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Reference: arXiv:1412.2371 (2015).

Recommended with a commentary by Peter Olmsted, Georgetown University.

Lipid bilayer membranes are deceptively complex. They comprise two leaflets composed
of a complex mixture of lipids and proteins, and were originally treated as featureless 2D
fluids [1]. For decades they were thought to act only as flexible walls enclosing the cell,
the nucleus, and other internal structures necessary for cell function. With the discovery
of nanodomains with elevated levels of cholesterol and/or saturated lipids (‘rafts’) [2] there
has been a realization that the constituents of bilayers (lipids∗, cholesterol, membrane-
bound proteins) play a crucial role in regulating membrane function: membranes form the
core of the protein synthesis and delivery mechanisms in the sponge-like Golgi Apparatus,
control the transport of materials within cells, regulate ion and pH content between different
environments, and regulate binding and recognition between the cell and proteins, peptides,
viruses, other cells, and nucleic acids. Interaction at and across membranes is integral to
immune response, the formation of spherical membrane vesicles to enter or exit cells, and
numerous other processes. An attractive hypothesis is that the many components of the
membrane permit multiple and even parallel responses to stimuli, perhaps mediated by an
underlying critical point [3].

In a recent ArXiv paper, Gómez-Llobregat et al. study the important topic of protein
recognition by membranes, in terms of the coupling between protein shape and membrane
curvature which can lead to curvature sensing. The free energy per unit area of a bent
membrane is usually assumed to take the form derived by Helfrich [4]:

G =
1

2
κ(C1 + C2 − C0)

2 + κ̄C1C2, (1)

where κ is the (mean) curvature modulus, κ̄ penalizes the Gaussian curvature C1C2, and
C1, C2 are the membrane’s two principal curvatures. The spontaneous curvature C0 vanishes
for symmetric membranes, as in most in vitro experiments.

Lipid shape influences the spontaneous curvature of a leaflet∗. Conical lipids with large
or charged heads induce inward curvature towards the tail group; inverse-conical lipids
with small heads induced outward curvature, and ‘flat’ lipids induce negligible curvature.
Since almost all biological membranes separate different chemical environments and comprise
leaflets with different lipid compositions, C0 should be non-zero by symmetry, but is often
small (perhaps because the environmental and leaflet asymmetries nearly cancel).

Living membranes contain roughly 18-70% embedded proteins, by mass. Proteins have
even more complex shapes than lipids, and perturb the membrane to induce local curvature

∗ Lipids typically have a polar head group and two tail groups that are short hydrocarbon chains, sometimes

with one or more double bonds (‘unsaturated’)
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FIG. 1. (Color online) Structures of magainin [32], melit-
tin [33] and LL-37 [31]. The melittin and LL-37 structures
contain two ↵-helices that form an angle � (not the same for
both structures). The ↵-helices used in the analysis are col-
ored in blue (N-terminal) and orange (C-terminal), with the
limiting amino acids labeled on the structure. Side chain and
non-helical residues are colored in gray.

ture sensing. The three model peptides display similar
rotation-averaged curvature preferences but di↵er in ori-
entational preferences, which demonstrates the value of
directional information. The asymmetry of the position-
orientational distributions challenges continuum models
of amphipatic helices as cylindrical membrane inclusions
[15, 16]. We speculate that such asymmetry is impor-
tant for certain modes of antibacterial activity, and argue
that it might be common also for larger curvature sensing
proteins. Finally, our theoretical analysis reveals a funda-
mental limitation in the ability to characterize curvature
sensing mechanisms from assays with zero Gaussian cur-
vature. These results motivate e↵orts to track positions
and orientations of membrane proteins experimentally,
and to develop assays with more complex geometry.

METHODS

To study curvature sensing by single peptides, we sim-
ulate their interactions with a buckled membrane using
the coarse-grained Martini model[35], and track their po-
sition and orientation, as shown in Fig. 2. On a micro-
scopic level, curvature sensing by amphipatic helices is
associated with the density and size of bilayer surface
defects[30, 36], which are well described by the Martini
model [37].

a. Simulation parameters We performed molecular
dynamics simulations using Gromacs 4.6.1 [38], and the
coarse-grained Martini force-field with polarizable water
model [35, 39, 40], and a relative dielectric constant of 2.5
(as recommended [40]). We used standard lipid parame-
ters for 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) [41], 1-palmitoyl-2-oleoyl phosphatidylglycerol
(POPG) [42], and peptides [43]. The peptide struc-
tures for magainin (PDB ID:1DUM), melittin (PDB
ID:2MLT), and LL-37 (PDB ID: 2K6O) were obtained
from the Protein Data Bank, and coarse-grained with
the martinize script provided by the MARTINI devel-
opers. Constant temperature was maintained with the
velocity rescaling thermostat [44] with a 1.0 ps time con-
stant, and pressure was controlled with the Berendsen

barostat [45] using a time constant of 12 ps and a com-
pressibility of 3 ⇥ 10�4 bar�1. Peptide (when present),
lipids and solvent were coupled separately to the tem-
perature bath. Coulomb interactions were modeled with
the particle mesh Ewald method [46] setting the real-
space cut-o↵ to 1.4 nm and the Fourier grid spacing to
0.12 nm. Lennard-Jones interactions were shifted to zero
between 0.9 and 1.2 nm. A time step of 25 fs was used
in all simulations.

b. System assembly and membrane buckling We as-
sembled and equilibrated three rectangular (Lx = 2Ly)
bilayer patches of 1024 lipids each, with 80% POPC and
20% POPG, solvated with ⇠ 21000 coarse-grained water
beads and neutralized with sodium ion beads. POPG
is negatively charged, which promotes peptide binding.
These patches were equilibrated for 25 ns in an NPT en-
semble at 300 K and 1 bar, with pressure coupling applied
semi-isotropically.

After equilibration, all systems were laterally com-
pressed in the x direction by a factor � = (L � Lx)/L =
0.2, where L is the linear size of the flat system, and Lx

the size of the compressed simulation box, in the x di-
rection. This was done by scaling all x-coordinates, and
the box size Lx, by a factor 1� � = 0.8 at the end of the
equilibration run, yielding Lx = 20.88, 20.81 and 20.89
nm for the three patches, respectively. After rescaling,
the compressibilities were set to 0 in the x and y direc-
tions to keep the system size constant in those directions
for subsequent simulations. Pressure coupling was then
applied anisotropically in the z direction only. We then
performed an energy minimization and a short equilibra-
tion run (25 ns) to let the bilayer buckle.

Next, we added one peptide to each system, using the
three independent patches to create three independent
replicas for each peptide. The peptide was initially placed
about 3 nm above the membrane surface, but quickly at-
tached to the bilayer. After the binding event, we equili-
brated the system for another 5 µs before starting a pro-
duction run of 15µs, where we collected data every 5 ns.
All peptides remained essentially parallel to the mem-
brane surface as expected , in agreement with experimen-
tal results for low peptide concentrations [32, 33, 47, 48].

c. Membrane alignment and peptide tracking The
buckled membrane profile di↵uses as a traveling wave the
simulation (movie S1), but curvature sensing by a pep-
tide is reflected in its distribution relative to the buckled
shape. Hence, the buckled configurations must be aligned
in order to extract useful information. To do this, we fit
the xz-profile of the membrane by the ground state of the
Helfrich model with periodic boundary conditions, which
is one of the Euler buckling profiles of an elastic beam
[28, 29]. This shape depends only on the dimensionless
buckling parameter � (� = 1 is the flat state). Hence,
if one period of the buckling profile for Lx = 1 is given
by a parameter curve x = s + ⇠(s, �), z = ⇣(s, �) param-
eterized by a normalized arclength variable 0 < s < 1,
the general case Lx 6= 1 can be obtained by shifting and
scaling.
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FIG. 2. (Color online) Buckled simulation and analysis. (a,b) Top and side view of a simulation snapshot. Lipids (gray),
except phosphate groups (light red) and the inner lipid tail beads (blue), and the peptide (LL-37 in this case) in green. The
system size is Lx = 20.88 nm and Ly = 13.05 nm. (a) The peptide orientation ✓ is the angle between the ↵-helical part (dashed
arrow, pointing towards the C-terminal end) and the midplane tangent vector t, in the midplane tangent plane. (b) The side
view also shows the membrane mid-plane tangent (t) and normal (n) vectors, translated to the peptide center of mass for
clarity, the tangent angle  , the Euler buckling profile (red line) fitted to the bilayer mid-plane, and the inflection points at
s = 0.5 ± 0.25 (yellow crosses) used to align the buckled configurations. Molecular graphics generated with VMD [34]. (c)
Average buckled shape in terms of densities of inner lipid tail beads (blue) and phosphate groups (gray). Green dots show
representative peptide center-of-mass positions. Dashed red lines indicate the average fitted mid-plane ±2.15 nm o↵sets in the
normal direction.

For fast evaluation, we expanded ⇠(s, �) and ⇣(s, �) in
truncated Fourier series in s, and created look-up tables
for Fourier coe�cients vs. �. We defined s to give the
curve z(x) a maximum at s = 0.5, minima at s = 0, 1,
and inflection points at s = 0.5 ± 0.25 (see Fig. 2c), and
aligned the buckled shapes by fitting the bilayer in each
frame to the buckling profile and aligning the inflection
points (Fig. 2b, movies S2-S3). Specifically, we fit the
buckling profile to the innermost tail beads of all lipids in
each frame using least-squares in the x and z directions,
i.e., minimizing

X

i

(x0+Lx

�
s+⇠(si, �)

�
�xi)

2+(z0+Lx⇣(si, �)�zi)
2 (1)

with respect to �, the translations x0, z0, and the pro-
jected arc-length coordinates si of each bead (xi, zi are
bead positions). The time-averaged bilayer shape, after
aligning the mid-plane inflection points, agree well with
the theoretical buckled shape (Fig. 2c).

The arclength position s of the peptide was computed
by projecting the peptide center of mass onto the buckled
profile fitted to the membrane midplane in every frame
(Fig. 2b). The in-plane orientation ✓ was computed as
follows: we fitted a line through the backbone particles
of the alpha-helical part of the peptide, projected this
line to the tangent plane defined by the midplane tangent
vector t and the y unit vector, and took ✓ to be the angle
between the projected line and t. The local curvature is
given by C(s) = 1��

Lx

d 
ds , where  is the bilayer mid-

plane tangent angle (see Fig. 2b), and we neglect small
shape and area fluctuations (std(�) ⇡ 0.005), and use the
nominal value � = 0.2.

d. Fitting We used least-squares routines in MAT-
LAB (MathWorks, Natick, MA) to fit the Boltzmann
distributions e�E(si,✓i)/Z of the EC (Eq. 7) and E2 (Ta-

ble S1) models to (s, ✓)-histograms built from the aggre-
gated data with 50 bins for each coordinate. Both data
and model histograms were normalized numerically. Er-
ror bars in Fig. 4d are boot-strap standard deviations
from 1000 bootstrap realizations, using blocks of length
100 (500 ns) as the elementary data unit for resampling
[49].

RESULTS

e. Preferred curvature and orientations We simu-
lated single peptides interacting with a buckled bilayer,
using three independent production runs of 15 µs for each
peptide, and tracked their normalized arc-length coor-
dinates s 2 [0, 1] and in-plane orientations ✓ (Fig. 2a).
Aggregated (s, ✓)-histograms are shown in Fig. 3a-c, and
convergence is discussed in Sec. S1.

All three peptides prefer the concave high curvature
regions with a maximum at s = 0.5, as expected for
hydrophobic insertion mechanisms [15, 16, 30, 37, 50].
Regarding the angle distributions, the three peptides be-
have di↵erently. Magainin displays a rather uniform an-
gle distribution, probably because its short ↵-helical seg-
ment creates a fairly symmetric insertion footprint. For
melittin, the joint between the N- and C-terminal helices
appears very flexible, resulting in a broad distribution
of the internal angle � (Fig. 3e). Both helices prefer
directions nearly parallel to the x-axis, the direction of
maximum curvature, but the preference is stronger and
slightly o↵set (✓max ⇡ �15�, 165�) for the C-terminal he-
lix shown in Fig. 3b, while the N-terminal helix is more
symmetrically oriented (Fig. S2).

LL-37 maintains a linear structure, and its ✓-
distribution displays two sharp maxima near ✓ = 70�

and ✓ = �110� (Fig. 3c). This is remarkable since, by

FIG. 1. (top) Three peptides used by Gómez-Llobregat et al.; (bottom) Buckled membrane showing

a peptide lying in the plane at an angle θ with respect to the buckling wavevector t̂.

or enforce a local membrane shape. This perturbation leads to membrane-mediated protein-
protein interactions similar to the Casimir effect† [5], which can influence protein mixing,
aggregation, and function [6]. Despite work on the effects of proteins in the membrane,
surprisingly little attention has been paid to the detailed anisotropic interaction between a
protein of a given shape and different local membrane curvatures. An example is membrane
curvature sensing, whereby protein binding depends on curvature and thus couples protein
and membrane functions via curvature [7].

Gómez-Llobregat et al. study curvature sensing in a detailed set of simulations. They
prepare a model (symmetric) membrane from a mixture of unsaturated lipids with similar
head groups. The bilayer is forced to buckle by area compression, which introduces a straight
wrinkle, like a wide breaking ocean wave, into the membrane. Such a wave has curvature C⊥
that varies in only one dimension (Fig. 1). Because the curvature parallel to the wavecrest
C‖ vanishes, the Gaussian curvature C⊥C‖ is zero. Different peptides are equilibrated in
the membrane, and their affinities for different curvatures and peptide orientation are ex-
tracted from long molecular dynamics simulations ‡. The peptides have different structures:
(magainin) a single α-helix; or two α-helices linearly linked with a flexible (melittin) or stiff
(LL-37) kink angles. These simple peptides display distinctly different alignment properties
within the membrane due to the overall non-symmetric nature of the molecules.

Through an elegant set of algorithms the probability distribution ρ(C, θ) can be extracted
from the simulations (Fig. 2). Interestingly, the stiffer peptide sits at two preferred align-
ment angles that are not related by symmetry to the degree of curvature. That is, the
peptide doesn’t simply tilt ‘right’ for one sign of curvature and equally ‘left’ for another sign
of curvature. The peptide’s intrinsic shape lacks symmetry and interacts in a non-trivial
manner with the three-dimensional structure of the membrane. This complexity is probably

† Membrane bending fluctuations play the role that vacuum fluctuations play in the standard Casimir effect.
‡ The lipids and proteins were modeled using the MARTINI force-field [8], which allows significant coarse-

graining while retaining many features of the constituent molecules
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FIG. 3. (Color online) Distributions of peptide positions
and orientations in a buckled bilayer for (a) magainin, (b)
melittin (using the orientation of the C-terminal helix), and
(c) LL-37. (d) Binding free energy vs. mean curvature at
the peptide center-of-mass (Eq. (3)) for the three peptides.
Error bars show max and min values from three independent
simulations, solid lines are fits to the EC model (Eq. (7))
discussed below, and dashed lines are fits to quadratic curves
of the form G(C) = k

2
(C � c0)

2 + const. (e) Distributions of
internal angle (see Fig. 1) for melittin and LL-37.

reflection symmetry around s = 0.5, the curvatures in
those directions are the same as along �70� and 110�,
orientations that are clearly not preferred. As we will ar-
gue below, this can be understood as curvature sensing
along directions di↵erent from that of the peptide itself.
These sensing directions adopt ✓ = 0, 90�, and thus map
onto themselves under reflection. Notably, none of the
peptides orient directly along the flat direction ✓ = 90�

as commonly assumed in mechanical models [15, 16].

f. Orientation-averaged binding free energy Next,
we look at the orientation-averaged binding free energy,
corresponding to the curvature-dependent enrichment
measured in many in vitro assays [17–23]. To extract
the curvature dependence of the binding energy, we an-
alyze center-of-mass positions along the buckled shape.
These should follow a Boltzmann distribution, propor-
tional to e�G(s), where G(s) is the orientation-averaged
binding free energy in units of kBT .

We model this as depending on the local curvature
only, and hence set G(s) = G(C(s)), and extract G(C)
from curvature histograms, weighted according to the
change-of-variable transformation that relates the den-
sity of curvatures, ⇢(C), to the density of positions ⇢(s).

Indeed, dropping normalization constants, we have

⇢s(s)ds / e�G(C(s))ds / e�G(C)|dC/ds|�1dC / ⇢C(C)dC,
(2)

from which it follows that

G(C) = � ln
�
⇢C(C)|dC/ds|

�
+ const. (3)

The weights |dC/ds| can be understood as compensating
for the fact that not all curvatures have equal arclength
footprints along the buckled profile. To estimate G(C),
we estimated ⇢(C) using a simple histogram, and the
weights as the mean of |dC/ds| for all contributions to
each bin.

Fig. 3d shows the binding free energy profiles G(C) for
the di↵erent peptides, which are more similar than the
✓, s distributions. All curves are well fit by quadratic
curves that extrapolate to preferred curvature radii
slightly above the monolayer thickness of about 2.2 nm,
relevant to the inside of membrane pores. Magainin and
melittin show clearly convex G(C) profiles, but that of
LL-37 is closer to linear. For comparison, experimental
binding free energies of these peptides to flat membranes
with anionic lipids range from -15 to -10 kBT [51].

g. Quantitative models We now turn to quantitative
models of the peptides’ curvature sensing. Generally, if
the principal curvatures and directions are c1,2 and ~e1,2,
the curvature tensor, or second fundamental form, in a
frame rotated by an in-plane angle ✓ relative to ~e1, is
given by

Cij =


Ck CX

CX C?

�
=


H+D cos 2✓ D sin 2✓

D sin 2✓ H�D cos 2✓

�
, (4)

where H = (c1 + c2)/2 and D = (c1� c2)/2 are the mean
and deviatoric curvatures, and k,? denote the longitu-
dinal and transverse directions of a peptide. Note the
symmetry under rotations by 180�, since the curvature
of a line is the same in both directions. For our buckled
surface, c1 = C(s), c2 = 0, and ~e1,2 = ~ex,y.

The simplest models are linear in Cij [5], but can be
ruled out since they cannot reproduce the convex binding
free energies in Fig. 3d. To see this, we write a general
linear model in the form E1 = aH + bD cos(2(✓ � ↵)),
and integrate out the angular dependence to get

G1 = � ln

Z 2⇡

0

e�E1d✓ = aH � ln I0(bD) + const. (5)

Since H = D = C(s)/2 on the buckled surface, and the
modified Bessel function I0 is convex, G1 will be either
convex (if b 6= 0) or direction insensitive (when b ! 0),
in disagreement with Fig. 3d.

Moving on to quadratic terms, Akabori and Santangelo
[10] explored a model of the form

EX =
kk
2

(Ck�Ck0)
2+ kX(CX �CX0)

2+
k?
2

(C?�C?0)
2,

(6)

FIG. 2. (abc) Probability distributions ρ(s(C), θ) for the three peptides. The arc-length posi-

tion s along the buckled membrane is directly related to the local curvature C. (d) Inferred

orientationally-averaged free energy of binding G(C) for the three proteins. (e) Distribution of the

inter-α-helix kink angle β for the two larger peptides, showing the stiffness of peptide LL-37. The

table shows a fit to an orientationally averaged binding energy Gb = 1
2k(C − C0)

2.

general for stiff proteins and peptides, or any complex body embedded in a membrane.

The effective free energy for this distribution shows significant convexity as a function
of curvature, which indicates that the binding energy for even such simple peptides is not
a simple linear function Gb ∼ CijHji, where Cij is the local (2D) curvature tensor and Hij

parametrizes the shape and binding potential of the protein. Hence a quadratic binding
potential is necessary and probably generic. The most general quadratic binding potential

is Gb = 1
2
(Cij − C0ij)Mijkl(Ckl − C0kl), where the spontaneous curvature

↔
C0 characterizes

the protein shape, and the symmetric tensor
↔
M contains up to 6 degrees of freedom.

A simple version of this model by Akabori & Santangelo [9] cannot reproduce the angular
dependence of the stiffer peptide LL-37. Gómez-Llobregat et al. suggest the variant

Gb =
1

2
K (C1 + C2 − C0)

2 + b (C1 − C2) cos [2 (θ − α)] , (2)

which corresponds to rotating the local principal axes of spontaneous curvature by an angle
α with respect to the protein axis θ. This does a remarkably good job, and shows that the
local curvature directions imposed (and sensed) by the peptide are not trivially related to its
local rough symmetry axes, but depend in a complex way on peptide structure and shape.
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Note that sensing curvature (and binding) and imposing curvature (bending the membrane)
are two sides to the same coin. In these simulations the membrane did not bend due to
the adsorbed peptides; larger curvature sensing proteins could impose curvature, which can
effect changes in membrane shape and potentially induce budding [7, 10].

This work suggests several directions and implications. The simulations could not address
coupling to non-zero Gaussian curvature, which may be very important. Distinguishing the
binding based on Gaussian curvature could influence the budding of spherical vesicles re-
quired for transport within cells, or the branching of membrane structures prevalent in the
Golgi and the Endoplasmic Reticulum. The lack of mirror symmetries in proteins implies
a non-trivial structure associated with binding, which can influence membrane protein as-
sembly into pores, and potentially select for chirality during translocation. It would be
interesting to consider realistic membranes with small amounts of highly curving lipids, to
study how lipid compositional fluctuations can interact with curvature-sensing proteins.
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