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Abstract. Biological membranes are complex systems due to their composition and dynamics. Therefore, membrane
mimetics are widely used to investigate lipid properties and interactions between molecules and membrane lipids. Using
all-atom molecular dynamics simulations, within this study two systems composed of different membrane mimetics are
compared: a 1-palmitoyl-2-oleoyl-3-glycero-phosphatidylcholine (POPC) bilayer or a dodecylphosphocholine (DPC)
micelle and a nonapeptide (V94-T-K-Y-W-F-Y-R-L102). Previous 'H-NMR experiments have demonstrated that, in the
presence of DPC micelles, this peptide folds as a stable amphipathic helix located in the polar head group region with the
tryptophan residue pointing toward the inside of the micelle. The present comparison reveals a hydrophobic surface twice
as large for the micelle as for the bilayer and a different arrangement of the acyl chains. The peptide secondary structure
is not strongly affected by the membrane mimetics whereas the peptide is more deeply inserted in the bilayer than in the
micelle. The contacts between the peptide and the DPC or POPC molecules are analysed and although the distances and
lifetimes of these contacts are very different in the micelle and the bilayer, similar specific interactions were found that
mainly involved the side chains of the residues R101 and L102.
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1. Introduction

Biological membranes play a crucial role in living cell.
They separate the interior of the cell from the outside
environment as well as different compartments within
the cell. They are very complex systems composed in
part of different types of lipids and membrane proteins.
The lipids differ by their head groups, acyl chain
number, length and bonds. They arrange to form a
bilayer by exposing to the solvent their hydrophilic head
groups while their hydrophobic acyl chains are
embedded in the core of the bilayer. The membrane
proteins are involved in many cellular functions such as
signalling, transport, energy transduction and cell
adhesion. Biological membranes are also very dynamic
systems and numerous interactions take place between
their different components.

To overcome the complexity and the heterogeneity
of membranes, membrane mimetics are commonly used
to investigate lipid properties, membrane protein
structure and peptide/protein- membrane interactions [1,
2]. The choice of a membrane mimetic is related to the
experimental methodology and/or to the protein to be
investigated. Examples of model membranes are giant
unilamellar vesicles (GUVs) and liposomes composed
of one or few types of lipids as well as micelles of

detergent molecules and bicelles. Among the different
model membranes, this study focusses on two different
systems: a POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylcholine) bilayer and a DPC
(dodecylphosphatidylcholine) micelle. As a matter of
fact, POPC lipids and DPC molecules are composed of
the same zwiterrionic head group and differ by their
aliphatic chains (Supplementary Figure S1). POPC
lipids comprise two aliphatic chains, a saturated
palmitoyl chain (16 carbons) and an unsaturated oleoyl
chain (18 carbons) and assemble to form a bilayer. DPC
molecules possess only one saturated acyl chain (12
carbons) and form small micelles (when their
concentration is above the critical micelle
concentration) compatible with different experimental
techniques such as high resolution NMR and
fluorescence spectroscopies. Therefore, DPC micelles
are widely used to solubilise interfacial or hydrophobic
peptides and membrane proteins in order to determine
their 3D structure [1].

Experiments performed on POPC bilayers and DPC
micelles have intended to give a detailed description of
these systems. The experimental data obtained for
POPC bilayers essentially concern the lipid surface area
and volume [3], order parameters [4] as well as
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orientation of lipid chains and head groups [4]. For DPC
micelles, less experimental data are reported in the
literature than for POPC as most of the studies
concerned DPC-peptide/protein systems and have
focused on the inserted peptide or protein. The
experimental data available mainly include the micelle
shape and the aggregation number [5]. During the past
decades, reported molecular dynamics simulations gave
new insights into POPC bilayers [4, 6, 7] and DPC
micelles [6, 8] such as structural details of acyl chains
(dihedral angles and percentage of defects along the
chains), the hydrophobic surface, the head group
hydration, and the lipid diffusion.

Concerning the interactions between interfacial
anchored peptides and POPC bhilayers or DPC micelles,
most of the experimental studies give atomic description
of the peptide structure. Only in few studies, the specific
interactions between the peptide and the DPC or POPC
molecules are described [9, 10]. Indeed, such
experimental information is scarce due essentially to the
unfavourable dynamics of the systems, especially at the
membrane interface where the dynamics of the lipid
head groups is important. On the contrary, molecular
dynamics simulations allow an atomic description of the
interactions which take place between the peptide and
the lipids both for bilayers and micelles [11-14].

Even though POPC bilayers and DPC micelles are
widely used, no detailed comparative analysis at the
molecular level of these two systems has been
performed. Moreover, MD simulations allow such an
analysis as well as the detailed structural study of the
insertion of a peptide in these membrane mimetics both
in terms of structure and interactions with lipids [15].

In the present work, molecular dynamics simulations
of two different systems was performed: a POPC bilayer
and a DPC micelle in which the same nonapeptide was
inserted. The peptide sequence is as follows: V94-T-K-
Y-W-F-Y-R-L102, it is a short sequence of the caveolin-
1 protein revealing a hydrophobic character [16].
Caveolins are major components of caveolae which are
microdomains of the plasma membrane involved in a
large number of biological functions, including signal
transduction, cholesterol homeostasis and transport [17].
The peptide sequence comprises a cholesterol
recognition/interaction motif (V/L-X(1-5)-Y-X(1-5)-
R/K, where X(1-5) represents one to five residues of any
amino acid), identified by Li et al. [18] and proposed to
be involved in the incorporation of proteins into
cholesterol-rich domains of membranes [19]. The
peptide structure was previously determined from H-
NMR experiments performed in the presence of DPC
micelles [20]. The peptide folds as a stable amphipathic
helix which is located in the polar head group region of
DPC micelles with the tryptophan residue pointing
towards the inside of the micelle.

In this study, a detailed description of the POPC
bilayer and the DPC micelle is presented in order to
compare the structural characteristics of these two
membrane mimetics at the molecular level, taking into
account the molecular dynamics simulation outcomes
and compared with previously published simulation and
experimental data obtained for DPC [21-23] and for
POPC respectively [24-26]. Then, this study considers
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analysis and comparison of the structure and insertion of
the nonapeptide in both environments. Finally, the
contacts between the peptide and the DPC or POPC
molecules are analysed and specific interactions are
highlighted.

2. Experimental

2.1. Simulation

The CHARMM program [27] was used for molecular
dynamics simulation with the PAR22 [28] and PAR36
[29] all-atom force fields for proteins and for lipids
respectively, including parameters for DPC, POPC and
the TIP3P water potential [30]. The starting cav-1(94-
102) nonapeptide structure was derived from *H-NMR
data obtained for the peptide in the presence of DPC
[20]. The structure comprises a single amphipathic
helix. The peptide was manually placed at the membrane
interface such that it lies parallel to the membrane plane
with the tryptophan residue inserted in the hydrophobic
core of the membrane according to the experimental data
[20].

2.2. Cav-1(94-102) peptide into POPC bilayer

The initial hydrated and equilibrated phospholipid
bilayer comprising 242 POPC (121 POPC per layer) was
already obtained in a previous study [31]. The fixed
dimensions (X, Y, Z) of the primary cell are 88 A, 88 A,
90 A. The X and Y dimensions of the simulation box
corresponded to 64 AZ for POPC lipid cross-section at
310 K and the Z dimension was chosen such that eight
water layers lie on each membrane side which is enough
to hydrate the membrane (i.e. 50 water molecules per
POPC). The system consisted of 69362 atoms (242
POPC lipids, 12247 water molecules, 2 CI- ions to
neutralize the system and the nonapeptide). This system
was further equilibrated for 5 ns. Production at 310 K
with a constant volume and the Leap Verlet algorithm
[23] was performed over the course of 50 ns for the
POPC bilayer. Electrostatic and van der Waals
interactions were truncated at a cut-off distance of 12 A
using a smooth switching function on electrostatic
forces and with a shifting function on van der Waals
potential over a 4 A interval (this truncation scheme has
been shown to be efficient and accurate in a previous
study) [31]. A cut-off distance of 14 A was used to
calculate the non-bonded lists and image lists. Lengths
of all bonds involving hydrogen atoms were constrained
using the SHAKE algorithm [32], which allows a 2 fs
time step to be used for the numerical integration of the
equations of motion. Periodic boundary conditions were
applied in the three dimensions.

2.3. Cav-1(94-102) peptide into DPC micelle

A DPC micelle was manually constructed starting with
50 monomers of DPC. The monomers were placed such
that their polar head-groups formed a spherical interface
and their hydrophobic acyl chains were buried inside the
sphere. This number of DPC molecules was first
estimated by Lauterwein et al. [33] by analytical
ultracentrifugation and is in the range of the aggregation
number experimentally determined so far (between 44
and 80) [21]. This construction was then equilibrated for
5 ns prior to the insertion of the peptide. The dimensions
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(X, Y, Z) of the primary cell were chosen as follows 74.5
A, 745 A, 745 A. 12413 water molecules were added
to the system which is enough to hydrate the micelle (i.e.
248 water molecules per DPC) and ions were finally
added to neutralize the system (2 CI°). The entire system
consisted of 41676 atoms (50 DPC, 12413 water
molecules, 2 CI- and the nonapeptide) and was further
equilibrated for 5 ns. Production was performed over the
course of 50 ns under constant temperature (310 K) and
constant pressure (1 atm) via Nose-Hoover Langevin
piston pressure control (Pmass = 50 g mol™* and tmass = 500
kcal mol* ps). The particle mesh Ewald (PME) method
[34] was used to compute the long-range electrostatic
interactions with a real-space cut-off of 12 A, a kappa
value of 0.34 A and a sixth-order spline. Van der Waals
interactions were truncated at a cut-off distance of 12 A
with a switching function on potential over a 4 A
interval. A cut-off distance of 14 A was used to calculate
the non-bonded lists and image lists. We used a dihedral-
based correction map [35] for peptide backbone
(CMAP) and the SHAKE algorithm [32] to constrain
bond vibrations involving hydrogen atoms. The
simulation was run with a time step of 2 fs. Periodic
boundary conditions were applied to the three
dimensions.

L .
2.4.79°°/| ratio

L . .
geo/ 1, ratio was computed for both considered systems.

Lgeo is the length of the acyl chain calculated as the
distance from the first carbon of the chain to the last
carbon of the chain. L is the length of the chain obtained
from the addition of all the bond lengths constituting the

. L .
acyl chain. The ge"/L value obtained for an all-trans

chain composed of n carbons with a distance d between
2 carbons and an angle CCC of 113°is 0.83 as Lge, =

. o Lgeo
(n—l)dsm(%) and L = (n—1)d, thus gT=

sin (%30) = 0.83. The presence of a defect within the

chain involves a deviation of the chain direction and a
shortening of the chain length computed as the distance

from the first to the last carbon. Lge"/L slightly
decreases (about 0.05) per additional defect in the chain.

2.5. Contact maps

To investigate the chemical environment and the
interactions between the nonapeptide and the lipids, the
2-dimensional contact maps were computed. The ox-
axis displays selected atoms of the 50 DPC or 121 POPC
molecules and the oy-axis displays selected atoms of the
peptide residue. The selected atoms for DPC or POPC
are: the nitrogen atom (N), the phosphorus atom (P), the
glycerol atoms (C1, C2, C3, only for POPC) and the
centres of mass of different acyl chain segments. The
segments are defined as follows: C21-C26, C25-C210,
and C29-C212 for DPC acyl chain; C21-C27, C26-C212
and C211-C218 for oleoyl chain and, C31-C37, C36-
C312 and C311-C316 for palmitoyl chain (see
Supplementary Figure S1 for DPC and POPC carbon
atoms numbering). For the peptide residues, the selected
atoms are the centres of mass of each residue side chain.
Contacts are characterized by distance and lifetime.
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Lifetime is correlated to the number of consecutive
frames for which the distance criteria is satisfied. A
minimum number of three consecutive frames is
required to start the count and too short events (< 50
frames over 5000 frames for the whole simulation) were
discarded to prevent background noise. Moreover, some
leaps are allowed as long as they do not exceed 20
frames. A colour code indicates the range of the contact
distance in A (red: [4.5; 5.5], pink: [5.5; 6.5], blue: [6.5;
7.5], light blue: [7.5; 8.5]). Lifetime range is depicted by
the size of the dot and is expressed as a percentage of the
total simulation time (small for short lifetime < 15%,
medium: [15%; 30%], large: [30%; 50%], very large for
long lifetime > 50%).

3. Results and discussion

3.1. Comparative structural and dynamical analysis of
lipid systems

The shape of the DPC micelle can be evaluated by
calculating the principal inertia moments (I1, Iz, I3), the
eccentricity defined as [36]:

e = I-Imin (1)

Iaue
where Inin is the moment with the minimum value and
lave is the average moment value, and the asymmetry
parameter, o, defined as [22]:

_ 2-IpI3
T L+Ip+ @

A spherical shape would be characterized by inertia
moments in the ratio of 1:1:1, ¢ = 0 and o < 0.05. The
average moments of the DPC micelle over the course of
the simulation are in the ratio of 1.25:1.1:1, e = 0.12 and
o = 0.12. These values are concordant with the DPC
micelle being a prolate. This is in agreement with
previous experimental data [5] and simulation studies
[8]. The micelle size, calculated as the mean value of the
radius of gyration over the course of the simulation, is
16.1 A, a value in good agreement with those reported
so far [37, 38]. In particular, Cheng et al. [37] indicated
a slightly higher value of 16.5 A for a micelle composed
of 54 DPC molecules. The size of the hydrophobic core
of the micelle was derived from the maximum of the
probability distribution of the phosphorus atoms of the
DPC head groups with respect to the micelle center of
mass (i.e. 18.8 A), giving a hydrophobic core diameter
of 37.6 A. In comparison, the thickness of the
hydrophobic core of the POPC bilayer (defined as the
distance between the mean positions of the two
phosphorus distributions) is 41 A.

The orientation of the lipid head groups was studied
in both systems. In POPC bilayer, it was computed as
the angle formed by the vector joining the phosphorus
and the nitrogen atoms (PN) and the z-axis. In the DPC
micelle, the angle was defined by the vector joining the
phosphorus and the nitrogen atoms ( PN ) and the
direction of the micelle diameter (vector joining the
micelle center of mass and the phosphorus atom). The
mean values obtained are 76° and 83° for POPC and
DPC respectively indicating that head groups are almost
perpendicular to the surface normal i.e. head groups lie
parallel to the membrane and micelle surface
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respectively. These results are in perfect agreement with
experimental and simulation data obtained for bilayers
[24, 25] and micelles [21, 22].

W T T T T T

T T T T T T T T
—— Palmitoyl chain

— — Oleoyl chain

Mean z position (A)
(=]

Mean radial position ( A )

The mean position of the different carbons of the
acyl chains has been followed during the simulations
and presented in Figure 1.

atoms

a

atoms

b

Figure 1. Mean position along z-axis of different atoms of POPC lipids (a) and mean radial position of different atoms of DPC
molecules (b) over the course of the simulation. The nitrogen and phosphorus atoms of the head groups are presented as well as the
different carbons of the palmitoyl (solid line) and oleoyl (dashed line) chains (a). The nitrogen, the two carbons (C11 and C12) and

the phosphorus atoms of the head group are presented as well as the different carbons of the acyl chain (b).

For POPC, the carbons are regularly distributed
along the z-axis with the first carbon of the chain
situated close to the interface and the last carbon situated
at the center of the bilayer (Fig. 1.a). In contrast, the
DPC carbon mean positions slowly decrease along the
hydrocarbon chain and reach a plateau value around 10
A revealing that the last carbons of the acyl chain are not
buried in the core of the micelle (Fig. 1.b). Moreover,
the radial distribution of the last carbons of the chain is
broad compared to the first carbons of the chain which
display narrow distributions (the standard deviations are
6 A and 3 A for the last and first carbons respectively,
Supplementary Figure S2). Similar results have been
already noticed in the case of a 1.22 ns MD simulation
of a DPC micelle comprising 60 molecules and at 300 K
[7]. These results reveal a special arrangement of the
molecules of DPC within the micelle far from the ideal
radial distribution of the detergent molecules
constituting the micelle.

To further characterize the acyl chain conformation
of DPC and POPC in the micelle and in the bilayer
respectively, the dihedral angle distributions were
computed (Figure 2).

For the POPC bilayer, the dihedral angle distribution
of the palmitoyl and the oleoyl hydrocarbon chains
shows that gauche conformations or defects (60°
deviation) account for 25% and 29% of total dihedral
angles, respectively, whereas for DPC, the percentage of
defects is 31% i.e. slightly greater than for the palmitoyl
chain. These defects are not uniformly distributed along

the hydrocarbon chains as reported in Table 1. All the
chains exhibit higher percentage of defects at the
beginning and at the end of the hydrocarbon chains.
Moreover, the double bond of the oleoyl chain affects
the neighboring dihedral angles. For POPC, our results
are in accordance with previous experimental data [26]
as well as data derived from molecular dynamics
simulations [6]. Finally, for our DPC micelle, we found
similar results as those reported for a micelle of 54 DPC
for which the calculated percentage of defects was
29.3% and, the first and last dihedral angles of the acyl
chain were substantially in a gauche state [22].

0.03———— ‘ |
| — DPC _

S o005 — POPC palmitoyl

£ 7| — POPC oleoyl

Dihedral angle distribu
s g o
2 & 8

=]
g

(=)

120 180 240
angle (degrees)

360

Figure 2. Dihedral angle distributions for the DPC acyl chain
(green), POPC palmitoyl (red) and oleoyl (blue) chains over
the course of the simulation.

Table 1. Percentage of gauche conformations along the acyl chain of DPC, the palmitoyl and the oleoyl chains of POPC. The
dihedral angle is in gauche conformation if the angle is in the range 30°-120° or 240°-330°.

Dihedral angles DPC POPC Palmitoyl POPC Oleoyl
C1-C2—C3-C4 37 32 41
C2-C3—C4-C5 27 35 35
C3-C4—C5-C6 32 23 23
C4-C5—C6-C7 29 23 26
C5-C6—C7-C8 31 21 20
C6-C7—C8-C9 30 22 38
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Dihedral angles DPC POPC Palmitoyl POPC Oleoyl
C7-C8—C9-C10 32 21 39
C8-C9—C10-C11 30 23 0
C9-C10—C11-C12 37 23 39
C10-C11—C12-C13 24 40
C11-C12—C13-C14 24 22
C12-C13—C14-C15 25 27
C13-C14—C15-C16 29 24
C14-C15—C16-C17 26
C15-C16—C17-C18 29

The presence of defects modifies the direction of the
acyl chain and thus its conformation. Therefore, to gain
insights into the different conformations of the acyl

. . L .
chains, the corresponding ge"/L ratios were computed

(see Experimental section) and their distributions are
presented in Figure 3.

0.06~
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. — POPC oleoyl chain
0.04 — DPC

Distribution

0.02

=il S ! . S—
%,2 0.4 0.6 0.8 1
Lgeo/L ratio

. . L .
Figure 3. Distributions of g""’/L ratio for the DPC acyl

chain (green), POPC palmitoyl (red) and oleoyl (blue) chains
over the course of the simulation.

If all the chain dihedral angles correspond to trans

. L .
conformations, the expected value of ~9¢°/ 1, ratio is

0.83 and this value decreases as the chain bends i.e.
when the first and last chain carbons get closer in space.

The Lge"/L ratios for both DPC and palmitoyl chains
exhibit similar profiles: a small population of all-trans
conformation, a main distribution centered at about 0.7
and negligible population of conformations with ratio
values below 0.5. Palmitoyl chains present more
extended conformations and fewer defects (25% versus
31%) than DPC chain leading to a more abundant
population of all-trans conformations and to a shift of

. L L e .
the maximum of the 93"/L ratio distribution toward

higher value, as seen in Figure 3. The presence of the cis
double bond conformation in oleoyl chain is attested by
the absence of the peak characteristic of all-trans

population in its Lge"/L ratio profile. Moreover, the
presence of the cis double bond conformation and the
numerous defects (29%) are responsible for both the
main peak being centered at about 0.7 and an additional
distribution of conformations with small Lge"/L ratios
(from 0.2 to 0.4, Figure 3). The presence of these
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conformations having very small ratios (from 0.2 to 0.4)
reflects the capability of the oleoyl chain to curl around
such that its methyl group is close to the first carbon of
the chain and thus close to the bilayer interface. These
specific conformations have already been described for
polyunsaturated acyl chains as “looped shape” [39].

The DPC micelle and the POPC bilayer also differ
by the hydrophaobicity of their surfaces. As a matter of
fact, the hydrophobic surface defined as the acyl chain
surface accessible to the solvent using a probe with a
radius of 1.4 A represents 20 % of the total surface of
the micelle whereas it represents only 10 % of the total
surface of the bilayer. These results obtained for the
DPC micelle and the POPC bilayer agree perfectly well
with the value of 20.2 % obtained by Abel et al. [23] for
a micelle composed of 54 DPC and with the value of 8
% obtained by Lee et al [24] for a POPC bilayer.

3.2. Structural analysis of the peptide

The peptide adopts a stable helical conformation in both
simulations as evaluated by the backbone RMSD (1.3
A). Side-chain RMSD is 3.65 A and 3 A in the DPC
micelle and the POPC bilayer respectively. This result is
in good correlation with published data: (i) other
molecular dynamics studies revealed that the
antimicrobial peptides SAAP-148 [10] and hylaseptin-4
[13] stabilize their helical conformations when
interacting with DPC micelles; (ii) circular dichroism
data revealed helical structure for the antimicrobial
peptide anoplin when interacting with DPC micelle and
POPC:POPG liposomes [40].

The mean position of the peptide a-carbon atoms
over the course of the simulation emphasizes the peptide
insertion and orientation in the DPC micelle and in the
POPC bilayer (Figure 4). The periodicity of both curves
is characteristic of a helical secondary structure, with 3
to 4 residues per helix turn. The amplitude of the curves
is smaller in DPC (=3 A) than in POPC (~6 A). This
difference could be due to the use of CMAP correction
in the case of the simulation of the peptide-DPC micelle
system [35]. For both systems, the peptide is buried
inside the interface below the polar head group
characterized by N and P mean positions (dashed lines
on Figure 4). A detailed analysis reflects that the peptide
is lying parallel to the interface plane and much deeper
inserted in the POPC bilayer than in the DPC micelle.
As a matter of fact, the distance between the mean
position of the helix axis and the phosphorus mean
position is 7.1 A and 2.3 A in POPC and DPC
respectively.
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Figure 4. Mean radial position of peptide a-carbon atoms in the DPC micelle (a) and in the POPC bilayer (b) over the course of the
simulation (e). The mean axis of the helix (solid line), the mean radial position of the phosphorus (——) and nitrogen (---) atoms are
also represented.

The orientation of the peptide backbone is quite
similar in both systems, with the buried helical face
comprising the a-carbon atoms of W98, F99, L102 and
the opposite face exposing to the interface the a-carbon
atoms of K96, Y100, R101. Differences essentially
concern the a-carbon atoms of V94, T95, Y97 i.e. V94
and Y97 Ca are buried in the POPC bilayer whereas they
are exposed to the interface in the DPC micelle and, T95
Ca is exposed to the interface in the POPC bilayer but
buried in the DPC micelle. These differences are due to
the small variations of the number of residues per helix
turn.

3.3. Peptide contacts with lipids

Contacts of the peptide side chains with DPC and POPC
are shown in Supplementary Figures S3 and S4.
Different atoms of the lipids as well as three different
segments of the acyl chains have been considered to
allow a detailed analysis of the contacts with the peptide
side chains (see Experimental section). Comparison of
Supplementary Figures S3 and S4 points out that peptide
contacts with DPC are numerous but with short lifetimes
and long distances (many small blue dots) whereas
peptide contacts with POPC are few but with longer
lifetimes and shorter distances (few very large red dots).
The number of lipids in contact with the peptide is 20
out of 121 POPC (i.e. 17 % of POPC molecules) in the

upper leaflet of the bilayer. On the contrary, 40 out of 50
DPC (i.e. 80 % of DPC molecules) are in contact with
the peptide. Moreover, the contact maps are similar for
all selected atoms of DPC. Surprisingly, no difference
can be established between the three different segments
of the acyl chain (Supplementary Figure S3 panels C, D
and E) although the peptide is lying at the micelle
interface. In contrast, two different types of contact
maps appear in the case of POPC: Supplementary Figure
S4 panels B, C, D, G display long lifetime and short
distance contacts while Supplementary Figure S4 panels
A, E, F, H, I display short lifetime and long distance
contacts. In the POPC bilayer, the peptide is in close
contact with the phosphorus atoms, the glycerol groups
and with only the first region of the lipid tails, in
agreement with its location much below the interface.

Almost all residues make contact with DPC
molecules but, as previously mentioned, these contacts
are characterized by long distances and short lifetimes.
Nevertheless, there is one exception, DPC24 exhibits
particularly short distance and long life contacts with the
peptide. These contacts involve essentially the
phosphate group and the acyl chain of DPC24 with the
side chains of Y97, W98, R101 and L102 (Figure 5 and
Supplementary Figure S3).

K

Figure 5. Snapshot from MD simulation of the peptide-DPC micelle system showing DPC24 lying parallel and close to the peptide
(view from inside the micelle taken at 36 ns) and the helical wheel representation of the peptide constructed using the online
pepwheel tool (https://www.bioinformatics.nl/cgi-bin/emboss/pepwheel - accessed on 29.06.2023): yellow - peptide ribbon; sticks -
peptide residues; licorice - Y97, W98, R101, L102 residues; grey and licorice - DPC24; red and yellow, licorice - DPC24 phosphate
group; white - hydrogen; cyan - carbons; red - oxygen; blue - nitrogen; black line - hydrogen-bond between an oxygen atom of the
DPC24 phosphate group and a hydrogen of the R101 guanidium group.
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DPC24 is initially far away from the peptide and
becomes close after 15 ns and stays lying parallel to the
peptide for further 30 ns. The distance between DPC24
phosphorus atom and R101 e-carbon atom was
monitored over the course of the simulation (Figure 6.a).
The distance remains stable at ~ 5 A from 15 ns to 45
ns. In fact, a hydrogen bond was found between an
oxygen atom of the DPC24 phosphate group and a
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hydrogen atom of the guanidium group of the R101
positively charged side chain for this interval of time
(black line in Figure 5). Moreover, from 15 ns to 45 ns,
the distance between C27 atom of the DPC24 acyl chain
and L102 y-carbon atom is also stable around 5 A
(Figure 6.b) as a consequence of stable hydrophobic
interactions between aliphatic groups of DPC24 acyl
chain and L102 side chain.
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Figure 6. Time evolution of selected distances between the peptide and DPC atoms: (a) distance between R101 g-carbon atom and
DPC24 phosphorus atom; (b) distance between L102 y-carbon atom and DPC24 C27 atom.

In the case of the bilayer, four lipids (POPC34,
POPC41, POPC53 and POPCS86) are involved in short
distance and long lifetime contacts with peptide side
chains (Supplementary Figure S4). In particular, the
phosphate and the glycerol groups are involved in these
contacts as well as to a less extend the first acyl chain
segments (including the first to the seventh methylene
groups). The side chain residues in contacts with the
phosphate and glycerol groups are T95, F99 and R101,
whereas residues V94, W98, F99 and L102 are in
contacts with the acyl chains. The contact of W94 with
the acyl chain is in good correlation with its known
effects in cell-penetrating peptides internalization [41].
However, among the lipids in contact with the peptide,
POPC86 makes shorter distance and long lifetime
contacts with peptide side chains than the other ones.
Indeed, the main interaction between the peptide and the
POPC involves R101 side chain and POPC86 head
group (Figure 7).

After 12 ns, R101 g-carbon atom comes close (~ 5
A) to POPC86 phosphorus atom and remains close until
the end of the trajectory (Figure 8.a). This short distance
is due to a hydrogen bond between an oxygen atom of
the POPC86 phosphate group and a hydrogen atom of
the guanidium group of the R101 positively charged side
chain. It has to be noticed that contacts were also found
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between L102 y-carbon atom and C36 atom of the
POPCB86 palmitoyl chain (acyl chain second segment)
during the last 30 ns of the simulation (see red dots on
Supplementary Figure S4 panel E and Figure 8.b).

Figure 7. Snapshot from MD simulation of the peptide-POPC
bilayer system showing POPCB86 in contact with the peptide
(in the plane of the membrane at 40 ns): yellow - peptide
ribbon; sticks - peptide residues; licorice - W98, R101, L102
residues; grey and licorice - POPC86; red and yellow, licorice
- POPC86 phosphate group; white - hydrogen; cyan - carbon;
red - oxygen; blue - nitrogen; black line - hydrogen-bond
between an oxygen atom of the POPC86 phosphate group and
a hydrogen of the R101 guanidium group.
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Figure 8. Time evolution of selected distances between the peptide and POPC atoms: (a) distance between R101 e-carbon atom and
POPC86 phosphorus atom; (b) distance between L.102 y-carbon atom and POPC86 C36 atom.

This study reports a detailed comparative analysis of
the structural and dynamical characteristics of a POPC
bilayer and a DPC micelle. Structural analysis of these
membrane mimetics are in agreement with published
data. The comparison between the DPC micelle and the
POPC bilayer presented in this study reveals some
similarities such as: i) the orientation of the head groups,
the P-N vectors are parallel to the micelle or the bilayer
interfaces, ii) the hydrophobic core size value of 37.6 A
for the DPC micelle versus 41 A for the POPC bilayer
and iii) the almost extended conformations adopted by
the saturated chains i.e. DPC acyl and POPC palmitoyl
chains (Figure 2).

However, numerous differences between the two
membrane mimetics were found. The POPC chains are
aligned along the bilayer normal whereas the DPC
chains, although being almost extended, experience all
directions: from the radial direction to the exposition of
one face of the DPC chain to the water (Figure 1). The
consequence of this particular arrangement of the DPC
chains is a hydrophobic surface twice as large for the
DPC micelle as for the POPC bilayer. We also showed
that oleoy! chains can adopt curled conformations owing
to the great number of defects along the chain and to the
presence of the cis double bond conformation.
Moreover, DPC molecules have a high mobility within
the micelle as 80% of DPC are in close contact with the
peptide at a given time all over the time course of the
simulation. In contrast, only 17 % of POPC molecules
make close contacts with the peptide in the bilayer. The
intrinsic mobility of DPC molecules inside the micelle
is also illustrated by DPC24. Indeed, at the beginning of
the simulation, DPC24 phosphorus atom is about 45 A
away from the peptide R101 g-carbon atom and after 15
ns comes in close contact to the peptide (Figure 6.a).

To further compare the two systems, the interactions
of a small interfacial peptide with the DPC micelle and
the POPC membrane were studied. For the two systems
simulations, the starting structure and position of the
peptide were the same and derived from experimental
data [20]. The obtained data reveal that the helical
structure and the orientation of the peptide parallel to the
interface are unchanged during the course of the
simulation. The major difference between the two
systems is the insertion of the peptide which is more
buried inside the bilayer than in the micelle. Similar
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results have been obtained concerning the insertion of
the influenza hemagglutinin fusion peptide in DPC
micelle and POPC bilayer [6]. The difference that was
observed can be correlated to the difference of the
hydrophobic surfaces i.e. the bilayer surface is less
hydrophobic than the micelle surface leading to a deeper
insertion of the peptide in bilayer in order to
accommodate the aromatic and hydrophobic side chains.
In micelle, numerous DPC molecules make contact with
the peptide and the whole acyl chain is involved. These
observations reflect the dynamical behavior of the DPC
molecules in the micelle. As a matter of fact, DPC have
a high mobility in the micelle and DPC chains
experience all directions as already mentioned. In
contrast, in the bilayer, few POPC make contact with the
peptide and only the phosphate, glycerol and first acyl
chains segments are concerned. These results are in
agreement with the alignment of the POPC chains along
z-axis and an interfacial positioning of the peptide.

The 2-dimensional contact maps (Supplementary
Figures S3 and S4) are very informative tools as they
allowed to evaluate the proximities between the peptide
and the DPC or POPC molecules and to highlight
specific contacts. Indeed, mainly two types of contacts
are revealed: on the one hand, short lifetime and long
distance contacts (small blue dots), characterizing non-
specific interactions and on the other hand, long lifetime
and short distance contacts (very large red dots). The
latter are hallmarks of specific interactions such as
hydrogen bonds between acceptor and donor pairs.

In both simulations, similar specific interactions
were found between the peptide and a DPC or a POPC
molecule (DPC24 in micelle and POPC86 in bilayer).
Despite the different environments, the interactions
involve the same residues of the peptide and equivalent
atoms of the DPC or POPC molecules. A hydrogen bond
is found between a hydrogen atom of the guanidium
group of R101 side chain and an oxygen atom of the
DPC24 or POPC86 phosphate group. The distance
between the centers of mass of L102 side chain and of
the first acyl chain segment of DPC24 or POPC86
(palmitoyl chain) is small and indicates hydrophobic
contacts between the hydrocarbon chains. Comparison
of Figures 6.a and 8.a shows similar positioning of the
DPC24 acyl chain and the POPC86 palmitoyl chain with
respect to the peptide at least for the first carbons of the
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palmitoyl chain. Indeed, the DPC or POPC chains seem
to accommodate along the hydrophobic face of the
peptide mainly defined by L102 and W98 residues. The
longest palmitoyl chain reorients after 6 carbons with its
chain end parallel to the z-axis. It has to be emphasized
that it is the first time that similar specific interactions
are observed between a peptide and a DPC or a POPC
molecule within two different systems i.e. a micelle and
a bilayer by MD simulations. Moreover, the interactions
between the peptide and the DPC in micelle were
observed despite the high mobility of DPC molecules.
This result illustrates that indeed specific interactions
between peptide and lipids and/or detergents can be
conserved in membrane models such as DPC micelles.

4, Conclusions

The comparison between the DPC micelle and the
POPC bilayer using molecular dynamics simulations
revealed that: i) the interface hydrophobic surface is
twice as large for micelle as for bilayer, ii) the main
conformation of DPC and POPC saturated chains is
almost extended and, iii) DPC chains explore all the
directions while POPC chains are well aligned along z-
axis. Moreover, the systems are very different in terms
of dynamics. DPC molecules are highly mobile in the
micelle in contrast to POPC in bilayer at the time scale
of the simulation performed in the present study. The
peptide secondary structure and orientation is not
strongly influenced by the membrane model. The
peptide is much more deeply inserted in the bilayer than
in micelle. The contacts between the peptide and the
DPC or POPC molecules differ significantly. All atoms
of all DPC make short lifetimes and long distances
contacts with the peptide in correlation with the DPC
dynamics and orientations in micelle. In contrast, few
POPC molecules make long lifetimes and short
distances contacts with the peptide and these contacts
essentially involve their phosphate, glycerol groups and
first acyl chains segments. However, despite these
differences, similar specific interactions were found in
both systems and concern a DPC or a POPC molecule
with R101 and L102 side chains.
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Figure S1 gives the chemical structure and heteroatoms
numbering of DPC and POPC, their atomic structures
and the structures of DPC and POPC, respectively.
Figure S2 shows the radial distributions of different
atoms of DPC molecules over the course of the
simulation. Figures S3 and S4 display the 2-dimensional
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contact maps between peptide side chains and DPC or
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