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Membrane simulations mimicking acidic pH reveal increased thickness and negative
curvature in a bilayer consisting of lysophosphatidylcholines and free fatty acids
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Phospholipids are key components of biological membranes and their lipolysis with phospholipase A2 (PLA2)
enzymes occurs in different cellular pH environments. Since no studies are available on the effect of pH on
PLA2-modified phospholipid membranes, we performed 50-ns atomistic molecular dynamics simulations at
three different pH conditions (pH 9.0, 7.5, and 5.5) using a fully PLA2-hydrolyzed phosphatidylcholine (PC)
bilayer which consists solely of lysophosphatidylcholine and free fatty acid molecules. We found that a
decrease in pH results in lateral squeezing of the membrane, i.e. in decreased surface area per headgroup.
Thus, at the decreased pH, the lipid hydrocarbon chains had larger SCD order parameter values, and also
enhanced membrane thickness, as seen in the electron density profiles across the membrane. From the
lateral pressure profiles, we found that the values of spontaneous curvature of the two opposing monolayers
became negative when the pH was decreased. At low pH, protonation of the free fatty acid headgroups
reduces their mutual repulsion and accounts for the pH dependence of all the above-mentioned properties.
The altered structural characteristics may significantly affect the overall surface properties of biomembranes
in cellular vesicles, lipid droplets, and plasma lipoproteins, play an important role in membrane fission and
fusion, and modify interactions between membrane lipids and the proteins embedded within them.
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1. Introduction

Biological membranes are mainly composed of phospholipids,
assembled into either bilayers or monolayers [1]. A growing interest
lies in understanding the biophysical properties of membranes that
directly affect cellular fission and fusion events [2], and the functions
of various proteins in cellular membranes [3].

Membrane fission and fusion are mechanistically related events,
both of which involve strong membrane bending and highly curved
non-bilayer lipid intermediates [2,4,5]. In the formation of such highly
curved lipid intermediates, phospholipids and lysophospholipids are
proposed to play key roles [6,7]. The process of membrane bending
depends on spontaneous curvature, which is influenced by external
factors such as pH, temperature, and salt concentration. Indeed, in
experiments with phosphatidic acid membranes, low pH together
with divalent cations was found to promote negative spontaneous
curvature and the conversion to a hexagonal HII phase [7–9]. Both low
pH and divalent cations can induce headgroup dehydration, and thus
reduce the effective headgroup size, by neutralizing the negatively
charged headgroup regions. Increasing evidence proposes that
intermediate structures having negative monolayer curvature are
involved in membrane fusion [4], an event that requires the interplay
between membrane lipids and proteins [10,11]. In experimental
studies of complex model systems, fusion appears to be partly
determined by the properties of lipids [12]; corroborating evidence
was also found from extensive atomistic simulations [13].

In addition to the external factors, among them pH, bending of the
membrane may also require changes in atomic charges andmolecular
shapes of the membrane lipids [7]. In vivo, lipid shapes are altered by
lipolytic enzymes, such as the phospholipase A2 (PLA2) enzymes. This
family of enzymes includes secretory, cytosolic, calcium-independent,
and lysosomal forms, as well as the platelet-activating factor
acetylhydrolase (PAF-AH) [14,15]; all hydrolyze the sn-2 fatty acyl
ester bond of phospholipids, leading to the release of lysopho-
sphatidylcholines (lysoPCs) and free fatty acids (FFAs) (see Fig. 1).
PLA2 has been proposed to generate high levels of hydrolysis products
at highly localized regions of membranes and thus to directly affect
membrane curvature [16]. The enzymatic action of PLA2 in local
membrane areas can be understood by the observation that many
PLA2 enzymes have been shown to hydrolyze their substrates in a
“scooting” mode, i.e. to remain tightly bound to a membrane and
catalyze the hydrolysis of even hundreds of phospholipids without
leaving the membrane [17]. Such prolonged local hydrolytic action of
the enzyme may create fully hydrolyzed nanodomains in the affected
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Fig. 1. Schematic molecular structures of the molecules used in the simulations: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC), in which palmitic acid is in the sn-1
position and oleic acid in the sn-2 position; POPC is PLA2-hydrolyzed, yielding its lipolysis products lysophosphatidylcholine (lysoPC) and free fatty acid (FFA). The released FFA is at
pH 9.0 in charged form (oleate), at pH 5.5 in uncharged form (oleic acid), and at pH 7.5 in both oleate and oleic acid forms. Due to pKa values of the lysoPC its protonation state
doesn't change at pH 9.0–5.5.
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membranes. Indeed, in the present work extremely small surface
membrane area consisting of 64 POPC molecules is intended to reflect
such a physiological nanodomain. Importantly, the lipolytic products
generated by the PLA2 activity contribute to membrane tubulation
from the Golgi [16,18], to synaptic vesicle release [19], and to the
formation of lipid droplets from the endoplasmic reticulum [20]. In
addition, the cytosolic lipid droplets can increase their size by fusion
[21]. In this context it is of interest that cytosolic PLA2 enzymes can be
associated to cytosolic lipid droplets and can be translocated to their
surface in response to some of the lipolytic products generated by this
enzyme [22,23].

Importantly, the PLA2-catalyzed hydrolysis reaction can also
proceed in an acidic environment [24,25], so allowing it to be active
in the Golgi complex and the lysosome, two cellular compartments, in
which the phospholipid membranes are exposed to acidic pH. In
addition, the extracellular low density lipoprotein particles of the
atherosclerotic arterial intima are exposed to acidic pH conditions [26]
and to extensive PLA2 hydrolysis, which then provokes their
aggregation and fusion, two phenomena considered to be atherogenic
[27,28]. Thus, there is ample evidence that membrane phospholipids
are exposed to low pH conditions and that local regions of the mem-
brane can be extensively lipolyzed by PLA2 enzymes, both intracel-
lularly and extracellularly.

In the present work, we have simulated a fully hydrolyzed 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer at
three different pH values, and compared the properties of these
three systems to an unhydrolyzed POPC bilayer, which is resistent to
pH-induced changes within pH values ranging from 9.0 to 5.5. Based
on our results, at low pH the lipolyzed bilayer becomes more tightly
packed laterally, and, moreover, differences in lateral pressure profiles
indicate that spontaneous curvature values of opposing monolayer
leaflets become more negative. Finally, the results suggest that the
surface tension and the spontaneous curvature of a phospholipid
surface monolayer on a PLA2-modified lipoprotein particle depends
on pH, which would render the tendency of lipoprotein particles to
fuse pH dependent.
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2. Materials and methods

2.1. Simulation details

Molecular dynamics (MD) simulations were run using the GRO-
MACS 3.2.1 simulationpackage [29,30].We simulated three lipid bilayer
systems, each comprised of 128 1-palmitoyl-2-hydroxy-sn-glycero-3-
phosphocholine (lysoPC), and 128 free fatty acidmolecules (FFA) in the
form of uncharged oleic acid or charged oleate (see sketches in Fig. 1).
Since we are mainly interested in the effects of pH on lipolyzed
phospholipid bilayers, we vary the number of oleate and oleic acid
molecules in the simulated bilayers (Table 1).

Initially, the force-field parameters were adapted from a previ-
ously validated description of a pure fully hydrated dipalmitoylpho-
sphatidylcholine bilayer (DPPC) [31], the bonded and nonbonded
interactions of which are from molecular dynamics simulation study
of a pure DPPC bilayer [32]. Partial charges are from ab initio
calculations [33]. Explicit hydrogens are used for the hydroxyl groups
of both lysoPC and oleic acid molecules. The bonded and nonbonded
parameters for these hydroxyl groups are from the GROMOS force
field [34], and the partial charges are from standard GROMACS build-
ing blocks [29]. The C = C double bond parameters are from the
GROMOS force field and are similar to those used in previously
published simulation studies concerning POPC [35,36].

As a starting structure, we used the coordinates of a fully hydrated
POPC bilayer from our earlier 50 ns POPC simulation [36]. The
hydrolysis of the sn-2 fatty acid bond was executed on the starting
structure, resulting in the formation of lysoPCmolecules, and oleic acid
or oleate molecules. The bilayer was aligned to have the normal
parallel to the z axis. The studied molecules together with POPC are
introduced in Fig. 1. In the simulated bilayer systems we mimic three
different pH conditions (pH 9, pH 7.5, and pH 5.5) by varying the
amounts of oleic acid and oleate according to Table 1. Oleic acid has an
experimental pKa value of 7.5 when incorporated into a lipid bilayer
[37]. Thus, at high pH the fatty acid chain appears in its negatively
charged oleate form and at low pH in its uncharged oleic acid form. At
pH 7.5 both charged oleate and uncharged oleic acidmolecules appear
in equivalent amounts. Each starting structure was stabilized by
energy minimization. All three systems were hydrated with 3682
water molecules. In systems with negatively charged oleate chains,
128 or 64watermoleculeswere randomly chosen and replacedbyNa+

ions, in order to have an overall uncharged system. Finally, the
energies of the whole systems were minimized again.

The time step in theMDsimulationswas2.0 fs. The bonds of the lipid
molecules were constrained by the LINCS algorithm [38] and of the
watermolecules by using SETTLE [39]. Lennard–Jones interactionswere
cut off at 1.0 nm. Long-range electrostatic interactions were handled
using the particle-mesh Ewald (PME) method [40], with a real-space
cut-off of 1.0 nm, which has been shown to give reasonable results to
account for long-range interactions in lipid bilayer systems [41],
especially when charged molecules are present [42]. The simulations
were performed in the NpT ensemble at 1 bar and T=310 K. In the
beginning, the systems were simulated for 8.0 ns using the Berendsen
thermostat and barostat [43]. After this equilibration time, we switched
Table 1
Number ofmolecules in the three simulated systemsmimicking compositions at pH 9.0,
7.5, and 5.5. Due to the pKa value of 7.5, the fatty acid is charged at pH 9.0 and
uncharged at pH 5.5. At pH 7.5 the FFA appears as an uncharged and as a charged
molecule in equal amounts. The charges of the systems were neutralized by replacing
some water molecules with Na+ ions.

pH lysoPC FFA Negatively charged FFA Na+

9.0 128 128 128
7.5 128 64 64 64
5.5 128 128
to the Nosé–Hoover temperature coupling [44,45] and Parrinello–
Rahman pressure coupling [46,47]. The coupling constant for pressure
was τp=1.0 ps, and for temperature τt=0.1 ps. In total, the systems
were simulated for 50 ns, of which 20 ns was regarded as an
equilibration period and was not included in the analysis described
below.

2.2. Pressure profile calculations

The lateral pressure calculation was performed using the same
procedure as explained in detail in our previouswork [36] and applied
to our earlier publications [36,48–50]. The previous results obtained
with this approach are in good agreement with results obtained by
other methods [51]. Here we introduce only the most essential
features of the method used for lateral pressure calculations. First, we
divide the system into approximately 0.1 nm thick slabs and calculate
the local pressure tensor in each slab using the Irving–Kirkwood
definition [52]. The local pressure calculation was made as post-
trajectory analysis, i.e., positions and velocities saved during the
simulation were used to calculate the virial at each time step, and,
from these, the average over time was taken. We used PME in the
actual simulations, but a cut-off of 2 nm in the pressure calculation,
because there are no pairwise forces in PME. Using cut-off distance in
pressure calculation causes systematic error in the results. However,
as our aim is to compare differences between simulated systems, we
may assume that the systematic error is not significant, since it is
present in all our systems. Pressure calculation results were also
confirmed with a 2.5 nm cut-off distance.

3. Results and discussion

3.1. Area per headgroup

One of the most important characteristics of a lipid bilayer is the
average area per lipid molecule. Here we calculate the equilibrium
area per headgroup by dividing the area of the simulation box by the
number of the headgroups in a monolayer. This property can be
directly compared to the area per molecule in a POPC bilayer or
monolayer. This would not be the case for the area per molecule,
because the lipolysis of one POPC yields twomolecules: a lysoPC and a
FFA. Therefore, one should also keep in mind that the area per
headgroup consists of both lysoPC and FFA, but is not necessarily
equally divided between them. We found the average area per
headgroup for lipolysis products, to be 0.81±0.02 nm2 at pH 9, 0.66±
Fig. 2. Area per headgroup over 50 ns simulation time of a fully lipolyzed POPC bilayer
membrane. Average values calculated are 0.81±0.02 nm2 at pH 9.0, 0.66±0.01 nm2 at
pH 7.5, and 0.54±0.01 nm2 at pH 5.5.



Fig. 3. Electron density profiles as functions of distance z from the bilayer center at pH
9.0 (dotted line), at pH 7.5 (solid line), and at pH 5.5 (dashed line). A. Total systems
together with water layers. B. Head group phosphorus (P) atoms allowing the
calculation of average P–P distance between opposite leaflets. C. LysoPC molecules.
D. Oleic acid and oleate molecules.
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0.01 nm2 at pH 7.5, and 0.54±0.01 nm2 at pH 5.5, as presented in
Fig. 2. For comparison, the simulation-based average area per lipid for
the POPC lipid membrane is 0.68 nm2±0.01 nm2 (T=310 K) [36],
which is close to the experimental value of 0.683±0.015 nm2

(T=303 K) [53]. Interestingly, the lowest area per molecule at pH
5.5 is comparable to the area per lipid found in sphingomyelin bilayers
above their main phase transition temperature [54,55], indicating a
similar type of ordering in the bilayer.

The increase in the area per headgroup with increasing pH can be
easily understood by considering the number of charged molecules in
the systems. When the fraction of charged oleates increases with
increasing pH, the repulsive interactions between oleate molecules
also increases leading to a larger area per molecule. This idea and our
results are also in agreement with Langmuir monolayer experiments
[56], in which the area per molecule of phospholipid/cardiolipin
(90:10) monolayer increased by 8.6% when the pH was increased
from pH 4 to pH 8.

The suggested pH dependence of the equlibrium area per molecule
may be important, if vesicles or lipid droplets are exposed to pH
gradients after PLA2 modification. Here we assume that vesicles or
lipid droplets are initially spherical and stable before exposure to a pH
gradient. In equlibrium both systems can be described using the
Laplace law [57]

ΔP = 2
γ
R

ð1Þ

where ΔP is the pressure difference between the inner and outer
membrane, γ is the surface tension and R is the radius of the particle.
According to this equation, the surface tension and pressure
difference in a stable vesicle are zero without osmotic pressure. If
such a vesicle is exposed to a pH gradient that changes the area per
molecule, a tension and pressure difference will occur in the bilayer. A
decrease in pH would result in decreased surface area, and induce
positive surface tension and positive pressure. A vesicle can remove
the induced tension by changing the amount of solvent inside the
core, either directly through the lipid membrane or through mem-
brane pores. If the lipolysis and pH gradient occur on only one side of
the vesicle membrane, curvature frustration will occur in the bilayer
due to the asymmetric change in the area. Such curvature frustration
could be removed by lipid flip-flops or the absorption or desorption of
lipids.

For a spherical lipid droplet of a given volume, decreasing the pH
could also lead to an increased surface tension, since at low pH values,
the FFAs are uncharged at the surface monolayer. Negatively charged
FFAs are more hydrophilic than uncharged FFAs, and therefore they
tend to lower the surface tension of an oil–water interface. Fur-
thermore, the surface tension of a spherical particle can return to the
original value if lipid molecules absorb on the surface or if the particle
size decreases. However, when compared to the rapid fusion of
membranes induced by increased surface tension, these two process-
es are likely to be too slow [58] to prevent membrane fusion. By
applying this idea to our results, we suggest that increased surface
tension at low pH might enhance the fusion of vesicles and lipid
droplets.

3.2. Electron density profiles across bilayer

Information about the general structure of the bilayer along the
normal was obtained by computing electron density profiles for the
whole system, different molecular species, as well as P atoms from the
MD trajectories of the three simulated pH systems. The simulation
boxes were divided into 0.1 nm slices, and the number of electrons for
each type of atom was given. The electron densities are shown in
Fig. 3. The most obvious difference between the three simulated
systems is the different overall membrane thickness; all of the profiles
are consistent with a thickening of the bilayer with decreasing pH
value.

Fig. 3A shows the electron densities of the total systems together
with the water slabs. The total electron density profiles have a max-
imum corresponding approximately to the location of the phosphate
headgroups, and a minimum, a so-called methyl trough, in the bilayer
center where the terminal methyl groups reside. When the pH
decreases, the headgroup–headgroup distance increases, i.e., the
bilayer becomes thicker, and the electron density in the bilayer center
decreases. The penetration of water into the bilayer becomes more
difficult with decreasing pH, which reflects both the thickening of the
bilayer and the increasing densities in the headgroup regions.

In Fig. 3B the distance dPP is calculated between the maxima of the
phosphate electron density profiles, and it is the actual distance



Fig. 4. SCD profiles of lysoPC (A), oleate (B), and oleic acid (C) in simulations mimicking
the FFA composition at pH 9.0 (open circles), 7.5 (open tiangles), and 5.5 (open
squares), as well as sn-1 and sn-2 chains of POPC bilayer (solid triangles).

942 K. Lähdesmäki et al. / Biochimica et Biophysica Acta 1798 (2010) 938–946
between the electron-dense phosphate peaks. The results show that
a decrease in pH increases the distance between headgroups in oppo-
site leaflets. The obtained distance dPP values are 3.4 nm, 4.1 nm, and
4.8 nm for pH 9.0, 7.5 and 5.5, respectively.

Fig. 3D shows the electron density profiles of the FFAs. At pH 7.5,
the electron density profile of the oleic acid molecules has a plateau at
the bilayer center, whereas the oleatemolecules have lower density in
the bilayer center and are pushed towards the water phase. They are
therefore responsible for the trough seen in the total electron density
profile.

Thinning of the bilayer with increasing pH is again in line with the
increasing area per headgroup due to the increased repulsion be-
tween charged FFAs.

3.3. Chain structures

When simulating molecules with long carbon tails, it is of interest
to describe their ordering with respect to the normal of the mem-
brane. The deuterium order parameter has been determined as

SCD = 1
=2〈3 cos

2 θ−1〉 ð2Þ

where θ is the angle between the bilayer normal (the z axis of the
simulation box) and the C–H bond vector. The brackets denote
averaging over all lipids and different time frames. The order
parameter can vary between one (full order along the bilayer normal)
and –one half (full order perpendicular to the bilayer normal). To
calculate deuterium order parameters from Eq. (2), the positions of
hydrogen atoms had to be included in the trajectories, which was
performed by calculating the positions on the basis of the orientation
of carbon chains and exploiting tetrahedral symmetry at given sites. A
similar approach was used to study other lipid bilayers [36,54].

We computed the order parameters separately for both chains, sn-
1 and sn-2. The ordering effect of decreasing pH is clearly visible; the
order parameters grow significantly with decreasing pH. This is in
agreement with the results for the area per headgroup; the order
increases with decreasing area per headgroup. Of note, as the chains
become more ordered at low pH, their order parameter values get
closer to those of sphingomyelin bilayers [59].

Fig. 4 shows the SCD profiles of lysoPC, oleate, and oleic acid at
different pH values. The order parameter profiles of lysoPC decay at
pH 7.5 and 9.0, whereas at pH 5.5, the order parameter profile shows
merely a plateau for the beginnings and central parts of the chains,
and a decay near the center of the bilayer (Fig. 4A). The order
parameter profile for oleate is more ordered at pH 7.5 than at pH 9.0
(Fig. 4B). For oleic acid at pH 5.5 and at pH 7.5, the order parameter
profiles show a plateau for the beginnings of the chains (carbons 2
to 7), and the characteristic drop in the double bond region (carbons
8 to 11) (Fig. 4C). The electron density profiles (Fig. 3) demonstrate
that oleates reside closer to the bilayer surface than oleic acids, which
may explain the increased order of the oleates. In general, the order
parameters of the chain segments are larger near the surface [36]. For
comparison, the order parameters of the fatty acid chains of the
unhydrolyzed POPC bilayer are also shown in all Fig. 4 panels; at pH
7.5, the beginning of the palmitoyl chain of lysoPC and the free oleate
chain are slightly more ordered as compared to the ones in the
unhydrolysed POPC bilayer.

3.4. Lateral pressure profiles

We first discuss the physical theory from which the calculations of
the lateral pressure profiles are derived. In a lipid bilayer, the surface
energy between the hydrophobic and hydrophilic phases tends to
minimize the area, such that in the equilibrium steric, electrostatic
and dispersion interactions cancel the energy. This balance creates a
non-uniform pressure distribution through the lipid bilayer, which is
often described using the lateral pressure profile

p zð Þ = Ρxx zð Þ + Ρyy zð Þ
2

−Ρzz zð Þ; ð3Þ

where the coordinate z is along the membrane normal and P is the
pressure tensor [57,60–62]. The lateral pressure profile is connected
to the elastic properties of bilayers and monolayers, and it has
been suggested that it is related to membrane protein functionality
[61,63,64]. Here, our primary interest is the effect of decreased pH on
the lateral pressure profile of a lipolyzed phospholipid bilayer. In
addition, we use the lateral pressure profiles as a tool to analyze the
elastic properties of phospholipid bilayers.

The lateral pressure profile is related to the product of the bending
modulus κm and the spontaneous curvature c0

m through its first
moment [57]

κmc
m
0 = ∫h

0
dz z−δð Þp zð Þ ð4Þ

and to the Gaussian bending modulus �κm through its secondmoment

�κm = −∫h

0
dz z−δð Þ2p zð Þ; ð5Þ



Table 2
Product of the bending modulus and the spontaneous curvature κmc0m and the Gaussian
bending modulus �κm. Values were calculated from the lateral pressure profiles and are
given as mean±error.

pH κmcm0 × 10−11 J
m

�κm × 10−20J

9.0 3±1 −3±2
7.5 1±1 −2.7±2
5.5 −3±1 −3±2
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where z is the normal coordinate of the layer and δ is the position of
the neutral monolayer plane (see below). Here we define z=0 to be
the center of the bilayer and h to be the monolayer thickness. The
terms c0m,κm, and �κm refer to monolayer properties. Thus, Eqs. (4) and
(5) give elastic properties of a monolayer in a bilayer.

The above equations and the pressure profiles have been used in
several previous studies for the analysis of elastic properties of
monolayers [48,65,66]. The deficiency of the equations is that the
location of the neutral plane δ is not defined. Therefore, in previous
studies, two different pressure profile characteristics were used to
identify δ: the minimum of the surface peak [66], and the first
maximum corresponding to the chain region [67]. We chose δ to be
the pointmidway between the positions of these features. To estimate
the error, we repeated the calculation for both δ positions used
previously. The parameters computed according to Eqs. (4) and (5)
were done for both leaflets and then averaged.

The lateral pressure profiles were calculated for systems repre-
senting different pH values and are presented in Fig. 5. We see the
well-recognized features of a lateral pressure profile in all of our
systems: the negative peak in the interface between polar and non-
polar areas due to the surface energy, and positive contributions due
to electrostatic, steric, and dispersion interactions in the headgroup
and acyl chain regions [62]. With increasing pH we find systematic
changes in the pressure profile: the negative peaks from opposite
leaflets move closer to each other, indicating a decrease in the
membrane thickness; and both the negative interfacial peak and the
positive contributions from the acyl chain regions decrease in
magnitude. The latter observation is especially interesting because it
suggests that repulsive pressure is transferred from the acyl chain
region to the headgroup region, thus introducing positive spontane-
ous curvature at increasing pH values.

To analyze this phenomenon more quantitatively, we used the
relationship between spontaneous curvature and the lateral pressure
profile, Eq. (4). We also calculated the Gaussian bending modulus
using the second moment of the pressure profile, Eq. (5). The results
are gathered in Table 2, and show that a decrease in pH indeed has an
effect on the product of the bending modulus and spontaneous
curvature κmc0m. However, the exact values of the bending modulus
and spontaneous curvature are unknown. In principle, the bending
modulus could be extracted from simulation data by using the
undulation spectrum, but that would require amuch larger simulation
system size and length [68]. On the other hand, κm always has a
positive value andwe see that the sign of the product κmc0m is changed
when moving from pH 7.5 to pH 5.5. Hence, the sign of the spon-
taneous curvature has to change from positive to negative when
shifting from pH 7.5 to pH 5.5. We also see a decrease in the product
when shifting from pH 9 to pH 7.5, but the sign is unchanged, so this
Fig. 5. Lateral pressure profiles across a fully lipolyzed POPC membrane at pH 9.0,
(dotted line), at pH 7.5 (solid line), and at pH 5.5 (dashed line).
difference could be produced by a change in κm. In general, the results
lead to one important conclusion: in a membrane composed solely of
lysoPC and FFA, spontaneous curvature decreases with decreasing pH,
and the sign of the curvature shifts from positive at pH 7.5 to negative
at pH 5.5.

Our results are in agreement with experimental studies, which
suggest that low pH values in phosphatidic acid membranes promote
the presence of the inverted hexagonal HII phase, especially when
divalent positive ions are present (Mg2+ or Ca2+) [7–9]. This is logical,
as with low pH values the headgroup charges are neutralized due to
protonation, which leads to a decrease in repulsive interactions be-
tweenheadgroups and thus the effective headgroup size. The presence
of positive ions further screens out negative charge repulsions
between headgroups and transforms membrane curvature in the
negative direction [7,69]. We also calculated the Gaussian bending
modulus for the two opposing monolayer leaflets in our lipolyzed
POPC bilayers, and the results are presented in Table 2. All values
obtained are within the calculated error bars, thus we cannot see any
pH effect on the Gaussian bending modulus.

Because the spontaneous curvature c0
m and the Gaussian bending

modulus �κm appear to play a role in the stalk formation occurring
during vesicle fusion process [4,5,70], the elastic properties of
monolayers are of great theoretical and practical interest. Indeed, it
has been concluded that (1) the negative spontaneous curvature of a
monolayer c0

m and (2) the low Gaussian bending modulus �κm ease
stalk formation, which, again, is a critical step towards membrane
fusion [4,67]. Stalk formationwould also be a plausible trigger for lipid
droplet and lipoprotein particle fusion [71]; theoretical studies on
fusion of emulsion particles suggest that a decrease in spontaneous
curvature of surface monolayers promotes phase behaviour where
the particles are fused [72–74]. We suggest that provided the low
Gaussian bending modulus decreases the energy of stalk formation in
vesicle fusion, the modulus would also facilitate the fusion of lipid
droplets and liporotein particles.

By connecting the above ideas to the present results, we can argue
that with decreasing pH the spontaneous curvature of a monolayer
decreases, whichmay (1) enhance fusion events, and (2) decrease the
phase transition temperature to the inverted phase. These predictions
are in agreement with previous experimental studies where low pH
was found to induce inverted phase formation when divalent positive
ions were present (Mg2+ or Ca2+) [7–9]. This picture is also in
agreement with experimental findings that PA lipids, together with
positive ions and low pH, enhance vesicle fusion [75–79].

On the other hand, in our simulated systems, comprised of lysoPCs
and FFAs in the pH range 9.0–5.5, we did not find any correlation
between the Gaussian bending modulus and pH. The behaviour of the
Gaussian bending modulus is not very well known but it is believed to
scale in the same way as the bending modulus [70]. Thus, for our
system, we find the pH dependence of spontaneous curvature more
significant than the pH dependence of elastic constants.

3.5. Conclusions

In this study, we aimed at revealing pH-induced changes in the
properties of a fully lipolyzed POPC bilayer membrane, so mimicking
exposure of a nanoregion of a cellular membrane to an acidic
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environment, such as occurs inside in various subcellular compart-
ments, notably the lysosomes. Importantly, the extracellular fluids of
advanced atherosclerotic lesions and of large solid tumors are acidic
[26,80]. Thus, the phospholipids of the plasma membranes of cells
residing in such areas are also exposed to acidic pH. Finally, the
secretory PLA2 is able to modify lipoprotein particles in the extra-
cellular fluid [81,82], and there is ample evidence suggesting that it
plays a role in the development of atherosclerosis [83].

Themajor effects of pHare shown in Fig. 6 [84]. Themost obvious pH
effect found was that decreased pHwas associated with decreased area
per headgroup, which reflects decreased headgroup repulsions. This
change, again, resulted in many structural effects in the membranes.
Thus, at low pH, the lipid hydrocarbon chainswere found to have larger
orientational order parameter values, indicating a higher degree of
order in the hydrocarbon chains along the bilayer normal. Also, as
reflected in the electron density profiles across the membrane,
membrane thickness was found to increase with decreasing pH. As
membrane thickness is an important factor in determining the func-
tional protein-dependent characteristics of a givenmembrane [3,85,86],
even small changes inmembrane thicknessmay have significant effects
on the conformation of membrane proteins. Adding sodium chloride
[87] or cholesterol, or increasing the fatty acid chain length, have all
been shown to increase the bilayer thickness, whereas an increase in
chain unsaturation or an increase in the strength of headgroup
repulsions cause the bilayer to thin [88]. As predicted by the present
simulations, variation of pH within the range 9.0–5.5 influences the
thickness of a lipolyzed, but not an unlipolyzed, POPC bilayer.

Enzymatic modifications of various membrane lipid species are
thought to be responsible for local changes in the spontaneous cur-
Fig. 6. Monolayer structures at the end of simulation at pH 9.0, 7.5, or 5.5. For clarity,
water molecules and opposing monolayer leaflets are not shown. The acyl chains have
been rendered with bonds (colors: lysoPC black, FFA grey), whereas headgroup
phosphorus and nitrogen are rendered with VDW (colors: phosphorus orange, nitrogen
blue). The lower the pH, the smaller the area per lipid, the more ordered the lipid
hydrocarbon chains, and the thicker the membrane. Also, the value of spontaneous
curvature shifts from positive to negative, as the value of pH reaches 5.5.
vature of biological membranes [16]. These changes, again, are
involved in membrane fission and fusion [2], and also affect various
functions of the membrane proteins [3]. However, because the
molecular shapes of certain lipolyzed lipids (e.g. lysophosphatidic
acid) have a strong dependence on pH [7], certain lipids have more
than one value for spontaneous curvature. This phenomenon is clearly
observed in the present results, which suggest that the value of
spontaneous curvature shifts in the negative direction with decreas-
ing pH in a membrane formed solely of lysoPCs and FFAs. Hence, PLA2

hydrolysis could create local membrane nanoareas formed of lysoPCs
and FFAs in a bilayer separating two compartments that differ in pH.
The monolayer leaflet facing the acidic compartment would have
negative spontaneous curvature while the monolayer leaflet facing
the alkalic compartment would have positive spontaneous curvature,
thus creating a local membrane curvature required for membrane
fission.

Our findings from bilayers can also be related to the properties of
phospholipid monolayers covering intracellular lipid droplets [89]
and extracellular lipoprotein particles or lipid droplets [90], as the
properties of such surface monolayers resemble those of the outer
bilayer leaflet [91]. The behaviour of these monolayers is involved in
many physiologically important events. Thus, intracellular lipid
droplets are considered to be dynamic organelles controlling lipid
storage and efflux [92,93], and their surface lipid monolayer plays a
pivotal role in controlling the docking of various regulatory proteins
and enzymes. Any perturbation of the monolayer covering athero-
genic lipoprotein particles, again, can trigger aggregation and fusion of
the modified lipoprotein particles, so leading to lipid accumulation in
atherosclerotic lesions [94]. Regarding the fusion process, it has been
suggested that negative spontaneous curvature would ease up the
stalk formation [4,11]. Our results show that, at acidic pH, amonolayer
composed of lysoPC and oleic acid molecules has a net negative
spontaneous curvature, which leads to a hypothesis that PLA2 hy-
drolysis of lipid droplets or lipoprotein particles at acidic pH con-
ditions may lead to their fusion.
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