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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, membranebound 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]:
1
G = κ(C1 + C2 − C0 )2 + κ̄C1 C2 ,
2

(1)

where κ is the (mean) curvature modulus, κ̄ penalizes the Gaussian curvature C1 C2 , 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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under Gómez-Llobregat
reflection. Notably,
none
of thethe variantout since they cannot re
dependence of theonto
stiffer
peptide LL-37.
et al.
suggest
free energies in Fig. 3d. To
peptides orient directly along the flat direction ✓ = 90
linear model in the form E1
as commonly
assumed in mechanical models [15, 16].
1
Gb = K (C1 + C2 − C0 )2 + b (C1 − C2 ) cos [2 (θ − α)] ,
(2) out the angula
and integrate
f. Orientation-averaged
binding free energy Next,
2
Z 2⇡
we look at the orientation-averaged binding free energy,
which correspondscorresponding
to rotating thetolocal
principal
axes
of
spontaneous
curvature
by
an
angle
G
=
ln
e E1 d✓ = a
the curvature-dependent enrichment
1
α with respect to measured
the protein
θ. in
This
doesassays
a remarkably
job, and shows that the0
in axis
many
vitro
[17–23]. good
To extract
local curvature directions
imposed
(and
sensed)
by
the
peptide
are
not
related to its
the curvature dependence of the binding energy, we trivially
anSince
= D = C(s)/2 on t
local rough symmetry
but depend
in a complex
on peptide
structure andHshape.
alyze axes,
center-of-mass
positions
along way
the buckled
shape.
modified Bessel function I0
These should follow a Boltzmann distribution, proporconvex (if b 6= 0) or directio
tional to e G(s) , where G(s) is the orientation-averaged
in disagreement with Fig. 3d
binding free energy in units of kB T .
Moving on to quadratic ter
We model this as depending on the local curvature
[10] explored a model of the

4
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 required 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 assembly 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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