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ABSTRACT Although many membrane additives are known to modulate the activities of membrane proteins via perturbing the
properties of lipid membrane, the underlying mechanism is often not precisely understood. In this study, we investigate the
impact of asymmetrically incorporating single-tailed lysophosphatidylcholine (LPC) into a membrane bilayer using coarse-
grained molecular dynamics simulations. Using a simple computational protocol designed to approximately mimic a micropipette
setting, we show that asymmetric incorporation of LPC can lead to significant curvature in a bilayer. Detailed analysis of geomet-
rical and mechanical properties (pressure profile) of the resulting mound structure indicates that the degree of pressure profile
perturbation is determined not by the local curvature per se but by the packing of lipid headgroups (i.e., area-per-lipid). The find-
ings help provide a concrete basis for understanding the activation mechanism of mechanosensitive channels by asymmetric
incorporation of LPC into membrane patches in patch-clamp experiments. The calculated local pressure profiles are valuable
to the construction of realistic membrane models for the analysis of mechanosensation in a continuum mechanics framework.
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INTRODUCTION

It is increasingly realized that the function of membrane

proteins can be modulated by physical properties of the

membrane environment (1,2). In addition to striking exam-

ples of mechanosensitive channels (3–5), the activation prop-

erties of even a voltage-dependent potassium channel can

vary greatly as functions of lipid composition and mechanical

state of the membrane (6). As summarized in several recent

review articles (1,2), such dependence can be semiquantita-

tively understood in terms of various membrane deformations

coupled to the functional transitions in the membrane protein

structure.

One interesting way to alter the physical properties of

membrane is to introduce membrane additives. Unlike

protein/peptide-based toxins, which often bind specifically

to certain membrane proteins, most membrane additives are

believed to function through modulating the mechanical (7)

and/or geometrical properties of the membrane. For example,

cholesterol and capsaicin are known to increase (8) and

decrease, respectively, the bending modulus of lipid bilayer,

which can be used to explain their concentration-dependent

effects on sodium channel (9) and TRPV1 channel (10),

respectively. As another set of remarkable examples, asym-

metric incorporation of cone-shaped lipids (such as lysophos-

phatidylcholine (LPC)), into a membrane patch was shown to

activate mechanosensitive channels in the absence of external

surface tension (11); as shown in Fig. 1, depending on the

shape of the channel, LPC needs to be incorporated into

different leaflets of the membrane (12–14). Based on the

pioneering studies of Cantor (15) and more recent analysis

of pressure profile in a lipid bilayer (16), it has been speculated
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that the effects of LPC can be explained by the induced curva-

ture and shifted pressure profile in the membrane. The precise

form of the pressure profile after the asymmetric incorpora-

tion of LPC, however, is not known. Indeed, whether a locally

high curvature is necessarily correlated to a large shift in the

pressure profile that favors the gating transition of mechano-

sensitive channels is not clear and warrants an explicit

analysis.

Since the pressure profile varies significantly inside the

bilayer, it is not straightforward to measure experimentally;

this highlights the importance of computational studies. On

the other hand, due to the collective nature of pressure tensor,

computations of pressure profile require long simulations

and a large system size. Therefore, there has only been a

limited number of simulation studies on the subject (16),

and the first study that explicitly considers nonplanar geom-

etry of the membrane only appeared very recently (17), in

which lipid vesicles are represented with the MARTINI force

field at a coarse-grained level (18). Pressure profile analysis

for a locally curved membrane due to membrane additives

incorporation, however, has not been carried out. This is

due in part to the difficulty of maintaining a stable curvature

in the membrane using the typical system size of 10 nm with

periodic boundary condition (PBC). For example, Meyer

et al. (19) constructed a moundlike membrane structure

surrounding MscL (20) in an all-atom MD simulation, which

is the only simulation study that attempted to induce the

gating of MscL by curvature. During the relatively short

(~10 ns) trajectory, however, they failed to introduce signif-

icant stress by curvature and did not observe any significant

mechanical response in either MscL or the membrane.

Moreover, the curvature constructed in their study should

be considered transient because the curved membrane was

built with a somewhat arbitrary shape that satisfies periodic
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boundary condition and LPC was inserted into both leaflets.

In fact, activation of MscL by membrane curvature was not

straightforward to describe even with continuum mechanics

models (21–23). It is possible that some of the characteristics

found in the continuum studies, such as the lack of activation

due to membrane bending (22), reflect the oversimplified

treatment of mechanical properties (pressure profile) of

a curved membrane.

Here we report, to the best of our knowledge, the first

explicit analysis of membrane curvature generation and

pressure profile modulation by asymmetric incorporation of

LPC into a bilayer. Specifically, we carry out molecular

simulations using the MARTINI force field, which makes

it possible to treat a sufficiently large system with extensive

sampling. Similar to experimental studies, it is assumed that

the timescale of flip-flop motion of lipids is slower than that

of LPC-micelle incorporation, and therefore the level of

asymmetry in the LPC distribution across the bilayer remains

constant during the simulation. By confining the LPC

molecules in a circular region (see Computational Methods),

we circumvent the limitation of PBC and the simulations

successfully lead to a stable curvature in the membrane.

Analyses of pressure profiles in different locations of the

curved membrane suggest that, somewhat unexpectedly,

the highest degree of surface tension across the bilayer

does not occur in the region of the highest local curvature.

This result can be explained by the heterogeneous lipid

distribution, especially headgroups, which highlights the

importance of area-per-lipid, rather than the local curvature

per se, to the local pressure profile. These findings provide

a concrete basis for understanding the activation mechanism

of mechanosensitive channels by asymmetric incorporation

of lysolipids. The calculated local pressure profiles are

valuable to the construction of more realistic models of

membrane for continuum mechanics-based analysis of

mechanosensation (22,24).

COMPUTATIONAL METHODS

In this section, we first summarize the key simulation parameters. Then, we

describe the algorithms used to analyze the curvature and pressure profiles of

the membrane.

Simulation setup

Coarse-grained molecular dynamics simulations at the coarse-grained level

using the MARTINI force field (18,25) with different numbers of LPC

molecules are prepared as summarized in Table S1 in the Supporting

Material. A membrane patch large enough for observing a stable curvature

(~40 nm � 40 nm � 9 nm) is prepared by duplicating a preequilibrated

288 dipalmitoylphosphatidylcholine (DOPC) bilayer system. A specific

number of DOPC lipids are randomly selected within a radius of 13 nm

from the center in the upper monolayer and converted to 1-palmitoyl-deox-

ylysophosphatidylcholine by deleting a hydrocarbon tail; the same number

of DOPC molecules are randomly chosen and removed from the lower

monolayer to keep the same number of DOPC molecules in each monolayer.

The final systems contain 144–480 LPC molecules in the upper monolayer,

1824 DOPC molecules in each monolayer, and 54,784 coarse-grained water

beads. For reference, it has been reported (19) that the LPC/PC ratio in the

experimental study of Perozo et al. (12) is close to be 1:3, although a precise

measurement of LPC in the membrane patch in the micropipette was not

available.

In the beginning of simulations, the area-per-lipid is ~25% larger than the

expected value because ~20% lipid molecules are deleted during system

setup. However, as soon as constant temperature-constant surface tension

(NPgT with 300 K and 0 dyne/cm) simulations are initiated using the

Berendsen scheme (26), the membrane shrinks in size and the expected

area-per-lipid values are recovered within 10 ns of simulation without any

damage in the membrane structure. The simulation box size converges to

~35 nm � 35 nm � 10 nm in all cases except the LPC480 system, in which

bilayer structure becomes metastable only after ~150 ns. Thus a constant

temperature-constant area (NPAT) simulation is carried out for the

LPC480 system from 150 ns. Keeping a constant area is important in order

to mimic the micropipette setting. An integration time step of 40 fs is used.

Simulation time reported in this study has not been scaled by any factor,

although a factor of ~4 has been suggested in the literature (18).

To circumvent the limitation of PBC that inhibits curvature generation in

a system of this size, LPC molecules are confined within a circle of 13 nm

radius with a soft wall of harmonic potential (force constant of 10 kJ/mol/

nm2) applied to their phosphate groups,

VwallðrÞ ¼ 0 for r%rc

0:5 kðr � rcÞ2 for r > rc
;

�
(1)

FIGURE 1 Schematic illustration of activation of mechanosensitive chan-

nels by asymmetric LPC incorporation into a membrane patch in a patch-

clamp experiment. (A) A membrane-patch before LPC incorporation.

(B and C) Asymmetric incorporations of LPC into different leaflets lead to

activation of MscL (13) and MscS (13,14) due to the different locations of

gate in the two channels.
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where r is the distance from the center projected onto the xy-plane and rc is

13 nm throughout the study. Another motivation of imposing this restraint is

that we hope to simulate the situation of a patch-clamp experiment where

a membrane patch is confined in a micropipette; the restraining potential

approximately mimics the wall of the micropipette (see Results and Discus-

sions for additional remarks). The wall potential is implemented into the

pull module of the mdrun program in GROMACS 3.3.3 (27). With this

algorithm, moundlike structures are formed (for a snapshot, see Fig. 2)

within ~50 ns and remain stable for the rest of ~300 ns. To investigate

whether the mound structure remains stable in the absence of the wall

potential with PBC, the system that exhibits the highest degree of local

curvature (LPC480, which contains 480 LPC molecules in the upper leaflet)

is extended for an additional 1 ms of simulation with the wall potential

turned off.

Finally, to compare the effect of LPC and cholesterol addition, the last

snapshot of the LPC384 simulation is modified by replacing all LPC mole-

cules with cholesterol. The system is then energy-minimized and simulated

for 20 ns. As shown below, the mound structure quickly collapses within this

relatively short period of time, highlighting the difference between LPC and

cholesterol.

Monge representation of membrane surface

To describe the shape of the membrane, the Monge representation (28) of

membrane surface is used. In general, any three-dimensional surface with

single-valued height can be expressed by the Monge representation, h ¼
h(x, y), from which geometric properties can be derived conveniently. For

example, the mean (H) and Gaussian (K) curvatures are defined as

H ¼

�
1 þ h2

x

�
hyy þ

�
1 þ h2

y

�
hxx � 2hxhyhxy

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1 þ h2

x þ h2
y

�3
r ; (2)

K ¼
hxxhyy � h2

xy�
1 þ h2

x þ h2
y

�2
; (3)

where subscripts indicate spatial derivatives (28–30). The area of a three-

dimensional surface can also be calculated by scaling the area element in

the xy-plane, dxdy, by the square root of the metric of the surface,

g ¼ 1þ h2
x þ h2

y,

A ¼
Z ffiffiffi

g
p

dxdy ¼
Z

dxdy
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ h2

x þ h2
y

q
: (4)

The membrane surfaces (or the membrane/water interfaces) are defined by

the average position of phosphate groups in the two leaflets. In each saved

frame phosphate groups are first grouped into a small cell (~1 nm cube) in

space. Then the cubes in direct contact are grouped as a surface. Two inter-

faces of a bilayer can be successfully defined using this method and the posi-

tions of phosphate groups that form each interface are stored in a separate

file. Next, the interfaces in every frame are mapped to equally spaced grid

points by choosing the nearest atom in the stored phosphate groups; the

grid data are averaged over time to obtain a smooth surface. Finally, to

obtain a surface with well-defined second derivatives, the three-dimensional

surface is mapped to r-z space by binning along the radius r, where

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
is the distance from the center of the restraining potential

(Eq. 1). The value h ¼ h(r) is then obtained by averaging z values in each

bin. The curve is fitted to polynomials by using the Chebyshev approxima-

tion so that derivatives, dh/dr and d2h/dr2, are well defined (31). Given dh/dr

and d2h/dr2, required derivatives in the Monge representation (Eqs. 2–4) can

be calculated straightforwardly using chain rules.

Local pressure calculation

Since Hardy formulated the connection between atomistic simulation and

stress/heat flow (32) based on the work of Irvin and Kirkwood (33), many

researchers applied his formulation to systems (34) including biological

membranes (16,35). After the division of the simulation system into cubic

blocks, the local stress tensor ~Pðl;m; nÞ can be calculated as

~Pðl;m; nÞ ¼ 1

Vblock

( X
i˛block

mivi5vi

þ
Xsystem

i<j

Fij5rij fl;m;n

�
ri; rj

�)
; (5)

where (l, m, n) specifies a block, Vblock the volume of the block, mi mass of

particle i, vi velocity of particle i, 5 a tensor product, Fij force on particle i

due to particle j, rij ¼ ri – rj and fl,m,n the localization function. The locali-

zation function is defined by the portion of the inter-particle (i, j) vector that

overlaps with a specific block (Fig. 3). It does not change the total virial of

the system, but simply provides a way to distributing a virial component

from a pairwise interaction to each block. The local stress tensors can

then be properly integrated to give the desired pressure profile along certain

direction(s). When the membrane is significantly distorted from a planar

geometry (e.g., in the presence of lysolipids; see Results and Discussion

below), transformation of the local stress tensors in a lab frame to a local

frame is needed to identify the locally lateral and normal pressure tensor

components. For example, an arbitrary plane in Cartesian coordinates can

be transformed to the local xy-plane by applying two rotations, first with

respect to the z axis, R1, followed by another rotation along the azimuthal

angle, R2. The total transformation matrix becomes

T ¼ R2R1: (6)

Accordingly, the pressure tensor can be transformed as

~P0 ¼ T~PTy: (7)

For a locally planar membrane, the lateral pressure profile is defined by

(36,37)

PðzÞ ¼
�
PxxðzÞ þ PyyðzÞ

��
2�PzzðzÞ (8)

FIGURE 2 Snapshots from coarse-grained simulations

that illustrate different impacts of LPC and cholesterol on

the structure of a lipid bilayer. (A–D) Curvature generation

observed for the LPC480 system. LPC and DOPC are

colored in red and gray, respectively. In panel D, arrows

at the top indicates the width of the cylindrical wall poten-

tial applied to the LPC lipids (Eq. 1); arrows at the bottom

indicate the size of the simulation box. (E–H) Replacement

of LPC with cholesterol (red) in the last frame of the

LPC384 simulation leads to quick collapse of the

membrane mound within 10 ns.
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and the surface tension, t, is given by

t ¼ �
Z

dzPðzÞ: (9)

Local stress in a block is obtained by recalculating kinetic and virial

components from saved velocities and positions every five steps, as given

in Eq. 5. The system is divided into 150 � 150 � 50 blocks with the dimen-

sion of each block equal to ~0.23 nm � 0.23 nm � 0.20 nm. The same non-

bond (shift) scheme as in the MD simulations is used in the pressure tensor

calculations. In calculating the local stress as a function of r, averages in four

quadrants are calculated and their standard deviation is used to estimate the

statistical error. Because of slight asymmetry of the mound structure (see

below), pressure profiles from four quadrants are shifted so that positions

of peaks coincide; such a shift does not change integrated quantities such

as the surface tension.

RESULTS AND DISCUSSIONS

In most of the following discussions, we focus on two sets of

simulations with large numbers (384, 480) of LPC molecules

incorporated into the upper leaflet. For comparison, a flat

bilayer system with pure DOPC is used as the reference.

Geometrical properties: membrane curvature
generation

As alluded to above, moundlike structures are formed (for

a snapshot, see Fig. 2; see Fig. 4, B and C, for shape in the

Monge representation) due to the asymmetric incorporation

of LPC within ~50 ns and remain stable for the rest of

simulation. As shown in Fig. S1, the degree of curvature

generation and therefore height and steepness of the mound

increase as more LPC molecules are incorporated. These are

FIGURE 3 Schematic illustration of the localization function (fl,m,n in

Eq. 5) used in the computation of local pressure tensor. The arrow denotes

rij ¼ ri – rj between particles i, j. Ratio of the thick line length to the total

length rij defines the localization function for the shaded block.

FIGURE 4 Number density of phosphate groups (number per nm3) from

the last 100-ns simulations of (A) a flat bilayer containing 1152 DOPC mole-

cules and (B) LPC384 and (C) LPC480 systems. For panels B and C, the

shape of the mound is represented with h(r) in the cylindrical coordinate

(for the shape of other LPC concentrations, see Fig. S1). The width of the

distributions reflects thermal fluctuation of the membrane as well as axial

asymmetry of the mound structure in panels B and C. The dotted boxes indi-

cate locations at which local pressure profiles are calculated (see Fig. 6).
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qualitatively expected results and confirm the effectiveness

of our simulation protocol. With 144 LPC molecules, which

corresponds to ~4% of total lipid molecules, the height is

~1 nm; with 480 LPC, ~12%, the height increases substan-

tially to ~7 nm. The thickness of the bilayer remains approx-

imately constant throughout all simulations.

Additional geometrical properties for the mound are

calculated based on Eqs. 2–4 and shown for two cases

(LPC384 and LPC480) in Fig. S2. The results indicate that

the mounds approximately satisfy the expected boundary

conditions as r approaches the onset of the wall potential

(rc ¼ 13 nm); i.e., all geometric factors approach those for

a flat bilayer at r > 16 nm. This is the expected behavior

of a membrane patch inside a micropipette in which the

membrane boundary is nearly perpendicular to the pipette

wall. Note that the concentration of LPC actually drops to

zero only at r ~16 nm due to the relatively weak force

constant for the wall potential (see below).

Area of leaflets and the number of lipid molecules in a unit

area are key determinants of mechanics in the membrane.

Increases in area of the upper and lower interfaces relative

to a flat bilayer can be obtained by integration following

Eq. 4 (Fig. S2, B and F). Integration up to r ¼ 16 nm gives

895 and 881 nm2 for the upper and lower monolayers of the

LPC384 system, respectively, which corresponds to an

increase by 91 nm2 (~11%) and 74 nm2 (~9%), respectively,

compared to a flat bilayer. For LPC480, the corresponding

increases are 113 nm2 (~14%) and 102 (~13%) nm2,

respectively. In addition, the assumption that the number

of double-tailed lipids in both leaflets remain constant in

the micropipette even after the asymmetric introduction of

LPC can be tested by counting the number of DOPC lipids

within r ¼ 16 nm. Integration of phosphate number density

(shown in Fig. 5) up to 16 nm gives 1230 and 1333 DOPC

lipids in the upper and lower monolayers, respectively, for

the LPC384 system, and 1228 and 1337, respectively, for

the LPC480 system. Therefore, the lower leaflet in both

cases contains ~8% more DOPC lipids than the upper one

and this discrepancy reflects limitation of a simple wall

potential that applies only to LPC. In this simulation, the

region with extra DOPC lipids, r > 16 nm, acts as a lipid

reservoir that can relieve stress in the upper leaflet by making

it less dense. A more realistic solid wall can help simulate

the micropipette environment more faithfully, although the

precise nature of membrane-micropipette interface is not

well understood; this is being investigated using atomistic

simulations (J. Yoo, unpublished).

As shown in Fig. S2, C and G, the mean curvature reaches

maximum (~–0.10) near the top of the mound at r ~0 in both

LPC384 and LPC480 systems and decreases largely in a

monotonic fashion as r increases. Similar trends are observed

for the Gaussian curvature (Fig. S2, D and H), which

becomes only slightly negative at large r values. We expect

that the magnitude of curvature is closely related to the local

concentration of LPC (Fig. 5); the higher the local LPC

concentration, the higher the local curvature. Phosphate

number density shows a plateau at ~0.9/nm2 near the top

of the mound structure for both DOPC and LPC in both

LPC384 and LPC480 systems. The plateau region is broader

in the LPC480 system than that in LPC384 while the

maximum local LPC concentration is approximately the

same. This observation indicates that the local DOPC/LPC

ratio is saturated to 1:1 and membranes with higher local

LPC concentration might be unstable (otherwise higher local

density variation is expected between LPC480 and LPC384).

Thermal fluctuation and axial asymmetry of the
curved membrane

In Fig. 4, B and C, the number density (number/nm3) of

phosphate group in the r-z space is shown for the LPC384

and LPC480 systems. For comparison, the number density

from a flat bilayer consisting of 1152 DOPC lipids is shown

in Fig. 4 A with the same grayscale. The phosphate group

density of the curved membrane is notably more broadly

distributed than that of a flat bilayer, which should not be

interpreted as implying that a curved membrane has higher

flexibility in the direction of local surface normal. The

broader distribution has significant contribution from the

thermal fluctuation of the mound structure in the r direction

(see Movie S1 in the Supporting Material) and the instanta-

neous axial asymmetry of the mound. The magnitude of

FIGURE 5 Number densities of various phosphate groups (averaged over

last 100 ns and over z for each leaflet surface) in LPC384 (top) and LPC480

(bottom) systems as functions of r. Note that the LPC and DOPC densities in

the upper leaflet converge to similar values at small r regardless of the

number of inserted LPC molecules.
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these contributions can be qualitatively witnessed by error

bars associated with the r-z profile, which are shown for

the LPC480 system in Fig. S1. These variations in the mound

structure have notable impact on the calculated pressure

profiles, which we turn to next.

Pressure profile and surface tension variations

To investigate variation of pressure profiles with respect to

location in the mound structure, local pressure profile as

a function of the local membrane normal is calculated in

three regions indicated by the dotted boxes in Fig. 4, B
and C. As shown in Fig. 6, the local pressure profile is asym-

metric for all three locations in the mounds, including the

region with a low degree of local curvature (e.g., r ~ rc). In

general, pressure profiles in the lower leaflets are shifted

downward relative to those in the upper leaflets, which is

indicative of a larger surface tension in the lower leaflet

than in the upper one. As noted above, pressure profiles

are sensitive to both axial asymmetry and thermal fluctua-

tions of the mound structure (Fig. 4). As a result, the pressure

profiles at r ¼ 8 and 15 nm in both LPC384 and LPC480

systems show significant contractions in both negative peaks

by headgroups and positive peaks by hydrocarbon groups.

Therefore, instead of discussing the magnitude of shifts

in the pressure profile in detail, we compare local surface

tension, which is not sensitive to these structural features

of the membrane.

Surface tension in each monolayer can be calculated from

the pressure profiles (Eq. 9), and are summarized for the

LPC384 and LPC480 systems in Table 1. Overall, both total,

ttotal, and monolayer surface tension, tmono, increase as r
increases. For the LPC480 system, for example, the largest

surface tension is observed at r ¼ 15 nm, which is

6.0 dyne/cm for the lower leaflet and 0.7 dyne/cm across

the bilayer. At r ¼ 0 nm, where a high degree of local curva-

ture is observed, surface tension in the lower leaflet and

across the bilayer is 7.5 and �5.3 dyne/cm, respectively.

The most interesting feature is that everywhere in both the

LPC384 and LPC480 systems the monolayer surface

tensions, tmono, are positive (i.e., indicating dilation) for

the lower leaflet and negative (i.e., indicating compression)

for the upper one; the only exception is the slightly negative

value of –0.1 dyne/cm observed at r ¼ 0 nm in the lower

FIGURE 6 Local pressure profiles calculated at

three different locations (indicated by dotted boxes
in Fig. 4) for the last 30 ns of LPC384 (A–C) and

LPC480 (D–F) systems. For comparison, the pres-

sure profile for a flat bilayer (1152 DOPC lipids) is

overlaid as a dotted line. Note that the pressure

profiles are affected by the thermal fluctuation

and axial asymmetry of the mound structure, thus

surface tensions (Table 1) are more useful for quan-

titative discussions. The error bars are based on

differences between calculated pressure profiles in

four quadrants. Also see the Supporting Material

for a comparison to flat bilayers with symmetric

and asymmetric LPC incorporations.

TABLE 1 Key local properties (mean curvature, area-per-lipid, and surface tension) of a curved bilayer at different locations (r) after

asymmetric LPC incorporation into the upper leaflet

System LPC384 LPC480

r(nm) 0 8 15 0 8 15

Hmono(nm�1) (Eq. 2) �0.09 �0.15 �0.04 �0.02 0.03 0.01 �0.06 �0.09 �0.06 �0.03 0.03 0.01

DAmonoðnm2Þ �0.01 �0.11 �0.02 �0.01 �0.07 0.06 0.01 �0.10 �0.02 0.01 �0.07 0.08

tmono (dyne/cm) �11.1 �0.1 �3.9 3.2 �4.1 4.7 �12.8 7.5 �5.6 5.1 �4.2 6.0

ttotal (dyne/cm) �11.2 �0.8 0.6 �5.3 �0.5 0.7

The value r ¼ 0 corresponds to the top of the mound structure. In the case of monolayer properties, the two numbers are for the upper and lower leaflets,

respectively. Area-per-lipid ðAmonoÞ is measured relative to corresponding values of a flat bilayer.
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leaflet of the LPC384 system. Significant dependence of

surface tension on the number of LPC is observed only

at r ¼ 0 nm. As shown in Table 1, both total and lower-

leaflet surface tensions are larger than those in LPC384 by

~6–7 dyne/cm at r ¼ 0 nm.

Because the pressure profile is expected to be closely

related to the lipid density, variation of area-per-lipid (based

on the phosphate group) and hydrocarbon number density

along r for the upper/lower leaflets are calculated and shown

in Figs. 7 and 8, respectively. It is clear that the area-per-lipid

variation is different between the two leaflets. For the upper

leaflet, the area-per-lipid (averaged over both DOPC and

LPC) is always smaller than that in a flat bilayer (i.e., indi-

cating compression). For the lower leaflet, on the other

hand, although the area-per-lipid is also smaller than that

in a flat bilayer at r < 8 nm, the value becomes larger at

r > 8 nm; in fact, for r ~ rc, the area-per-lipid is almost

0.1 nm2 larger than the value for a flat bilayer (i.e., indicating

dilation), which corresponds to a relative increase of

~(0.1:0.67) ~15%! In other words, the distributions of phos-

phate groups in the lower leaflet at r ~0 nm and r ~16 nm

differ by as much as (0.2:0.67) ~30%. This significant asym-

metry in the area-per-lipid for the two leaflets explains the

observation that slightly positive net surface tension occurs

at large r instead of at large curvature (r ~0). Although the

observed area-per-lipid predicts positive net surface tension

at large r, the calculated values are only marginally larger

than zero, due presumably to the axial asymmetry and

thermal fluctuations discussed above; e.g., the results can

be compared to those for a flat bilayer with asymmetric

LPC incorporation (see Fig. S3, which shows similar trends

but the asymmetry in the pressure profile is more distinct due

to the lack of shape inhomogeneity).

The distribution of hydrocarbon tails is qualitatively

similar to that of the phosphate groups; i.e., hydrocarbon

region of the upper leaflet experiences compression at all

(r) positions while that of the lower one experiences dilation.

However, unlike the significant variation found for the distri-

bution of phosphate groups (especially in the lower leaflet,

see Fig. 7), the hydrocarbon packing is more uniform across

different regions (r values), even in a highly curved

membrane. As shown in Fig. 8, even for the LPC480 case,

the variation is only ~7% for both leaflets. These observa-

tions suggest that the headgroups are adjusted according to

the local curvature to satisfy the optimal and nearly uniform

packing of lipid tails.

Implication to the gating of mechanosensitive
channels

The pressure profiles (Fig. 6) and surface tensions (Table 1)

from the current study reveal that upon asymmetric LPC

incorporation, a high degree of compression occurs in the

upper leaflet while a high degree of dilation occurs in the

FIGURE 7 Deviation of area-per-lipid (based on phosphate group) from

that of a flat DOPC bilayer (0.67 nm2) for the (A) LPC384 and (B)

LPC480 systems. Note that a positive value indicates dilation and a negative

value indicates compression. The results are consistent with the large pres-

sure-profile mismatch observed at large r (Fig. 6 and Table 1).

FIGURE 8 Deviation of hydrocarbon number density from that of a flat

DOPC bilayer (14.9/nm2). Here a positive value indicates compression

and a negative value indicates dilation (opposite to Fig. 7). Note that the

hydrocarbon number density appears much more uniform compared to the

distribution of phosphate groups shown in Fig. 7.
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lower leaflet. This pattern is consistent with the experimental

observation that asymmetric LPC incorporation is capable of

activating MscL (13), in which the gate(s) lies in the lower

half of the channel where hydrophobic residues from trans-

membrane helices are tightly packed against each other (5).

For MscS, due to the different packing pattern of the trans-

membrane helices, the gate occurs in the upper half of the

channel, thus LPC needs to be incorporated to the lower

(cytoplasmic) leaflet (14). Patterns in the calculated pressure

profile from our study are consistent with this difference

between MscL and MscS activation.

Recently Ollila et al. reported calculated pressure profile

in a pure DOPC vesicle system (17) using the same

MARTINI force field. Similar to the results reported above,

an asymmetric local pressure profile across the bilayer and

a negative mean curvature was also observed. However,

the directionality for the asymmetry is opposite to that found

here: compression in the lower (inner) leaflet and dilation in

the upper (outer) leaflet. This pattern would imply that MscL

activation is difficult in the vesicle system studied by Ollila’s

group (17), which, in fact, is qualitatively consistent with

experimental observation (13). On the other hand, we note

that the pressure profile is sensitive to the number of lipid

molecules in each leaflet relative to a flat bilayer. The results

found in Ollila et al. (17) might be a result of using more

lipids in the inner leaflet than a fully equilibrated (in terms

of lipid exchange between leaflets) state. Systematic analysis

with different numbers of lipids in each monolayer can be

valuable.

Experimentally, Farge and Devaux (38) and Traı̈kia et al.

(39) studied asymmetric incorporation of LPC to the outer

monolayer of small unilamellar vesicles (SUVs) and large

unilamellar vesicles (LUVs) using 31P NMR spectroscopy.

It is noteworthy that SUVs and LUVs were found to respond

differently to the stress induced by asymmetric incorporation

of LPC. Because SUVs tend to maintain spherical geometry

due to their small size, their volume and radius were

observed to increase to minimize compression in the outer

leaflet while the inner leaflet was found to undergo slight

dilation; these trends are reminiscent of our results for a

bilayer. By contrast, LUVs were found to change their geom-

etry (e.g., elongation) until stress (compression) is equalized

in both leaflets. These discussions highlight the importance

of membrane geometry (e.g., vesicle versus micropipette)

in the context of studying mechanosensation and the unique

ease in precisely (at least qualitatively) modulating mechan-

ical properties of membrane with asymmetric LPC incorpo-

ration in a patch-clamp setting.

Effect of cholesterol and wall potential

When LPCs are replaced by cholesterol molecules (which

are also subjected to the wall potential), the mound structure

quickly collapses and the membrane becomes flat again in as

short as ~10 ns (see Fig. 2, E–H, also Movie S2). Even
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though some of cholesterol molecules are observed to

move to the other leaflet during the collapse, which is consis-

tent with the low barrier for cholesterol exchange between

lipid leaflets (40,41), the upper leaflets still has significantly

more cholesterol than the lower one by the end of simulation.

Therefore, the difference between LPC and cholesterol in

inducing membrane curvature lies in the difference between

their geometrical shape, which is known to be important in

determining the local curvature propensity of membranes

(1,30).

Regarding the importance of the wall potential, the mound

structure in the LPC480 system remains stable for 1 ms after

the wall potential is removed. While LPCs at the perimeter

are observed to escape to r > 16 nm, no significant collapse

of the mound structure is observed. The geometrical proper-

ties also remain reasonably similar, although the mound

structure becomes more axially asymmetric as reflected by

the larger error bars in the r–z profile (Fig. S4). This shows

that the wall potential, which is introduced to mimic the

micropipette environment, indeed stabilizes the mound

structure. Significant changes in the lipid distributions (espe-

cially for LPC) over the 1 ms simulation (Fig. S5) indicates

that the mound structure is likely to disappear in the absence

of the wall potential at very long timescale. The important

point for the purpose of this study is that qualitative trends

in the geometrical and mechanical properties do not seem

to rely sensitively on the magnitude of the restraint once

the mound structure is formed.

CONCLUSIONS

An emerging theme in the study of membrane proteins is

that the membrane environment, once considered only a

passive cellular component, can play a highly active role

in dictating these proteins’ structure and/or activity (1,2).

Therefore, it is important to understand how the structural

and mechanical properties of membrane are affected by

various perturbations; variations in the mechanical proper-

ties, such as pressure profile, are expected to have a major

impact on the activities of membrane proteins. Although

structural perturbations in membrane can often be predicted

based on relatively straightforward arguments, it is generally

more difficult to predict changes in mechanical properties.

This is one of the reasons that the effects of many membrane

additives on membrane properties, and therefore on the

activity of membrane proteins, remain poorly understood.

The value of molecular simulations in this context is illus-

trated here with a study of asymmetric LPC incorporation

into membrane bilayers. Using a simple computational pro-

tocol designed to approximately mimic a micropipette set-

ting, coarse-grained molecular dynamics simulations have

successfully generated stable curvature in a DOPC bilayer

upon asymmetric LPC incorporation. Although there are limi-

tations in both the accuracy of the coarse-grained force field

and the protocol that mimics the micropipette setting, the
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qualitative trends observed in our work are expected to be

valid since the physical principles that govern membrane

shape and mechanics (28,30,36) are not sensitive to fine

details. The most interesting finding that emerges from

detailed analyses of the geometrical and mechanical proper-

ties of the mound structures is that large variation in the local

pressure profile is dictated not by local curvature per se, but

rather by the packing of phosphate groups (i.e., area-per-

lipid). Moreover, the asymmetry in the local pressure profiles

is qualitatively different from past observations made for lipid

vesicles (17,38,39), which further highlights the importance

of system geometry when discussing the effects of membrane

additives on membrane properties.

The trends in the pressure profiles and surface tensions

observed in this study can qualitatively explain experimental

observations that asymmetric LPC incorporation into

different leaflets of a membrane patch in a patch-clamp

setting led to activation of MscL and MscS (12–14). In future

studies, it is interesting to investigate whether the qualitative

trends in pressure profile are significantly changed by the

presence of membrane proteins. Moreover, it is exciting

to explore whether incorporating heterogeneous pressure

profiles from particle-based simulations into a continuum

mechanics framework can lead to qualitative differences in

the predicted gating behaviors of mechanosensitive channels

compared to previous studies (22,23).
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