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ABSTRACT: Following our previous eﬀorts in determining the structures of commonly
used PC, PG, and PS bilayers, we continue our studies of fully hydrated, ﬂuid phase PE
bilayers. The newly designed parsing scheme for PE bilayers was based on extensive MD
simulations, and is utilized in the SDP analysis of both X-ray and neutron (contrast varied)
scattering measurements. Obtained experimental scattering form factors are directly
compared to our simulation results, and can serve as a benchmark for future developed
force ﬁelds. Among the evaluated structural parameters, namely, area per lipid A, overall
bilayer thickness DB, and hydrocarbon region thickness 2DC, the PE bilayer response to
changing temperature is similar to previously studied bilayers with diﬀerent headgroups.
On the other hand, the reduced hydration of PE headgroups, as well as the strong
hydrogen bonding between PE headgroups, dramatically aﬀects lateral packing within the
bilayer. Despite sharing the same glycerol backbone, a markedly smaller area per lipid
distinguishes PE from other bilayers (i.e., PC, PG, and PS) studied to date. Overall, our
data are consistent with the notion that lipid headgroups govern bilayer packing, while hydrocarbon chains dominate the bilayer’s
response to temperature changes.

■

INTRODUCTION

phosphatidylethanolamine (PE), phosphatidylserine (PS),
phosphatidylinositol, and cardiolipin.2
In general, the diﬀerent organelle membranes have diﬀerent
lipid compositions, and consequently diﬀerent structural and
functional characteristics. As structure is thought to be coupled
to function, the myriad speciﬁc functions occurring in these
membranes are reﬂected in the lipidome's size and diversity.3
For example, the thermodynamic phase of multicomponent
lipid mixtures plays a lead role in determining the membrane’s
physicochemical properties. In the case of phospholipids, the
bilayer’s phase is primarily determined by the chemical
properties of their hydrocarbon chains and polar headgroups,
including their capacity to associate with water. In PE
bilayerswhich inherently interact with fewer water moleculesthe main gel-to-liquid disordered phase transition

Membranes that surround cells and separate their contents
from the external environment are ubiquitous in nature.
Biological membranes consist mainly of lipids and proteins,
where it is widely accepted that the membrane’s underlying
structure is imparted by the lipid bilayer. As such, tremendous
eﬀort has been expended over the years in studying lipid bilayer
structure and dynamics in hopes of understanding the
functional mechanisms taking place at membrane interfaces.1
However, due to the compositional complexity of biological
membranes, the physical properties and functional roles of
individual lipid species have proven exceedingly diﬃcult to
determine. In order to gain insight into the roles of individual
lipid components, it is necessary to study model membrane
systems that contain the species of interest. For example, in
eukaryotic cells the predominant lipid species are glycerolbased phospholipids such as phosphatidylcholine (PC),
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temperature increases by as much as 30 °C, compared to PC
bilayers with the same chain composition.4 Another important
parameter is the molecular geometry of the diﬀerent lipids
making up the membrane. For example, due to the relatively
small size of the PE headgroupcompared to the cross section
of its hydrocarbon chainsits presence in membranes imposes
a curvature which may be necessary for accommodating certain
proteins, and which may in turn modulate their function.5
Therefore, in order to better understand the complex assembly
we call the membrane, there is a clear need for careful and
precise characterization of its individual components.
As mentioned, a cell’s function is closely associated with the
structure of its membranes. For most biological membranes, the
underlying structure is a liquid disordered lamellar phase, in
which individual lipids exhibit liquid-like conformational
degrees of freedom. As a result, the transverse bilayer structure
is best described by broad statistical distributions, rather than
sharp delta functions typically used for the structural
determination of data from 3D crystals. Due to this inherent
disorderwhich is thought to be crucial for proper biological
functionaveraged structural information is not easily
obtained.6 Fortunately, a renewed interest in the study of
lipid−water systems has led to recent advances in neutron and
X-ray scattering techniques, which are extensively used to
elucidate the structure of biologically relevant membranes.7
Access to such structural information is necessary in order to
better understand the relationship between biomembrane
structure and function. A recent example has been the
unraveling of the so-called Gordian knot of type 2 diabetes
mellitus, where the occurrences of gestational diabetes mellitus
were correlated with a markedly lower PC and PE unsaturation
index.8
PCs are the major lipid group in mammalian membranes,
while PEs account for nearly 25% of total phospholipids (up to
45% of the brain’s total lipid content), and are the major
constituent of bacterial membranes.9 PE was ﬁrst isolated by
Ludwig Thudichum in 1884, at which time the discovery’s
impact was considered to be hardly commensurate with the
expended time and cost“not unlike today’s sentiments
applied to basic research” as noted by Vance and Tasseva.9
However, in recent years, this aminophospholipid has been
identiﬁed in playing key roles in many biochemical and
physiological processes taking place in mammalian cells.10 For
example, changes to the PC/PE ratio appear to be associated
with liver disease11 and heart myocytes.12 Similarly, a decrease
in mitochondrial PE impairs cell growth, respiratory capacity,
and ATP production and profoundly alters mitochondrial
morphology13 and function, which are implicated in neurodegenerative disorders,14 cardiovascular disease/metabolic
syndrome,15 diabetes,16 and tumor development.17 While
PE’s biological importance has been documented in numerous
studies, its precise mechanistic role is still poorly understood.18
We recently developed a hybrid experimental/computational
technique (reviewed by Heberle et al.19) for determining the
bilayer’s scattering density proﬁle (SDP), which addressed
some of the diﬃculties associated with obtaining the area per
lipid, and other structural information, from disordered
membranes.20 The technique exploits the fact that neutron
and X-ray scattering are sensitive to diﬀerent parts of the lipid
bilayer. While X-ray scattering is sensitive to the position of the
phospholipid headgroup, due to the large X-ray scattering
length density (XSLD) contrast between the electron-rich
phosphate and the hydrocarbon/aqueous medium, the large

diﬀerence in the neutron scattering length density (NSLD)
between the protiated lipid and the deuterated water accurately
deﬁnes the position of the bilayer/water interface. The
complementarity of these structural techniques, when combined with independently obtained lipid volumes, results in a
model that accurately describes the detailed lipid bilayer
structure, and yields the all-important area per lipid. The initial
step in SDP analysis involves the parsing of the lipid molecule
into components whose volume probability distributions follow
simple analytical functional forms. This is best accomplished by
utilizing results from molecular dynamics (MD) simulations. It
is imperative, however, to ﬁrst verify such simulations with
experimental results. Area per lipid is often used as the key
parameter when assessing the validity of MD simulations. On
the other hand, this parameter results from data analysis based
on modeling and other simpliﬁcations, and is therefore not
without problems. More appropriately, it is a direct comparison
of simulations with raw experimental datarepresented by
scattering form factorswhich can be accomplished using the
SIMtoEXP software,21 as shown in recent publications.22−31
Following our previous eﬀorts to determine the structures of
PC,32 ether lipid,33 PG,34,35 and PS36 bilayers, we continue our
studies of fully hydrated, ﬂuid phase PE bilayers. MD
simulations were performed using the updated CHARMM36
and the recently developed SLIPIDS (Stockholm lipids) forceﬁelds, both of which have shown promising agreements
between simulation and experiment for a number of lipid
systems.25,31 A newly developed parsing scheme was used for
SDP analysis of PE bilayers. From this model, we present the
probability distribution proﬁles along the bilayer normal
(bilayer thickness), and in the lateral direction (area per
lipid). Finally, obtained experimental scattering form factors are
made available for comparison with simulations, so that they
can serve as a benchmark for future force-ﬁeld developments.

■

MATERIALS AND METHODS
Synthetic PEs with saturated acyl chains, 1,2-dilauroyl-snglycero-3-phosphatidylethanolamine (diC12:0PE, DLPE), and
those with mixed acyl chains, 1-palmitoyl-2-oleoyl-sn-glycero-3phosphatidylethanolamine (C16:0−18:1PE, POPE) and 1stearoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine
(C18:0−18:1PE, SOPE), were purchased from Avanti Polar
Lipids (Alabaster, AL) and used as received. The main phase
transition temperatures for multilamellar vesicle suspensions
were obtained from diﬀerential scanning calorimetry, and are as
follows: TM(DLPE) = 30.9 °C, TM(POPE) = 25.2 °C, and
TM(SOPE) = 30.9 °C, and agree with published values4 within
1 °C.
Lipid dispersions for density measurements were obtained by
hydrating ∼20 mg of lipid powder with ∼1.5 mL of 18 MΩ cm
H2O (Milipore), followed by temperature cycling (ﬁve times)
between −80 and 60 °C, accompanied by vigorous vortexing.
Lipid dispersions were then loaded into an Anton-Paar
DMA5000 (Graz, Austria) vibrating tube density meter, and
average PE lipid volumes (Figure 1) were derived from the
measured densities as described previously.34
Samples for small-angle scattering experiments were
prepared by mixing lyophilized lipid powder with D2O or 18
MΩ cm H2O (Millipore) at concentrations not exceeding 40−
50 mg/mL, followed by temperature cycling through the lipid’s
main phase transition until a uniform lipid dispersion was
obtained. Unilamellar vesicles (ULVs) were prepared from lipid
dispersions at a temperature above each lipid’s main phase
1948
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with the CHARMM3642 and SLIPIDS25 force ﬁelds. The
recently updated GROMACS version 5.0.243 was also used to
evaluate the eﬀect of running simulations under NPT
conditions with force-based cut-oﬀs, as opposed to potential
energy cut-oﬀs, an option that became available only recently in
this version of the software. Initial coordinates for a bilayer
containing 128 POPE molecules (8 × 8 × 2 conﬁguration) with
30 TIP 3p (tips3p.itp) waters per lipid were obtained through
the CHARMM GUI membrane builder.44 The simulations
were performed in an orthorhombic box with periodic
boundary conditions. The CHARMM POPE topology was
created using the GROMACS software package pdb2gmx and
the CHARMM36 force ﬁeld,42,45 while the SLIPIDS POPE
topology ﬁle was obtained from the Stockholm lipids
(SLIPIDS) download page.46 Each system was ﬁrst equilibrated
with a 100 ps NVT ensemble followed by a 1 ns NPT
ensemble. The ﬁnal equilibrated systems were then used as the
starting point for subsequent free-area and constant area per
lipid simulations over the time of 50 ns.
Simulation run parameters diﬀered for each force ﬁeld in
order to best simulate the lipids, as outlined in previous
publications.26,47 Brieﬂy, CHARMM36 simulations used a
Nose-Hoover thermostat with a 0.5 ps coupling constant,
keeping the system’s temperature at a constant 308 K. The
POPE bilayer and water were coupled separately. In the
constant area simulations, the area was ﬁxed using the
Parrinello−Rahman barostat with a coupling constant of 2 ps,
while the isothermal compressibility was set to zero in the x−y
direction, and 4.5 × 10−5 bar−1 in the z direction at 1 bar of
pressure. The constraint-free simulation used an isothermal
compressibility of 4.5 × 10−5 bar−1, and 1 bar of pressure in the
x−y and z directions, respectively. Finally, a time step of 2 fs
was used with a Leapfrog integrator, and long-range electrostatic interactions were evaluated using a partial-mesh Ewald
scheme with 0.16 nm Fourier spacing and fourth order
interpolation. A 1.2 nm cutoﬀ was utilized in GROMACS
4.6.1 for the short-range electrostatic and van der Waals
interactions, and the pair list was updated every 10 fs. The
updated version 5.0.2 of the software employed the force based
switch function for the van der Waals interactions (0.8 to 1.2
nm), while maintaining the 1.2 nm cutoﬀ for short-ranged
electrostatics, as well as updating the pair list every 10 fs.
In the case of SLIPIDS simulations, the system temperature
was ﬁxed at 308 K using a Nose-Hoover thermostat with a 1 ps
coupling constant. The POPE bilayer and water were coupled
separately. The area was held constant using the Parrinello−
Rahman barostat with a coupling constant of 1 ps, while the
isothermal compressibility was set to zero in the x−y direction
and 4.5 × 10−5 bar−1 in the z direction at a pressure of 1.013
bar. The constraint-free simulation used an isothermal
compressibility of 4.5 × 10−5 bar−1 and 1.013 bar of pressure
in the x−y and z directions, respectively. A time step of 2 fs was
used with a Leapfrog integrator, and long-range electrostatic
interactions were evaluated using a partial-mesh Ewald scheme
with a 0.12 nm Fourier spacing and fourth order interpolation.
The Verlet list scheme was used for nonbonded interactions,
which were updated every 40 fs to utilize the GPU’s unique
architecture for increased speeds. Finally, a 1.4 nm cutoﬀ was
used for the short-range electrostatic and van der Waals
interactions.

Figure 1. Temperature dependence of PE volumes, compared to
equivalent PC32 lipids. In the ﬂuid phase, the volume diﬀerence
between PC and PE lipids with the same hydrocarbon chains is about
86 Å3.

transition using an Avanti mini-extruder ﬁtted with two 0.25
mL airtight syringes. Lipid dispersions were extruded through a
500 Å pore diameter polycarbonate ﬁlter (∼33 total passes),
resulting in ∼600 Å diameter ULVs.37 Finally, samples were
diluted with D2O, or H2O, to the desired external contrast
condition (i.e., 100%, 75%, and 50% D2O in the case of neutron
contrast variation experiments, and 100% H2O in the case of Xray scattering experiments). The total lipid concentration of the
ﬁnal ULV samples was ∼20 mg/mL, which guarantees
suﬃcient water between ULVs to eliminate the possibility of
interparticle interactions.37
Small-Angle Neutron Scattering. Neutron scattering data
were taken at the CG-3 Bio-SANS instrument located at Oak
Ridge National Laboratory (ORNL).38 Neutrons of 6 Å
wavelength (∼12% fwhm) were selected using a mechanical
velocity selector, and a sample-to-detector distance of 1.4 m
was used to cover a scattering vector [q = 4π/λ sin(θ), where λ
is the wavelength and 2θ is the scattering angle] range of 0.03
to 0.3 Å−1. Data were collected using a 1 × 1 m2 twodimensional 3He position-sensitive detector with a 5 × 5 mm2
resolution. Samples were loaded into standard 2 mm path
length quartz cells and placed in a temperature controlled
sample rack for measurements. Finally, neutron form factors
used in data analysis were calculated from corrected
experimental intensities following the well-established procedure, where |F(q)| = I(q)/|I(q)| q sqrt(|I(q)|).39
Small-Angle X-ray Scattering. X-ray scattering data were
collected at the Cornell High Energy Synchrotron Source
(CHESS) G-1 station. A tightly collimated (0.21 × 0.21 mm2)
beam of 1.17 Å wavelength X-rays was detected using a 1024 ×
1024 pixel array FLICAM charge coupled device with 71 μm
linear dimension pixels. The sample-to-detector distance was
426.7 mm, as determined using a powder sample of silver
behenate procured from The Gem Dugout (State College,
PA).40 Samples were loaded in 1.5 mm quartz capillaries and
placed in a temperature controlled sample rack for measurements. The X-ray scattering form factors were calculated from
corrected experimental intensities using the same relationship
as for neutrons (shown above). An additional fourth order
polynomial was used to correct for an unaccountable rise in
background scattering with increasing q.
Molecular Dynamics Simulations. Simulations were
performed using the GROMACS software (version 4.6.1)41
1949
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Figure 2. Model-free determination of area per lipid made by comparing simulated and experimental scattering form factors. Open symbols
represent reduced χ2 calculated for X-ray scattering data of bilayers dispersed in H2O, and neutron scattering data of bilayers dispersed in 100%, 75%,
and 50% D2O solution, compared to simulated form factors (eq 1). Solid lines are quadratic ﬁts to the data used to determine the model-free area
per lipid based on the CHARMM36 (A) and SLIPIDS (B) force ﬁelds, with the most probable value (the χ2 minimum) indicated by the dashed
lines. Black solid symbols and black thick lines are the results of the total reduced χ2, which accounts for all data simultaneously.

■

SIMtoEXP Analysis. We performed constrained area per
lipid MD simulations over a range of values. Each simulation
was analyzed separately and its success was evaluated in terms
of simulation-to-experiment (SIMtoEXP) comparisons.21
Brieﬂy, real space simulated bilayer structures were converted
to reciprocal space scattering form factors via Fourier
transform, avoiding assumptions associated with models.
Calculated scattering form factors were then plotted on an
absolute scale and compared to experimentally obtained form
factors. The latter were scaled by a factor ke that minimized χ2,
which is deﬁned as the square of residuals between the
experimental Fe(q) and simulated Fs(q) form factors, and
normalized by the estimated experimental uncertainty ΔFe(q).
Reduced χ2 were calculated by further normalization using the
number of experimental data points Nq as shown below

RESULTS AND DISCUSSION
MD simulations of a ﬂuid phase POPE bilayer at 35 °C were
ﬁrst performed using the updated CHARMM3642 force ﬁeld
under NPT conditions, i.e., lateral area was unconstrained.
However, our simulations yielded an average PE area per lipid
of 53.2 Å2 and displayed lipid chain order characteristic of a gel
phase. At ﬁrst, this appears to be in contrast to the 59.2 Å2
(although still decreasing after 40 ns) reported by Klauda et al.
for T = 310.15 K.42 However, subsequent publications from
Klauda and Pastor,28 and posts on simulation community
forums,48 suggested a ﬁx to the problem through force-based
cut-oﬀs, as was the case in the original simulations performed
using the NAMD and CHARMM software. Our results of such
simulations equilibrated at an area per lipid of 55.4 Å2, and
showed no signs of gelation. This then justiﬁes the use of the
recently developed CHARMM36 force ﬁeld with forced-based
cut-oﬀs under NPT conditions, while further analysis suggests
that the two cutoﬀ schemes are equally successful in the case of
constrained area simulations. For an additional comparison, we
also utilized the recently developed SLIPIDS force ﬁeld.25 NPT
conditions in our simulations produced the expected ﬂuid
phase structure with an area per lipid of about 58.0 Å2. All three
NPT simulation results are compared to the experimental
scattering form factors in the Supporting Information.
The approach of unconstrained lateral area, or surface
tension γ, has previously been found to considerably underestimate the area per lipid in simulations using the previous
versions of the CHARMM force ﬁelds,49−51although less so
in the case of the recently updated CHARMM3642 and Berger
lipids force ﬁelds.52,53 Various theoretical explanations for this
deﬁciency have been oﬀered, as well as suggested modiﬁcations
for improving the agreement with experiment.54−61 Here, we
employ a model-free method where the lateral area is ﬁxed at a
series of values,62 an approach which overcomes the issue of
imperfectly balanced force ﬁelds that are needed for simulations
of absolute areas at zero surface tension,63 and takes advantage
of simulation results being ﬁne-tuned by comparing to
experiment.39,49,64

χ2 =

1
Nq − 1

⎛ |Fs(q )| − ke|Fe(q )| ⎞2
i ⎟
∑ ⎜⎜ i
⎟
Δ
F
(
q
)
⎠
e i
i=1 ⎝
Nq

(1)

and plotted as a function of simulation ﬁxed area. Figure 2
shows plots for CHARMM36 (A) and SLIPIDS (B) calculated
form factors.
The model-free area per lipid method of evaluation was
suggested almost a decade ago for a direct comparison of
simulated and X-ray scattering data, 62 which allowed
experimental scattering data to play a prominent role in the
development of new MD force ﬁelds. Historically, only X-ray
data were used,42,65 but neutron scattering data are now also
used to validate MD simulations.23,26,36,66 As the two
experimental techniques are sensitive to diﬀerent features of
the bilayer (electron dense lipid headgroups in the case of Xrays, and overall bilayer thickness, and consequently lipid area,
in the case of neutrons), the end result is a more robust
validation of the simulation data. On the other hand, evaluated
lipid areas utilizing only one data set (i.e., X-ray form factors, or
100% D2O, or 75% D2O, or 50% D2O neutron form factors)
vary by as much as 5.8 Å2 in the case of CHARMM36, and 4.3
Å2 in the case of SLIPIDS simulationsthough this variation is
1950
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reduced to 3.6 Å2 and 2.1 Å2, respectively, when only 100%
D2O neutron data is considered. A similar disparity was recently
reported for DOPC simulations with the GROMOS 43A1-S3
force ﬁeld.23 Since the ideal MD force ﬁeld must be capable of
describing all experimental data simultaneously, the unsatisfactory performance using the primary testing criterion
proposed by Nagle29 clearly indicates that there is room for
improvement of all three force ﬁelds discussed (i.e.,
CHARMM36, SLIPIDS, and GROMOS 43A1-S3). It should
be mentioned that recent POPS simulations using
CHARMM36 resulted in only a 1 Å2 diﬀerence between the
areas per lipid obtained by evaluating standalone X-ray and
neutron data.36
Analyses using standalone data sets provide an estimate of
the systematic error inherent to simulations. On the other
hand, simultaneous evaluation of all available data results in the
most probable model-free area per lipid. Despite signiﬁcant
diﬀerences in the original NPT simulations (see above), the fact
that the results of the two cutoﬀ schemes employed in
CHARMM36 ﬁt on the same curve together with further
NPAT results (Figure 2A), emphasizes the notion of the
model-free method being able to overcome imperfectly
balanced force ﬁelds. In addition, lipid areas calculated based
on the model-free approach are encouragingly similar for both
the CHARMM36 (58.1 Å2) and SLIPIDS (57.4 Å2) force ﬁelds.
We have discussed disagreements between simulation and
experimental results that have been found through direct
comparison of the two.21 As was mentioned, such a comparison
is superior to other veriﬁcation approaches, because it makes
use of unreﬁned raw data.62 However, this method can provide
only a limited understanding about the sources of deﬁciencies.
In order to understand these sources, information must be
further deconstructed. For example, various properties of
simulated bilayers are often reduced to an area per lipid that
can be compared to the experimentally obtained value. On the
other hand, most of the experimental techniquesincluding Xray and neutron scattering used hereextract this parameter
via various model approaches only. This then introduces
assumptions, which are themselves a potential source for
errors.24,31
Having said this, it is still more practical to perform
comparisons in real space, where the total bilayer proﬁle can be
decomposed in a consistent manner. Utilizing models then
oﬀers the advantage of combining information from diﬀerent
experiments, including simulations.62 It is worth noting that the
large discrepancies observed previously when standalone X-ray
and neutron scattering data were evaluated separately20 could
be attributed to the fact that X-ray scattering is sensitive to the
position of the phospholipid headgroup, while neutron
scattering data accurately reﬂect the location of the bilayer/
water interface. These two results then lead to disparate
structural parameters when used in conjunction with less than
perfect models of the bilayer. In order to improve the
robustness of membrane structural parameters, we proposed
to combine the simultaneous analysis of X-ray and neutron
scattering data, the use of independently obtained volumetric
data, and a bilayer parsing scheme, determined, in part, through
simulation.20
SDP Model for PEs. Data analysis is carried out using a
single structural model which underlies all of the various
scattering density proﬁles, or the so-called SDP model. The
original model developed for PC20 lipids has been extended
recently for PG,67 PS,36 and ether33 lipids. We continue this

development by extending the SDP model to PE bilayers. First,
MD simulations were evaluated to ﬁnd a “characteristic”
parsing scheme that minimizes diﬀerences (to within a scale
factor) between X-ray and contrast varied neutron scattering
length density distributions (described in detail below). Since
the PE hydrocarbon chain region shares the same functional
forms as those used to evaluate other bilayers, we focus our
discussion on the headgroup region.
While the small PE headgroup suggests the possibility of a
parsing scheme diﬀerent from that used in previous studies, this
turns out not to be the case. Similar to glycerophospholipids,
we describe the PE carbonyl and glycerol moieties with a single
Gaussian (CG). This comes about because the carbonyl groups
give rise to similar distributions for both X-ray and neutron
SDPs, while the glycerol moiety has only a small contribution
to the X-ray SDP and practically no contribution to the neutron
SDP. As a result, the SDPs for the combined CG component
are shifted by only ∼0.5 Å (Figure 3), and do not require the

Figure 3. Distribution functions of PE headgroup components plotted
in X-ray scattering length density (left-hand axis in green) and neutron
scattering length density (right-hand axis in blue). Note the factor of 4
between the values of the two axes. The eﬀect of PE amine’s
exchangeable hydrogens is shown for ULVs in 100% (blue dotted line)
and 0% (purple dotted line) D2O.

use of additional parameters. What must be carefully
considered, however, is the headgroup’s primary amine,
which is generally protonated at biologically relevant pH. It
has recently been pointed out that the amine hydrogens of the
PS headgroup exchange rapidly with deuterium when exposed
to D2O.36 Failing to account for this H/D exchange impacts the
neutron SDP (Figure 3), yielding a larger apparent bilayer
thickness, and a larger area per lipid; an overestimation of area
per lipid was reported recently for PG bilayers,34 and
subsequently rectiﬁed by taking into account the exchangeable
hydrogens.35 Therefore, the ethanolamine moiety is best
represented by a separate Gaussian (ENX − with emphasis
on exchangeable protons) that depends on percent D2O. In the
case of pure H2O (i.e., 0% D2O), its contribution to the total
neutron SDP is nearly zero, while in the case of 100% D2O, its
distribution overlaps with the equivalent X-ray SDP. Finally, the
phosphate group is well described by a separate Gaussian (P)
for both X-ray and neutron SDPs, as shown in Figure 3.
Figure 4 shows the volume probabilities of the full SDP
model for PE lipids, including the hydrocarbon region. The
example was calculated utilizing results from SLIPIDS
simulations performed at NPT. The parsing scheme and
selection of functional forms are justiﬁed by the excellent
1951
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to their relatively thick bilayers, along with concomitant shift of
the ﬁrst scattering minimum toward smaller q (further from the
onset of incoherent background scattering that eventually
overtakes the coherent scattering signal at high q). Still, the
overall structural parameters (i.e., area per lipid A and bilayer
thickness DB) are determined mostly from the ﬁrst lobe of
100% D2O neutron scattering data, due to the large contrast
between the bilayer and water phase.
The most robust SDP parameter is the bilayer thickness DB
obtained from the Gibbs dividing surface for the water
distribution.20 Area per lipid A is then calculated directly from

A = 2VL /DB

(2)

using an independently measured lipid volume VL (Figure 1).
In addition, the hydrocarbon chain thickness 2DC is evaluated
as
2DC = 2(VL − VHL)/A

(3)

assuming a PE headgroup volume VHL. From the comparison of
volumetric measurements of various PC32 and PE lipids, we
estimate VHL to be 245 Å3 for PE (see Figure 1). Since the data
were measured at several diﬀerent temperatures within the
liquid-crystalline phase (above 35 °C for all lipids studied), the
obtained structural parameters allow for the determination of
thermal coeﬃcients from slopes of linear functions used to ﬁt
the temperature dependent data. In particular, we calculate area
thermal expansivity αAT = (1/A)(∂A/∂T)Π and thickness
thermal contractivity αDT = −(1/D)(∂D/∂T)Π, where Π
indicates constant pressure. Table 1 summarizes the most
relevant structural parameters.
As expected, PE bilayer structural parameters depend
strongly on chain composition and temperature. However,
similar to previous ﬁndings, and despite the larger PE bilayer
thickness when compared to PC32 and PG bilayers,34,35 the
values for αTA, αTDB, and αTDC show only a marginal temperature
dependence. Moreover, diﬀerences in thermal expansivities/
contractivties seem to depend on chain saturation level, a
phenomenon also observed in PC and PG lipids. The largest
values are observed for the PE lipid with two saturated chains
(i.e., DLPE), as a result of its smaller A and D. The absolute
changes of A and DB (though not 2DC) are, however, very
similar for all three PEs studied. In addition, DB decreases more
rapidly with temperature than 2DC. This can be reconciled by
the simple relation assumed by space-ﬁlling models like SDP,
whereby A is the parameter that links DB and 2DC through
corresponding volumetric data in eqs 2 and 3. These
parameters then vary in unison. The bilayers become thinner
at higher temperature, most likely due to increased trans−
gauche rotational isomerization events that expand the bilayer
in the lateral direction. Similar responses are observed for all
four lipid headgroups (i.e., PC, PG, PS, and PE), reinforcing the
notion that the eﬀect of increasing temperature on A (see
Figure 6) is, for the most part, due to the disordering of the
hydrocarbon chains, at the same time delicately balancing the
changes in entropy and enthalpy taking place within the
bilayer.34
While all bilayers show a similar response to temperature
change, the diﬀerences in bilayers with chemically diﬀerent
headgroups manifest themselves through the oﬀsets of their
structural parameters. For example, the larger thickness of PE
bilayers can be attributed to the headgroup’s much smaller
cross-sectional area, also reported by some previous studies. As
already mentioned, the CHARMM36 simulations of Klauda et

Figure 4. Complete SDP model of PE lipids in volume probability
representation. Thin gray lines are the best ﬁts utilizing Gaussians for
CH3, CH, CG, P, and ENX components, while a pair of error
functions is used to describe the distributions of the total hydrocarbon
region. The water distribution function is calculated as the
complementarity of all ﬁts to unity. The top panel shows the sum
of all component probabilities deviating little from unity, thus lending
credence to the chosen parsing scheme.

agreement between component distributions and their
associated ﬁts. The small deviation from unity in the sum of
all component probabilities at each point along the bilayer
normal further stresses this agreement.
PE Structures from SDP. We applied the proposed SDP
model (Figure 4) to high resolution X-ray scattering data (q >
0.6 Å−1) obtained from ULVs in H2O, and lower resolution
neutron scattering data (q ∼ 0.3 Å−1) from ULVs in 100%,
75%, and 50% D2O. The best SDP model ﬁts agree very well
with experimental data (see Supporting Information for
detailed results). As expected, compared to X-ray data, neutron
scattering data does not extend to high q values, due in part to
the inherently featureless neutron SDP. It is worth noting the
presence of a second lobe in the 100% D2O experimental data
(Figure 5). Although this lobe is typically not observed for fully
protiated PC lipids, it is observed for POPE and SOPE owing

Figure 5. Experimental neutron scattering form factors measured for
POPE and SOPE bilayers dispersed in 100% D2O at three
temperatures. The data reveal a clear second lobe centered around q
∼ 0.25 Å−1. POPE data are shifted by 1 × 10−4 Å−1 for viewing clarity.
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Table 1. Area per Lipid A [Å2], Overall Bilayer Thickness DB [Å], and Hydrocarbon Thickness 2DC [Å] Obtained from SDP
Analysis of DLPE, POPE, and SOPE Bilayers at Various Temperatures, Together with Their Calculated Thermal Coeﬃcients
αT [deg−1]
A

DB

2DC

A

DB

2DC

A

DB

2DC

αTA

αTDB

αTDC

αTA

αTDB

αTDC

αTA

αTDB

αTDC

DLPE

51.7
0.0041

25.4
0.0024

53.9
0.0039

55.9
0.0038

58.0
0.0038
56.8
0.0039

32.1
0.0025
34.5
0.0026

59.2
0.0037
57.8
0.0038

33.8
0.0030
40 °C
39.9
0.0028
42.6
0.0028

24.7
0.0024

POPE

34.9
0.0029
35 °C
40.5
0.0027
43.1
0.0028

31.6
0.0025
34.1
0.0026

61.3
0.0036
60.1
0.0037

32.9
0.0030
50 °C
38.8
0.0028
41.3
0.0029

35 °C

SOPE

45 °C

55 °C
24.1
0.0025
30.8
0.0026
33.2
0.0027

lipid of ∼48 Å2, which prevent optimal (minimal) packing of
the hydrocarbon chains,73 PE headgroups appear to allow such
packing. The minimal area of an all-trans chain is ∼20 Å2 of
area,74 while total area for DLPE in gel bilayers is ∼41 Å2.70
The ﬂuid phase PE area per lipid then likely represents the
packing limit for ﬂuid chains, as pointed out by Petrache et al.69

■

CONCLUSIONS
To fully understand the complex interplay between membrane
biomolecules, reliable information on the interactions taking
place in the underlying lipid matrix is essential. Here, we have
extended our previous studies of bilayer structural parameters
of diﬀerent headgroup type lipids to PE bilayers. The results are
obtained from the combined analysis of experimental X-ray and
neutron scattering data with a newly developed PE SDP model
based on extensive MD simulations using the CHARMM3642
and SLIPIDS25 force ﬁelds. Using a model-free approach,62
which directly compares simulated and experimental data,21 we
conclude that there are ongoing inconsistencies23 between MD
and experiment when X-ray and neutron scattering data are
evaluated separately. Both force ﬁelds, however, suggest a
similar most probable (i.e., resulting from the simultaneous
analysis of X-ray and neutron scattering data) area per lipid for
POPE of ∼58 Å2. This value is similar to results from
unconstrained SLIPIDS simulations, and importantly, is
consistent with results from SDP analysis of experimental data.
We obtained bilayer structural parameters for three
commonly used PE lipids (i.e., DLPE, POPE, and SOPE) in
their fully hydrated ﬂuid phase as a function of temperature. All
three lipids exhibit a similar thermal response of their area per
lipid A, overall bilayer thickness DB, and hydrocarbon region
thickness 2DC. Speciﬁcally, bilayers become thinner in the
transverse direction and expand laterally with increasing
temperature. This behavior was compared to previously studied
lipids with diﬀerent headgroups (i.e., PC, PG, and PS). All
bilayers exhibit a similar thermal response, which reinforces the
notion that the temperature eﬀect on A is, for the most part,
due to the disordering of the hydrocarbon chains.
While our results reveal a common thermal response for the
diﬀerent glycerophospholipids, the chemical nature of the PE
headgroup has a dramatic eﬀect on the lateral packing of lipids,
which is distinct from that of PC, PG, and PS. Speciﬁcally,
compared to their PC, PG, or PS counterparts, PEs with mixed
fatty acid chains have areas per lipid which are smaller by more
than 5 Å2, and PEs with saturated acyl chains have areas per
lipid which are smaller by more than 10 Å2. These diﬀerences in
area per lipid are most likely the result of reduced hydration

Figure 6. Lipid area as a function of temperature. The solid symbols
are the current PE results determined from SDP analysis, while open
symbols show previous SDP results for corresponding PC,32 PG,35 and
POPS bilayers.36 Asterisks denote literature values discussed in the
text. Simulated data are shown in orange and experimental data in dark
yellow.

al.42 predicted an area per POPE of 59.2 ± 0.3 Å2 at 37 °C, and
Jämbeck et al.25 reported 56.3 ± 0.4 Å2 at 30 °C using the
SLIPIDS force ﬁeld. Other examples of yet diﬀerent simulation
approaches reported a value of 62.3 ± 0.4 Å2 for POPE at 30
°C based on transferable potentials for phase equilibria,22 and
55.5 ± 0.2 Å2 at 37 °C using Lipid14 of the AMBER lipid force
ﬁeld.24 Among experimental studies, Pabst et al.68 derived an
area of 52 ± 1 Å2 for DPPE at 75 °C. However, this value is low
compared to our estimated area of 60.3 Å2 for DLPE bilayers
extrapolated to the same temperature (see Figure 6). Our value
is in much better agreement with that (60.5 Å2) obtained at 69
°C by Petrache et al.69 Our result of 51.7 ± 1 Å2 also compares
well with the 49.1 ± 1.2 Å2 value determined experimentally by
McIntosh and Simon70 for DLPE bilayers at 35 °C. More
importantly, each of the above-mentioned studies arrived at a
low number of water molecules hydrating PE headgroups
(between only 4 and 7, compared to ∼12 for a typical ﬂuid PC
bilayer71). In fact, the steric exclusion interactions and strong
hydrogen bonding between PE headgroups72 that are
responsible for such low hydration and volumes are unique
among the glycerophospholipids. Unlike the strong repulsive
interactions between gel phase PC headgroups below areas per
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and stronger hydrogen bonding inherent to PE headgroups.
Our results, then, are consistent with the notion that
headgroups govern lipid bilayer packing, while hydrocarbon
chains dominate the bilayer’s response to changes in temperature. Evidently, the cell has many tools at its disposal for
producing environments suitable for the speciﬁc requirements
of its various membranes, with PE lipids playing their own
special role.
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