif of ArfGAP1 binds to large DOPC/DOG

liposomes. (a) CD spectra of the ArfGAP1 (amino acids 197-231) peptide
in the absence (white dots) or presence (black dots) of sonicated DOPC
liposomes (Ry = 16.6 = 8 nm). (b) Spectra of the peptide alone (white
dots) or in the presence of large DOPC (Ry = 115 *+ 52 nm; black dots)
or DOPC/DOG liposomes (85/15 mol/mol, Ry = 108 * 48 nm; gray
dots). All experiments were performed at 25°C in 10 mM Tris pH 7.2
and 120 mM NaCl buffer. Peptide concentration: 25 uM; lipid concentra-
tion: 5 mM.

the peptide could bind to the upper or lower leaflet (due to
periodic conditions) independently of the initial configura-
tion, which suggests that the results were not biased by
the choice of the starting point.

The details of the binding mechanism are summarized in
Table 1. In all replicas, the peptide started adsorbing to the
lipid bilayer within the first 100 ns through the insertion of
one hydrophobic residue below the glycerol group of the
lipids. Of importance, and regardless of the residue that
inserted, insertion was always irreversible, i.e., the residue
never dissociated from the bilayer, but instead resided
around the glycerol level for the remainder of the simulation
(Fig. S2). In four out of five replicas, the residue that in-
serted first was phenylalanine 26 (F26), possibly as a conse-
quence of its proximity to a lysine (K25), which may favor
bilayer binding through electrostatic interactions with the
lipid polar headgroups. In the fifth replica, the insertion pro-
ceeded through the simultaneous insertion, in very close
spatial proximity, of leucine 12 (L12) and alanine 34
(A34) into the lipid bilayer. In two out of four replicas, inser-
tion of F26 was followed by insertion of a distant residue,
phenylalanine 4 (F4), which itself was accompanied by an
almost simultaneous very shallow insertion of a nearby
leucine (L5).

An example of the time evolution of peptide insertion is
detailed in Fig. 2. The insertion of F26 took place after
~50 ns (Fig. 2 a) and was associated with a large decrease
(~300 kJ/mol) in the Lennard-Jones (LJ) interaction
between the peptide and the lipid bilayer (Fig. 2 c). The
second event, insertion of F4, took place after 218 ns

Biophysical Journal 104(3) 575-584
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TABLE 1 Insertion mechanism of the ALPS motif of ArfGAP1 in a DOPC/DOG (85:15) bilayer
Insertion sequence
Insertion 1 Insertion 2
Defect size before Defect size before Protein-bilayer

MD run MD length Time (ns) Amino acid insertion (nm?)® Time (ns) Amino acid insertion (nm?)® LJ (kJ/mol)®
MD a 1 us 59 F26 0.29 - - - —295
MD b 1 us 52 F26 0.75 437 F4 0.52 —591
MD ¢ 400 ns 47 F26 0.23 218 F4 0.21 —552
MD d 400 ns 86 F26 0.21 - - - —318
MD e 400 ns 103 L12 0.24 - - - —442

“The defect size before insertion is the average value over the last nanosecond preceding insertion.
®The average protein-bilayer LJ energy is computed in the time window between 300 and 400 ns.

(Fig. 2 b) and was associated with a similar decrease in LJ
interaction energy. In Fig. 2 d, the evolution of the backbone
density of the peptide along the axis normal to the bilayer
surface is plotted for consecutive time windows. Backbone
insertion proceeded through two big jumps, at 40-80 and
200-240 ns time windows corresponding to F26 and F4
insertions, and was combined with smoother rearrange-
ments of the backbone at the glycerol-phosphate interface.
The conformation of the peptide in the bilayer after
280 ns is shown in Fig. 2 e.

Taken together, the various MD simulations indicate that
the insertion of large hydrophobic residues is favored with
respect to smaller ones (the ALPS motif of ArfGAPI is
also rich in alanines), suggesting that the DOPC/DOG
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bilayer used in our simulations displays a permissive struc-
ture that allows large residues to insert.

Large hydrophobic residues of ALPS insert into
preexisting packing defects

Next, we wished to determine how ALPS partitioning is
coupled to the packing structure of the lipid bilayer. To
that end, we used a Cartesian-based approach that is ex-
plained in detail in the companion article (23). In short,
we selected a plane that was perpendicular to the membrane
normal and created a grid of 0.1 nm resolution. For each grid
point, we scanned the normal of the membrane plane start-
ing from the solvent and descending up to 0.1 nm below the

FIGURE 2 Insertion mechanism of the ALPS
motif of ArfGAPI in a DOPC/DOG bilayer. (a)
Time evolution of the distance between the center
of mass of residue F26 and the average glycerol
level of lipid molecules. (b) Time evolution of
the distance between the center of mass of residue
F4 and the average glycerol level of lipid mole-
cules. (c¢) Time evolution of the LJ energy between
the protein and the lipid molecules. (d) Averaged
time evolution of protein backbone density along
the normal to the bilayer plane. (¢) MD snapshot
(t = 280 ns) of the ALPS motif of ArfGAPI in-
serted into a DOPC/DOG bilayer. The peptide is
shown in green in cartoon representation and the
inserting phenylalanine residues (F26 and F4) are
shown in van der Waals (vdW) representation.
All data shown are taken from MD run c.
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glycerol level. If no lipid atom was met, we retained the grid
point and defined it as a geometrical defect of size of
0.01 nm?; in all other cases the grid point was discarded.
Adjacent elementary defects were then merged, resulting
in defects of various sizes.

Fig. 3 shows a snapshot of the MD simulations, where the
packing defects of a DOPC/DOG bilayer are represented (in
blue) together with the ALPS motif. As expected, the regions
where the peptide inserted colocalized with large packing
defects. Interestingly, no correlation between the region of

FIGURE 3 Colocalization between lipid packing defects and peptide
insertion. (a) Top view of lipid molecules and packing defects in a represen-
tative snapshot from MD simulations of the ALPS motif of ArfGAP1 with
a DOPC/DOG bilayer. Lipids are shown in surface representation with acyl
chains in yellow and polar heads in gray. Packing defects are depicted in
blue. The peptide is not shown. The apparent defects at the contour of
the lipid bilayer are shown for clarity but are not considered as packing
defects in the analysis. (b) Colocalization between the ALPS motif of
ArfGAP1 and lipid packing defects. The peptide is shown in green in
cartoon representation and the inserting phenylalanine residues (F26 and
F4) are shown in vdW representation. DOG molecules are shown in licorice
representation.
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ALPS binding and the localization of DOG lipids was
observed (the colocalization between packing defects and
DOG lipids was constantly below 5% before and after
peptide insertion), in agreement with the finding that DOG
lipids do not generate packing defects in their close surround-
ings, but rather change macroscopic bilayer properties (23).

The overlap between peptide insertion and large packing
defects could be interpreted in two ways. In the first
scenario, the lipids reorient themselves after peptide inser-
tion to accommodate the bulky Phe side chain. Alterna-
tively, the peptide binds directly to one of the preformed
transient cavities. To distinguish between these two possi-
bilities, we studied the time correlation between phenylala-
nine insertion and the appearance of lipid packing defects.

Fig. 4 reports the dynamics of F26 insertion in a represen-
tative MD simulation. The red line represents the distance
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FIGURE 4 Role of packing defects in the insertion mechanism of hydro-
phobic residues. (a) Time evolution of the distance computed along
the normal to the lipid bilayer between the center of mass of F26 and the
average coordinate of the glycerol atoms (red) and time evolution of the
size of the packing defect with the same coordinates in the membrane plane
as F26 (black). (b—d) Upper panel: side view of the protein and lipid mole-
cules in the proximity of a lipid packing defect at different times. In b, inser-
tion does not take place; in ¢ the residue is about to insert below the glycerol
level; and in d the residue is fully inserted. Lower panel: localization of
packing defects in the corresponding snapshots. The packing defect that
is localized in close proximity to F26 is depicted in red.
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between the center of mass of the inserting residue and the
average coordinate of the glycerol, and the black line corre-
sponds to the size of the geometrical packing defect that has
the same coordinates in the membrane plane as the inserting
residue (Fig. 4 a). F26 approached the lipid bilayer surface
from the bulk solvent quite rapidly, taking ~4 ns to move
from 2 nm to 0.5 nm above the glycerol level. At t =
46 ns, a large geometrical packing defect (maximum size
of 0.9 nm?) formed underneath F26 (Fig. 4 b). Although
F26 was in close proximity to this defect, it did not insert,
and the defect disappeared after 2 ns. Five nanoseconds
later, another large defect formed (Fig. 4 c¢). This time,
F26 was capable of inserting and resided there for the
remainder of the simulation (Fig. 4 d).

We performed the same analysis for all simulations,
defining insertion as the first snapshot for which the center
of mass of the residue was below the average glycerol level
and resided there for at least 1 ns. Strikingly, in all cases
a geometrical packing defect extending for at least 0.1 nm
below the glycerol was already present before insertion
(Table 1). After insertion, the size of the defect remained
approximately unchanged for the remainder of the simula-
tion, and no dissociation of the inserting residues was
observed. The desolvation cost of the polar heads associated
with the hydrophobic insertion may explain why the residue
does not insert each time a defect is formed (it also justifies
our choice to wait 1 ns for defining an insertion event).
Interestingly, the size of these geometrical defects was
always >0.2 nm” (Table 1), a dimension that is compatible
with the size of the aromatic side chain of phenylalanine.

To further improve the statistics of the colocalization
between hydrophobic insertions and preexisting lipid
packing defects, we performed additional MD simulations
of toluene molecules, analog to phenylalanine side chain
(34), and of model peptides representative of conserved
individual turns of ALPS motifs (amino acid sequence:
SFLG and SLG). Whereas the insertion of toluene into
DOPC/DOG bilayers (lacking any polar moiety) did not
correlate with preexisting packing defects (Fig. S3), the
insertions of the two minimal ALPS peptides correlated
perfectly with preexisting packing defects (Fig. S4). Thus,
hydrophobic side chains in an otherwise flexible and polar
sequence can act as probes to detect packing defects in lipid
bilayers.

Peptide insertion induces only minor
modifications of the statistical distribution of free
packing defects

Next, we assessed the effect of peptide insertion on the
packing defect structure of the bilayer. For this, we com-
puted the size distribution of packing defects of the
DOPC/DOG bilayer after F26 insertion and compared it
with the same distribution for a pure DOPC/DOG bilayer
(Fig. 5). We initially performed this analysis on the entire
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FIGURE 5 Effect of peptide insertion on the size distribution of lipid
packing defects. Histograms and exponential fit of defect areas in different
conditions: pure DOPC/DOG bilayer (black dots) and DOPC/DOG bilayer
after peptide insertion (white squares and white triangles). White squares:
all packing defects in the leaflet where insertion takes place; white trian-
gles: packing defects in the leaflet where insertion takes place after removal
of defects that are occupied by the inserting peptide.

bilayer surface by counting all defects, whether they were
covered or not by the ALPS peptide.

Binding of the peptide to the bilayer significantly
increased the occurrence of large packing defects compared
with small ones. The difference with respect to a pure DOPC/
DOG bilayer was significant for defects > 0.3 nm?. This size
is comparable to the value observed for the preexisting
defects into which hydrophobic residues inserted (Table 1).

Next we refined the surface analysis by distinguishing, in
the leaflet where insertion takes place, the defects under-
neath the ALPS motif from those remaining in the naked
part of the bilayer. From this analysis, we made two impor-
tant observations. First, the very large defects were directly
underneath the ALPS motif, suggesting that hydrophobic
residues, once inserted, stabilize large packing defects by
filling them. This stabilization is a corollary of the fact
that hydrophobic insertions are irreversible within our time-
scale. Second, and importantly, the surface that was not in
contact with ALPS displayed a packing defect probability
distribution very close to that observed before insertion.
Therefore, should a second insertion occur, it would be
facing a similar membrane structure as the first one. This
picture is suggestive of an iterative process whereby the
packing structure of the bilayer can be probed n times
thanks to the repetitive feature of the ALPS sequence.

Binding of ALPS motifs to the lipid bilayer is an
iterative process

Within the timescale of our simulations (=1 us) at room
temperature, partitioning of the ALPS motif of ArfGAP1
into the bilayer was not complete, because only one or
two hydrophobic insertions could be observed.
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To circumvent this and to speed up the partitioning
process, we first performed MD simulations at higher
temperatures (see Supporting Material for details). As ex-
pected, we observed more insertions compared with MD
performed at room temperature. Depending on the simula-
tion, the sequence order of the insertions varied, suggesting
a random process (Table S1). Interestingly, the partitioning
process seemed to involve different steps: 1), adsorption of
many hydrophobic residues while the peptide was still in
a molten globule state; 2), peptide extension along the mem-
brane surface; and 3), transient formation of helical seg-
ments on the N- and C-termini of the peptide.

The results of a simulation performed at nonphysiological
temperature must be interpreted with caution. Using
CD spectroscopy, we noticed a gradual decrease in the
a-helicity of the ALPS peptide when it was incubated
with DOPC/DOG (85:15) liposomes at increasing tempera-
ture (Fig. S5). In addition, a geometrical analysis of the lipid
packing structure shows that increasing temperature
induces a general increase in the size and number of lipid
packing defects (Fig. S6), although both the exponential
distribution and the relative difference between different
lipid compositions remain valid. Notwithstanding these
limitations, simulations at high temperature are suggestive
of an iterative process whereby the ALPS motif of ArfGAP1
senses n times the packing structure of the bilayer through
multiple hydrophobic insertions.

As an independent test of the iterative insertion model, we
next performed room-temperature MD simulations of
another ALPS motif that displays high sensitivity to mem-
brane curvature, that of GMAP210, a tethering factor that
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regulates vesicular transport in the Golgi apparatus (9).
The choice of this motif was motivated by two main obser-
vations: 1) it has a large number of bulky hydrophobic resi-
dues that can potentially insert into bilayer defects; and 2), it
contains a high number of glycines that should confer higher
flexibility to the motif.

Five independent MD simulations of the ALPS motif
of GMAP210 in the presence of DOPC/DOG bilayer
confirmed that the peptide binds to the bilayer through
repeated irreversible hydrophobic insertions into preformed
packing defects in a stochastic manner (Table 2). Specifi-
cally, in two 1 us-long MD runs, we observed 10 and seven
successive insertions (Table 2 and Fig. 6), respectively, of
large hydrophobic residues (Phe, Trp, Leu, Ile, and Met),
and insertion of nearby residues was accompanied by the
formation of transient a-helical turns.

ALPS motifs prefer lipid bilayers with a higher
density of large packing defects

Because ALPS motifs seem to partition into membranes
through successive insertions of hydrophobic residues in
distinct packing defects, the availability of large packing
defects in a limited portion of the bilayer should determine
the speed of insertion.

To test this hypothesis, we simulated the ALPS motifs of
ArfGAP1 and GMAP210 in the presence of a DMPC bilayer,
a lipid composition that, given the full saturation of the acyl
chains, is very scarce in packing defects (Fig. 7 a) (23). To
compare the results with the simulations performed in the
presence of the DOPC/DOG bilayer, we adopted an identical

TABLE 2 Insertion mechanism of the ALPS motif of ArfGAP1 and GMAP210 in different lipid bilayers
Peptide Lipid bilayer MD run MD length Sequence of insertions (time)* Insertions before 400 ns
ArfGAP1 DOPC DOG 1 1 us F26 (59 ns) 7
2 1 us F26 (52 ns); F4(437 ns); L5 (440 ns); M9 (532 ns)
3 400 ns F26 (47 ns), F4 (218 ns); L5 (220 ns)
4 400 ns F26 (86 ns)
5 400 ns L12 (103 ns)
ArfGAPI DMPC 1 400 ns F19 (196 ns); W16 (360 ns) 4
2 400 ns -
3 400 ns -
4 400 ns F26 (133 ns)
5 400 ns F26 (218 ns)
GMAP210 DOPC DOG 1 1 us F33 (18 ns); M1 (28 ns); L5 (112 ns); 130 (155 ns); L26 (224 ns); 19
W4 (310 ns); M37 (430 ns); L16 (431 ns); L38 (459 ns) ; L8 (533 ns)
2 1 us M1 (24 ns); W5 (122 ns); LS (294 ns); L23 (736 ns); L12 (810 ns);
L16 (833 ns); L8 (848 ns)
3 400 ns L23 (19 ns); L26 (19 ns); 130 (20 ns)
4 400 ns L8 (52 ns); L23 (165 ns); .26 (245 ns)
5 400 ns W4 (49 ns); M1 (178 ns); L16 (329 ns); L26 (399 ns)
GMAP210 DMPC 1 400 ns - 8
2 400 ns L12 (53 ns); L8 (191 ns); LS5 (194 ns)
3 400 ns 130 (331 ns)
4 400 ns L26 (64 ns)
5 400 ns W4 (50 ns); L5 (50 ns); F33 (106 ns)

%Only the insertions of large hydrophobic residues (Phe, Trp, Met, Leu, and Ile) are considered.
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FIGURE 6 The ALPS motif of GMAP210 exhibits repeated hydrophobic
insertions in DOPC/DOG bilayers. (a) Side view of an MD snapshot (after
1 us) of the ALPS motif of GMAP210 inserted into a DOPC/DOG lipid
bilayer. The peptide is shown in green in cartoon representation and the in-
serting hydrophobic residues (M1, W4, L5, L8, L16, L26, 130, F33, M37,
and L.38) are shown in vdW representation. (b) Top view of the colocaliza-
tion between the hydrophobic insertions and geometrical lipid packing
defects (blue). DOG molecules are shown in licorice representation. C-
and N-terminal regions are explicitly indicated. A small defect below the
N-terminus is not visible due to overlap with the N-terminus of the peptide.

protocol (see Materials and Methods). The data presented in
Fig. 7 b were collected from five MD replicas of 400 ns each
in the following systems: ArfGAP1+DOPC/DOG, Arf-
GAP1+DMPC, GMAP210+DOPC/DOG, and GMAP210+
DMPC (see Table 2 for additional details).

The data shown in Fig. 7 b support the notion that the
statistical distribution of packing defects is a critical feature
of ALPS binding to model membranes. In particular,
although the molecular mechanism of partitioning is the
same, the total number of hydrophobic insertions of ALPS
motifs decreased substantially from DOPC/DOG to
DMPC. A similar behavior was observed for both the
toluene molecules and the model peptide SLG (see Support-
ing Material).

The average depth of insertion also appeared to be more
pronounced in the DOPC/DOG bilayer, but the limited
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FIGURE 7 Effect of packing defects on ALPS partitioning in the lipid
bilayer. (a) Size distribution of packing defects for mixed DOPC/DOG
(black) and pure DMPC (gray) bilayers. The ratio between the total area
of lipid packing defects > 0.2 nm? and the total surface area is 0.47% for
DOPC/DOG and 0.19% for DMPC. (b) Total number of hydrophobic inser-
tions in five independent MD simulations of 400 ns each for the ALPS
motifs of ArfGAP1 and GMAP210 with DOPC/DOG (black) and DMPC
(gray) bilayers. (Note that panel a is a simplified version of Fig. 5 in the
companion article (23).

number of insertions observed in the case of DMPC did
not allow us to obtain a reliable estimate for this property.
In addition, whereas in the case of DOPC/DOG the peptides
always bound to the lipid bilayer, this was not the case for
DMPC. Indeed, three out of the 10 simulations of ALPS
motifs in the presence of a DMPC bilayer did not show
any insertion event in the first 400 ns (Table 2).

Finally, it must be noted that the ratio between hydro-
phobic insertions in DOPC/DOG versus DMPC bilayers is
more pronounced in the MD simulations of GMAP210
than in those of ArfGAPI. This is not unexpected if the
probability of hydrophobic insertion is proportional to the
likelihood of detecting a packing defect of a given size.
Because it partitions into the bilayer more rapidly than the
ALPS motif of ArfGAP1, the GMAP210 ALPS motif is
more suited to detect differences between the two bilayers
within the timescales of our computational technique.
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CONCLUSIONS

Because of their sensitivity to membrane curvature and to
the insertion of conical lipids in flat bilayers, ALPS motifs
have been defined as lipid-packing sensors (10). However,
the concept of lipid packing defects is inherently micro-
scopic, and its explicit characterization with biophysical
experiments has not been possible so far.

Atomistic MD simulations indicate that packing defects
are indeed a measurable geometrical property of mem-
branes, and that bilayers of different curvature (22) and/or
composition (23) display different packing defect structures
that one can identify by plotting their occurrence against
their size. Importantly, the main differences between bila-
yers occur for packing defects of large size.

In a previous study, we examined the behavior of the
ALPS motif of ArfGAP1 when it was folded in its a-helical
conformation and embedded inside a DOPC/DOG mem-
brane (17). In this work, we performed MD simulations of
ALPS motifs in the presence of lipid bilayers to examine
the early steps of binding and to understand the relationship
between packing defects and the mechanism of membrane
curvature sensing by ALPS motifs. With this technique,
we are limited to timescales of the order of the microsecond
and cannot follow the complete partitioning and folding of
the peptide at physiological temperature. Nevertheless, we
could repeatedly observe spontaneous hydrophobic inser-
tions in the bilayer with very high resolution and collect
enough sampling to correlate peptide binding with the
behavior of packing defects in model membranes.

Our results indicate that packing defects are equivalent to
nonspecific dynamical binding pockets for membrane sensor
peptides, and that ALPS motifs bind to large preexisting
packing defects. The overall process of adsorption proceeds
through separate insertions of bulky hydrophobic residues
below the glycerol level. Remarkably, the fact that we
were able to tune the occurrence probability of large packing
defects either by introducing conical lipids or by altering the
number of monounsaturated acyl chains composing our
bilayer implies that a well-localized interfacial event, such
as binding of a peripheral protein, can be controlled by
bulk properties of the bilayer in a nontrivial way.

Besides ALPS motifs, other protein modules use hydro-
phobic residues or modifications to bind to lipid mem-
branes. Therefore, and as previously proposed (7,19),
sensing of membrane curvature through the detection of
packing defects may be a quite general mechanism.
However, in other molecular contexts (e.g., BAR domains
and a-synuclein), hydrophobic insertions of various sizes
combine with other mechanisms, such as electrostatics or
scaffolding (20,43-46), thereby obscuring the role of lipid
packing defects in the overall process of membrane binding.

What is remarkable in the case of ALPS motifs is the
exclusive use of hydrophobic insertions all along their
sequence. This specificity amplifies the role of packing
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defects in the mechanism of peptide binding and can be
appreciated by comparing an elementary insertion event in
a DMPC bilayer and a DOPC/DOG bilayer, two extreme
cases in terms of lipid packing defect distributions. In
both cases, a packing defect large enough to accommodate
the insertion of a first hydrophobic residue can be found.
However, the scarcity of large lipid packing defects in the
DMPC membrane makes this event less likely. Thereafter,
the ALPS motif, which is quite flexible owing to its glycine
residues, may detect packing defects that are spatially
distant from the first one. Therefore, the second insertion
should be governed by the same probability function as
the first one, and should be less favorable in a DMPC
membrane than in a DOPC/DOG membrane. On the scale
of a complete ALPS motif containing five to 10 putative
hydrophobic insertions, this iterative process, which is anal-
ogous to probing n times the packing structure of the bilayer
(4), should result in a dramatic increase in sensitivity. Even
if other energetic terms (e.g., the contributions arising from
peptide folding and lipid rearrangements) are likely to
contribute to the overall thermodynamic behavior of the
system, the mechanism highlighted by the MD simulations
helps us understand how ALPS motifs are able to trigger
biochemical pathways by responding so effectively to small
differences in lipid packing that arise from modest changes
in the molecular architecture of the cell (e.g., when the
radius of a Golgi vesicle changes from 60 to 30 nm).
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