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We have determined the molecular structures of commonly used phosphatidylglycerols (PGs) in the com-
monly accepted biologically relevant fluid phase. This was done by simultaneously analyzing small angle
neutron and X-ray scattering data, with the constraint of measured lipid volumes. We report the temperature
dependence of bilayer parameters obtained using the one-dimensional scattering density profile model –
which was derived from molecular dynamics simulations – including the area per lipid, the overall bilayer
thickness, as well as other intrabilayer parameters (e.g., hydrocarbon thickness). Lipid areas are found to
be larger than their phosphatidylcholine (PC) counterparts, a result likely due to repulsive electrostatic inter-
actions taking place between the charged PG headgroups even in the presence of sodium counterions. In
general, PG and PC bilayers show a similar response to changes in temperature and chain length, but differ
in their response to chain unsaturation. For example, compared to PC bilayers, the inclusion of a first double
bond in PG lipids results in a smaller incremental change to the area per lipid and bilayer thickness. However,
the extrapolated lipid area of saturated PG lipids to infinite chain length is found to be similar to that of PCs,
an indication of the glycerol–carbonyl backbone's pivotal role in influencing the lipid–water interface.

Published by Elsevier B.V.
1. Introduction

Cells have evolved to manufacture a remarkable number of lipid
species, which differ in the degree of hydrocarbon chain unsaturation
and in the chemical nature of their polar headgroups. Phospholipids
alone count five major headgroup modifications to their phosphatidic
acid precursor. Under neutral pH conditions, these include electrically
neutral (i.e., choline or ethanolamine) and negatively charged (i.e.,
serine, inositol, or glycerol) headgroups. Therefore, a major challenge
in membrane biology is to understand the functional significance of
this headgroup diversity [1]. For example, a given mixture of neutral
and anionic lipids in a membrane confers a surface charge density
that not only influences the membrane's permeability to ions and
charged molecules, but can also affect the function of membrane pro-
teins. Among the charged headgroupmoieties, glycerol possesses unique
structural properties thatmimicwater, conferring an increased solvation
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and hydrogen bonding capacity [2]. Phosphatidylglycerols (PGs) may
therefore have specialized structural and functional properties in mem-
branes, beyond those that can be attributed to their inherent net nega-
tive charge.

The PG content found in biological membranes varies widely
between organisms, and even among the various membranes within
a given organism. While relatively rare in mammalian membranes,
PG is omnipresent in the thylakoid membranes of higher plants and
cyanobacteria, where it contributes to the assembly and stability of
photosystem I and II protein complexes [3]. PG is also the predomi-
nant anionic bacterial lipid. The inner bacterial membrane is com-
posed primarily of phosphatidylethanolamine (PE) and PG, with PG
typically constituting 20–25 mol% of the total lipid content, although
up to 60 mol% is found in some species. The particular role of PG in
bacterial defense mechanisms has also received considerable atten-
tion. Bacteria are known to adjust their PE/PG ratio upon exposure to
toxic organic solvents, a scenario which presumably alters their surface
charge density and lipid area (minimizing permeability to the toxin),
while preserving bilayer integrity [4]. It is also clear that surface charge
density is critical to the function of antimicrobial peptides (AMPs),
which despite their wide diversity in structure and mechanisms of
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action, share a net cationic feature [5]. For example, some bacteria
are able to decrease their vulnerability to cationic polypeptides by
neutralizing PG through the addition of lysine, while mutants lac-
king this ability show higher susceptibility to a number of different
AMPs [6–8].

Through the ever-increasing availability of high-performance com-
putational resources, molecular dynamics (MD) simulations have
emerged as powerful and indispensable tools for elucidating the struc-
ture and dynamics of biomembrane systems, down to the level of indi-
vidual atoms. For example, MD simulations have been utilized to gain
insight into lipid–lipid and lipid–protein interactions in bacterial mem-
branemodels. Simulations ofmodelmembranes consisting of PE and PG
suggest that PG increases the number of hydrogen bonds created by PE,
amechanismwhichmayhelp stabilize bacterialmembranes and reduce
their permeability to small organic solvent molecules [9,10]. Substan-
tially increased PE hydrogen bonding in the presence of PG has also
been observed in simulations by Zhao et al., who noted reduced PE
headgroup mobility and protrusion at the aqueous interface. They sim-
ilarly concluded a reduction in membrane permeability and increased
membrane stabilization [11]. The interaction of AMPs with POPG bila-
yers has been examined using atomistic [12] and coarse-grained [13]
MD simulations, with both studies finding a strong, favorable entropic
contribution to the binding free energy — an observation associated
with the release of counterions from the membrane interface. Simula-
tions have also suggested a potential role for PG-rich membrane do-
mains in the action of AMPs [14].

MD studies of single-component bilayers are particularly impor-
tant for assessing the ability of simulation conditions (e.g., force
fields, protonation state, and other physical parameters) to reproduce
experimental data. One surprising MD result was the observation of a
much smaller POPG lipid area, as compared to POPC under the same
conditions. Despite their similar transition temperatures, POPG was
found to have an area of 55 Å2 at 37 °C, compared to 65 Å2 for POPC
[15]. The nearly 20% reduction in area per lipid is, however, counter-
intuitive given the likelihood of repulsive electrostatic interactions
taking place among the PG headgroups. A subsequent MD study
reproduced this result, finding that PG electrostatic repulsion was
attenuated by increased intra- and inter-molecular hydrogen bonding
and strong ion–lipid interactions [11]. Zhao et al. concluded that the
presence of large ion–lipid clusters with highly polar interfacial inter-
actions provides a potential molecular mechanism for the low perme-
ability of bacterial membranes to organic solvents. Other simulations
using the GROMACS force field and conditions of zero surface tension
have since reproduced the smaller area per lipid, increased hydrocar-
bon chain order and reduced fluidity of POPG bilayers — as compared
to those made of POPC [16–18].

In addition to GROMACS simulations, a handful of POPG studies
have been performed using the CHARMM27 force field. In contrast
to the above-mentioned studies, Tolokh et al. and Henin et al. reported
lipid areas of 66.4 and 65.0 Å2, respectively, for POPG at 37 °C under
conditions of zero surface tension [12,19]. While still finding sub-
stantial hydrogen bonding and ion–lipid interactions, Tolokh et al.
concluded that the details of these interactions (particularly of the
specific atoms involved) are significantly different from those reported
in the previous POPG simulations. Broemstrup et al. looked at DMPG
bilayers [20] and found that the zero surface tension condition did not
accurately reproduce reported experimental values for lipid area [21]
and hydrocarbon chain order [22], though good agreement could be
obtained by imposing a small positive surface tension. The discrepan-
cies between theGROMACS and CHARMMresults for PG lipids highlight
the strong sensitivity of MD simulations to the particular details of
force fields, ensembles and the treatment of electrostatics. The well-
established method of evaluating such deficiencies is through the
comparison of simulated and experimentally determined information
[23]. Simulations should therefore be guided by experimental data
[24], thus increasing their validity when they are able to reproduce
experimentally observable structural parameters [25]. Among these pa-
rameters is the average area per lipid, which has typically served as the
primary validation for bilayer simulations owing to its direct relation-
ship with other bilayer structural and dynamical properties [26].
Anezo et al. have noted that regardless of the particular force field or
simulation methodology used, simulations which are able to correctly
reproduce lipid areas give rise to realistic bilayer properties [26]. The
lack of such experimental data for PG bilayers has proven to be an im-
pediment to the improvement of force fields and simulation methodol-
ogies for this class of lipids.

Accurately determining the area per lipid in biologically relevant
fluid bilayers is not straightforward, and significant discrepancies exist
in the literature [27]. We have recently developed a hybrid experimen-
tal/computational technique (the scattering density profile, or SDP
model) that addresses some of the difficulties associated with deter-
mining lipid areas [28]. The technique exploits the fact that neutron
and X-ray scattering are sensitive to different bilayer thicknesses —

the large difference in the neutron scattering length density (NSLD) of
the proteated lipid and the deuterated water defines the overall bilayer
thickness, while X-ray scattering resolves the headgroup–headgroup
distance due to the large electron density (ED) contrast between the
electron-rich phosphate groups and the hydrocarbon/aqueousmedium.
Bilayer thicknesses are in turn related to the average lipid area through
molecular volumes, which are obtained through independentmeasure-
ments. A key step in the SDP analysis is the use of MD simulations to
“parse” the lipid molecule into components whose volume probability
distributions follow simple analytical functional forms. Given the
appropriate atomic scattering densities, these volume probabilities
simultaneously provide a base for both the NSLD and ED profiles, and
hence the scattering form factors. The bilayer structure is thus
determined by varying the set of parameters describing the volume
probability distributions of the molecular components in order to
achieve a global best-fit to the experimentally determined neutron
and X-ray scattering form factors.

We have recently published the molecular parameterization of
POPG for use in the SDP model [29]. Here, we extend our analysis to
the commonly used saturated, mixed chain and di-monounsaturated
PG lipids, including their temperature and acyl chain length depen-
dence of area per lipid, volume and bilayer thickness in the fluid phase.

2. Materials and methods

Synthetic saturated acyl chain phosphatidylglycerols: 1,2-
dilauroyl-sn-glycero-3-phosphatidylglycerol (diC12:0PG, DLPG), 1,2-
dimyristoyl-sn-glycero-3-phosphatidylglycerol (diC14:0PG, DMPG),
1,2-dipalmitoyl-sn-glycero-3-phosphatidylglycerol (diC16:0PG, DPPG),
1,2-distearoyl-sn-glycero-3-phosphatidylglycerol (diC18:0PG, DSPG),
mixed acyl chain phosphatidylglycerols: 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylglycerol (C16:0–18:1PG, POPG) and 1-stearoyl-
2-oleoyl-sn-glycero-3-phosphatidylglycerol (C18:0–18:1PG, SOPG),
and the unsaturated acyl chain phosphatidylglycerol: 1,2-dioleoyl-sn-
glycero-3-phosphatidylglycerol (diC18:1PG, DOPG) were purchased
from Avanti Polar Lipids (Alabaster, AL) and used without further
purification.

Samples for small angle scattering experiments were prepared
by mixing ~60 mg of lipid with 1.5 ml D2O (99.9% pure, Chalk River
Laboratories), or 18 MΩcm H2O (Millipore) solution with 100 mM
NaCl, followed by temperature cycling through the lipid's main phase
transition until a uniform lipid dispersionwas obtained. Unilamellar ves-
icles (ULVs) were prepared from lipid dispersions at a temperature
above each lipid's main phase transition using an Avanti mini-extruder
fittedwith two 0.25 ml air-tight syringes. Lipid dispersions were extrud-
ed through two polycarbonate filters (~33 total passes) with 500 Å
pore diameters, resulting in ~600 Å diameter ULVs [30]. Finally, samples
were diluted with D2O or H2O to the desired external contrast condition
(i.e., 100%, 70%, and 50% D2O in the case of neutron contrast variation



Fig. 1. PG lipid volumes obtained by vibrating tube densitometry and neutral buoyancy
as described in the Materials and methods. DOPC data are shown for comparison.
Uncertainties of 0.3% in the measured volumes are estimated based on the average of
two samples with different lipid concentrations. For DMPG, DPPG, and DSPG bilayers,
a volume jump occurs in the vicinity of the main gel-to-liquid crystalline transition:
23 °C for DMPG, 41 °C for DPPG, and 54 °C for DSPG. Lines are to guide the eye only,
and do not indicate the true widths of the transitions, which are much narrower.
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experiments and 100% H2O in the case of X-ray scattering experiments).
The total lipid concentration for all ULV samples was ~20 mg/ml, which
guarantees sufficient water between ULVs to eliminate the possibility of
inter-particle interactions [30].

Samples for volume measurements were prepared by weighing
between 50 and 65 mg of lyophilized lipid into a 6 ml Nalgene vial.
Lipid dispersions were obtained by hydrating the lipid powder with
between 1.2 and 1.4 g of 100 mM NaCl solution, followed by temper-
ature cycling (three times) between −20 and 60 °C, and vortexing at
each temperature. After the first volume measurement, samples were
diluted 1:1 by weight with 100 mM NaCl, and measured again to
obtain an estimate of the error.

2.1. Volume determination

Lipid volumes were determined as a function of temperature (20
to 60±0.01 °C) using an Anton-Paar DMA4500 (Ashland, VA) vibrat-
ing tube density meter. VL was calculated from

VL ¼
ML

0:6022ρS
1þmW

mS
1− ρS

ρW

� �� �
; ð1Þ

where ML is the molar mass of the lipid, ρS and ρW are the measured
densities of the sample and 100 mM NaCl solution, respectively, mW is
the mass of the 100 mM NaCl solution, and ms is the mass of the lipid
in sample. Several samples were also measured using the neutral buoy-
ancy method [31,32], which was judged to be more accurate than the
vibrating tube densimetry method for 60 °C samples, due to bubble for-
mation. However, the neutral buoyancymethodwas only successful for
PGs with saturated chains, since those containing a monounsaturated
chain did not sink over the accessible range of solvent densities in
D2O/H2O mixtures. Based on our neutral buoyancy results, PG vesicles
prepared by aqueous dispersion likely contain many lamellae in the
case of saturated lipids (which separated frombulk D2O/H2O solutions),
and perhaps only one or a few lamellae in the case of unsaturated lipids
(which were not sufficiently different in density from bulk solution to
settle out of solution). In contrast, the scattering data obtained in this
study utilizes ULVs prepared by extrusion. Despite these differences in
vesicle lamellarity, we are able to combine the volume and scattering
data in a global analysis, since the volume per lipid is a well-defined
physical parameter that is not affected by the number of lamellae in a
vesicle (provided the vesicle is fully hydrated, as is the case in our ex-
periments). We also note that earlier publications have established
that the X-ray scattering form factor is consistent between ULVs, multi-
layer vesicles, and oriented multibilayer samples [33,34].

Fig. 1 shows the measured molecular lipid volumes VL with previ-
ously published DOPC data [35] (shown for comparison). Compared
to the PC lipid, a smaller volume is observed for the equivalent PG
lipid, due to its smaller headgroup. The PG headgroup volume was es-
timated by subtracting the volume difference between a PC [31,36]
and PG lipid from the PC headgroup volume of 331 Å3 [37], assuming
an invariant hydrocarbon volume between the two lipid species [i.e.
VHL(PG)=VHL(PC)−(VL(PC)−VL(PG)), where the subscripts HL and
L refer to headgroup and total lipid, respectively]. Using this method,
the average PG headgroup volume was determined to be 291±4 Å3,
a value which is in good agreement with the 289 Å3 value obtained
from our previous MD simulations of POPG [29]. To quantify the effect
of temperature on lipid volume, we also calculated thermal volume
expansivities, αT

V=(∂V/∂T)Π /V (where Π refers to constant pres-
sure), over a range of temperatures for fluid phase PG lipids (Table 1).

2.2. Small angle X-ray scattering

X-ray datawere taken at the Cornell High Energy Synchrotron Source
(CHESS) G-1 station. A 1.18 Åwavelength (λ) incident X-ray beam of di-
mensions 0.24×0.24 mm2 was detected using a 1024×1024 pixel array
FLICAM charge-coupled device (CCD) with 71 μm linear dimension
pixels. The sample-to-detector distance (SDD) was 423.6 mm, as deter-
mined using silver behenate (d-spacing of 58.367 Å). Samples were
taken up in 1.5 mm quartz capillaries and placed in a temperature
controlled, multiposition sample holder. 2D images were “de-zingered”
using two consecutive 60 s exposures and corrected using calibration
files supplied by CHESS. Data sets were normalized using the incident
beam intensity as measured by an ion chamber, and background
resulting from water and air scatter was subtracted according to the
procedure described in [30]. The scattering intensity I versus scattering
vector q [q=4π/λ sin(θ), where λ is the wavelength and 2θ is the scat-
tering angle] was obtained through radial averaging of the corrected 2D
data. As has been shown [38], the absorption coefficient of I by ULV solu-
tion is independent of q over the range studied. Therefore, no absorption
correction was necessary. Finally, a linear intensity Ib(q) accounting for
the linear background was subtracted from the obtained scattering
intensity I(q). The X-ray scattering form factor, which is used to fit to
our model (see Section 2.4), is related to the scattering intensity I(q) by
the following equation,

F qð Þj j ¼ sign I qð Þð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I qð Þj j � q2

q
: ð2Þ

A typical X-ray form factor is shown in Fig. 2A. In addition to
model-based analysis, these form factors can be compared directly
to simulated data, as outlined in [39].

2.3. Small angle neutron scattering

Neutron scattering data were taken at the NG-3 and NG-7 stations
[40] located at the National Institute of Standards and Technology
(NIST) Center for Neutron Research (NCNR), and at the CG-3 Bio-
SANS instrument [41] located at the Oak Ridge National Laboratory
(ORNL). In all cases, 6 Å wavelength (~12% FWHM) neutrons were
selected using a mechanical velocity selector. Multiple sample-to-
detector distances (i.e., 1.3, 5, and 13.2 m at NG-3; 2, 5, and 15.3 m
at NG-7; 2.5 and 15.3 m at CG-3) were used, resulting in a total scat-
tering vector of 0.03bqb0.25 Å−1. We note that the smallest q value



Table 1
Temperature dependence of lipid volumes (Å3) and volume thermal expansivities αT

V=(∂V/∂T)Π /V ×10^4 K−1 for fluid phase PG bilayers. A volume uncertainty of 0.3% was es-
timated based on densitometry measurements before and after sample dilution.

20 °C 30 °C 40 °C 50 °C 60 °C

V αT
V V αT

V V αT
V V αT

V V αT
V

DLPG 945.9 6.3±1.0 953.6 6.3±1.0 957.1 6.3±0.9 962.4 6.2±0.9 971.5 6.2±0.9
DMPG 1011.4 NA 1057.4 7.5±1.4 1065.5 7.4±1.3 1074.0 7.4±1.3 1080.9 7.3±1.3
DPPG 1106.8 NA 1116.5 NA 1145.7 NA 1188.8 7.8±4.3 1198.1 7.8±4.2
DSPG 1191.4 NA 1203.4 NA 1213.7 NA 1234.5 NA 1305.0 NA
POPG 1201.9 9.0±1.0 1208.7 9.0±1.0 1222.9 8.9±1.0 1233.7 8.8±0.9 1243.6 8.7±0.9
SOPG 1265.5 6.2±1.0 1272.8 6.2±1.0 1280.3 6.2±0.9 1288.6 6.1±0.9 1297.1 6.1±0.9
DOPG 1257.5 6.2±1.0 1265.0 6.1±1.0 1272.8 6.1±1.0 1281.0 6.0±0.9 1288.2 6.0±0.9
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varies somewhat for different instruments (see Supplementary mate-
rials). However, such variation does not affect our model analysis, since
the relevant length scale for bilayer structure is of the order of 40 Å, and
is therefore determined by data in the q range well extended above
0.05 Å−1. Data were collected using a 2D 3He position-sensitive detec-
tor with a 5 mm×5 mm spatial resolution (0.64 m×0.64 m for the
instruments at NIST, and 1 m×1 m at ORNL). Samples were taken up
in standard quartz (banjo) cells. Finally, the 2D data images were
corrected and reduced into 1D scattering curves using software sup-
plied by NIST [42] and ORNL. As was the case for X-rays, no absorption
correction was applied [38]. Fig. 2B shows typical neutron scattering
form factors calculated using Eq. (2).

2.4. Bilayer model

The SDP model for PG lipids was developed by Kučerka et al. [29]
and is graphically depicted in Fig. 2C–E. Briefly, the component
groups are chosen on the basis that each group has the same func-
tional form for all contrast conditions (i.e., ED and NSLD profiles,
Fig. 2C and D, respectively). Three Gaussians are used to describe
the lipid headgroup, i.e., one each for the carbonyl–glycerol (CG),
phosphate (PG1), and terminal glycerol (PG2) moieties. The total
hydrocarbon region (i.e., the sum of the CH2, CH and CH3 groups) is
represented by an error function. The CH and CH3 groups are each
described by a single Gaussian, which are then subtracted from the
Fig. 2. SDP model fit to POPG data at 30 °C. The lipid components are described by five Gaus
with lipid components, which ensures unity of the total volume probability (i.e., space-fil
nonlinear least-squares fitting of the experimental X-ray (A) and neutron (B) form factors.
distributions (E) are computed based on the parameters obtained from the fits to the data. L
the other intrabilayer structural information, are determined from the profiles displayed in p
z-axis, where the integrated water distribution areas (hatched) are equal, i.e., effectively th
error function to obtain the CH2 distribution. The water distribution
is defined by complementarity with the lipid components by requir-
ing that all volume probabilities sum to unity at each value of z
(Fig. 2E). In this way, the model captures all of the features of the dif-
ferent scattering density profiles (SDPs), while satisfying the spatial
conservation principle [28]. Finally, the analytical X-ray and neutron
form factors, which were used to fit the experimental scattering
data, were obtained by Fourier transform of the ED and the various
NSLDs based on the SDP model (Fig. 2A and B).

While a disordered fluid bilayer is inherently a low resolution
structure, it is nevertheless possible (in principle) to fully resolve this
low resolution structure, provided that enough independent data are
acquired to account for the degrees of freedom in the model [43].
Though the SDP model addresses the resolution problem by combining
multiple X-ray and neutron data sets, we determined that because of
the limited q-range and counting statistics of our experimental scatter-
ing data (and in particular the three neutron data sets), a complete
description of all PG structural features is not possible, as judged by
the lack of stability in the unconstrained nonlinear least squares analy-
sis. To enhance the stability and robustness of the fitting algorithm, the
parameter spacewas restricted through a judicious choice of constraints
guided by a combination of experimental and simulation data. Namely,
the total lipid and headgroup volumes were fixed to experimentally
determined values, as described in Section 2.1. The center of the terminal
methyl Gaussian was fixed to z=0 through symmetry considerations,
sians and one error function. The water probability is determined by complementarity
ling model). The component center and width are determined through simultaneous
The electron density (C), neutron scattering length density (D) and volume probability
ipid area A, overall bilayer thickness DB, and hydrocarbon thickness 2DC, in addition to
anels C, D, and E. The Gibbs dividing surface (shown in E) is defined as a point along the
e interface between the lipid bilayer and water (i.e., DB/2).

image of Fig.�2
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and the width of the PG2 Gaussian was set to the value obtained
from MD simulations [29]. In addition to these hard constraints, several
soft constraints were employed. For each soft-constrained parameter,
deviation from a target value (taken to be the value obtained from MD
simulations) resulted in a quadratic penalty which was added to the
overall χ2. Following [28], the penalty terms were independently scaled
to allow for ~10% deviation from the target value. Soft-constrained
parameters included the ratios of headgroup and acyl chain component
volumes, and the width of the hydrocarbon error function.

From Fig. 2C and D it is obvious that neutrons and X-rays are
sensitive to different parts of the bilayer. The ED distribution of the
lipid bilayer is different from the NSLD distribution due to the different
interactions of X-rays and neutrons with matter. While the scattering
amplitude for X-rays increases monotonically with the increasing
atomic number, the scattering amplitude for neutrons' does not follow
the pattern. As a consequence, in the case of X-rays the electron dense
phosphate groups contrast very well with the less electron dense
hydrocarbon chain region, thus revealing the headgroup–headgroup
spacing, as well as the terminal methyl groups in the bilayer center
(see Fig. 2C). On the other hand, thehighNSLDof D2O amplifies the con-
trast between the lipid bilayer and the water phase, thus enabling the
accurate determination of the total bilayer thickness (see Fig. 2D), and
consequently, the area per lipid (assuming knowledge of the lipid vol-
ume). Based on the amounts and quality of the experimental data
used in the analysis, we estimate an uncertainty for the various struc-
tural parameters of ~2% [28].

Although the SDP model is designed to obtain structure from neu-
tron and X-ray scattering data, the primary description is in terms of
volume probability distributions (Fig. 2E) [28]. Briefly, the component
groups are chosen on the assumption that each group has the same
functional form for all of the different contrast conditions, and that
they all sum up to unity in volume probability space. Individual ED
and NSLD profiles are then calculated from the descriptions of such
functional forms in terms of volume probabilities, and then multi-
plied by the ED and/or NSLD of the corresponding component. For ex-
ample, the volume probability of the water distribution is calculated
based on a complementarity requirement that volume is conserved,
and is then multiplied by its ED or NSLD to obtain its scattering den-
sity profile. In addition to satisfying the spatial conservation principle,
this definition allows for a direct determination of lipid area A from the
volume probability of the water distribution, Pz(water), which gives
rise to the Gibbs dividing surface between the water and the lipid
(i.e., DB/2 from bilayer center, see Fig. 2). In particular, the mean posi-
tion of the water distribution is defined by the equality of the
Fig. 3. Temperature dependence of DLPG, DMPG, DPPG, and DSPG lipid areas A (black square
triangles). Also shown are linear least-square fits (solid lines) whose slopes are denoted by
integrated water probability inside the Gibbs dividing surface and
the integrated deficit of water probability to the outside of this surface
[28] as:

∫DB=2

0
Pz waterð Þdz ¼ ∫D=2

DB
=2 1−Pz waterð Þð Þdz; ð3Þ

where D/2 is a point beyond which Pz(water)=1. The Gibbs dividing
surface is equivalent to Luzzati's division of a two-component system
consisting of water and lipid [44]. Finally, lipid area is related to the
Luzzati thickness DB by [28]

A ¼ 2VL=DB: ð4Þ

From Eq. (4) it is evident that the uncertainty associated with the
area per lipid is directly related to the uncertainty of our measured
lipid volume and the fitted thickness, DB.

2.5. Expansivity and contractivity

For the range of temperatures studied, bilayer structural parame-
ters, including lipid volumes, areas, and bilayer thicknesses changed
linearly. Thermal expansivity and contractivity (in units K−1) were
determined from the slopes (which will be referred to as expansion
or contraction coefficients k, with units Å2 K−1 for area and Å K−1

for thickness) of the linear functions used to fit the different data,
divided by the corresponding structural parameters [e.g., area ther-
mal expansivity αT

A=(∂A/∂T)Π /A, overall bilayer thickness thermal
contractivity αT

DB=−(∂DB/∂T)Π/DB, and hydrocarbon thickness ther-
mal contractivity αT

2DC=−(∂2DC/∂T)Π/(2DC), where A, DB, and 2DC

are the lipid area, overall bilayer thickness and hydrocarbon thickness,
respectively, and the subscriptΠ refers to constant pressure]. To evaluate
the effect of hydrocarbon chain length nc, we defined a similar set of
expansivities [e.g., area chain length expansivity αnc

A =(∂A/∂nc)Π,T/A,
overall bilayer thickness chain length expansivity αnc

DB=(∂DB/∂nc)Π,T /
DB, and hydrocarbon thickness chain length expansivity αnc

2DC=(∂2DC/
∂nc)Π,T/(2DC), where the subscripts Π and T refer to constant pressure
and temperature, respectively]. Uncertainties in these quantities were
estimated by Monte Carlo (MC) simulations [45]. Taking lipid area as
an example, this was done as follows: a large sample of artificial data
was constructed by drawing random areas from normal distributions
centered at the experimentally observed areas and with standard
deviations given by the estimated uncertainty of the area measure-
ment (i.e., 2% of the observed value). The resulting in silico data sets
were analyzed identically to the experimental data to generate a
s), overall bilayer thicknesses DB (green circles), and hydrocarbon thicknesses 2DC (blue
k and whose uncertainties are estimated from MC simulations.
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large sample of thermal and chain-length area expansion coefficients
(slopes) and expansivities (i.e., slopes divided by the corresponding
areas). For a particular expansion coefficient, or expansivity, the standard
deviation of its distribution is reported as the uncertainty.

3. Results

3.1. Structure of DLPG

It has been reported that both pH and cation concentration can
affect the surface potential, phase transition temperature and mono-
layer density of DLPG [46–51]. At 100 mM ionic strength, the main
gel-to-liquid crystalline transition of DLPG bilayers occurs near −5 °C
[2], well below the lowest temperature we investigated (20 °C). Fig. 3
shows the temperature dependence of the main DLPG structural pa-
rameters (i.e., lipid area A, overall bilayer thicknessDB, and hydrocarbon
chain thickness 2DC) obtained from the SDP model analysis utilizing
one SAXS and three different contrast SANS data sets. As expected, A
increases as a function of increasing temperature, while DB decreases.
This behavior is consistent with the greater likelihood of gauche
rotamers in the acyl chains with increasing temperature – as predicted
by the Boltzmann distribution – where the trans-gauche energy differ-
ence ε is about 0.5 kcal/mol/CH2 [52].

The Boltzmann distribution also implies that as temperature con-
tinues to increase, changes in structural parameters will become small-
er, and eventually vanish. However, because of the relatively narrow
temperature range investigated (20 to 60 °C), the structural parameters
can be approximated by a linear relation as a function of temperature
(i.e., Fig. 3). Over this temperature range, DLPG's area changes by
about 2.0 Å2 for each 10 °C increase in temperature, close to the 1.7 Å2

change observed for its neutral counterpart, DLPC [38]. Although both
the overall bilayer thickness and the hydrocarbon thickness decrease
as temperature increases, the changes to DB are slightly more dramatic,
suggesting a thermal thinning of the headgroup region.

As stated in the Materials and methods section, our analysis as-
sumes a fixed headgroup volume. To evaluate the validity of such an
approximation, we also analyzed the experimental data assuming
the same volume thermal expansion coefficient for DLPG's headgroup
and hydrocarbon chains at 60 °C, where the volume expansion is
maximal. The area per lipid varies by less than 0.1%, much less than
its estimated 2% uncertainty. In light of this observation, a fixed
headgroup volume was used to analyze the remaining data sets.

To facilitate comparisons of structure parameters from other lipids,
we calculated the area thermal expansivity αT

A, overall bilayer thick-
ness thermal contractivity αT

DB, and hydrocarbon thickness thermal
contractivity αT

2DC, at each temperature (Tables 2–4). αT
A decreases

slightly as temperature increases, due to a larger area value in the
denominator [i.e., αT

A=(∂A/∂T)Π/A]. Similarly, the two thickness
contractivities increase slightly with increasing temperature, due to
their smaller associated thicknesses [i.e., αT

DB=−(∂DB/∂T)Π/DB and
αT

2DC=−(∂2DC/∂T)Π/(2DC)]. The overall area expansivity and thick-
ness contractivity of DLPG are very similar toDLPC bilayers [38], indicat-
ing that the hydrocarbon chain region is most affected by increasing
temperature.

3.2. Structure of DMPG

Compared to DLPG, DMPG has two additional methylene groups in
each of its hydrocarbon chains. It is one of themost studied anionic lipids
due to its easily accessible main phase transition temperature (i.e.,
~23 °C). Numerous studies have shown that DMPG exhibits a broad
spectrum of phase polymorphism at low temperatures, depending on
pH, ionic strength, lipid concentration, temperature, and incubation peri-
od [53–58], and references therein. Other interesting phenomena suchas
vesicle aggregation inducedbyhigh concentration ofmonovalent cations
have also been reported [59].



Table 3
Overall bilayer thicknesses DB (Å) as a function of temperature, hydrocarbon chain length, and the degree of hydrocarbon chain unsaturation. Overall bilayer thickness thermal contractivities and chain length expansivities, αT

DB and αnc
DB,

respectively, are also shown. αnc
DB is calculated for each group of lipids depending on their total number of double bonds (e.g., 0 for DLPG, 1 for POPG, and 2 for DOPG).

20 °C 30 °C 50 °C 60 °C

DB αT
DB αnc

DB DB αT
DB αnc

DB DB αT
DB αnc

DB DB αT
DB αnc

DB

DLPG 29.9 0.0022±0.0006 NA 29.1 0.0023±0.0006 0.0592±0.0150 27.8 0.0024±0.0006 0.0691±0.0081 27.2 0.0024±0.0007 0.0678±0.0055
DMPG NA NA NA 32.5 0.0016±0.0009 0.0529±0.0134 31.4 0.0017±0.0009 0.0612±0.0072 30.9 0.0017±0.0009 0.0595±0.0048
DPPG NA NA NA NA NA NA 35.5 0.0028±0.0028 0.0541±0.0064 34.5 0.0029±0.0029 0.0533±0.0043
DSPG NA NA NA NA NA NA NA NA NA 38.2 NA 0.0481±0.0039
POPG 37.3 0.0016±0.0006 0.0500±0.0289 36.6 0.0016±0.0006 0.0442±0.0289 35.5 0.0017±0.0006 0.0449±0.0288 34.9 0.0017±0.0007 0.0484±0.0289
SOPG 38.8 0.0014±0.0006 0.0385±0.0278 38.2 0.0015±0.0006 0.0423±0.0277 37.1 0.0015±0.0006 0.0430±0.0276 36.6 0.0015±0.0007 0.0461±0.0276
DOPG 36.3 0.0007±0.0006 NA 35.7 0.0008±0.0006 NA 35.1 0.0009±0.0006 NA 35.0 0.0009±0.0006 NA

Table 4
Hydrocarbon thicknesses 2DC (Å) as a function of temperature, hydrocarbon chain length, and the degree of hydrocarbon chain unsaturation. Hydrocarbon thickness expansivities as a function of temperature and hydrocarbon chain length,
αT

2DC and αnc
2DC, respectively, are also shown. αnc

2DC is calculated for each group of lipids depending on their total number of double bonds (e.g., 0 for DLPG, 1 for POPG, and 2 for DOPG).

20 °C 30 °C 50 °C 60 °C

2DC αT
2DC αnc

2DC 2DC αT
2DC αnc

2DC 2DC αT
2DC αnc

2DC 2DC αT
2DC αnc

2DC

DLPG 20.7 0.0020±0.0006 NA 20.2 0.0020±0.0006 0.0832±0.0153 19.4 0.0020±0.0006 0.0955±0.0085 19.0 0.0020±0.0007 0.0936±0.0059
DMPG NA NA NA 23.6 0.0014±0.0009 0.0714±0.0131 22.9 0.0014±0.0009 0.0809±0.0072 22.6 0.0014±0.0009 0.0788±0.0049
DPPG NA NA NA NA NA NA 26.8 0.0026±0.0028 0.0691±0.0062 26.1 0.0027±0.0029 0.0681±0.0043
DSPG NA NA NA NA NA NA NA NA NA 29.7 NA 0.0599±0.0037
POPG 28.3 0.0012±0.0006 0.0566±0.0290 27.8 0.0012±0.0006 0.0609±0.0292 27.1 0.0012±0.0006 0.0589±0.0291 26.7 0.0012±0.0007 0.0618±0.0291
SOPG 29.9 0.0013±0.0006 0.0535±0.0275 29.5 0.0013±0.0006 0.0574±0.0276 28.7 0.0013±0.0006 0.0556±0.0275 28.4 0.0013±0.0006 0.0582±0.0274
DOPG 27.9 0.0007±0.0006 NA 27.5 0.0007±0.0006 NA 27.2 0.0007±0.0006 NA 27.1 0.0007±0.0006 NA
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The main transition of DMPG from the crystalline gel to the
liquid-like fluid phase occurs near 23 °C [2,54,60–63], consistent
with our volume and SAXS data, which show distinguishable differ-
ences between gel phase (at 20 °C, data not shown) and fluid phase
(at 30 °C) form factors. The melting temperature of DMPG is very
similar to that of DMPC at 24 °C [31], indicative of the important
role of DMPG's hydrocarbon chains in the gel-to-liquid crystalline
transition. The X-ray form factor of DMPG bilayers shown in Fig.
S6 (Supplementary materials) reveals non-zero minima for the
first three lobes at 30 °C, a possible sign of bilayer asymmetry [30].
Similar form factors have also been observed in PC lipids at temper-
atures close to the phase transition [38]. However, because our cur-
rent SDP model assumes a symmetric bilayer, a larger uncertainty
should be considered to the structural parameters derived from
the 30 °C data.

The structural parameters and their thermal derivatives for DMPG
at 30, 50, and 60 °C are shown in Fig. 3 and Tables 2–4. Similar to
DLPG, lipid area increases and bilayer thickness decreases as temper-
ature increases. Because only three data points are available, the esti-
mated uncertainties are larger than for the corresponding DLPG
parameters. Although there is a lack of experimentally determined
areas for fluid phase DMPG bilayers, our extrapolated area per lipid
at 27 °C (64.5 Å2) is somewhat larger than the value of 62±2 Å2

value obtained from a Langmuir monolayer study [21]. Moreover,
our interpolated DMPG lipid area at 37 °C (66.2 Å2) highlights the
underestimated DMPG lipid areas reported by two previous MD stud-
ies, namely 58.5 Å2 [19] and 61.8±1.2 Å2 [20].
3.3. Structure of DPPG and DSPG

Compared to DMPG, DPPG has two additional methylene groups
in each of its hydrocarbon chains. Various thermotropic, structural,
and ionic properties of DPPG bilayers have been reported, including:
a) the effect of pH on chain tilt, fluidity, transition temperature, ion
penetration, and surface water structure [48,64,65]; b) the effect of
temperature and monovalent salt concentration (by small and wide
angle X-ray scattering) in the crystalline gel phase [66]; c) divalent
cation induced vesicle fusion [67]; d) a low-temperature incubation
induced subgel phase [68–70], not unlike DPPC bilayers [71,72];
e) monovalent cation dependent phase behavior [61,73–75]; f) tris
buffer induced acyl chain interdigitation in crystalline bilayers [76];
g) phase behavior in binary mixtures with cardiolipin [77]; and h) hy-
drogen bond formation with PE lipids in mixed Langmuir monolayers
mimicking bacterial inner membranes [78]. MD simulations have also
been performed on fluid DPPG monolayers with different area densi-
ties [79], and on DPPG/drug systems of different charge [80].

Differential scanning calorimetry measurements indicate that a
sharp, highly enthalpic gel-to-liquid crystalline transition takes place
near 41 °C in DPPG bilayers [2,54,62], consistent with our volume and
scattering data, and similar to the melting transition temperature of
DPPC. The structural parameters of DPPG fluid phase bilayers (i.e., 50
and 60 °C) obtained from the SDP model analysis are shown in Fig. 3.
Because only 2 data points are available, the estimated uncertainties
based on MC simulations are much larger than those of DLPG and
DMPG bilayers. Nevertheless, there is a clear trend indicating that
a higher temperature results in a larger area per lipid and consequently
a thinner bilayer.

In contrast to the three aforementioned saturated PG lipids, not
much is known about DSPG — except for two reports pertaining to
bilayer interactions, surface potential, and ion binding in the crystal-
line gel phase [21] and interdigitated bilayers [61]. The gel-to-fluid
transition of DSPG occurs near 54 °C [2,60–62]. As a consequence,
only one set of structural parameters at 60 °C is available from our
data analysis (Fig. 3). Compared to DPPG at the same temperature,
DSPG has a smaller lipid area and a thicker bilayer.
3.4. Structure of POPG and SOPG

POPG is one of the most biologically relevant and abundant anionic
lipids in nature. Though rare inmostmammalian cells, it is an important
component of pulmonary lung surfactant, where it is believed to play a
specialized role in the defense against bacterial and viral infection. In
treponemal membranes, for example, POPG is reported to: a) interfere
with the function of the receptors regulating pathogen associated
molecular patterns; b) inhibit the production of proinflammatory cyto-
kine; c) depress abscess formation; and d)modulate immune responses
[81]. Other studies have found that POPG inhibits bacterial lipopolysac-
charide (LPS) induced production of the proinflammatory mediator,
cytokine, by interacting with the LPS binding protein [82], and it sup-
presses the proinflammatory action of Mycoplasma pneumoniae by re-
ducing arachidonic acid release from macrophages [83]. POPG has also
been shown to bind the respiratory syncytial virus with high affinity,
inhibiting its attachment to epithelial cells [84].

Similarly to PG lipids with saturated hydrocarbon chains, the pres-
ence of divalent cations perturbs the phase behavior of POPG [85].
The main gel-to-liquid crystalline transition in POPG bilayers occurs
below 0 °C [85–87]. The structural parameters of POPG at four differ-
ent temperatures, as well as linear fits and estimated uncertainties,
are shown in Fig. 4. It is clear from the figure that the replacement
of a single bond with a double bond does not significantly attenuate
the thermal response (compared to saturated lipids, POPG exhibits a
similar temperature dependence for A, DB, and 2DC).

As in the case of DMPG bilayers, we were unable to find lipid area
measurements for synthetic POPG bilayers in the literature, although
PG synthesized from egg-PC (and presumably rich in palmitoyl-oleoyl
chains) has a reported area per lipid of 67.5 Å2 at room temperature
[19], a value determined by osmotic swelling [88]. This value for
area per lipid is larger than our interpolated value of 64.7 Å2. It has
beenmentioned previously that lipid areas obtained fromMD simula-
tions often do not agree with experimentally determined values [29].
A large variability in POPG lipid areas at 37 °C has been reported from
MD simulations, namely: 66.4 Å2 [12]; 65 Å2 [19]; 64.2 Å2 [13];
49–51 Å2 in association with various cations, and 68.2 Å2 for a
POPG/potassium complex [17]; 55–57 Å2 [16]; 56 Å2 [15]; 53 Å2

[89]; and 62.8 Å2 [10]. With the exception of the POPG/potassium
complex [17], each of these POPG areas is smaller than our interpolat-
ed value of 67.3 Å2.

We also studied SOPG, which has two additional methylene groups
in its saturated sn-1 chain, compared to POPG. Our volume and scatter-
ing data suggest that the main phase transition temperature of SOPG
bilayers occurs below 20 °C, consistent with the known SOPC transition
temperature of 6 °C [90]. A small peak near 0.1 Å−1, present in the X-
ray form factors at 20 and 30 °C (Supplementary Figs. S16 and S17), is
most likely due to the presence of pauci-lamellar vesicles (PLV). As a re-
sult, much larger error uncertainties are assigned to the data points in
the vicinity of this peak region in order to diminish any PLV influence.
Interestingly, this peak disappeared with increasing temperature, and
was also absent in the neutron form factors which determine the bil-
ayer's overall thickness and area per lipid. The structural parameters
of SOPG bilayers are shown in Fig. 4. In general, the thermal response
of SOPG bilayers is very similar to that of POPG, and slightly less pro-
nounced than bilayers with saturated chain lipids.

3.5. Structure of DOPG

It has previously been shown that interactions between phospho-
lipids and cholesterol depend on the degree of phospholipid chain
unsaturation [91,92]. The immiscibility of di-monounsaturated lipids
with cholesterol and saturated lipids has served as the prototypical
model for phase separation and lateral domain formation [93,94].
To investigate how the degree of chain unsaturation affects the
structure of bilayers composed of anionic PG lipids as a function of



Fig. 4. Temperature dependence of POPG, SOPG, and DOPG lipid areas A (black squares), overall bilayer thicknesses DB (green circles), and hydrocarbon chain thicknesses 2DC (blue
triangles). Also shown are the linear least-square fits (solid lines) to the data with slopes denoted by k and uncertainties estimated from MC simulations.
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temperature, we determined the structure of DOPG bilayers at four
temperatures.

The phase behavior of DOPG in response to divalent cations and PC
lipids with different chain lengths has been previously reported [95].
The main gel-to-liquid crystalline transition of DOPG bilayers takes
place near −18 °C [95], and its structural parameters obtained using
SDP model analysis are shown in Fig. 4. Due to the presence of two
cis-double bonds (i.e., one in each hydrocarbon chain), DOPG possesses
the largest area of the lipids in this study. This observation is consistent
with the areas of di-monounsaturated PC lipids, with DOPC exhibiting
the largest area per lipid [96]. Also, similarly to zwitterionic PC lipid bi-
layers, the thermal response of DOPG is determined to be about half that
of lipids with two saturated chains. In other words, DOPG undergoes
much smaller structural changes as a function of temperature, a feature
most likely due to an intrinsic disorder associated with having two
monounsaturated hydrocarbon chains [38].

4. Discussion

The self-assembly of amphiphilic lipid molecules possessing a
polar headgroup and two hydrophobic hydrocarbon chains into a
planar bilayer structure is dictated by the delicate, but cooperative
balance between lateral attractive and repulsive forces, including
hydrophobic, van der Waals, steric, dipole–dipole and electrostatic
interactions. Any external or internal factors that alter the balance
of these forces will affect the aggregate structure. In the present
study we specifically investigated how the structure of model PG
lipid bilayers is influenced by temperature, chain composition and
headgroup charge.

4.1. The effect of temperature on bilayer structure

In membranes, temperature is a thermodynamic parameter that
manifests itself in a number of ways, such as critical thermal fluctua-
tions [97], phase transitions [98], and domain formation [99]. By
examining the thermal response of lipid model membranes, a better
understanding of the adaptation of cells to their external environ-
ment (e.g., through changes in membrane composition, bending
rigidity, fluidity, morphology, etc.) can be achieved. The current struc-
tural study of PG lipid bilayers at several different temperatures al-
lows us to accurately quantify their temperature dependence at the
molecular level. Moreover, a parallel comparison of thermal responses
exhibited by lipids with varying chain length and degrees of hydrocar-
bon chain unsaturation enables us to assess how biological membranes
may benefit from lipid diversity. Since biological membranes contain
many different lipid species, their overall structure depends, to a great
extent, on lipid composition (e.g., the ratio between different lipid com-
ponents). By incorporating different lipid species in different quantities,
membrane structure can be tweaked to create local environments that
enable specific membrane functions.

The structural properties of PG bilayers as a function of tempera-
ture are illustrated in Figs. 3 and 4. Differences in thermal response
are observed for lipids with different degrees of chain unsaturation,
with the largest changes taking place in lipids with two fully saturat-
ed chains (Fig. 3, Tables 2–4). These findings are consistent with a
previous report of PC lipids using the SDP model to simultaneously
analyze neutron and X-ray scattering data [38]. A less pronounced
temperature dependence in the case of lipids with unsaturated hy-
drocarbon chains has also been observed by other groups utilizing
different experimental and theoretical approaches. For example,
using coarse-grained MD simulations, Stevens [100] determined the
lipid area thermal expansion coefficient kA of DOPC to be half that of
DMPC. Using the Luzzati method together with a heuristic interpola-
tion, Costigan and coworkers reported a similar trend for DOPC, POPC,
and DMPC bilayers [101]. The similarities observed here between
neutral (PC) and charged (PG) lipids underscore that the temperature
effect on lipid area is, for the most part, manifested through the disor-
dering of the hydrocarbon chains. This implies that already disor-
dered unsaturated hydrocarbon chains are less affected by
increasing temperature. In other words, area per lipid for this class
of lipids is also less temperature dependent. This attenuation in the
effect of temperature on bilayer structural parameters is most likely
energetically favorable for organisms which experience periodic tem-
perature variations [102].

A closer examination of the effect of temperature on lipid bilayers
reveals that PG and PC lipids with identical hydrocarbon chains
exhibit a similar thermal response. For example, the overall bilayer
thickness contractivity for DMPC at 30 °C was reported to be
0.0019 K−1 [103] and 0.0022±0.0006 K−1 [38], well within the
range of our 0.0016±0.0009 K−1 value for DMPG bilayers at 30 °C.
Although a different definition for bilayer thickness was applied,
Simon and coworkers [104] reported a phosphate–phosphate thick-
ness contractivity of 0.0022 K−1 for egg-PC at 23 °C, a value not so
dissimilar to the overall thickness we found for POPG bilayers at
20 °C (i.e., 0.0016±0.0006 K−1). Our PG results are also consistent
with an earlier NMR study of PC lipids with different chain lengths in
which an area expansion coefficient of 0.24–0.29 Å2 K−1 was reported
[105]. However, better agreement is observedwhen comparing previous

image of Fig.�4


Fig. 5. Chain length nc dependence of lipid areas A (A), overall bilayer thicknesses DB (B),
and hydrocarbon thicknesses 2DC (C) at 60 °C (red squares), 50 °C (green circles), 30 °C
(blue triangles), and 20 °C (magenta star), respectively. The left column corresponds to
lipids with two saturated chains, the middle column to lipids with a monounsaturated
sn-2 chain, and the right column corresponds to lipid with two monounsaturated chains.
Note that the chain lengths of mixed chain lipids (i.e., POPG and SOPG) are averaged over
their hydrocarbon chains (middle column). Linear least-squarefits (solid lines) are shown
for data sets with two or more data points, with corresponding slopes (k) and estimated
uncertainties from MC simulations.
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SDP-obtained PC data [38] with the present PG data. For example, the
area expansion coefficients for DLPC, DMPC, DPPC, POPC, and SOPC are
0.17, 0.19, 0.19, 0.14, and 0.14 Å2 K−1, respectively [38], and are similar
to the values obtained in this study for the corresponding PG lipids
(i.e., 0.20, 0.16, 0.25, 0.17, and 0.14 Å2 K−1). Discrepancies between
scattering studies also exist. For example, a previous standalone X-ray
study of DOPC reported an area thermal expansion coefficient of
0.21 Å2 K−1 [106]. This is larger than the upper bound for DOPG bilayers
(0.10±0.05 Å2 K−1), implying possible differences between zwitterion-
ic and anionic lipid bilayers, and/or differences between the different
techniques used in the two studies. The need for a more extensive use
of experimental data in determining bilayer structural parameters has
also been previously emphasized [28].

4.2. The effect of hydrocarbon chains on bilayer structure

Lipid chain diversity (e.g., length and degree of unsaturation) is of
paramount importance to biological systems and is closely associated
with biological processes, such as the sorting of cholesterol [107] and
the hydrophobic matching necessary for the activation/deactivation
of certain membrane proteins [108]. In Fig. 5 we plot A, DB, and 2DC

as a function of chain length at various temperatures (i.e., 20, 30,
50, and 60 °C). The area and thickness expansivities with respect to
chain length are defined similarly to the temperature expansivity
(see Section 2.5), and are determined by linear least-square fits in
the case of data sets with two or more data points. The values for
these parameters are listed in Tables 2–4. An interesting result is
that at constant temperature the areas of lipids with two saturated
chains (Fig. 5, left column) decrease as chain length increases, indi-
cating that the attractive van derWaals interactions supersede the re-
pulsive entropic and volume exclusion steric interactions, becoming
increasingly important with each additional methylene group. This
trend is, however, reversed (20 and 30 °C) or suppressed (50 and
60 °C) by the introduction of a double bond (Fig. 5, middle column).
It should be noted that the different trends of chain length depen-
dence in the case of mixed chain lipid areas (i.e., POPG and SOPG)
at different temperatures are, for the most part, the result of the
heightened sensitivity of POPG's molecular volume to changes in
temperature, compared to SOPG (Table 1).

In contrast to lipid area which behaves differently as a function
of chain length for different lipids, both DB and 2DC increase with
increasing chain length, as shown in Fig. 5B and C. It is clear from
the figure that the slopes are identical for the two thicknesses. Also,
because DB includes the charged PG headgroup, DB and 2DC having
the same slope indicates that the headgroup undergoes negligible
conformational change as a function of chain length. This decoupling
effect between the lipid's headgroup and its hydrocarbon chains im-
plies the presence of a relatively rigid headgroup, in agreement with
our notion that headgroup volume does not change as a function of
hydrocarbon chain composition. This is further explored by plotting
the volumes of saturated lipids at 60 °C as a function of chain length
(not shown). We obtain a linear dependence that intersects the verti-
cal axis at V=300.6±10.0 Å3, a value consistent with our estimate of
VHL=291 Å3 (see Section 2.1).

The effect of chain unsaturation on the various bilayer parameters
(i.e., A, DB, and 2DC) has also been reported for PC lipids [38]. It seems
that the effect of unsaturation on A is smaller in the case of PG bilayers
as the electrostatic interactions between PG headgroups attenuate
the disordering effect induced by the presence of an unsaturated
bond, whose primary effect is to disrupt chain packing and increase
lateral area. To demonstrate the effect that unsaturated bonds have
on hydrocarbon chains, we calculate the effective length L of each
chain segment as a function of total methylene, methine and methyl
groups making-up the hydrocarbon chain [106]. L is defined as
L=Dc/(nCH2+r12×nCH+r), where nCH2 and nCH are the number
of methylene and methine groups, and r12=V(CH)/V(CH2) and
r=V(CH3)/V(CH2) are volume ratios obtained from the SDP model
analysis. Fig. 6 shows that the average L for lipids with two saturated
chains increases with chain length. The observed trend indicates that
hydrocarbon chains become stiffer with increasing chain length, a
notion that is consistent with a larger bending modulus found in
bilayers composed of longer-chain lipids [109]. The disordering effect
of the unsaturated bond is manifested by a decrease in L (e.g., DSPG
vs. SOPG). The addition of another unsaturated hydrocarbon chain
(e.g., SOPG vs. DOPG) decreases L further. Interestingly, the changes
due to the addition of each double bond are comparable, unlike the
case of PC bilayers where the addition of the first double bond
increased the area per lipid about twice as much as the addition of a
second double bond [33].

The equilibrated lipid area is governed by a balance of forces
resulting from the headgroup and hydrocarbon chains. In the infinite-
ly long chain length regime, where lipid chain–chain van der Waals
attractive interactions dominate (i.e., headgroup electrostatic interac-
tions are negligible), the headgroup has a minimum area due to the
steric interactions between the interfacial glycerol–carbonyl groups.
However, the observed minimal area is still larger than the optimum
packing for all-trans chains [105], indicating that the overall lipid area
is determined by the headgroup steric limit. Because both PG and PC
lipids share the same glycerol–carbonyl ester linkage, the limiting
area is expected to be the same. Indeed, by extrapolating to 1/
nc=0, one observes that lipid areas for PG and PC lipids are similar
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Fig. 6. The effective length L of PG lipid hydrocarbon chains along the bilayer normal
at 60 °C as a function of the effective number of carbons. The disordering effect of an
unsaturated bond is reflected by the smaller L values with increasing levels of chain
unsaturation.
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(Fig. 7A). Our limiting areas at 1/nc=0 are also in good agreement
with those from an earlier report of PC lipids obtained from NMR
measurements [105], although a more complicated relation between
chain length and lipid area was used. The observed similar limiting
areas are consistent with the general consensus that the headgroup is
fully solvated, with some water molecules penetrating the headgroup–
hydrocarbon chain interface [110]. When a greater lateral attractive
pressure [111,112] is exerted, due to the presence of a longer hydrocar-
bon chain, these interfacial water molecules are expelled (possibly all
of them), at which point the carbonyl–glycerol backbone hinders any
further lateral contraction, and a limiting area is reached. The aforemen-
tioned mechanism is most informative when it comes to explaining
the differences between lipids with ether and ester linkages [113,114].

As chain length decreases from infinity, lateral chain packing area
increases due to attenuated chain–chain interactions, until it exceeds
the headgroup steric area. Beyond that point, the overall area is dic-
tated by chain–chain, headgroup–headgroup and headgroup–chain
interactions. Due to the anionic nature of PG lipids, the additional
Fig. 7. Lipid areas for saturated PG (present data) and PC [38] lipids at 60 °C as a function
of chain length nc. Extrapolating to 1/nc=0 (A) gives rise to an area per lipid of 62.0±
4.6 Å2 (PG) and 60.2±4.3 Å2 (PC), respectively. When nc=0 (B) the area per lipid is
77.7±4.8 Å2 and 70.3±4.4 Å2 for PG and PC lipids, respectively.
repulsive electrostatic interactions contribute to the larger areas asso-
ciated with PG lipids. The area difference between PG and PC lipids is
maximal at zero chain length (Fig. 7B) — note that although nc=0
does not correspond to a physical state of the lipid bilayer, this limit-
ing area reflects, however, the headgroup's effect on the lipid's lateral
packing behavior.

4.3. The effect of headgroup on bilayer structure

The importance of lipid headgroups is implied by the fact that they
reside at the interface separating the bilayer's hydrophobic hydrocar-
bon interior from bulk water. Importantly, headgroup diversity mod-
ulates electrostatic potential in and near the membrane surface, a
feature central to a wide range of biological processes [115,116].

Similarly to previous results, the examination of headgroup tilt re-
veals a difference between PG and PC lipids with unsaturated chains.
A crude measure of headgroup tilt can be calculated from the centers
of the Gaussians describing the transverse distribution of the two
headgroup components (i.e., phosphate and terminal glycerol for
PG, and phosphate-CH2CH2N and choline methyls for PC) and an esti-
mate of the distance across these headgroups. We find approximately
a 10° tilt for both PG and PC lipids with one unsaturated chain. Also,
this tilt seems to decrease to a value close to zero (i.e., headgroup is
oriented parallel to the plane of the membrane) in PG bilayers made
up of fully saturated chains, while it increases in PC bilayers. On the
other hand, this spread in headgroup tilt values may point to an inad-
equacy in the SDP model regarding this parameter. This inadequacy
would be consistent with results previously reported [29], where a di-
rect comparison of experimental and simulated results suggested a
difference in headgroup tilt angle of 20°, while little difference was
seen in the other structural parameters.

Results from the SDP analysis show that the areas of charged PG
lipids are larger than their neutral PC counterparts by about 4 Å2,
despite the fact that the PG headgroup volume is smaller (Table 2).
For lipids with one or more unsaturated chains, area differences
between PG and PC lipids become smaller, i.e., ~2 Å2. As mentioned,
the disordering effect resulting from the introduction of a double
bond attenuates the contribution of the charged headgroup to lateral
expansion. Consequently, smaller area differences are observed be-
tween PG and PC lipids with unsaturated chains.

The double layer Gouy–Chapman theory predicts that the unit
free energy of a charged interface submerged in an ionic solution is
proportional to its surface charge density. A larger lipid area and a
concomitantly smaller surface charge density are thus energetically
favorable in the case of PG lipids. Lipid areas play central roles in
regulating membrane permeability and stability. The obtained larger
areas for charged lipids are consistent with the finding that the intro-
duction of anionic PG lipids results in a reduced membrane rupture
pressure, a feature associated with membrane stability [117]. The
larger PG areas may also play important roles in regulating protein
translocation [118], modulating bacterial membrane permeability
[119], and enhancing membrane protein folding [120].

5. Conclusions

We obtained neutron and X-ray scattering data of commonly used,
fluid PG bilayers as a function of temperature. The reduced experi-
mental form factors were used to compare directly to simulated
data and for model-based analysis. Specifically, we applied the
recently developed SDP model for anionic PG lipids [29] to simulta-
neously analyze these data with input from MD simulations and vol-
ume measurements. The notable findings of this analysis can be
summarized as follows: a) despite their smaller lipid volumes, PG
lipid areas were found to be larger than their corresponding PC coun-
terparts, most likely the result of electrostatic interactions taking
place within the headgroup region — a region which is critical for
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specific interactions with surface associated molecules [121]; b) the
molecular structure of PG lipids as a function of temperature and
chain length revealed that they behave similarly to PC lipids; c) the
inclusion of unsaturated hydrocarbon chains attenuates temperature
induced structural changes; d) through extrapolation, the lipid area
of saturated PG lipids at infinite chain length was determined to be
similar to that of PC lipids, highlighting the importance of the glycerol–
carbonyl backbone in dictating the nature of the interactions taking
place at the lipid–water interface.
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