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The bending modulus of a lipid bilayer quantifies its mechanical resistance to curvature. It is
typically understood in terms of thickness, e.g., thicker bilayers are stiffer. Here, we describe an
additional and powerful molecular determinant of stiffness — the variance in the distribution of
curvature sensitivity of lipids and lipid conformations. Zwitterionic choline and ethanolamine head-
groups of glycero-phospholipids dynamically explore inter- and intra-species interactions, leading
to transient clustering. We demonstrate that these clusters couple strongly to negative curvature,
exciting undulatory membrane modes and reducing the apparent bending modulus. Three force-
fields (Martini 2, Martini 3, and all-atom CHARMM C36) each show the effect to a different extent,
with the coarse-grained Martini models showing the most clustering and thus the most softening.
The theory is a guide to understanding the stiffness of biological membranes with their complex
composition, as well as how choices of forcefield parameterization are translated into mechanical

stiffness.

I. INTRODUCTION

The mechanical properties of membranes are central to
myriad vital processes in cells [1-3]. In contrast to single-
component membranes typically used to deduce mechan-
ics, biological membranes are comprised of hundreds of
different lipid species [4], as well as proteins. Under-
standing biological membranes thus requires describing
how mechanics changes in mixtures of many lipids with
widely varying mechanical influence.

The spontaneous curvature (cp), bending modulus (k),
and Gaussian curvature modulus (%) together parameter-
ize the quadratic model describing the free energy cost of
deviations of curvature from its preferred value [5, 6].
These constants can be determined from a variety of
experimental and simulation-based methods. Common
experimental methods for determining k include optical
analysis of shape fluctuations [7] and neutron spin echo
spectroscopy [8]. With simulations, x can be calculated
in silico via thermal fluctuations of flat membranes [9], as
well as equilibrium force methods such as buckling [10].
Experimental values for ¢ are typically found by analyz-
ing membranes in inverse hexagonal phase [11] or from
nuclear magnetic resonance spectroscopy studies of inter-
leaflet redistribution of lipids in small unilamellar vesi-
cles (SUVs) [12, 13]. In simulations, ¢o is usually de-
termined from the first moment of the lateral pressure
profile [14, 15], or recently from free energy perturbation
methods [16].

Given the complex composition of biological mem-
branes, the relation between material parameters of lipid
mixtures and those of their constituent components is
of great interest. A reasonable assumption would be to
expect mechanical parameters of multi-component mem-
branes to be weighted averages of those corresponding
to pure membranes of each of the components [17]; how-
ever, simulation studies show in many cases of biologi-
cal importance this expectation of additivity of mechan-
ical properties (e.g. spontaneous curvature) does not

hold true [18]. Furthermore, it has been pointed out
that a purely shape-based description of membrane el-
ements fails to take into account the effect of the envi-
ronment surrounding a molecule on its curvature pref-
erence [19], such as hydrogen bonding between adjacent
lipids. Cholesterol, a ubiquitous part of many biological
membranes, appears to have a particularly non-trivial
influence on mechanical properties of membranes; its ad-
dition to pure bilayers of different phospholipids has been
observed to increase or not alter the bending modulus of
the bilayers, depending on the level of unsaturation of
the tail acyl chains [20].

The underlying mechanism driving the phenomenon
is the lateral diffusion of curvature-sensitive membrane
species at time-scales differing from the characteristic re-
laxation times of undulation modes, leading to enhance-
ment of their amplitudes and a softer apparent bend-
ing rigidity observable at longer time-scales. This cou-
pling between local curvature and composition which, to
the best of our knowledge, has first been described in
literature by Leibler [21] (and subsequently addressed
further theoretically [22, 23] and observed experimen-
tally [24, 25|), is here treated for the case of multi-
component bilayers and its intricacies is investigated us-
ing simulations of binary mixtures.

The softening of complex mixtures would most clearly
be indicated by a simple model of a system well-
characterized experimentally at long length-scales: a
mixture of phosphatidylethanolamine (PE) and phos-
phatidylcholine (PC). Here, the spontaneous curvature
difference between coarse-grained PE and PC (Martini
versions 2 and 3, abbreviated M2 and M3) is com-
puted using three complementary and independent meth-
ods: the literature standard lateral pressure profile
method [14, 15], thermodynamic integration (TT) of lipids
into the inverse hexagonal phase [16], and the spatial ex-
tent (SE) methodology tracking the dynamic redistribu-
tion of lipids on fluctuating membranes [26, 27].

Curvature redistribution of Martini PE and PC lipids
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in mixtures between 0 and 100% PE indicates the ex-
pected spontaneous curvature differs between the two
lipids. PE bilayers are found to be substantially softer.
The spontaneous curvature of PE and PC lipids is fur-
ther broken down by the number of attractive headgroup-
headgroup interactions a lipid experiences. PE forms
more higher-order clusters of attractive interactions —
these lipids have very negative spontaneous curvature.
A multi-component softening theory and analysis indi-
cates that the presence of these higher order clusters
should lead to substantial softening of the PE-rich bi-
layers. Complementary analysis of all-atom simulations
indicate that all-atom PE does not form such clusters to
nearly the same extent, and that all-atom PE bilayers are
not as soft, relative to all-atom PC. The consequences of
this observation are discussed both in terms of designing
coarse-grained forcefields as well as understanding the
impact of nanoscale heterogeneity on mechanics.

II. METHODS
A. System build information
1. All-atom

All-atom planar bilayers were built at 0:100, 50:50, and
100:0 mol% DOPC:DOPE with 200 lipids/leaflet using
the CHARMM-GUI Membrane Builder module [28, 29].
Each membrane composition was built with three inde-
pendent replicas. The bilayers were solvated with 50
H,0/lipid and no ions.

2. Coarse-grained for thermodynamic integration (T1I)

All coarse-grained systems were built using M2 [30, 31]
and M3 [32] lipid representations that reduce DOPC and
DOPE to 12-bead representations. Within a lipid model
(e.g., either M2 or M3), the DOPC and DOPE lipids
differ by only the head group bead. Lipid inverse hexag-
onal phase (Hyr) systems were built [16, 33] at 0:100,
50:50, and 100:0 mol% DOPC:DOPE with initial radii
of 30, 35, 40, 65, and 90 A. The radius is defined by
the C1A bead, which is the approximate location of the
pivotal plane (the site at which lipids bend with con-
stant area) [16, 34, 35]. All Hy systems had 400 to-
tal lipids except for the Hpy system with an initial ra-
dius of 90 A that contained 500 total lipids. Hexadecane
(in Martini, four straight-chain saturated acyl-chain in-
teraction sites) was placed in interstitial spaces to relax
the hexagonal packing geometry [36, 37]. These systems
have 2635, 3179, 3717, 6347, and 11108 water beads, re-
spectively, and no ions. Planar bilayers were built using
modified CHARMM-GUI Martini Maker scripts [28, 3§]
with 200 lipids/leaflet at 0:100, 50:50, and 100:0 mol%
DOPC:DOPE. Hexadecane was also placed in the center
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of planar bilayers using PACKMOL [39] so that the bi-
layer is an applicable reference state for Hy; simulations.
All planar systems had ~10 water beads/lipid and no
ions. All systems (Hj; and planar) were built in tripli-
cate.

3. Coarse-grained for fluctuation analysis

Large coarse-grained bilayers (1000 lipids/leaflet)
were built at 0:100, 10:90, 20:80, ..., 100:0 mol%
DOPC:DOPE to interpret the undulation spectrum and
dynamic redistribution of lipids. The CHARMM-GUI
Martini Maker [40, 41] module was used to build these
lipid bilayers with M2 [30, 31] and M3 force fields [32].
The simulations contained approximately 10 CG water
beads per lipid and no ions.

B. Simulation
1. All-atom for fluctuation analysis

After a brief minimization and equilibration using
NAMD [42, 43] with the CHARMM all-atom force field
[44], the systems were converted to Amber format [45, 46]
using ParmEd. These simulations were used to calculate
fluctuation data. Each replica was simulated 2 ps us-
ing the Amber22 version of pmemd.cuda [47-49] and the
CHARMM all-atom C36 force field[44]. Semi-isotropic
pressure (1 bar) was maintained by a Monte Carlo baro-
stat [50, 51|, and constant temperature (310.15 K) was
maintained by Langevin dynamics with a 1 ps damp-
ing coefficient. Covalent bonds involving hydrogen were
constrained using the SHAKE and SETTLE algorithms
[52, 53]. Non-bonded forces were switched off between
10-12 A, and long-range electrostatics were calculated
by PME [54, 55.

2. Coarse-grained for thermodynamic integration (T1I)

All systems were minimized, equilibrated, and simu-
lated using GROMACS 2019.3 [56-58]. The tempera-
ture was maintained at 310.15 K by velocity rescaling
[59] with a time constant of 1 ps. Semi-isotropic pressure
of 1 bar was maintained by a Parrinello-Rahman coupling
algorithm (compressibility = 3x10~# bar !, pressure cou-
pling constant = 12 ps) [60, 61]. A 20 fs time step was
used, and the dielectric constant was set to 15. Each sys-
tem was simulated 3 ps with both the M2 [30, 31] and M3
[32] force fields. The independent system configurations
from 1, 2, and 3 ps were used as seeds to start the TI
simulations.

For each of these three checkpoints, 11 A windows were
initiated (A = 0.0,0.1,...,1.0) and simulated for 100 ns
with a 20 fs time step (TI run parameters used were sc-
alpha = 0.5, sc-power = 1, and sc-r-power = 6). The
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average was obtained from these three blocks, leaving
off the first 5 ns of all simulations to allow configura-
tional equilibration. After the simulations, the free en-
ergy derivative at each A ((U’()))) was integrated using
Bennett’s acceptance ratio (BAR; gmx bar) algorithm,
yielding AFa_,p.

3. Coarse-grained for F (0)

The 0:100, 50:50, and 100:0 mol% DOPC:DOPE pla-
nar bilayers containing 200 lipids/leaflet were minimized,
equilibrated, and simulated using NAMD. Again, the
M2 [30, 31] and M3 [32] force fields were tested. M2
force field parameters in NAMD format were taken from
CHARMM-GUI [40, 41] and M3 force field parameters in
NAMD format were made for this manuscript (available
at: https://github.com/beavenah/martini3_namd).
Specific to using the Martini force field in NAMD: cosAn-
gles and martiniSwitching options were on (switch dis-
tance of 9 A and a cutoff of 12 A), PME was off, a di-
electric of 15 was used, and a 20 fs time step was used.
Pressure was maintained at 1 atm by a Nosé-Hoover pis-
ton (piston period of 2000 fs and decay of 1000 fs) and a
temperature of 310.15 K was maintained by a Langevin
piston. All systems were simulated 600 ns.

4. Coarse-grained for fluctuation analysis

Larger (1000 lipids per leaflet) bilayers were simulated
for 6 ps using the M2 [30, 31] and M3 [32] force fields
using the GROMACS 2019.3 package [56-58]. The simu-
lation parameters (e.g., temperature, pressure, etc.) were
the same as those listed in the TT simulation subsection.

C. Thermodynamic integration (TT)

TI computes the change in free energy (AF) by al-
chemically mutating “species A” into “species B” through
intermediate parameter space. The method uses a A\ pa-
rameter that shifts the system’s potential energy (Uy —
Ug): U(AN) = Us + A(Ug — Uy), for example, between
DOPC and DOPE. For the DOPC«+DOPE transforma-
tion in the Martini force field, only intermolecular inter-
actions are changed (i.e., the bonded and angle parame-
ters are constant with ). For the M2 and M3 force fields,
the head group bead Q0 (M3: Q1) of DOPC is mutated
to Qd (M3: Q4p) for DOPE.

For each membrane composition and phase, TI was
run to obtain AFpc_,pr and AFpg_,pc (where the tilde
represents a per-lipid quantity). These AF quantities
include curvature-dependent and curvature-independent
contributions to the free energy. We assume that bending
a leaflet from a planar reference state only changes the
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curvature contribution to the free energy, therefore:

AAFyuy; T1(c) = [AFpc—PE 1y, TI — AFPC—)PE,planar,’I(‘I])
1
can be modeled by a Helfrich-Canham Hamiltonian that
considers only curvature.
The per-lipid curvature free energy for a lipid X in
phase Y is given by:

Rm,X

2

ﬁX,Y,HC = Ax ({e)y — cox)® + Fmx(K)y |, (2)

where lipid X’s per-lipid area, leaflet bending modulus,
intrinsic curvature, and Gaussian curvature modulus are
Ax, Km X, €o,x, and K, x, respectively. The phase’s mean
and Gaussian curvature at the neutral surface are (c)y
and (K )y, respectively. The planar phase has zero (c)
and (K) while the Hy; phase has zero (K).

As shown previously [16], assuming that x,, and A are
equal for DOPC and DOPE (that is, that & is homoge-

neous):

AFX mypaC = Fx e — FX planar, HC (3)

AAﬁHH,HC(C) = [AﬁPE,HH,HC - AﬁPC,HH,HC]
= kmAcAcy (4)

As an example, the DOPE is the final state mutated from
the initial DOPC state. The planar phase is used as the
reference state relative to the Hy; phase.

FoNr each Hyy radius, there exisNtS a calculated
AAFHH’TI(C) and a predicted AAFHH,Hc(C). For
AAﬁHH’Hc(C), we calculated K, from methods devel-

oped herein, A from the simulation box size, and ¢ from
the Hyy applicable simulation. The k., and A are the
average of the calculated DOPC and DOPE values. Cal-
culating the Hyy radius requires finding the lipidic pivotal
plane (where lipids bend at constant area). To do so, the
A was calculated from the bilayer+alkane simulations to
account for alkane-induced lipid area dilation. Then, the
average area and radius of each lipid bead was calculated
for each Hyr system [16, 35]. The lipidic location whose
area matches the bilayer+alkane lipid area is the pivotal
plane (e.g., Ref. [16]). Note that the radius need not
correspond to a bead. In these simulations, the pivotal
plane lies between the GL2 and C1A beads, but typically
much closer to the C1A bead.

The fit between AAﬁHH’Hc(c) and AAf'HH,TI(c) was
obtained by a least-squares fit with Acg as the only pa-
rameter. The error in the fitted Acy parameter was cal-
culated by fits to Monte Carlo generated data sets that
sample the standard deviation of Acy based on the sta-
tistical error of the TIT data.
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D. Free energy derivative with respect to
curvature (F(0))

For each bilayer+-alkane system, the free energy deriva-

tive with respect to curvature (F (0)) was also calculated
using a patched version of NAMD 2.12 [62].

o= iF

F(0) = —KmCy = — /000 z[pL(z) — px(2)]dz,

()
where c¢ is the leaflet curvature at the pivotal plane, z
is the vertical distance from the bilayer midplane, and
pL, and pn are the lateral and normal components of the
pressure tensor, respectively. By convention, a positive
f/(O) indicates a leaflet that would bend toward its head

groups if unconstrained. The F/(O) magnitude indicates
curvature stress (compare to Eq. 4).

de le=0

E. Calculating the bending rigidity (x,) from
membrane fluctuations

The bending modulus of the simulated systems in this
work are calculated using two different methods, both
of which follow from Helfrich-Canham (HC) continuum
elastic theory of membranes [5, 6].

In the first approach, we calculate the height fluctua-
tion spectrum of bilayers from simulations and find bend-
ing rigidity modulus sy, by fitting the data for amplitudes
of fluctuation modes to the theoretical expectation from
equipartition theorem:

kT
I‘ébq4

(|hal*) = (6)

Here hg is the amplitude of the Fourier mode q of the
surface height, which we calculate by discretizing the bi-
layer surface with lattice length of L ~ 15A, and using
the lipid atom corresponding to the neutral surface of the
leaflet (discussed below) to determine surface height in
each lattice point.

In the second method, we extract the bending rigidity
modulus from the slope of the transverse curvature bias
(TCB) [26]:

(eall2) =~ 22 @

Here (cq)(%#) is the mean curvature calculated from mode
q at distance z away from neutral surface of the leaflet
along the surface normal. The reference atom (or “bead”
in coarse-grained Martini model’s terminology) used to
represent the leaflet neutral surface is determined by find-
ing the surface parallel to the bilayer midplane where the
sampled curvature of atoms is not biased toward positive
or negative values.

We argue the TCB method is preferable to the height
fluctuation method due to sensitivity of the latter to lipid
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tilt /protrusion fluctuations at higher ¢ values [63]. The
mean sampled curvature of the lipid species in the mixed
systems is calculated to extract information about their
intrinsic curvature preferences as revealed by the cou-
pling between lateral distribution of the lipids and undu-
lation modes of the bilayer surface.

F. Membrane softening theory
1. Diffusional and conformational softening

Two mechanisms are expected to potentially reduce the
“apparent” bending rigidity of a membrane mixture [64].
The first mechanism arises from the coupling between lat-
eral distribution of lipid species with different curvature
preferences and fluctuations in local curvature; This is re-
ferred to as “diffusional softening”, and, for a membrane
consisting of a small fraction x of components with spon-
taneous curvature Acy relative to the background lipids,
is described by

Kapp = [1 — a(Aco, X)]Kint, (8)

where a(Acy, x) is a softening factor given by

A (Aco)?x(1 = ¥)Kin
a(Bco,x) = 22! O)ijB(T i, 9)

where A, is the area of the molecular membrane compo-
nent.

A mathematically equivalent softening factor can also
influence the apparent rigidity of membranes arising from
formation of molecular complexes with a different cur-
vature preference than what would be expected from a
naive additive model, i.e., the area-weighted average of
the components of the multi-molecular complex; now x
represent the fraction and Acy the difference in intrinsic
curvature of the curvature sensitive conformation.

2. Multi-component softening

The lipids involved in the coarse-grained equivalent of
a hydrogen bond (pseudo hydrogen bonds in M2 and M3
models) are determined by tagging the lipids with their
head beads (NH3 for DOPE and NC3 for DOPC) closer
than a threshold value of 6 A to the phosphate (P04) bead
of an adjacent lipid. We group lipids with respect to their
type and number of interactions (in which the considered
lipids act as the head-group donor) and conduct a similar
curvature-spectrum analysis for each subset of the lipids
separately to distinguish between their relative curvature
preferences.

For atomistic systems we use the distance between the
N and P atoms to identify the inter-lipid interactions,
with the same cut-off length as the CG simulations.
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Applying the framework of 2-component diffusional
softening to our PE/PC mixtures does not allow us to ex-
plain the difference in bending rigidity of the pure mem-
branes. With this motivation, in order to be able to
take into account the effect of all the subgroups identi-
fied based on inter-molecular interactions, we expand the
softening theory to the case of many components. We
find (Supplementary Materials) that for a system con-
sisting of n lipid species with spontaneous curvature cg ;
and composition fraction x;, and intrinsic bending rigid-
ity Rint*

Kapp = Kint(1 — &) (10)

A
<Ci> = IPACOi(l + Oé) + Cref (11)

with

A 1mn
I

=1
n n (12)
—QE E ACOiACOinXj]
i=1j=1
J#i
where here c.of is a reference curvature, i.e., the mean

spontaneous curvature relative to which curvatures are
measured in this method. Solving Eqgs. 10 and 11 for xiu
and the set of {Acg;} yields:

Kint = Fapp(1 + ) (13)
A

AcO,i = A7<CZ>(]. + Ckl)il + C;cf (14)
1%

with

n

A2 AKapp
1_
2kpT A, [z_; Ixi(l = xi)
) (15)

223 e i) )

i=1 j=1
J#i

v (-

For the case of a distribution of spontaneous curvatures
with variance o2:

ApK/int 2
. 1
kT’ ) (16)

Rapp = /"iint(1 -

In the SE methodology, ¢,es is set to the mean, calculated
as:

Cref = ZXiCOiv (17)
=1

such that all observed and spontaneous curvatures are
reported as Acs, relative to the reference.
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Figure 1: Sampled curvature spectrum of 1:1 DOPE
and DOPC membrane in M2 (circles). The curvature
spectrum for the subset of each type of lipids identified
as having formed 0 (squares) or 2 (triangles) H-bonds is
also shown.

III. RESULTS AND DISCUSSION

A. TI

The fit to TT data yields Acy of —0.02456 £+ 0.00002
A1 (M2) and 0.02053 4 0.00005 A' (M3) with the
minus indicating a more negative curvature preference
for DOPE. This analysis uses a ky, of 8.68 kgT for M2
(Km,DOPC = 10.37 k‘BT and Hm,DOPE = 6.98 kBT) and
a Ky, of 6.23 kgT for M3 (km,popc = 7.53 kgT and
kmpope — 4.93 kgT). Additionally, an A of 66.5 A2
for M2 (AVDOPC = 68.4 AQ and AVDOPE = 64.6 AZ) and
an A of 67.2 A2 for M3 (ZDOPC = 68.9 A2 and Apopr
= 65.6 A?).

These Acg values compare well to previously published
experimental and simulation data for DOPC/DOPE
[35, 37, 65-68]. All-atom simulations of the planar
and hexagonal phase usmg the CHARMM C36 force
field ylelded co,pope = —0.038 A-1 and Co,pOPC =
—0.015 A= (Acy = —0.023 A1) [35]. Using only pla-
nar bilayer simulation data with the CHARMM C36 force
field gives —0.027 and —0.007 A~! for DOPE and DOPC,
respectively (Acy = —0.020 A1) [65]. The values com-
pare well to X-ray diffraction experiment results on the
inverted hexagonal phase radii: —29.6 A and -87.3 A,
for DOPE and DOPC, respectively (Aco = —0.0223 A1)
[37, 66, 67].

B. Curvature spectrum

We look at the contribution of different undulation
modes to total sampled curvature of the lipids (curva-
ture spectrum) to determine the spatial extent of the
lipids, i.e., their influence on the mechanical properties
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Force field (w/, w/o additive) F'(0)100:0 [ksT/A]

F(0)50:50 [ksT/A] F(0)0:100 [ksT/A]

M2 (+hexane) 0.4780 £ 0.0052

M2 (lipid-only) 0.4908 + 0.0039
M3 (+hexane) 0.4074 £ 0.0068

M3 (lipid-only) 0.3956 £ 0.0041

0.4082 + 0.0034 0.3240 £ 0.0041

0.3604 £ 0.0010 0.2447 £ 0.0018
0.3323 £ 0.0029 0.2809 £ 0.0034

0.3086 £ 0.0034 0.2393 £ 0.0034

Table I: FI(O) data for the Martini (M2 and M3) force fields with NAMD. Dividing F/(O) by —km yields the leaflet

spontaneous curvature.
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Figure 2: Sampled curvature spectrum of 1:1 DOPE
and DOPC membrane in M3 (circles). The curvature
spectrum for the subset of each type of lipids identified
as having formed 0 (squares) or 2 (triangles) H-bonds is
also shown.
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Figure 3: Sampled curvature spectrum of 1:1 DOPE
and DOPC membrane in the all-atom C36 model
(circles). The curvature spectrum for the subset of each
type of lipids identified as having formed 0 (squares) or
2 (triangles) H-bonds is also shown.

of the surrounding membrane. We observe a relatively lo-
cal spatial extent for both lipids, with positive and nega-
tive values of spontaneous curvature relative to the back-
ground for DOPC and DOPE, respectively, as expected
for M2, M3, and all-atom C36 simulations (Figs. 1, 2,
and 3).

However, looking at the curvature spectrum of the sub-
species identified based on the number of inter-lipid in-
teractions, we observe that lipids with higher number of
pseudo hydrogen bonds (as defined for each model in Sec.
ITF 2) have a more negative curvature preference regard-
less of their type (PE/PC), while lipids with no inter-
actions have a more positive curvature preference. We
also observe that due to the different parameterization of
the DOPE and DOPC head beads in the Martini model
(both M2 and M3), the former has a greater tendency
for forming such interactions, leading to a larger fraction
of PE lipids being in the subgroup with two interactions,
which in turn causes the overall more negative curvature
preference of PE lipids as a whole group.

-/

c. F(0)

By way of Equation 5, Acy can be calculated indepen-
dently from the curvature spectrum. Using k,, calculated
herein, the values of Acy are too large for both M2 and
M3 (—0.046 = 0.003 and —0.034 + 0.003 A~!, respec-
tively). The excellent agreement of Acy for TI and the
curvature spectrum (see Fig. 7) suggests a discrepancy
between the local Acg and the global leaflet spontaneous
curvature that begs further investigation.

D. Apparent and intrinsic bending modulus

For M2 and the all-atom systems, the computed bend-
ing rigidities deviate from a linear sum of pure PC and
pure PE membranes weighted by their mole fraction
(Figs. 4 and 5). In particular, we observe a significantly
softer apparent stiffness at 50% PE for M2, as expected
due to the increased spontaneous curvature variance of
a mixture. For M3, the spontaneous curvature variance
is less for the 50%/50% mixture as computed from the
tagged spontaneous curvature distribution.
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The calculated kit are relatively constant with respect
to composition. The softening with increased PE is not
completely eliminated. However, our analysis focuses
on a specific, discrete selection of subspecies that may
not perfectly capture the difference between PE and PC.
These results strongly underline the main idea behind
the concepts of diffusional and conformational softening,
which is that a diversity in curvature preference of mem-
brane species can couple with the undulation modes of
the membrane to lead to a softer apparent bending mod-
ulus.

IV. CONCLUSIONS

In this work we have enriched an important mechanism
by which lipid interactions and lipid clusters soften equi-
librium measurements of the bending modulus, compared
to the expectation from an idealized diffusion-static, non-
interacting picture. As in Ref. [64] we refer to the former
as the apparent modulus and the latter as the intrinsic
modulus. The term “apparent” should not in any way di-
minish the value of this bending modulus — it is indeed
the equilibrium bending modulus that is critical to most
biological membrane reshaping.

First, our simulations show that, by accounting for
the variance of the spontaneous curvature distribution,
mixtures of lipids with differing curvature preference are
indeed softer than area-weighted averages of their corre-
sponding pure membranes, confirming theoretical predic-
tions on the basis of the coupling between slow-relaxing
diffusion modes and undulation modes. An exception was
the M3 100% DOPE simulation, which had a larger spon-
taneous curvature variance than 50% DOPC/50% DOPE
when head-group donating clusters were accounted for
(Fig. 6). This indicates that, in this case, conformational
softening dominated the effect of diffusional softening.

Second, we have measured the difference in sponta-
neous curvature of two lipid types using two alternative
MD-based methods, and show that their results are in
agreement, generating more confidence that each method
can be used to reliably estimate membrane models curva-
ture elastic parameters. Fig. 7 compares the calculated
difference in spontaneous curvature of DOPE and DOPC
lipids in M2 and M3 models calculated from TI and SE
methods. While methods directly measuring Acy are in
excellent agreement, the lateral pressure profile method
(see Table I) yield spontaneous curvature estimates that
were too high, suggesting a significant non-local impact
of M2 and M3 lipids on curvature stress.

Additionally, we have examined the role played by
the transient curvature-sensitive clusters in determining
the apparent bending rigidity of membranes, highlight-
ing the importance of the ability to form such configu-
rations in the softening effect. Specifically, we explain a
significant portion of the difference in simulated appar-
ent bending modulus of pure DOPE and DOPC mem-
branes by dividing lipids into curvature-sensitive sub-
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models, calculated using Thermodynamic Integration
(TI) and Spatial Extent (SE) methods.

groups based on inter-molecular interactions and using
the multi-component softening theoretical framework to
extract intrinsic quantities. At 100% DOPE for the M2,
M3, and C36 models, kapp is 68%, 66%, and 77%, while
Kint is 84%, 80%, and 93% of the DOPC value, respec-
tively. Note that the absolute gap between DOPE and
DOPC Kiyt, is reduced by 26%, 12%, and 62%, for the M2,
M3, and C36 models, respectively. This demonstrates
how differences in chemical parameterization of the two
lipids in three considered force fields leads to differences
in molecular interactions that in turn alter the relative
populations of multi-lipid complexes with distinct curva-
ture preferences. Ref. [69] notes that “top-down” param-
eterized coarse-grain models (akin to Martini) may have
problems being extended outside their range of parame-
terization, especially if they don’t reproduce key struc-

tural details. Here, although qualitatively the behavior
is similar, both DOPE and DOPC are overly clustered
relative to the all-atom, leading to a softer bilayer. Note
that this “intrinsic” x attempts to remove the impact of
the curvature sensitivity of the choline/ethanolamine-to-
phosphate attractive interaction on x — it is not a real
mechanical constant and would only be of use if the clus-
tering effect of PE/PC were to be explicitly modeled.
Similar logic applies to an intrinsic constant modeling
the bending modulus of a mixture of two or more com-
ponents; it would only be of use if the lateral dynam-
ics of the components were included explicitly. That is,
if the lateral dynamics of a two-component mixture of
curvature-sensitive lipids were explicitly modeled with
Kapp, the softening effect would be incorrectly double-
counted.

V. DATA AVAILABILITY

All-atom and coarse-grained simulations are avail-
able on Zenodo (DOIs: 10.5281/zenodo.10367639 and
10.5281/zenodo.10366938, respectively).
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