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Abstract

The response of lipid membranes to changes in external pressure is important for

many biological processes, and it can also be exploited for technological applications.

In this work, we employ all-atom molecular dynamics simulations to characterize the

changes in the physical properties of phospholipid bilayers brought about by high

pressure (1000 bar). In particular, we study how the response differs, in relation

to different chain unsaturation levels, by comparing mono-unsaturated 1-palmitoyl-

2-oleoyl-phosphatidylcholine (POPC) and bi-unsaturated dioleoyl-phosphatidylcholine

(DOPC) bilayers. Various structural, mechanical and dynamical features are found

to be altered by the pressure increase in both bilayers. Notably, for most properties,

including bilayer area and thickness, lipid order parameters, lateral pressure profile,

and curvature frustration energy, we observe significantly more pronounced effects for

mono-unsaturated POPC than bi-unsaturated DOPC. Possible biological implications

of the results obtained are discussed, especially in relation to how different lipids can

control the structure and function of membrane proteins.
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Introduction

Pressure is one of the most important environmental factors for living organisms; growing

attention is being devoted especially to the effects of high pressure on biological processes.

On the one hand, experimental studies have revealed how various organisms and tissues

undergo cell damage under high pressure.1–3 On the other hand, some bacteria and viruses

have been shown to be pressure-tolerant.4,5 Barophilic organisms have been discovered in

deep marine environments where the hydrostatic pressure can reach 1100 bar (110 MPa), a

factor of over one thousand greater than atmospheric pressure;6 in general, it is of great sci-

entific interest to understand how life can adapt to such extreme environmental pressures.7

To study the biological impact of high pressure, researchers have investigated a range of

phenomena related to pressure change, such as the inactivation of pathogens8 or the de-

naturation of proteins.9 High hydrostatic pressure is also relevant to the action mechanism

of anesthetics,10 and it can be exploited for protein crystallization11 as well as for drug

encapsulation and delivery.12,13 Moreover, the food industry has seen in recent years the

emergence of pressure-based processing technologies, for example as an approach to improve

pasteurization. Compared to traditional high-temperature treatments, high-pressure food

processing is expected to better preserve the original organoleptic properties such as flavor

and color, as well as the nutritional content.14,15

The lipid bilayer membrane, a key structural and functional component of cells, is re-

garded as one of the most pressure-sensitive biological systems.16 Various aspects of the lipid

bilayer have been observed to be altered under high pressure conditions, such as volume, flu-

idity, and phase transition.17–21 Moreover, the folding/unfolding and aggregation processes

of membrane-embedded proteins, who closely interact with membrane lipids, can also be af-

fected by pressure changes.22,23 Overall, pressure effects on lipid membranes appear to be of

great importance for living organisms. As a remarkable example, many bacteria have been

found to modify their membrane lipid composition in response to environmental changes

in hydrostatic pressure.24 In particular, evidence collected over the past decades on deep
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sea organisms suggests that the increased deep sea hydrostatic pressure selects for a higher

ratio of unsaturated fatty acids in the lipid membrane.25–28 Unsaturated fatty acyl chains in

membrane phospholipids are characterized by one or more double bonds, which induce more

disordered conformations, ultimately maintaining membrane fluidity (an essential condition

for most biological functions) even under high pressure. In particular, it has been shown

experimentally that a bi-unsaturated 16:0-18:2 PC (PLPC) bilayer shows greater resistance

to pressure-induced liquid-to-gel phase transition than a mono-unsaturated 16:0-18:1 PC

(POPC) bilayer.17

While previous experimental work has shed light on pressure-induced structural and

energetic changes in relation to the unsaturation level in lipid membranes, molecular-level

mechanisms are still not well understood. In practice, measuring microscopic membrane

properties while simultaneously maintaining the pressure at a desired level is fraught with

great technical challenges.18

As an alternative to conventional experiments, molecular simulation represents a powerful

tool to study pressure effects on lipid membrane systems, thanks to the ability to accurately

control the simulated pressure while obtaining quantitative nanoscale measurements.29–31 In

this work, we conduct atomistic molecular dynamics simulations to study the effects of high

pressure on key physical properties of lipid bilayers. In particular, we focus on two lipid types

that are prevalent in biological membranes, i.e., dioleoyl-phosphatidylcholine (DOPC) and

1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC). These two lipids are very similar apart

from a key difference in unsaturation content, so that their response to pressure changes will

also allow us to investigate the specific role of unsaturation in determining related changes

in physical properties. Specifically, DOPC has two unsaturated chains each containing a

C-C double bond, whereas POPC has one such mono-unsaturated chain (as DOPC) while

the other chain is fully saturated (all C-C linkages are single bonds). By comparing the

changes induced by increasing the pressure on bilayers comprising these two representative

lipid types, we aim to provide a systematic understanding of the role that unsaturation plays
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in the membrane response to increased pressures. In particular, we simulate the two bilayer

systems at the standard atmospheric condition of 1 bar and at the higher pressure level

of 1000 bar, under which both the DOPC and POPC bilayers still remain in the fluid Lα

phase (which is the biologically relevant phase). At each of these two pressures, a series of

structural, dynamical, mechanical, and electrostatic properties are measured and compared.

While research on lipid bilayers at standard atmospheric condition has been extensive, to

our knowledge this is the first simulation study investigating high pressure effects on bilayer

properties using fully atomistic models. The few previous simulations of lipid bilayers at

high pressure were conducted with either united-atom or coarse-grained models.32,33 In this

work, we simulate all-atom models to investigate fundamental bilayer properties including

lipid area, lipid volume, bilayer thickness, lipid lateral diffusivity, and deuterium order pa-

rameters. Notably, we also calculate the lateral pressure and dipole potential, two elusive

and often overlooked trans-membrane profiles which have been suggested to play key roles

in numerous membrane phenomena.34–36 The lateral pressure (or stress) profile represents

the distribution of lateral stresses as a function of depth inside the bilayer. Experimentally,

given the nanoscopic thickness of a typical lipid bilayer membrane, it is extremely difficult

to measure internal stresses. Attempted measurements suggest significant depth-dependent

variation,37,38 and computational modeling studies have indeed quantified lateral pressure

changes on the order of several hundred bars.39 Naturally, substantial mechanical influence

on embedded molecules such as membrane proteins or permeants is expected as a conse-

quence of the existence of the lateral pressure profile.40–43 Moreover, the lateral pressure

profile underpins a number of elastic parameters, such as the spontaneous curvature and the

bending rigidity, which are critical indicators of the mesoscopic phase behavior of a hydrated

lipid bilayer.18,19,41 For example, changes in the lateral pressure profile and related elastic

properties may lead to the destabilization of cell membranes.44–46 The dipole (electrostatic)

potential profile, arising from the preferential alignment of the dipole moments of water

molecules and dipolar segments of lipid molecules, is another trans-membrane property that
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is of great biological relevance yet also very difficult to probe by experiment.35,47 In this

study, we investigate the sensitivity of DOPC and POPC bilayers to external pressure by

evaluating the dipole potential profile as a function of depth across the bilayers.

Methods

Lipid bilayers

Two single-type lipid bilayer systems have been investigated. One system comprises 1-

palmitoyl-2-oleoyl-phosphatidylcholine (POPC) lipids, which are mono-unsaturated. The

other system comprises dioleoyl-phosphatidylcholine (DOPC) lipids, which are bi-unsaturated.

The molecular structures of the two lipid types are shown in Figure 1. Each bilayer sys-
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Figure 1: Molecular structures of DOPC (above) and POPC (below).

tem contains 128 lipid molecules and is fully hydrated with 4300 water molecules (with

a water/lipid ratio of approximately 33.6).48,49 Initial pre-equilibrated configurations were

obtained from our previous studies.50

Simulation details

The bilayer systems were modelled with the CHARMM36 all-atom force field48 and simu-

lated with the Gromacs 5.1 software.51 Long range electrostatic interactions were solved by
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the PME (Particle-Mesh Ewald) method.52 Bonds and angles in water molecules were con-

strained by the SETTLE algorithm;53 the LINCS algorithm54 was used to constrain all other

hydrogen-related bonds, with a numerical expansion up to fourth order and two iterations

in every step for correcting rotational effects. With these constrained algorithms applied,

the systems’ total energy was well conserved at the selected timestep of 2 fs. Each of the

DOPC and POPC bilayers were simulated at two pressure levels, 1 bar and 1000 bar, re-

spectively. The Parrinello–Rahman barostat method was used,55 with the pressure coupled

semi-isotropically (isotropic in the two directions along the bilayer plane but independent

to the one in the normal direction) and a coupling time constant of 1 ps. The temperature

was maintained at 310 K for all systems, by applying the velocity-rescale thermostat56 with

a damping time constant of 0.1 ps. Each simulation was run for 1000 ns in total. The first

200 ns were regarded as equilibration and the following 800 ns were used for data analysis.

Data for all properties were sampled every 50 ps.

It is relevant to note that the water model employed, TIP3P, has been previously sim-

ulated under high pressures up to 4000 atm, yielding results in reasonable agreement with

experiment.57–59 In particular, referring to the density under an external pressure of 1000 atm

as relevant to this work, it was calculated59 that TIP3P only slightly overestimates the ex-

perimental value, by ∼ 0.01 g cm−3. Regarding the self-diffusion coefficient, the TIP3P value

has been shown previously58 to be consistently more than twice larger than the correspond-

ing experimental data over a pressure range from 0 to 4000 atm. While this is in principle

not ideal, no repercussions are expected for most of the calculations reported here, as in

general it is well known that increased diffusion does not affect thermodynamic properties.

The only property in this work that may be affected is the lipid lateral diffusion; however,

since this property is mostly determined by lipid-lipid interactions rather than interaction

with water, we expect any artefact due to increased water diffusion to be negligible.
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Data analysis

The following properties were evaluated: area per lipid (AL), volume per lipid (VL), bilayer

thickness (dHH), lateral diffusion coefficient (DL), deuterium order parameter (SCD), elec-

tron density profile (ρ(z)), dipole potential profile (Ψ(z)), lateral pressure profile (Π(z)),

monolayer spontaneous curvature (cm0 ), monolayer bending modulus (κm), curvature frus-

tration energy (κmcm0 ). Calculations of these properties were carried out following standard

approaches, as detailed previously.60,61 To estimate the average volume per lipid VL, two

extra simulations consisting of 4300 TIP3P water molecules (same amount as in the bilayer

systems) in the bulk liquid phase were performed at 1 bar and 1000 bar, respectively, so

that VL could be computed as VL = (Vtotal − Vwater)/128, where Vtotal is the total volume

of the bilayer systems and Vwater is the volume of the bulk water simulations. Regarding

the lateral pressure profile, a modified version of Gromacs, the Gromacs-LS package,62,63

was used to rerun the simulation trajectories and to output local stress tensors. Since the

long-range electrostatic solver is not implemented in the Gromacs-LS package, an increased

cut-off distance of 2.2 nm was used for the Coulomb interactions, as recommended by the

package developers.62

Regarding the statistical analysis, uncertainties for all calculated properties (except for

DL) were estimated by the block averaging procedure,64,65 with a block size of 40 ns. The only

exception, DL, was obtained from the linear fitted slope of the averaged 2-dimensional mean

squared displacement (MSD) following a standard procedure.59,66 The MSD was treated

by the time-averaged method, with the initial reference point reset every 40 ns.60,65 All

numerical results will be presented in the format “mean ± standard error (S.E.)” unless

otherwise specified.

To rigorously compare the results obtained for the two different lipid types at the two

levels of external pressure studied, we carried out standard two-sample t-tests wherever

appropriate; a difference between two means is considered statistically significant if the

corresponding p value is less than 0.05, as per predominant convention.
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Results and discussions

Structural properties

The area per lipid (AL), volume per lipid (VL), and bilayer thickness (dHH) were calculated for

the DOPC and POPC bilayer simulations at the two investigated pressures. Results are sum-

marized in Table 1. Regarding the values obtained at atmospheric pressure, our results are

Table 1: Structural properties for the simulated bilayer systems

AL VL dHH
(Å2) (Å3) (Å)

DOPC, 1 bar 68.72± 0.09 1290.46± 0.09 38.42± 0.05
DOPC, 1000 bar 65.43± 0.12 1235.91± 0.06 38.28± 0.06
POPC, 1 bar 65.10± 0.09 1243.04± 0.26 38.74± 0.03
POPC, 1000 bar 60.80± 0.13 1188.18± 0.55 39.14± 0.07

A t-test was performed for each pair of values from the same bilayer between the two
pressures. Statistically significant differences (p < 0.05) exist for each pair, with the only

exception of dHH for the DOPC bilayer (p = 0.13).

consistent with previous reports from both experiments and atomistic simulations.48,50,67–69

A comparison with the results obtained at the high pressure of 1000 bar reveals noticeable

effects. In particular, for the area per lipid AL, a significant reduction is shown for both

POPC and DOPC as the pressure increases from 1 bar to 1000 bar. Comparing the ex-

tent to which AL changes, the reduction for POPC (an average 4.30 Å2 or 7.4% decrease)

is larger than that observed for DOPC (an average 3.29 Å2 or 4.7% decrease). Regarding

the lipid volume, increasing the pressure causes a reduction of VL for both lipid types, as

intuitively expected, with an average 54.5 Å3 (4.2%) decrease being shown for DOPC and

54.9 Å3 (4.4%) for POPC. Regarding the bilayer thickness (dHH), the pressure increase does

not induce a significant effect on DOPC. However, it is possible to identify a statistically

significant increase for POPC, albeit small (0.4 Å or 1%). While the change seems negligible,

previous findings indicate that membrane protein channels can be deformed and inactivated

by hydrophobic mismatch even for small changes in bilayer thickness of less than 1 Å.70

Previous studies on the relation between bilayer thickness and pressure have given varying

8
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results by different techniques and measurements: a recent experimental work observed that

the lattice parameter of DOPC vesicle increased along with the pressure increase,12 while

insensitivity of dHH was found for DPPC bilayers in the fluid phase at different pressures in

a coarse-grained simulation study.33

Electron density profiles (ρ(z)) for both bilayers are shown in Figure 2. It can be seen
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Figure 2: Electron density for (a) DOPC and (b) POPC bilayers at 1 bar (blue) and 1000
bar (orange). To better highlight differences within each membrane type (see main text),
the dashed orange lines represent electron density profiles at 1000 bar that have been shifted
to overlap those at 1 bar in the water phase. Error bars are smaller than the thickness of
the lines.

that ρ(z) for both DOPC and POPC increases across the whole depth z as the pressure is

increased from 1 bar to 1000 bar, consistently with the reduction in lipid area and volume

reported earlier. To better highlight differences within each membrane type, the electron

density profiles at 1000 bar have also been shifted so that they overlap those at 1 bar in the

water phase; such shifted curves can be seen in Figure 2 as dashed orange lines. Compared

to the 1 bar curves, it can be seen that the 1000 bar shifted profiles are slightly lower at the

two peaks corresponding to the lipid head groups while higher at the central trough. These

differences indicate that most of the volume reduction takes place in the bilayer center (the

lipid tail end region). This can be interpreted as a relatively higher resistance to volume
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reduction in the lipid head groups, since this region is already the densest; conversely, the

bilayer is compressed more markedly in the central core, where the density is lowest (thus

corresponding to highest free volume). It is relevant to note that, despite the compression

brought about by the pressure increase, no chain interdigitation is observed in any of the

systems studied, as indicated by the well-defined central minima in all the electron density

diagrams of Figure 2. Further confirmation of the absence of interdigitation can be found

in the Supporting Information, where we report individual electron density profiles for only

the chain components (Figure S1).

Deuterium order parameters

Deuterium order parameters (SCD) for acyl-chain carbon atoms computed from each inves-

tigated system are displayed in Figure 3. The SCD values for both chains in DOPC lipids

(Figure 3a and 3c) and the sn-2 chain in POPC lipids (Figure 3d) exhibit generally simi-

lar features, in that the SCD value drops to a minimum at positions corresponding to the

double-bonded atoms. In contrast, the POPC sn-1 chain (Figure 3b) exhibits a monotoni-

cally decreasing SCD from the position corresponding to the glycerol segment to the end of

the chain, as is normal for a fully-saturated chain.

As intuitively expected, higher pressure causes the SCD values to increase, reflecting

enhanced order brought about by a reduction in free volume (consistently with the results

on the lipid volume reported earlier). Specifically, the increase in order parameters indicates

a change in orientation of the corresponding chain segments, which tend to become more

aligned to the direction perpendicular to the bilayer plane. By comparing sn-2 (unsaturated)

tails in DOPC and POPC (Figure 3c and Figure 3d), different changes induced by the

pressure increase can be noticed. The effect on POPC is more pronounced, with an average

SCD increase of 0.015 compared with 0.006 for its DOPC counterpart. Although not directly

comparable, SCD values for the POPC sn-1 chain are increased markedly by 0.020, while

the increase for DOPC sn-1 chain is 0.007. Experimental studies have suggested that SCD

10

Page 10 of 31

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

C-atom

0.05

0.1

0.15

0.2

0.25

S
C

D

P = 1 bar, sn-1

P = 1000 bar, sn-1

(a)

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

C-atom

0.05

0.1

0.15

0.2

0.25

S
C

D

P = 1 bar, sn-1

P = 1000 bar, sn-1

(b)

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

C-atom

0.05

0.1

0.15

0.2

0.25

S
C

D

P = 1 bar, sn-2

P = 1000 bar, sn-2

(c)

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

C-atom

0.05

0.1

0.15

0.2

0.25

S
C

D

P = 1 bar, sn-2

P = 1000 bar, sn-2

(d)

Figure 3: SCD for (a) DOPC, sn-1 chain, (b) POPC, sn-1 chain, (c) DOPC, sn-2 chain, and
(d) POPC, sn-2 chain at 1 bar (blue) and 1000 bar (orange). Error bars are smaller than
the symbols’ size.
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values for POPC in the Lα phase increase by roughly 10−4 per MPa (10 bar)71 at 300 K,

corresponding to 0.01 over 1000 bar, which is in reasonable agreement with our results.

Overall, our comparison between SCD order parameters in DOPC and POPC shows that

the less saturated POPC bilayer is more sensitive to the pressure increase, consistently with

our earlier observation on lipid area, lipid volume, and bilayer thickness.

In general, the changes in structural properties from our simulations are consistent with

previous theoretical understanding that increased unsaturation (as in DOPC vs. POPC)

results in a stronger resistance to structural change under high pressure.17

Lateral diffusion

The lateral diffusion coefficient (DL) measures the long range motion of lipids in the bilayer

plane. The DL values obtained from our DOPC and POPC simulations at 1 bar are 14.7 ±

0.8 nm2/µs and 16.2 ± 0.6 nm2/µs, respectively. These results are in reasonable agreement

with previously reported values for phospholipid bilayers from both experiments and simu-

lations.61,67,72,73 Comparing the two lipid types, we find no statistically significant difference

between DL for DOPC and POPC at 1 bar (p = 0.18); this is in agreement with the earlier

conclusion by Ollila et al.74 that unsaturation does not influence the lateral diffusivity of

lipids. Under the high pressure of 1000 bar, we obtain DL values of 9.8 ± 1.5 nm2/µs and

7.1 ± 0.2 nm2/µs for DOPC and POPC, respectively. It is clear that, for both lipid types,

there is a substantial reduction in lateral diffusion brought about by the pressure increase;

this effect is expected intuitively, and is consistent with the observed reduction in system

volume. Comparing the DL values for the two lipid types at 1000 bar, no statistically sig-

nificant difference is detected (p = 0.053), similarly to what was found for the systems at 1

bar. In summary, while high pressure markedly reduces the lateral diffusivity for both the

DOPC and POPC bilayers, our results do not show specificity to the lipid type.
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Lateral pressure profile

The lateral pressure profile (Π(z)) characterizes the inhomogeneous and depth-dependent

distribution of lateral stresses across the bilayer. The calculation of Π(z) from molecular

simulations provides nanoscale insights for the understanding of the mechanical stability

of the membrane itself as well as the interactions between lipids and other biomembrane

constituents (such as membrane proteins). The Π(z) profiles computed for the systems

investigated in this work are shown in Figure 4. Regarding the profiles at 1 bar, both the
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Figure 4: Π(z) for (a) DOPC and (b) POPC bilayers at 1 bar (blue) and 1000 bar (orange).
Shaded areas indicate the statistical uncertainty (mean ± S.E.). Statistical analysis was
performed to compare the difference between the two curves in each diagram. The stars
at the top of each diagram indicate the positions where the values of the two curves are
statistically different (p < 0.05).

DOPC and POPC results are consistent with previous literature.39,75,76 In particular, large

positive peaks of∼ 300 bar can be seen at a distance of∼ 2 nm to the bilayer center, reflecting

net repulsive forces primarily attributable to steric and electrostatic interactions between

lipid heads and water. Proceeding deeper inside the bilayers, at a depth corresponding

roughly to the glycerol groups, we can observe sharp negative troughs, which are typically

explained in terms of attractive forces due to the hydrophobic effect.41,77 The bilayer center

is instead characterized by pressure peaks that are believed to originate from loss of entropy
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in the chain region.78,79

Regarding the effect of increased external pressure, in the outer regions corresponding

to the water phase and headgroup layer no significant differences are observed for both

lipid types. Such a low sensitivity of Π(z) to external pressure changes in these regions

has been predicted theoretically on the basis of the relatively high local density18 (which

can be seen in the electron density profiles of Figure 2). Deeper inside the bilayer, the

large hydrophobic troughs exhibit a response to high pressure which is dependent on the

lipid type. In particular, increased external pressure does not significantly alter the DOPC

hydrophobic troughs, whereas the POPC troughs markedly decrease in magnitude, by ∼ 100

bar. Regarding the lipid chain region, it can be seen that the increase in external pressure

brings about a significant and substantial decrease in Π(z) for both lipid types. This effect

can be correlated to the increase in chain order parameters under high pressure observed

earlier (Figure 3). Such a relation was also found in previous studies focusing on other

external factors like temperature and chain length.74,80 From our data, it can be seen that

the pressure-induced changes are more prominent for POPC, consistently with the larger

increase in SCD values with respect to DOPC (as discussed earlier). In particular, taking

the chain region to be within 1.3 nm from the bilayer center, we observe an average lateral

pressure drop of 82.8 ± 19.2 bar for DOPC under high pressure, while for POPC we calculate

a larger drop of 101.7 ± 35.9 bar.

Overall, it is evident that the lateral pressure profile for both DOPC and POPC bilay-

ers is affected by the external pressure, and that the effects are more pronounced for the

mono-unsaturated POPC compared to the bi-unsaturated DOPC. Higher lipid unsaturation

therefore reduces bilayer sensitivity to increased hydrostatic pressure; this is analogous to

the behavior observed previously for a number of structural properties. Further quantitative

analysis of the lateral pressure profiles, based on elastic parameters that can be derived via

numerical integration, is reported in the following section.
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Elastic properties

Key elastic parameters of the bilayer are connected analytically with Π(z). Specifically, the

product of the monolayer bending modulus κm and the monolayer spontaneous curvature cm0

is equal to the fist integral moment of Π(z):

κmcm0 =

∫ l

0

zΠ(z) dz, (1)

where z = 0 at the center of the bilayer and z = l in the water phase.81,82 To obtain the first

integral moment of Π(z) (corresponding to the right hand side of equation 1), a conventional

numerical integration was performed. The monolayer bending modulus κm was estimated

by the relation κm = kA(dHH − 10)2/48 based on an empirical model.83 The monolayer

spontaneous curvature cm0 can then be easily obtained as the ratio between the first integral

moment of Π(z) and the monolayer bending modulus κm. The values obtained for these

elastic properties at the studied pressures for each bilayer are presented in Table 2.

Table 2: Elastic properties for the simulated bilayer systems

κm cm0 κmcm0
(10−20J) (nm−1) (10−21J nm−1)

DOPC, 1 bar 4.43± 0.03 −0.056± 0.023 −2.48± 1.10
DOPC, 1000 bar 3.92± 0.03 −0.091± 0.034 −3.55± 1.44
POPC, 1 bar 4.34± 0.02 −0.054± 0.027 −2.32± 1.25
POPC, 1000 bar 3.88± 0.04 −0.168± 0.040 −6.53± 1.65

A t-test was performed for each property from the same bilayer type at the two pressures.
Regarding κm, differences between the values at 1 bar vs. 1000 bar are significant (p < 0.05)

for both bilayers. Regarding cm0 , differences are significant for POPC but not for DOPC
(p = 0.10). Regarding κmcm0 , differences are again significant for POPC but not for DOPC

(p = 0.55).

Our results for κm for both bilayers at 1 bar are consistent with previous experimental

and computational measurements.69,84,85 Regarding the effect of high pressure, our results

show a slight decrease in κm at the increased pressure of 1000 bar, for both bilayers. A

recent experimental study12 on DOPC, which appears to be the first and so far only direct

measurement of the bending rigidity of a lipid membrane under high pressure, shows a
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significant increase (up to a factor of 2) for external pressures of up to 400 bar. Interestingly

however, for higher external pressures of up to 800 bar, the bending rigidity is then found

to decrease down to the value observed at 1 bar.

For a symmetrical bilayer, the monolayer spontaneous curvature cm0 measures the intrinsic

tendency of each of the monolayers to curl. Conventionally, the magnitude of cm0 quantifies

a leaflet’s desire to either curl towards the water phase in order to form inverse structures

(for cm0 < 0) or to curl away from the water phase to form micellar structures (for cm0 > 0).

When the magnitude of cm0 is small, the tendency to curl is not satisfied, and the monolayers

assemble symmetrically to form a flat lamellar bilayer. Table 2 shows that, at 1 bar, both

DOPC and POPC bilayers are characterized by small negative values of cm0 , consistent with

the well-known experimental behavior whereby these lipids form standard lamellar bilayer

phases (as opposed to micelles or inverse phases); furthermore, the specific values obtained

are in good agreement with previous literature.74,75,85,86 At the increased external pressure of

1000 bar, cm0 for POPC decreases (becomes more negative) whereas no statistically significant

change is observed for DOPC (Table 2). The increased unsaturation level in DOPC with

respect to POPC is therefore correlated with a resistance to changes in spontaneous curvature

under high pressure. To our knowledge, no experimental measurement or other simulation

study on the pressure dependence of the spontaneous curvature has been previously reported

in the literature.

The quantity κmcm0 characterizes the membrane curvature frustration energy, also known

as torque tension; it is a fundamental biophysical property that underlies mechanisms by

which lipids can modulate the structure and function of membrane proteins.41,87,88 Our

results are in fair agreement with available experimental measurements86 conducted at at-

mospheric pressure (1 bar), whereas no data are available at increased pressure. Considering

the results obtained for our systems, we observe a statistically significant increase in the

magnitude of κmcm0 under increased external pressure for POPC, whereas for DOPC there is

no significant difference. It is interesting and relevant to compare our data with quantitative
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estimates, obtained theoretically by Cantor,87 of the changes in the product κmcm0 required to

affect protein function. Specifically, from the analysis of collective rearrangements of simple

geometric models of proteins, it was calculated87 that significant shifts in protein conforma-

tional equilibria could be induced by changes in κmcm0 of order 1.2× 10−21 J nm−1. From our

data (Table 2), considering first DOPC, we can calculate that increasing the pressure from 1

to 1000 bar induces changes in κmcm0 of magnitude 1.1× 10−21 J nm−1, which is below Can-

tor’s threshold, and anyway not statistically significant. For POPC however, the change in

pressure brings about a substantially larger change in κmcm0 of magnitude 4.2×10−21 J nm−1,

which is well above Cantor’s threshold, as well as being statistically significant. Therefore,

at least in relation to Cantor’s theoretical model,87 pressure-induced changes in κmcm0 would

be large enough to alter protein conformational equilibria in a POPC bilayer, but not in a

DOPC bilayer. Real systems are obviously much more complex, in that κmcm0 values will

depend on the specific proteins as well as the lipid composition of the bilayer. Bearing this

caveat in mind, our results nonetheless clearly suggest that the response in terms of κmcm0

values to a change in pressure can be highly sensitive to the lipid type, and specifically to

the level of unsaturation. In particular, the mono-unsaturated POPC is found to be very

sensitive to an increase in external pressure, with a much amplified effect on κmcm0 compared

to the bi-unsaturated DOPC, for which the change with pressure is not significant.

Dipole potential profile

The electrostatic dipole potential profiles Ψ(z) for the investigated DOPC and POPC bilayers

at 1 bar and 1000 bar are shown in Figure 5. Interestingly, in this case, it can be seen that the

change in pressure does not induce any substantial change in the dipole potential of either

bilayer. The absence of pressure-induced effects was confirmed by further decomposition of

Ψ(z) into the individual contributions from water and lipid molecules (data not shown); these

results are consistent with previous reports obtained under standard ambient pressure.50,89,90

Particularly, for both bilayers, the contribution due to water is largely positive, determines
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Figure 5: Dipole potential profiles for (a) DOPC and (b) POPC bilayers at 1 bar (blue) and
1000 bar (orange). Error bars are are smaller than the lines’ thickness.

the sign of the overall profile, and is compensated by the negative lipid contribution. We

are not aware of previously reported dipole potential data at other pressures, from either

experiments or simulations. Overall, our results show that the dipole potential is not sensitive

to changes in the external hydrostatic pressure, irrespectively of the type of lipid.

Hydration and permeation

To investigate more closely the interaction of the bilayers with water, we computed the

individual electron density contribution for water (Figure S1 in the Supporting Information).

The data obtained show that the response to the pressure change does not significantly alter

the hydration features of the bilayer.

We also quantified the lipid headgroup orientation by calculating the angle between the

lipid head P-N vector and the z-axis (i.e., the bilayer normal). The results obtained (reported

in the Supporting Information) show that, for both the POPC and DOPC bilayers, the

headgroup orientation does not change significantly in response to the imposed pressure

increase. Incidentally, the absence of a significant effect on the headgroup orientation is

consistent with the results obtained for the dipole potential, when one considers that the
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P-N vector is a major contributor to the overall dipole potential.

The lipid headgroups were also analyzed in terms of the average number of headgroup-

headgroup and headgroup-water hydrogen bonds. Consistently with the electron density

data on the headgroup hydration, no significant difference was found in the calculated hy-

drogen bond numbers upon increasing the external pressure (data reported in the Supporting

Information).

To study the permeation of water through the bilayers, we calculated the number of water

molecules crossing the bilayers during each of the 800 ns simulations analyzed. For POPC,

the number of crossing events was 54±8 at 1 bar and 14±2 at 1000 bar, the difference being

statistically significant (p = 0.04). For DOPC, the number of water crossings was 52±8 at 1

bar and 33±3 at 1000 bar; in this case the difference is not statistically significant (p = 0.15).

Note that, to be able to estimate the standard errors, for each system we counted separately

the crossings along the two directions aligned and anti-aligned the z axis, thus obtaining two

data values for each systems.

Conclusions

In this study, we employed fully atomistic molecular dynamics simulations to investigate

the effects of a high external pressure of 1000 bar, compared to the ambient value of 1

bar, on a number of key physical properties of lipid bilayer systems. In particular, we

studied and compared systems comprising either bi-unsaturated DOPC or mono-unsaturated

POPC lipids. With the exception of the electrostatic dipole potential profile and headgroup

hydration, the properties investigated were shown to be significantly affected by the pressure

increase in both bilayers. Notably, for most properties the effects are amplified for the

POPC bilayer, especially in relation to lipid area, chain order parameters, lateral pressure

profile, spontaneous curvature and curvature frustration energy. Regarding the structural

properties, our results provide molecular-level evidence to previous theoretical understanding
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that increased unsaturation results in a stronger resistance to structural change in response

to high pressure.17 In particular, the existence of two unsaturated bonds (one in each tail)

in the chemical structure of DOPC explains the less pronounced mechanical response to

high pressure compared to the amplified response obtained for POPC, which features only

one unsaturated bond. Moreover, the change in the curvature frustration energy κmcm0

was also much more pronounced for POPC; specifically, it was found to be significantly

and substantially above a threshold value predicted to be required in order to affect the

conformational equilibria of membrane-embedded proteins,87 whereas for DOPC we obtained

a value below such threshold and not statistically significant. Thus it can be hypothesized

that a change in external pressure as simulated in this work will induce a conformational

change in specific proteins embedded in a mono-unsaturated POPC bilayer, while a bi-

unsaturated DOPC bilayer would represent a control system where no conformational shift

is expected; such hypothesis could be tested experimentally, for example, by considering

channel proteins and measuring related permeation rates as response variables.

The lower unsaturation level in POPC with respect to DOPC seems therefore to make

most physical properties of the corresponding bilayer more sensitive to high pressure. Con-

versely, increased unsaturation for DOPC correlates to higher resistance to changes in phys-

ical properties under increased pressure. More generally, our results provide a quantitative

molecular-level basis to rationalize the experimental observation that bacteria adapted to

live under high hydrostatic pressure in the deep sea are characterized by higher ratios of

unsaturated fatty acids in the lipid membrane.25–28 Future work will involve simulations of

more complex systems, especially including membrane proteins, aimed at quantifying high

pressure effects on specific biological processes in relation to lipid diversity.
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(72) Filippov, A.; Orädd, G.; Lindblom, G. The effect of cholesterol on the lateral diffusion

of phospholipids in oriented bilayers. Biophys. J. 2003, 84, 3079–3086.

(73) Gaede, H. C.; Gawrisch, K. Lateral diffusion rates of lipid, water, and a hydrophobic

drug in a multilamellar liposome. Biophys. J. 2003, 85, 1734–1740.

(74) Ollila, S.; Hyvönen, M. T.; Vattulainen, I. Polyunsaturation in lipid membranes: dy-

namic properties and lateral pressure profiles. J. Phys. Chem. B 2007, 111, 3139–3150.

28

Page 28 of 31

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



(75) Ollila, O. H. S.; Rog, T.; Karttunen, M.; Vattulainen, I. Role of sterol type on lateral

pressure profiles of lipid membranes affecting membrane protein functionality: compar-

ison between cholesterol, desmosterol, 7-dehydrocholesterol and ketosterol. J. Struct.

Biol. 2007, 159, 311–323.

(76) Orsi, M.; Essex, J. W. The ELBA force field for coarse-grain modeling of lipid mem-

branes. PLoS One 2011, 6, e28637.

(77) Cevc, G.; Marsh, D. Phospholipid bilayers: physical principles and models ; Wiley, 1987.

(78) Mukhin, S. I.; Baoukina, S. Analytical derivation of thermodynamic characteristics of

lipid bilayer from a flexible string model. Phys. Rev. E 2005, 71, 061918.

(79) Orsi, M.; Haubertin, D. Y.; Sanderson, W. E.; Essex, J. W. A quantitative coarse-grain

model for lipid bilayers. J. Phys. Chem. B 2008, 112, 802–815.

(80) Gawrisch, K.; Holte, L. L. NMR investigations of non-lamellar phase promoters in the

lamellar phase state. Chem. Phys. Lipids 1996, 81, 105–116.

(81) Szleifer, I.; Kramer, D.; Ben-Shaul, A.; Gelbart, W. M.; Safran, S. A. Molecular theory

of curvature elasticity in surfactant films. J. Chem. Phys. 1990, 92, 6800–6817.

(82) Ben-Shaul, A. In Structure and Dynamics of Membranes ; Lipowsky, R., Sackmann, E.,

Eds.; Elsevier: Amsterdam, 1995; pp 359–401.

(83) Rawicz, W.; Olbrich, K.; McIntosh, T.; Needham, D.; Evans, E. Effect of chain length

and unsaturation on elasticity of lipid bilayers. Biophys. J. 2000, 79, 328–339.
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