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The molecular structure of a phosphatidylserine
bilayer determined by scattering and molecular
dynamics simulations†
Jianjun Pan,*a Xiaolin Cheng,bc Luca Monticelli,de Frederick A. Heberle,b
Norbert Kučerka,fg D. Peter Tielemanh and John Katsaras*bij
Phosphatidylserine (PS) lipids play essential roles in biological processes, including enzyme activation and
apoptosis. We report on the molecular structure and atomic scale interactions of a ﬂuid bilayer
composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylserine (POPS). A scattering density proﬁle
model, aided by molecular dynamics (MD) simulations, was developed to jointly reﬁne diﬀerent contrast
small-angle neutron and X-ray scattering data, which yielded a lipid area of 62.7 Å2 at 25  C. MD
simulations with POPS lipid area constrained at diﬀerent values were also performed using all-atom and
aliphatic united-atom models. The optimal simulated bilayer was obtained using a model-free
comparison approach. Examination of the simulated bilayer, which agrees best with the experimental
scattering data, reveals a preferential interaction between Na+ ions and the terminal serine and
phosphate moieties. Long-range inter-lipid interactions were identiﬁed, primarily between the positively
charged ammonium, and the negatively charged carboxylic and phosphate oxygens. The area
compressibility modulus KA of the POPS bilayer was derived by quantifying lipid area as a function of
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surface tension from area-constrained MD simulations. It was found that POPS bilayers possess a much
DOI: 10.1039/c4sm00066h

larger KA than that of neutral phosphatidylcholine lipid bilayers. We propose that the unique molecular
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features of POPS bilayers may play an important role in certain physiological functions.

1. Introduction
In mammalian cell membranes the aminophospholipid phosphatidylserine (PS) comprises 2–10% of total phospholipid1 and
plays a pivotal role in a number of biological processes.
Specically, PS has been found to regulate membrane surface
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charge, and serves as a stereospecic binding partner for
globular domains.2 PS also acts as an important cofactor for
virus infection,3 promotes vesicle endocytosis,4 signals the
initiation of the coagulation cascade,5 and is required for
optimal protein targeting and activation during cell division.6
Importantly, the externalization of PS from the inside to the
outside of a cell – likely facilitated by scramblase activation
coupled with ippase inactivation – initiates the pathway of
programmed cell death.7,8
Despite its physiological importance, structural studies of PS
membranes have been few, and molecular dynamics (MD)
simulations of charged PS bilayers have been hampered by the
lack of experimental structural data. Previous MD simulations of
a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylserine (POPS)
bilayer produced an area per lipid of 55 Å2 at 27  C,9 a value
about 10 Å2 smaller than its zwitterionic counterpart, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC). Although
some PS lipid structural information should be transferable
from accurately determined PC structures, diﬀerences in headgroup electrostatics, including interactions with ions, can alter
the balance of forces that give rise to bilayer structure.10 Indeed,
small perturbations of these forces can result in relatively large
changes to some structural parameters, including the area per
lipid. For this reason, simulated structures must be carefully
validated with experimental data.
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In this study we used diﬀerent contrast small-angle neutron
(SANS) and X-ray (SAXS) scattering data, in conjunction with
MD simulations utilizing two diﬀerent force elds, to determine
the structure of a uid POPS bilayer. Specically, we developed a
scattering density prole (SDP) model to jointly rene SANS and
SAXS data. Bilayer structural parameters such as bilayer thickness and area per lipid were determined from this model-based
approach. We also performed multiple sets of area-constrained
MD simulations. A model-free comparison of these simulations
to the experimental scattering data revealed the “best” simulated bilayer, from which additional structural features and
mechanical properties of the POPS bilayer were determined.

2.
2.1

Materials and methods
Small-angle neutron and X-ray scattering

Synthetic POPS (sodium salt) was purchased from Avanti Polar
Lipids (Alabaster, AL) and was used as received. The molecular
volume of POPS was determined using a vibrating tube density
meter, as described in ESI Section S1.† Unilamellar vesicles
(ULVs) for scattering experiments were prepared as previously
described.11,12 Briey, 40 mg of POPS was mixed with 1.0 ml of
D2O buﬀer, followed by freeze–thaw cycling between 80 and
45  C. The lipid dispersion was extruded using an Avanti miniextruder outtted with a 50 nm diameter pore size polycarbonate lter. The resulting ULV suspension was divided into
three microcentrifuge tubes and diluted to the desired external
contrast condition (i.e., 100, 75 and 50% D2O) using an appropriate ratio of D2O and H2O buﬀers. The nal lipid concentration was about 12 mg ml1. ULVs for SAXS measurements were
prepared in a similar manner using H2O buﬀer.
Three buﬀer conditions were used for this study, namely: (1)
pure water; (2) 5 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) at pH 7.4; and (3) 5 mM HEPES/100 mM
NaCl at pH 7.4. No measurable diﬀerences in POPS bilayer
structure were observed for the diﬀerent conditions (ESI Section
S2†). Therefore, for purposes of clarity we present only the
scattering data for POPS ULVs suspended in pure water. The
obtained SANS and SAXS intensity I (ESI Sections S3 and S4†) as
a function of scattering vector Q was converted into neutron
(nFF) and X-ray (xFF)
factors using the relationship
pﬃﬃﬃﬃﬃform
ﬃ
FF ¼ Q  signðIÞ  |I|, where FF corresponds to nFF or xFF,
and sign(I) refers to the sign of the intensity I (i.e., plus or minus
for positive and negative intensities, respectively).
2.2

Molecular dynamics simulations

2.2.1 Simulations using CHARMM package. The
CHARMM-GUI Membrane Builder13 was used to generate
coordinates for a POPS bilayer containing 128 lipids total.
Hydrogen atoms were explicitly included for the entire lipid
molecule (all-atom model), including 5385 water molecules and
a suﬃcient amount of NaCl to prepare a salt concentration of
100 mM. MD simulations were performed using the NAMD 2.8
(ref. 14) and CHARMM 36 lipid force eld.15,16 Periodic
boundary conditions were enforced. For each system, atomic
coordinates were rst minimized using the conjugated gradient
This journal is © The Royal Society of Chemistry 2014

algorithm for 5000 steps, followed by 2 ns of equilibration for a
constant particle number, pressure, and temperature (NPT)
ensemble. Equilibrium was determined by monitoring the system's area per lipid and the root-mean-square deviation
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(vdW)
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tions were truncated via a potential-based switching function
used by X-PLOR. Starting from a switching distance of 10.5 Å,
the vdW potential was brought smoothly to 0 at the cutoﬀ
distance of 12 Å. Electrostatic interactions were treated using
the particle-mesh Ewald (PME) method with a 1.0 Å grid
spacing.17,18 The r-RESPA multiple-time-step method19 was
employed with a 2 fs time step for bonded, and 2 and 4 fs time
steps for short-range non-bonded and long-range electrostatic
interactions, respectively. The bonds between hydrogen and
other atoms were constrained using the SHAKE algorithm.20
We rst simulated the POPS bilayer using the NPT ensemble
for 40 ns. Langevin dynamics were used to maintain a constant
temperature of 298 K, while the Nosé-Hoover Langevin-piston
algorithm21,22 was used to maintain a constant pressure of 1 bar.
The z-axis was allowed to expand and contract independently of
the x–y plane (semi-isotropic pressure coupling). The result
from this simulation was used to guide the development of an
SDP model for the subsequent analysis of neutron and X-ray
scattering data.
An additional twelve sets of constant particle number, area,
normal pressure, and temperature (NAPnT) simulations were
performed, where the average lipid areas were constrained to
54.5, 56.0, 57.5, 59.0, 60.5, 62.0, 63.0, 64.0, 65.1, 66.2, 67.2 and
68.2 Å2, while the z-axis was allowed to expand and contract in
order to maintain a constant Pn. The starting congurations for
these simulations were selected snapshots from the NPT
trajectory with a lipid area close to the target value. The
production run length for each of these simulations was
between 79 and 114 ns. Only the nal 50 ns from each trajectory
were used for data analysis. All simulations were conducted on
the Hopper supercomputer located at the National Energy
Research Scientic Computing Center (NERSC).
The lipid bilayer area compressibility modulus KA is dened
as:23
KA ¼ [vg/v(ln A)]T,

(1)

where g is the surface tension and A is the lipid area. For each
simulated area A the surface tension g was calculated from the
diﬀerence between the normal [pN ¼ pzz] and lateral [pL ¼ (pxx +
pyy)/2] components of the pressure tensor in the simulation as
follows:
Ð
g ¼ [PN(z)  PL(z)]dz.

(2)

The lateral pressure prole as a function of the z-coordinate
was calculated with NAMD, based on the algorithm of Lindahl
and Edholm24 and Sonne et al.25
2.2.2 Simulations using GROMACS package. Initial POPS
bilayer coordinates and force eld were taken from Mukhopadhyay et al.9 The force eld is consistent with the Berger
parameter set,26 which uses a united atom representation for
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the hydrocarbon chains and explicit hydrogens for polar
moieties (aliphatic-united-atom model). Lennard–Jones interactions for the acyl chains were taken from Berger et al.;26 for all
other atom types, Lennard–Jones parameters were from
OPLS.27,28 Partial charges on the lipid backbone were assigned
similar to the work of Chiu et al.,29 and bonded interactions
were based on the GROMOS87 force eld30 (implemented in
GROMACS as ﬀgmx). Partial charges for the carboxylate group
were taken from the aspartic acid side chain in ﬀgmx. We will
refer to this force eld as GROMACS, in contrast to the
CHARMM force eld which is described in Section 2.2.1.
The system contained a total of 128 lipids, 5391 SPC water
molecules, and 150 mM NaCl. All simulations were carried out
using the GROMACS 4.5 soware package.31 Two types of
simulations were performed, depending on the treatment of the
average lipid area, namely: (1) for NPT simulations a semiisotropic pressure coupling of 1 bar was applied, thus allowing
the area per lipid to vary; and (2) in NAPnT simulations, the
average lipid area was xed in the x–y plane and 1 bar of pressure was applied in the z direction. The lipid area determined
from unconstrained simulations was 52.0 Å2, while average
areas of 65.1 and 67.5 Å2 were chosen for constrained simulations. In both cases, pressure was maintained using the Parrinello–Rahman barostat32 with a time constant of 4 ps and
compressibility of 4.5  105 per bar. Lipid and solvent
(including ions) were coupled separately to a temperature bath
at 298 K using the Bussi–Donadio–Parrinello thermostat
(v-rescale)33 with a coupling constant of 1 ps.
A leapfrog integrator was used with a 2 fs time step. All bonds
were constrained to their equilibrium values using the SETTLE
algorithm34 for water, and the LINCS algorithm31,35 for all other
bonds. A cutoﬀ of 1.0 nm was used for calculating the Lennard–
Jones interactions. Electrostatic interactions were evaluated
using the PME method.17,18 Real space interactions were evaluated using a 1.0 nm cutoﬀ, and reciprocal–space interactions
were evaluated on a 0.12 nm grid using a fourth-order spline
interpolation. Simulation times were 100 ns and 300 ns for
unconstrained- and constrained-area simulations, respectively,
with atomic coordinates recorded every picosecond. Only the
nal 40 ns of each simulation trajectory were used, and were
analyzed using GROMACS.

3.
3.1

Results
SDP model analysis of scattering data

Three sets of diﬀerent contrast SANS data (i.e., 100, 75 and 50%
D2O) and one set of SAXS data (100% H2O) were obtained from
POPS ULVs at 25  C. Guided by preliminary MD simulations, an
SDP model (Fig. 1) was developed to jointly rene the experimental datasets. The POPS headgroup and hydrocarbon chains
were each parsed into three components, such that the individual
component volume probability distributions were fully described
by Gaussian and error functions (ESI Section S5†). We note that
the approximation of the hydrocarbon chain region by two error
functions precludes the possibility of water molecules residing in
the bilayer center. This treatment is based on two considerations:
(1) both SANS and SAXS measurements were performed on time
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Fig. 1 POPS bilayer component distributions. (A) A representative
snapshot of the POPS bilayer. Components are colored following the
scheme in (B) of an individual POPS molecule. The headgroup and
hydrocarbon chains are each parsed into three components (i.e.,
glycerol-carbonyl backbone G1, phosphate G2 and terminal serine G3
for the headgroup, and methine CH, methylene CH2 and terminal
methyl CH3 for the hydrocarbon chains). Number density (C) and
volume probability (D) distributions of each component were calculated after averaging a trajectory of NAPnT simulations. The small
deviations from unity (along z) of the total volume probability (thick
gold line in D) are consistent with the assumption that there is no
persistent vacancy along the bilayer normal.

scales much larger than the transient nature of water molecules
in the hydrocarbon chain region;36 and (2) the water concentration in the bilayer center is below the detection limit of one water
molecule per lipid, as determined by magic angle spinning
nuclear Overhauser enhancement spectroscopy.37
Fig. 2 shows the result from SDP analysis, which shows good
agreement between experimental and model form factors
(Fig. 2A and B), with the corresponding model neutron scattering length density (NSLD) and electron density (ED) proles
shown in Fig. 2C and D, respectively. When calculating the
bilayer NSLD, it is particularly important to account for
exchangeable hydrogens (ESI Section S6††). For example, within
the PS headgroup, the terminal serine's ammonium ion
possesses three rapidly exchangeable hydrogens. This is in
contrast to phosphatidylcholine (PC) lipids, which do not
contain exchangeable hydrogens. The PS bilayer's NSLD is
therefore dependent on solvent D2O concentration. For a
solvent with a D2O mole fraction c (0 # c # 1), a statistically
representative ammonium possesses 3  c deuteriums and 3 
(1  c) hydrogens. We found that neglecting exchangeable
hydrogens in the analysis articially increases POPS' lipid area.

This journal is © The Royal Society of Chemistry 2014
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Table 1 POPS bilayer structural parameters obtained from NAPnT
simulations (i.e., CHARMM force ﬁeld) and SDP model analysis. Double
asterisks (**) in the last column denote ﬁxed parameters during SDP
model analysis, while a single asterisk (*) denotes “soft” constrained
parameters with their target values in parentheses. The estimated
uncertainties for lipid area and bilayer thicknesses are 2%.

SDP model analysis of experimental scattering data for a POPS
bilayer. (A) Neutron form factors at three D2O concentrations. (B) X-ray
form factor. Electron density (C) and neutron scattering length density
(D) distributions of bilayer components were calculated from the
volume probability distributions (E), which were determined by jointly
reﬁning experimental neutron and X-ray form factors. The thick gold
lines in (C) and (D) represent total electron density and neutron scattering length density (in 100% D2O) proﬁles, respectively. Note that
only one bilayer leaﬂet is shown in the electron density and neutron
scattering length density distributions. The color scheme of each
component is the same as in Fig. 1. The vertical dashed line separating
two yellow-ﬁlled areas in (E) highlights the Gibbs dividing surface,
which is located at the water/bilayer interface (DB/2). The hydrocarbon
chain thickness (2DC) is deﬁned by the total width of the two error
functions representing the sum of the CH, CH2 and CH3 components.
Fig. 2

A key feature of SDP analysis is the common description of
ED and NSLD proles, which are linked by the underlying
component volume probability distributions (Fig. 2E). The
component ED and NSLD proles retain the same functional
forms as the component volume probability distributions, and
diﬀer only by a scaling factor (the component's total number of
electrons or neutron scattering length). SDP analysis therefore
consists of nding component volumes (parameter set 1) and
variables (parameter set 2) describing the volume probability
distributions (i.e., the width and position of Gaussian and error
functions). Lipid bilayer structure is eﬀectively dened by these
two sets of parameters.38 For example, the bilayer hydrocarbon
chain thickness 2DC is dened as the full width of the two error
functions, which represent the total volume probability of the
hydrocarbon chains (Fig. 2E). The overall bilayer thickness DB is
dened by the location where the integral of the water volume
probability on the bilayer side equals the integral of water
decit on the solvent side (denoted by the yellow-lled areas on
either side of the vertical dashed line in Fig. 2E). The area per
lipid A is related to DB through volumetric data, i.e., A ¼ 2VL/DB,
where VL is the lipid volume. A can also be calculated based on
the hydrocarbon chain thickness DC, i.e., A ¼ VHC/DC, where VHC
is the hydrocarbon chain volume.
The tting parameters obtained from SDP model analysis of
the POPS bilayer are listed in Table 1, in addition to a set of areaconstrained MD simulations (A ¼ 62.0 Å2) using the CHARMM
force eld. Parameters include: (1) A, the area per lipid; (2) VL,
VHL, and VCH2, the volumes of the total lipid, lipid headgroup,
and average methylene group in the hydrocarbon chain region,

This journal is © The Royal Society of Chemistry 2014

A (Å2)
VL (Å3)
VHL (Å3)
VCH2 (Å3)
DB (Å)
2DC (Å)
DHH (Å)
DH1 (Å)
sCH3 (Å)
rCH3
zCH (Å)
sCH (Å)
rCH
zHC (Å)
sHC (Å)
zG1 (Å)
sG1 (Å)
rG1
zG2 (Å)
sG2 (Å)
rG2
zG3 (Å)
sG3 (Å)

CHARMM

SDP model

62.0
1196.7
289.2
26.7
38.6
29.2
40.6
5.7
3.0
2.1
7.8
2.5
0.9
14.6
2.1
15.9
2.1
0.46
19.6
2.0
0.29
21.6
2.2

62.7
1198.5**
278.0**
27.2
38.2
29.4
42.2
6.4
2.9
2.0*(2.1)
7.8*(7.8)
2.5*(2.5)
0.9*(0.9)
14.7
2.1*(2.1)
16.8
2.0
0.46*(0.46)
20.5
2.1
0.29*(0.29)
22.9
2.2*(2.2)

respectively; (3) DB, 2DC, DHH, and DH1 are, respectively, the
overall bilayer thickness, bilayer hydrocarbon chain thickness,
the headgroup–headgroup separation as determined by the
distance between ED maxima, and the diﬀerence between DHH/
2 and DC; (4) zHC and sHC are the half-separation (same as DC)
and width of the two error functions, respectively, representing
the total hydrocarbon chain region; (5) zCH, sCH, and rCH are,
respectively, the Gaussian center, width, and the volume ratio
VCH/VCH2, where VCH and VCH2 refer to the average volume of the
CH and CH2 components, respectively (the same notation was
applied to the CH3 component to dene sCH3 and rCH3); and (6)
zG1, sG1, and rG1 are, respectively, the Gaussian center, width,
and volume fraction with respect to the total headgroup of the
G1 component, with the same notation applied to the G2 and
G3 components (i.e., zG2, sG2, rG2, and zG3, sG3).
To enhance the robustness of the nonlinear least-squares
tting algorithm, parameter space was restricted through a
judicious choice of constraints which were guided by a combination of experimental and simulation data. Specically, the
total lipid volume was xed to an experimentally determined
value (ESI Section S1†). It is worth noting that the total lipid
volume resulting from MD simulations is in good agreement
with the experimental value (Table 1). Lipid headgroup volume
VHL is, however, more variable. In the present study we assumed
that the total hydrocarbon chain volume of POPS is identical to
POPC.11 This assumption yields a POPS headgroup volume of
278.0 Å3. To estimate structural uncertainties resulting from the
headgroup volume uncertainty we performed SDP model
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analysis by setting the headgroup volume to 250.2 or 305.8 Å3
(i.e., allowing for VHL to deviate by as much as 10% from
278.0 Å3). The resulting lipid area varies by less than 0.4%,
which is well below the upper bound limit of 2% uncertainty
that we estimate for lipid area and bilayer thicknesses based on
current model analysis.38,39
In addition to the xed total lipid and headgroup volumes,
several so constraints were applied, whereby deviation from a
target value (taken from MD simulations) resulted in a
quadratic penalty to the overall c2. So-constrained parameters
include the ratios of the headgroup and acyl chain component
volumes (rG1, rG2, rCH and rCH3), the width and center of the CH
component (sCH and zCH), the width of the hydrocarbon error
function (sHC), and the width of the G3 component (sG3).
Finally, to avoid local minima, the tting procedure was
implemented as follows:
1. Let t0,i represent the initial guess for the ith tting
parameter whose deviation is assumed to be no greater than Dti.
A random number Ri ˛ [1, 1] was generated with the initial
value of the ith parameter taken as ti ¼ t0,i + Dti  Ri.
2. Step 1 was repeated for all tting parameters to generate a
set of input parameters t.
3. The SDP analysis was performed using t to generate a set
of best-t bilayer structural parameters tSDP.
4. Steps 1–3 were repeated to generate an ensemble of tSDP,
which in general depended on the initial input parameter set t.
If a subset of tSDP (more than one set) exhibits the same structural parameters with the smallest c2, the best estimate of the
SDP parameters were considered determined, otherwise the
analysis produced no solution – most likely, each tSDP set
corresponds to local minima.

3.2

Paper

simulation and experimental form factors, respectively, sFexp is
the uncertainty of the experimental form factor, and k is a
scaling factor that minimizes c2. When multiple experimental
form factors are available, as was the case in the present study
(i.e., three diﬀerent contrast SANS form factors and one SAXS
form factor), the overall c2 is the sum of the individual c2 for
each set of form factors. The most physically probable lipid
bilayer produced by simulations is the one that generates the
smallest overall c2.
Using the above metric, we calculated the neutron (three
sets), X-ray, and overall c2 for all simulations using the
CHARMM force eld. The resulting lipid areas ranging from
57.5 to 67.2 Å2 are shown in Fig. 3. The neutron c2 exhibits a
minimum at A ¼ 62.0 Å2 (open triangles), and the X-ray c2 has a
minimum at A ¼ 63.0 Å2 (open squares) – although the diﬀerence between A ¼ 62.0 and 63.0 Å2 for the X-ray c2, is small. An
example of the model-free comparison between simulation and
experimental form factors is shown in Fig. 4. The similar trends
of the neutron and X-ray c2, in addition to the similar lipid
areas, where the smallest neutron and X-ray c2 occurs (Fig. 3, A
¼ 62.0–63.0 Å2), strongly support the validity of the simulated
POPS bilayer.40 It should also be pointed out that the smallest
overall c2 occurs at 62.0 Å2 (open circles), a lipid area which is
very close to the one predicted by SDP model analysis (i.e.,
62.7 Å2).
3.3

Lateral bilayer area compressibility

The area compressibility modulus KA is an intrinsic mechanical
property of lipid bilayers and can be obtained from MD simulations either through quantifying thermal uctuation amplitudes or from the surface tension at several diﬀerent lipid
areas.23 Using the method described in the Materials and

Model-free validation of simulated bilayers

It is not surprising that inaccuracies in MD force elds can
result in bilayers with unphysical features. It is therefore
essential to compare simulated bilayers to experimental data. In
this work, a model-free validation of simulated bilayers was
achieved by comparing experimental and simulated form
factors, rather than derived structural parameters such as lipid
area, which are aﬀected by prior assumptions made during
model analysis. Simulated bilayer form factors were obtained
directly from MD trajectories by computing the number density
distributions of all atoms, from which the NSLD and ED proles
were then obtained by summing the products of the number
density of each atom by its corresponding neutron scattering
length or electron number. Fourier transform of the solventsubtracted NSLD or ED prole then gives rise to the simulation
neutron or X-ray form factor. The quality of each simulation
form factor was quantied by the reduced c2, which is
dened as:
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
2
N 
u 1 X
Fsim;i  k  Fexp;i
2
c ¼t
;
(3)
k  sFexp
N  1 i¼1
where N is the number of experimental data points, i is the
index referring to each data point, Fsim and Fexp are the

3720 | Soft Matter, 2014, 10, 3716–3725

Fig. 3 Model-free comparison between experimental and simulated
form factors using the CHARMM force ﬁeld for diﬀerent lipid areas.
Three types of c2 were plotted. The neutron c2 (open triangle, left axis)
was obtained by summing the squares of the neutron form factor
diﬀerences at 3 D2O concentrations, after being weighted by their
experimental uncertainties and number of data points. The X-ray c2
(open square, right axis) was obtained in a similar fashion, except that
there is only one X-ray data set. The overall c2 (open circle, left axis) is a
combination of the neutron and X-ray c2.

This journal is © The Royal Society of Chemistry 2014

View Article Online

Paper

Soft Matter

Published on 18 February 2014. Downloaded by CISTI Archive Access on 12/05/2014 06:25:49.

3.4 Molecular features inferred from the “best” simulated
bilayer

Fig. 4 Model-free comparison between experimental scattering data

and a simulated POPS bilayer with A ¼ 62.0 Å2. The diﬀerent contrast
experimental neutron and X-ray form factors (symbols) are the same
as those used in the SDP model analysis (Fig. 2). The corresponding
simulation form factors (solid lines) were calculated from atom
number density distributions using NAPnT simulations. Each experimental form factor was scaled by a constant to minimize the reduced
c2, after taking experimental uncertainties into account.

The model-free comparison presented in Section 3.2 lends
support to area-constrained bilayer simulations that are capable
of reproducing experimental SANS and SAXS signals. In this
section we will describe some of the important ndings
regarding POPS bilayers, which were obtained from all-atom
simulations using the CHARMM force eld at A ¼ 62.0 Å2.
To understand the molecular interactions taking place
between the charged PS headgroups and the surrounding
counterions, we calculated volume averaged radial distribution
functions (RDFs) for Na+ ions with respect to diﬀerent lipid
oxygen atoms. These results are summarized in Fig. 6. Wellresolved peaks were identied between Na+ ions and three
types of oxygen atoms. Moreover, based on the magnitude (or
integral) of the RDF peaks near 2.3 Å, it was found that Na+ ions
interact most strongly with the terminal carboxylic oxygen,
followed by the phosphate oxygen and lastly, by the backbone
carbonyl oxygen (weakest interaction). The decreasing aﬃnity
of Na+ ions for lipid oxygens, which are located further from the
aqueous phase into the lipid's backbone region, can be rationalized as follows. First, electrostatic interactions dominate
the binding aﬃnity of Na+ such that the less polarized backbone carbonyl oxygen has a weaker aﬃnity for Na+ than the
negatively charged carboxylic and phosphate oxygens. Second,
due to the disposition of the serine and phosphate groups, the
serine side chain is more exposed to the aqueous phase, thus
enabling serine carboxylate to accommodate more neighboring
Na+ ions.
To visualize the Na+ ion distribution near PS headgroups, a
snapshot is shown in Fig. 7. It is clear that Na+ ions are located
in cages framed by neighboring water molecules and negatively
charged lipid oxygens. The cage geometry changes in order to
accommodate one or more Na+ ions. When only one Na+ is
present within the cage, the total number of water and lipid
oxygens is about 6–7. When two Na+ are present in the cage, the
average number of total water and lipid oxygens shielding each
ion decreases, primarily due to the cooperative eﬀect between
the two Na+ ions within the cage (i.e., Na+ ions partially shield

Fig. 5 Lateral surface tension applied to a POPS bilayer as a function
of lipid area. The linear ﬁt to the data (solid line) resulted in a bilayer
area compressibility KA of 601 mN m1.

Methods, we calculated the surface tension of POPS bilayers at
diﬀerent lipid areas (Fig. 5, CHARMM force eld simulations). A
linear t resulted in a KA of 601 mN m1. As discussed by
Waheed and Edholm,23 KA is inuenced both by sampling time
and system size. For simulations on a time scale of 100 ns and a
system size of 100 lipids per monolayer, KA has an error of about
10%.23 Our estimate of 601  60 mN m1 for the KA of a POPS
bilayer is about two times the value of 250–300 mN m1 found
for uid-phase PC bilayers.23,40–42
This journal is © The Royal Society of Chemistry 2014

Fig. 6 RDFs of Na+ ions with respect to POPS carboxylic (green),
phosphate (ﬁrebrick), and backbone carbonyl (marine) oxygens.
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Fig. 7 Interactions of Na+ ions with lipid and water molecules. A
snapshot from NAPnT simulations depicting the packing of water and
lipid oxygens surrounding Na+ ions. The nearby lipid carboxylic and
phosphate oxygens (within 3 Å of Na+ ions) are shown as red spheres,
the nearby water oxygens (within 3 Å of Na+ ions) are depicted as
green spheres, and the Na+ ions are shown as deep blue spheres. The
remainder parts of lipids are depicted as thin sticks. Ellipses highlight
two types of Na+ cages (i.e., s1, s2 and s3 correspond to single-Na+
cage, and d1 and d2 correspond to double-Na+ cage).

Lipid–lipid interactions in the headgroup region. (A) Interactions between neighboring lipid ammonium and carboxylic oxygens
(highlighted by green dashed lines). The oxygen–nitrogen distances
are shown in units of Å. Three lipids are shown in ball-stick representation with semi-transparent surfaces. The oxygen, nitrogen and
phosphorus atoms are colored in red, blue and orange, respectively.
(B) Interactions between neighboring lipid ammonium and phosphate
oxygens (highlighted by yellow dashed lines).

Fig. 9

each other). PS lipids, therefore, seem to reduce the number of
water molecules associated with interfacial Na+ ions.43
In addition to lipid–ion interactions, we also explored the
role of lipid–lipid interactions in stabilizing PS bilayer organization. RDFs between the positively charged ammonium
nitrogen of the terminal serine and diﬀerent oxygen atoms
show that H-bonding and electrostatic interactions play a
central role, as indicated by the prominent peaks near 2.7 Å
between the ammonium nitrogen and carboxylic oxygen, and
between the ammonium nitrogen and phosphate oxygen
(Fig. 8). A signicantly smaller peak, at a similar distance, was
also identied between the ammonium nitrogen and backbone
carbonyl oxygen, suggesting the presence of weak H-bonds. We
note that the RDFs were calculated by counting only inter-lipid

atom pairs (i.e., atom pairs belonging to the same lipid were
excluded). This method avoids counting intra-lipid pairs, thus
eliminating eﬀects arising from the close proximity between the
ammonium nitrogen and carboxylic oxygen within the serine
moiety. It is noteworthy that the diminished aﬃnity of the
backbone carbonyl oxygen to the ammonium nitrogen of POPS
observed here is diﬀerent than that reported in a previous study,
where similar aﬃnities of DPPS’ ammonium to its carboxylic,
phosphate, and backbone carbonyl oxygens were observed.44
Two examples of inter-lipid interactions are illustrated in Fig. 9,
depicting ammonium–carboxylate interactions (Fig. 9A) and
ammonium–phosphate interactions (Fig. 9B).

4. Discussion
4.1

Fig. 8 Self-avoided inter-lipid interactions. RDFs were calculated
between the ammonium nitrogen and three types of oxygens, namely
carboxylic (green), phosphate (ﬁrebrick), and backbone carbonyl
(marine) oxygens. To eliminate close proximity eﬀects between the
ammonium and the carboxylate moieties within a given lipid molecule,
only inter-lipid pairs were calculated.
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Structural properties of the PS lipid bilayer

Because commonly used neutron and X-ray wavelengths are on
the order of angstroms, SANS and SAXS are suitable probes for
elucidating the structure of uid lipid bilayers. By jointly rening
SANS and SAXS data against a unied SDP model, we obtained a
POPS lipid area of 62.7 Å2 at 25  C. The model used three Gaussian
functions to describe the PS headgoup. We also used a model with
two Gaussian functions for the headgroup (i.e., one Gaussian
function for the carbonyl-glycerol backbone and another for the
phosphate and serine), which yielded a lipid area of 62.5 Å2
(Fig. S4 in the ESI†), suggesting that the SDP analysis is insensitive
to diﬀerent atomic groupings within the PS headgroup.

This journal is © The Royal Society of Chemistry 2014
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To assess the eﬀect of temperature on PS structure, we also
studied POPS bilayers at 35, 45 and 55  C using the same SDP
model analysis. The resultant lipid areas as a function of
temperature are shown in Fig. 10, along with data for the
zwitterionic POPC lipid. It is clear that at a given temperature,
POPS and POPC have similar lipid areas, implying that the
negative charge associated with POPS does not have a large
impact on lipid bilayer packing. This is consistent with an
earlier study of 1,2-dioleoyl-sn-glycero-3-phosphatidylserine
(DOPS) using X-ray diﬀraction data alone.45 The authors reported a lipid area of 65.3 Å2 for DOPS at 30  C, a value similar to a
lipid area of 67.4 Å2 reported for its zwitterionic counterpart
1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC).38
More recently, Venable et al. studied the eﬀect of Na+ ion
Lennard–Jones radii on POPS bilayer structure.10 They found
that the simulated bilayer with an area per lipid of 58.4 Å2
agreed best with their nuclear magnetic resonance (NMR)
deuterium order parameters. However, when compared to their
NMR data, it is clear that their best simulated bilayer exhibits
greater chain order (i.e., smaller lipid area). Their NMR data
thus appears to be consistent with our result, where POPS has a
lipid area larger than 58.4 Å2 (i.e., 62.7 Å2).
It is important to validate MD simulations of PS lipid bilayers9,10,44,46–48 using experimental data. Here we employed an
approach devised by Braun et al.,40 where multiple sets of MD
simulations were performed with diﬀerent (constrained) lipid
areas. By comparing c2 between simulated and experimental
form factors (eqn (3)), an optimal simulated bilayer was identied. A second criterion comes from the consideration that the
c2 minimum for neutron and X-ray form factors should occur at
the same (or at least similar) lipid area.40 This is conrmed by
data in Fig. 3, which shows the trend of individual neutron and
X-ray c2. A distinct advantage of our approach is that it can be
used for the structural determination of lipid bilayers doped
with other molecules. For example, it is not uncommon to
encounter situations where a peptide's conformation in a lipid
bilayer is not known. In such a case, by performing a series of
simulations with diﬀerent peptide conformations, the correct
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peptide/lipid bilayer structure can be obtained when the
simulated system is found to agree with the experimental
scattering data.49
4.2

Mechanical properties of POPS bilayer

Lipid membranes are dynamic and exible entities, a prerequisite for many biological processes. In addition to their static
structural properties, their mechanical properties are also
important. For example, membrane bending rigidity plays an
essential role in cell endocytosis and exocytosis, cell division,
and viral fusion. Similarly, membrane area compressibility
characterizes how easily a membrane can be laterally stretched
or compressed, a feature most likely important in mediating
membrane protein functions, such as ion channel
conductance.50
By quantifying the relationship between surface tension and
lipid area, the lipid bilayer area compressibility modulus KA can
be determined. From our simulations of POPS bilayers using
the CHARMM force eld, KA was found to be 601  60 mN m1,
a value considerably larger than that for PC bilayers, which was
experimentally determined to be about 250 mN m1,41,42 and
about 300 mN m1 from simulations.23,40 The larger KA for a
POPS bilayer is consistent with an earlier study of DOPS multilamellar vesicles,45 where it was found that for a given water
content, DOPS bilayers exhibit smaller thermal uctuations
than DOPC bilayers. Moreover, 31P-chemical shi NMR
measurements indicated that the DOPS headgroup was less
susceptible to external perturbations induced by osmotic pressure. Based on these data, it was concluded that DOPS bilayers
possess a larger bending rigidity than their PC counterparts.45
In contrast to pure PS bilayers, the addition of 16% POPS to
1-stearoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine
(SOPC)
bilayers results in no signicant change to the overall bilayer
bending rigidity.51 Similarly, a small fraction of DOPS induces
negligible perturbation to 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine's (DOPE) bending modulus in the HII phase.52
The observation that bilayers composed of PS lipids exhibit a
large KA, while bilayers composed of PS and neutral lipids
exhibit a small KA, can be rationalized as follows. In the case of
PS bilayers, the cooperative lipid–lipid associations facilitated
by long-range electrostatic interactions confer substantial
resistance to lateral deformation (Fig. 9). However, the presence
of neutral lipids disrupts the electrostatic network between PS
lipids, thus making the mixed lipid bilayer more susceptible to
lateral deformation. One implication of this is that membranes
with PS-rich domains will exhibit a larger KA than randomly
mixed PS and neutral lipids.
4.3 Molecular interactions within a POPS bilayer inferred
from MD simulations

Fig. 10 Eﬀect of the headgroup moiety on lipid bilayer structure.
POPS lipid areas as a function of temperature are from this study
(green circles). The lipid areas for POPC (black squares) are from
Kučerka et al.11

This journal is © The Royal Society of Chemistry 2014

The model-free comparison (Fig. 3 and 4) indicates that simulated bilayers with an average lipid area of 62.0 Å2 represent the
most physically realistic POPS bilayer. Using this criterion, we
derived several important molecular features of the POPS
bilayer, which was simulated at A ¼ 62.0 Å2 using the CHARMM
force eld. Specically, we found that PS headgroups form a
Soft Matter, 2014, 10, 3716–3725 | 3723
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large network stabilized by long-range electrostatic interactions
(Fig. 9). We also found that the headgroup's terminal serine
plays a central role in lipid–lipid interactions. The unique
capability of the serine group to promote inter-lipid interactions
might be essential for enabling the participation of PS in
various cellular functions. For example, externalization of PS
lipids could give rise to the formation of PS-rich domains in the
outer plasma membrane. Such domains, or serine facilitated
lipid–lipid networks, could serve as hallmarks for apoptosis,
which could be detected and targeted by extracellular partners,
leading to downstream events associated with programmed cell
death.
In addition to lipid–lipid interactions, a pairing between
counterions and POPS headgroups was also observed. We found
that the majority of Na+ ions associate with the carboxylate and
phosphate groups (Fig. 6). This result is in contrast to recent
simulations of a binary mixture composed of POPC and POPS,53
where it was reported that Na+ ions penetrate deep into the lipid
bilayer and preferentially associate with the backbone carbonyl
oxygen. A similar result was reported for DPPS bilayers.43 On the
other hand, our result is consistent with the simulation work of
Polyansky et al., who reported a preferential association
between Na+ ions and the carboxylate and phosphate oxygens,
but not the backbone carbonyl oxygen.47 Presumably, counterions can be biased toward diﬀerent lipid moieties depending on
the details of the simulation force eld. Validation protocols,
such as comparing the scattering signal of simulated bilayers to
experimental data, are therefore necessary for drawing reliable
conclusions derived from MD simulation data.

5.

Conclusion

In the present study we developed an SDP model for the POPS
bilayer, which was aided by MD simulations. The model was
then used to jointly rene diﬀerent contrast SANS and SAXS
data, yielding a lipid area of 62.7 Å2 at 25  C. Multiple sets of
simulations were then performed with the lipid area constrained at discrete values. This resulted in an optimal simulated POPS bilayer (minimal overall c2) from which detailed
molecular features were determined. Specically, we found that
Na+ ions are coordinated in cages and preferentially interact
with the lipid's carboxylate and phosphate groups. In addition,
we found that neighboring PS lipids interact strongly with each
other, an interaction facilitated by the positively charged
ammonium and the negatively charged carboxylate and phosphate within the headgroup. Long-range inter-lipid electrostatic
interactions, which are absent in neutral lipids, promote PS
lipid cross-talk, and may be an important feature of PS participation in various cell phenomena, including programmed cell
death. The headgroup network formed by PS lipids also
suggests that the PS headgroup should not be treated as a point
charge, but rather a polarized moiety with positive and negative
charges dispersed among its diﬀerent groups. Such a picture
may be important when considering PS-specic targeting by
anionic proteins and peptides.6 Finally, by quantifying surface
tension and lipid area deformation, we found that POPS bilayers exhibit a much larger area compressibility than bilayers
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composed of neutral lipids. This could have important implications for processes in which membrane material properties
play a signicant role, including the regulation of membrane
ion channel permeability.50
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