J. Membrane Biol. 208, 193202 (2005)
DOI: 10.1007/s00232-005-7006-8

Structure of Fully Hydrated Fluid Phase Lipid Bilayers with Monounsaturated Chains
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Abstract. Quantitative structures are obtained at
30C for the fully hydrated ﬂuid phases of palmitoyloleoylphosphatidylcholine (POPC), with a double bond on the sn-2 hydrocarbon chain, and for
dierucoylphosphatidylcholine (di22:1PC), with a
double bond on each hydrocarbon chain. The form
factors F(qz) for both lipids are obtained using a
combination of three methods. (1) Volumetric measurements provide F(0). (2) X-ray scattering from
extruded unilamellar vesicles provides jF(qz)j for low
qz. (3) Diﬀuse X-ray scattering from oriented stacks
of bilayers provides jF(qz)j for high qz. Also, data
using method (2) are added to our recent data for
dioleoylphosphatidylcholine (DOPC) using methods
(1) and (3); the new DOPC data agree very well with
the recent data and with (4) our older data obtained
using a liquid crystallographic X-ray method. We
used hybrid electron density models to obtain
structural results from these form factors. The result
for area per lipid (A) for DOPC 72.4 ± 0.5 Å2
agrees well with our earlier publications, and we
ﬁnd A = 69.3 ± 0.5 Å2 for di22:1PC and
A = 68.3 ± 1.5 Å2 for POPC. We obtain the values
for ﬁve diﬀerent average thicknesses: hydrophobic,
steric, head-head, phosphate-phosphate and Luzzati.
Comparison of the results for these three lipids
and for our recent dimyristoylphosphatidylcholine
(DMPC) determination provides quantitative measures of the eﬀect of unsaturation on bilayer structure. Our results suggest that lipids with one
monounsaturated chain have quantitative bilayer
structures closer to lipids with two monounsaturated
chains than to lipids with two completely saturated
chains.
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Introduction
The chemical composition of the fatty acid chains in
lipids aﬀects many properties of the lipid bilayers,
which are the structural hosts for functional proteins
in biomembranes. Precise information about the lipid
bilayer structure is therefore necessary to better
understand lipid-protein interactions with applications to lipid-based drug design and biomimetic
material development. The most dramatic eﬀect in
the bilayer properties is that phospholipids with
saturated chains undergo phase transitions into
chain-ordered phases that are not viable for most
biomembranes. Although transition temperatures are
reduced by having shorter chain lengths in saturated
lipids, the introduction of double bonds reduces the
transition temperatures much more eﬀectively and
permits nature to use lipids with longer chains
(Gennis, 1989).
Biomembranes comprise complex mixtures of
lipids with varying degrees of unsaturation, including
polyunsaturation of up to six double bonds per chain
(Eldho et al., 2003). In this investigation, we
report structural results for three ﬂuid phase lipid
bilayers containing unsaturated chains. Palmitoyloleoylphosphatidylcholine (POPC), the most
abundant lipid in animal cell membranes (Tattrie,
Bennett & Cyr, 1968), is a mixed-chain lipid, containing a saturated chain at the sn-1 position and an
unsaturated chain at the sn-2 position, a conﬁguration that is the most common in naturally occurring
lipids (Hanahan, 1997). The two other lipids, dioleoylglycerophosphatidylcholine (DOPC) and dierucoylphosphatidylcholine (di22:1PC), both contain
two identical chains, each with one cis unsaturated
bond located eight carbons from the terminal methyl
end. The erucoyl chain has four more carbons than
the oleyoyl chain in DOPC, thereby providing a
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thicker bilayer. We will compare our results for these
unsaturated lipids with our earlier studies on ﬂuid
phase saturated lipids.
This study focuses on the eﬀect of double bonds
on the quantitative structure of lipid bilayers. There
are diﬀerent measures of the thicknesses that are
valuable for diﬀerent purposes, the hydrophobic
thickness for consideration of hydrophobic matching
of proteins in membranes, the steric thickness for
interaction with other bilayers or with macromolecules, the head-head or phosphate-phosphate thickness that emerges most strongly from structural
studies and the Luzzati thickness for the simplest
volume-based picture of membranes. These are all
related, through volumetric considerations to the
unique area (A) per lipid parallel to the membrane
surface. A is valuable for setting up or evaluating
molecular dynamics simulations.
Recent advances in X-ray structure methodology
allow us to obtain better results for these quantities
(Zhang et al., 1996; Petrache, Feller & Nagle, 1997).
Samples of fully hydrated, ﬂuctuating arrays of ﬂuid
phase bilayers inherently have stacking and undulation disorder that prevents the acquisition of suitable
data for successful application of traditional crystallographic analysis (Torbet & Wilkins, 1976). This
same disorder, however, produces copious diﬀuse
scattering that we have shown provides considerably
more information than can be obtained from the
traditional focus on Bragg peaks (Lyatskaya et al.,
2001; Liu & Nagle, 2004). We have also added
complementary X-ray data from unilamellar vesicles
(ULVs), which do not have the disorder artifact
but provide data only to lower spatial resolution
(Kučerka et al., 2005). Models for the electron density proﬁle are employed, and the best ﬁt to the data
give values of the structural parameters. The lipid
molecular volume is also obtained and used to constrain the ﬁtting of the models.
Materials and Methods
Synthetic DOPC (di18:1PC; lot 18:1PC-177), POPC (16:0,18:1PC;
lots 16:018:1PC-LAM10, )116, )154) and di22:1PC (dierucoylphosphatidylcholine; lot 22:1PC-33) were purchased from
Avanti Polar Lipids (Alabaster, AL) and used without further
puriﬁcation. Two lots of POPC that diﬀered in the extent of acyl
chain migration (<5% and 25%) were studied using X-ray methods. Thin-layer chromatograpy (TLC) was used as previously described (Tristram-Nagle et al., 2002) to assess lipid damage before
and after the Cornell High Energy Synchrotron Source (CHESS)
experiment.
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shear during evaporation of the organic solvent. The samples
were trimmed to a strip that occupied only the central 5 mm of the
15 mm width of the substrate. Translating along the 30 mm length
of the sample (x direction), which is perpendicular to the y direction of the beam, provides many fresh spots for taking X-ray data
and avoiding radiation damage. TLC revealed that the damage
caused by synchrotron radiation was negligible for these samples.

ULVS
Lipid (10 mg) was mixed with 500 ll water (Barnstead nanopure) in
a sealed nalgane tube. Extruded ULVs were prepared from a
multilamellar dispersion using the Avanti miniextruder as described previously (Kučerka et al., 2005). The sample was ﬁlled into
a circular lumen 1.5 mm thick in the beam direction. The time
between sample preparation and measurement was about 10 h.
Absence of any oligolamellar distortions to the resulting form
factor indicated that the vesicles were unilamellar. Small-angle
neutron scattering from similarly prepared samples that extended
to small enough angle to resolve the vesicular form factor obtained
a mean unilamellar diameter of 600 Å (Kučerka, Kiselev &
Balgavý, 2004a).

X-RAY SCATTERING
X-ray data were taken on two separate trips to the D-1 station of
CHESS with similar but not identical setups. X-rays of wavelength
(k = 1.172 Å, 1.1808 Å) were selected using multilayer monochromators (Osmic, Detroit, MI; Advanced Photon Source,
Chicago, IL), which had 1.2% and 1.5% full-width half-maximal
(FWHM) energy dispersion, respectively. The beam for oriented
samples was narrow (0.28 mm) to provide small angular divergence
(1.4 · 10)4 radian) in the horizontal direction, which is essential for
analysis of diﬀuse scattering. The beam was 1.2 mm tall to ensure
that all of the sample (5 mm along the beam) was in the footprint of
the beam for all rotation angles h that extended up to 5 (qz = 0.93
Å)1). Exposures were typically 120 s, during which time the sample
was continuously rotated from )3 to +7 at constant angular
speed to ensure that the intensity was uniformly collected for all q
values in the range where sample scattering was detectable. The
beam for the ULV samples was 0.28 · 0.28 mm square. For both
oriented stacks and ULV samples, total exposure time on a sample
spot was limited to 4 min, during which time the scattering remained constant. Data were collected using a Medoptics chargecoupled device (CCD) with a 1,024 · 1,024 pixel array, each pixel
having average linear dimension, 47.19 lm. The CCD to sample
distance was s = 248.2 mm for oriented samples and s = 347.8
mm for ULV samples, calibrated using a silver behenate standard.
Collected images were dezingered and processed for CCD distortion and intensity corrections (Barna et al., 1999), using calibrated
ﬁles supplied by CHESS, and dark CCD levels were subtracted.
Background subtraction employed images of the scattering from
the bare substrate for oriented samples and images of the scattering
from water in the ULV cell. These images were normalized to the
data images using the transmitted beam intensity, which was recorded on all CCD images after attenuation by a factor of 1.6 · 107
by a 225-lm-thick molybdenum semitransparent beam stop.

LIPID VOLUMES
ORIENTED SAMPLES
Oriented stacks of approximately 1,500 bilayers were prepared
using the rock-and-roll method (Tristram-Nagle et al., 1993); 4 mg
of lipid in a chloroform:triﬂuoroethanol mixture (1:1, v:v) was
deposited onto a ﬂat 15 · 30 · 1 mm Si wafer and subjected to

The volume per lipid molecule (VL) was obtained by neutral density
ﬂotation for POPC in mixtures of D2O and H2O, and our value
agrees well with that of Hianik et al. (1998). Because di22:1PC
ﬂoated in pure H2O, its partial speciﬁc volume was ﬁrst obtained as
a function of mole fraction from a sequence of mixtures of
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di22:1PC in POPC up to the mole ratio of 0.33 di22:1PC/POPC at
which the mixture was neutrally buoyant in pure H2O. The partial
speciﬁc volume was constant as a function of mole fraction, as
would be expected for two similar lipids well into the ﬂuid phase.
(The transition temperatures are )17C and 13C, respectively, for
DOPC and di22:1PC [Lewis, Sykes & McElhaney, 1988] and )5C
for POPC [Perly, Smith & Jarrell, 1985].) The partial speciﬁc volume of di22:1PC was then taken as its volume in the pure di22:1PC
bilayer. This value agreed very well with that calculated using a
recently proposed formula that was empirically derived from the
volumes of a variety of unsaturated lipids (Koenig & Gawrisch,
2005).

Results
PRIMARY X-RAY DATA
Figure 1 shows a background-subtracted CCD image
of a ULV sample of di22:1PC at 30C. Compared to
the background, the scattering intensity from the lipid only (data minus background) is very strong and
robust in the ﬁrst lobe and second lobe up to
qz = 0.30 Å)1, but it is weaker than the intensity
from the background for larger qz. Even though
Figure 1 clearly indicates a third lobe, not all of the
third lobe data are used in the analysis because of the
delicate subtraction of the background. For this
sample and DOPC, only data for qz < 0.4 Å)1 were
used and for qz < 0.5 Å)1 for POPC, with estimated
errors for each q region assigned proportional to the
smoothness of the nearby data points.
Figure 2 shows a background-subtracted CCD
image of an oriented sample of di22:1PC at 30C. The
repeat spacing (D) was determined from the locations
of the attenuated direct beam and the h = 1, 2, 3 and
4 orders. On the meridian (qr = 0), there are sharp
minima in the intensity near qz = 0.22, 0.35, 0.52 and
0.63 Å)1.
ANALYSIS OF DATA TO OBTAIN F(qz)
The bilayer form factor (sometimes called the structure factor) F(qz) is the Fourier transform of the
minus ﬂuid electron density proﬁle q(z) ) qw normal
to the bilayer, where qw is the electron density of
water.
ULVs
Relative values of |F(qz)| are obtained routinely from
the background-subtracted intensities I(q) of ULV
samples:
IðqÞ ¼ jFðqz Þj2 =q2z

ð1Þ

This is the appropriate relation for a sample in which
each vesicle scatters independently of neighboring
vesicles and for q values large enough (>0.01 Å)1)
that modulation of I(q) due to the ﬁnite size of the

vesicle is negligible (Kučerka et al., 2004b) and small
enough that q)2
z is a good approximation to the Lorentz factor. Figure 3 shows results on an absolute
vertical scale which is obtained in the subsequent
analysis.
Multilamellar Vesicles
Conventional data for multilamellar samples were
obtained from the integrated intensities of the intense
diﬀraction peaks, which occur only at discrete values
of qh = 2ph/D. Fluctuations in the noncrystalline
samples smear these peaks, but application of liquid
crystallography and precise measurements of the
peak shapes enabled the ratios of peak intensities to
be obtained for the lower orders of diﬀraction (Nagle
et al., 1996). Figure 3 shows these older results for the
ﬁrst two orders of DOPC for seven diﬀerent D
spacings (Tristram-Nagle, Petrache & Nagle, 1998).
A common scaling factor for the h = 1 and h = 2
orders was chosen in the subsequent modeling for
each D spacing, so there are only seven independent
data.
The ULV data for DOPC in the ﬁrst lobe are in
excellent agreement with these older multilamellar
vesicle (MLV) data, so we have not taken MLV data
for other lipid bilayers because the experiments are
relatively more diﬃcult and the ULV data are more
plentiful.
Oriented Stacks
These samples are multilamellar, like the MLVs, but
the primary data that we use are diﬀuse data, like the
ULVs. The scattering intensities I(q) are ﬁrst corrected for diﬀerential absorption at diﬀerent scattering angles due to diﬀerent path lengths in the sample
(Tristram-Nagle et al., 2002). Then, the scattering
intensity for a stack of oriented bilayers is the product:
IðqÞ ¼ SðqÞjFðqz Þj2 =qz

ð2Þ

where q = (qr, qz), S(q) is the structure factor, F(qz) is
the bilayer form factor and q)1
z is the usual low-angle
approximation to the Lorentz factor for oriented
samples. To obtain |F(qz)|2 from the measured I(q),
we ﬁrst obtain S(q), which may be thought of as an
interference factor. Unlike crystalline samples, S(q) is
not composed of simple delta functions that give
sharp Bragg peaks at discrete values of q. Instead,
S(q) allows non-zero diﬀuse scattering for continuous
ranges of q. We then essentially divide S(q)/qz into
I(q) to obtain |F(qz)|.
Our method for obtaining S(q) has been recently
developed and applied to DOPC (Lyatskaya et al.,
2001; Liu & Nagle, 2004) as well as DLPC and
DMPC (Chu et al., 2005; Kučerka et al., 2005). This
method is based on the theory of smectic liquid
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Fig. 1. (Color online) Gray-scale plot of the log of the intensity
from a sample of ULVs of di22:1PC at 30C with the water
background-subtracted. The intensity is greatest in the dark regions, labeled as lobes 13. The lobes are separated by light regions
of low intensity within which there are zero intensities near
qz = 0.22 and qz = 0.35 Å)1. The scale is for qz in Å)1. The
rectangular light region at the lower left is the shadow of a rectangular beamstop.

crystals, which have two primary parameters, the
bilayer bending modulus (KC) and the compression
modulus (B). The numerical values of these two
material parameters are determined by ﬁtting the
theory to the data, as shown in Figure 4 for a few of
the 250 values of qz that were ﬁtted. The overall
quality of the ﬁts for the many (75,000) data points
indicates that the theory works.
Table 1 gives the fully hydrated D spacings that
were obtained from MLV samples in excess water.
Some of our oriented samples had D spacings that
were the same as the fully hydrated values for DOPC
and POPC, whereas our most hydrated oriented
sample of di22:1PC had a slightly smaller D spacing
of 69.2 Å (Fig. 2). We also varied the hydration of the
samples to include D values smaller than the fully
hydrated values. Just as for DMPC (Chu et al., 2005)
and as expected by theory, the results for KC were
statistically constant as a function of D; the mean
values for each lipid are shown in Table I. In strong
contrast, the values of the B compression modulus
increase exponentially as D decreases, similar to our
results for DMPC. This B(D) dependence is important for studying interactions between bilayers; that
topic will be treated in a diﬀerent report.
The results for |F(q)|, corrected for undulations
(Nagle & Tristram-Nagle, 2000), are shown in Figure 3 for oriented samples of the three lipids. Only
one scaling factor, determined by the subsequent
modeling, is used for all the |F(q)| from each sample.
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The results for DOPC include the results reported
previously from one sample with D = 63.2 Å (Liu &
Nagle, 2004) and results from one additional new
sample with D = 62.6 Å; these results are essentially
the same, consistent with the structure staying the
same until much smaller D spacings, so the same
symbols are used in Figure 3. Results for POPC and
di22:1PC are all new.
For q smaller than 4p/D, where the h = 2 order
peak occurs, the diﬀuse scattering from oriented
stacks becomes weak compared to the peak scattering, so the |F(q)| values from oriented stacks are not
reliable and are not shown in Figure 3. Similarly,
|F(q)| results cannot be obtained by this method when
the D spacing decreases too much, typically by more
than 5 Å below the fully hydrated D because bilayer
undulations are suppressed by strong interbilayer
interactions and there is insuﬃcient diﬀuse scattering
for analysis. For small q, the |F(q)| results from ULVs
are distinctly superior to the results from diﬀuse
scattering from oriented stacks. For large q, in contrast, the scattering from ULVs is much weaker than
background while the diﬀuse scattering from oriented
stacks remains strong enough for analysis. The |F(q)|
results from oriented samples overlap nicely with the
ULV results for values of q greater than 4p/D. Our
subsequent analysis therefore uses the best of both
kinds of data.
QUANTITATIVE BILAYER STRUCTURE
To obtain bilayer structure, it is important to use, in
addition to the basic X-ray results for F(qz), any
additional information, such as the measured volume
VL and the numbers of electrons on the component
groups of the lipid. All such information can be
accommodated by using a model of the electron
density that can then be ﬁt to F(qz). Our previous
analysis employed a model of electron density composed of gaussians for the localized phosphatidylcholine (PC) and the carbonyl-glycerol (CG) in the
headgroups and another negative gaussian to account
for the methyl trough. These are superimposed on a
smooth baseline function that represents the hydrocarbon plateau, the aqueous plateau and a smooth
transition between them (Wiener, Suter & Nagle,
1989). We now call this the hybrid baseline (HB)
model. Figure 5 shows graphically the diﬀerent
components that comprise the HB model. We have
recently deﬁned a second model that we call the H2
model (Klauda et al., 2005) because it also involves a
hybridization, but the baseline function in the HB
model is eliminated in favor of a more straightforward and more detailed representation of the methylene plateau and the water plateau. Figure 6 shows
graphically the diﬀerent components that comprise
the H2 model. For both models, the electron density
of the double-bonded moiety is averaged with the
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Fig. 2. (Color online) Gray-scale plot of the log of the intensity
from an oriented stack sample of di22:1PC (D = 69.2 Å) at 30C.
Black is most intense. Orders h = 1 and h = 2 were attenuated by
a factor of 1,600 by a 100-lm-thick vertical molybdenum ﬁnger on
the beamstop to prevent overexposure of the CCD. The gray scale
emphasizes the lobes of diﬀuse scattering, which are demarcated by
zeros in the intensity where the form factors change sign. The
narrow line of intensity along the qr = 0 meridian which is
apparent between lobes 2 and 3 is specular reﬂectivity from the
silicon substrate. The light region at the bottom is the shadow of a
wide beamstop.

methylene plateau because their electron densities
diﬀer by less than 10% so that a separate gaussian
feature for the double bonds makes a negligible difference in F(qz). Tests of the two models using
molecular dynamics simulations have shown that,
when the information that is available experimentally
is provided to programs that ﬁt the models, both
provide acceptable agreement with the complete
information available from the simulations (Klauda
et al., 2005). The advantage of using diﬀerent models
is to provide an estimate of the uncertainty that is
inherent in having to choose the functional form of
the model. Uncertainties in A from uncertainties in
constrained parameters in the modeling are estimated
as 0.5 Å2 (Klauda et al., 2005).
Even with all the constraints that are imposed on
the models from outside information, both models ﬁt
the |F(qz)| data very well. Figure 3 shows the ﬁts for
the HB model. The ﬁt for the H2 model is visually
indistinguishable. The main structural parameters
that provide these ﬁts are given in Table 1. These
parameters are illustrated graphically in Figure 5,
which shows the electron density proﬁles that are
obtained from the ﬁt for the HB model and in Figure 6 for the H2 model. Despite the considerable
diﬀerences between the HB and H2 models in how
the contributions of the diﬀerent molecular compo-

Fig. 3. (Color online) Absolute values of the form factors F(qz) at
T = 30C on an absolute scale for DOPC, POPC and di22:1PC.
Data are from ULV samples (open circles), MLV samples (X,
DOPC only), oriented samples (triangles) and F(0) (squares at
qz = 0) from volume measurements. Negative values of jF(qz)j
indicate statistical ﬂuctuations where scattering intensity is weak.
The lines show the ﬁts obtained by the structural analysis, which
provides the relative scale factors for the diﬀerent data sets.

nents are made, the total electron densities are quite
similar when plotted on the same graph (not shown),
which is consistent with the agreement of the two
model |F(qz)| results.
Discussion
Comparison of the results in Table 1 illuminates
similarities in lipid structure as well as diﬀerences due
to diﬀerences in chain length and unsaturation. To
enhance this discussion, we have added our recent
results for DMPC (Kučerka et al., 2005), which were
also obtained at 30C.
VOLUMES
The volumes (VL) of the four lipids diﬀer considerably.
Assuming that the volume of the headgroup (VH) is
constant because it is immersed in water, the
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Table 1. Structural results

Fig. 4. (Color online) The POPC scattering intensities along horizontal trajectories in CCD images, such as those in Figure 2, are
shown by symbols. These trajectories are essentially along varying
qr. The diﬀerent symbols distinguish diﬀerent slices, essentially
diﬀerent values of qz. To facilitate viewing the wide range of values,
each curve has been normalized to unity at its maximum value and
the curves are oﬀset vertically. The noisier curves have smaller
intensity because their qr values are close to the zeros in F(qz). The
solid lines show the ﬁt of the smectic liquid crystal theory simultaneously to all the data, with one scaling parameter for each qr
that is closely related to jF(qz)j. Fitting was performed only for
qr > 0.01 Å)1 to avoid artifacts from specular reﬂectivity.

VH = 331 Å3 that was obtained for the DMPC gel
phase (Tristram-Nagle et al., 2002) is subtracted from
VL to obtain the volume of the hydrocarbon chains
(VC), which is further partitioned into the volume VCH3
of each terminal methyl, the volume VCH2 of each
methylene and the volume VHC = CH of the doublebonded moiety. The terminal methyls have a larger
volume than the methylenes by a ratio VCH3 /VCH2 that
many studies (Nagle & Wiener, 1988; Wiener & White,
1992; Armen, Uitto & Feller, 1998), including this one,
put in the range 1.92.0. The ratio VHC=CH/VCH2 has
been predicted to be 1.60 from both molecular dynamics (MD) simulations (Armen et al., 1998) and
from recent volumetric studies of many unsaturated
lipids (Koenig & Gawrisch, 2005). Using VC and these
ratios, the individual component volumes are obtained
as shown in Table 1. These component volumes are
essentially the same for all four lipids. We conclude
that the diﬀerences in lipid volumes of phosphatidylcholine lipids are primarily due to diﬀerences in the
number of carbons in the hydrocarbon chains. This is
not surprising because all these lipids are in the disordered ﬂuid phase at the same temperature.
AREAS
In contrast to the volumes, the areas per lipid molecule (A) vary signiﬁcantly for the four lipids in

DFH (Å)
Kc (10)13 erg)
VL (Å3)
VHC=CH (Å3)
VCH2 (Å3)
VCH3 (Å3)
A (Å2)
2Dc (Å)
DHH (Å)
2zPC (Å)
2zP (Å)
2zCG (Å)
D¢B (Å)
DB (Å)
nW
n¢W
rPC (Å)
rCG (Å)
rM (Å)

DOPC

POPC

di22:1PC

DMPC

63.2
8.0
1,303
44.4
27.7
53.3
72.4
26.8
36.7
37.4
37.2
29.4
44.8
36.0
32.8
10.7
2.29
2.14
2.92

64.0
8.5
1,256
44.2
27.6
53.6
68.3
27.1
37.0
38.2
37.6
29.8
45.1
36.8
31.0
9.4
2.70
2.43
2.95

70.0
12.7
1,522
44.2
27.6
53.6
69.3
34.4
44.3
45.4
45.0
37.2
52.4
44.0
30.0
9.7
2.57
2.40
3.66

62.7
6.9
1,101

27.7
52.6
60.6
25.4
35.3
35.5
35.6
27.8
43.4
36.3
26.6
7.2
2.21
1.90
2.23

See text for deﬁnitions of symbols.

Table 1. The small DMPC area cannot be explained
by the smaller number of 14 carbons in the
hydrocarbon chains. Dilauroylphosphatidylcholine
(DLPC), with only 12 carbons per chain, has a larger
area, ADLPC = 63.2 Å2 (Kučerka et al., 2005).
Dipalmitoylphosphatidycholine (DPPC), with 16
carbons per chain, has a larger area, 64 Å2 (Nagle &
Tristram-Nagle, 2000), but that is for T = 50C. A
better perspective is obtained by estimating the area
that DPPC would have at T = 30C if it did not
undergo transitions into chain-ordered phases; an
areal thermal coeﬃcient of expansion of 0.004/degree
(Needham & Evans, 1988) is applied to obtain
ADPPC = 59 Å2 extrapolated to 30C. As has also
been concluded from neutron scattering studies of
ULVs (Balgavý et al., 2001), increasing chain length
decreases A for saturated lipids at the same temperature. Similarly to saturated lipids, increasing chain
length in di-monounsaturated lipids also decreases A
by roughly the same amount, as shown in Figure 7.
Our results are also shown in Figure 8, where they
are compared to two previous results. While there are
diﬀerences for the values of A, all studies agree on the
slopes that give the changes with chain length. By
explicitly displaying the chain-length dependence,
Figure 7 emphasizes that adding a double bond to
both hydrocarbon chain increases A by about 14.5
Å2.
The most remarkable result in Table 1 is that the
area of POPC is considerably closer to the area of
DOPC than it is to DMPC, suggesting that the eﬀect
on bilayer structure of replacing saturated lipids by a
lipid with a double bond on one chain is much greater
than the additional eﬀect of putting a double bond on
both chains. Figure 7 allows this idea to be more
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Fig. 5. (Color online) The thick lines show the total electron density proﬁles for DOPC, POPC and di22:1PC obtained by ﬁtting the
HB electron density model to the form factor data in Figure 3. The
individual contributions to the total electron density of the phosphatidylcholine PC component, the carbonyl-glycerol CG component, the terminal methyl component and the baseline function are
shown by thin lines as noted on the left side of the ﬁgure. On the
right side of the ﬁgure are shown the Gibbs dividing surface for the
hydrocarbon region DC (dashed vertical lines) and the steric
boundary D¢B/2 (dotted vertical lines).

Fig. 6. (Color online) The thick lines show the total electron density proﬁles for DOPC, POPC and di22:1PC obtained by ﬁtting the
H2 electron density model to the form factor data in Figure 3. The
individual contributions to the total electron density of the phosphate P component, the carbonyl-glycerol CG component, the
terminal methyl component, the methylene component and the
water-choline component are shown by thin lines as noted on the
left side of the ﬁgure. On the right side of the ﬁgure are shown the
Gibbs dividing surface for the hydrocarbon region DC (dashed
vertical lines) and the steric boundary D¢B/2 (dotted vertical lines).

precisely quantiﬁed because complications due to the
chain-length dependence are explicitly displayed. A
measure of the eﬀect of the ﬁrst double bond is then
the fraction f of the increase from the m = 0 line to
the m = 1 line along a constant n line. Our result for
APOPC gives fPOPC = 0.68, suggesting that about
two-thirds of the area increase comes from putting a
double bond on one chain, twice as much as adding a
double bond to the second chain.
Figure 7 also compares earlier results. Pabst et al.
(2000) reported APOPC was only 54 Å2 at T = 2C
and 64 Å2 at T = 50C. Interpolation to T = 30C
gives A  59 Å2, considerably smaller than our value
in Table 1, and the unlikely result that the eﬀect of
one double bond is only fPOPC = 0.08. Those earlier
results were also based on diﬀuse scattering but from
unoriented MLVs for which the |F(qz)| data only
extended to 0.5 Å)1, thereby requiring a less realistic

bilayer model consisting of only a headgroup gaussian and a terminal methyl gaussian. A more plausible
fSOPC = 0.30 is obtained from the A = 61.4 Å2 reported for stearoyloleoylphosphatidylcholine (SOPC)
by Koenig et al. (1997), who used the gravimetric
method. In the same report, ADMPC = 59.5 Å2 was
reported, only 1.2 Å2 less than our current value. If
we add this diﬀerence to their ASOPC, their fSOPC increases to 0.38, but this is still considerably smaller
than our value for POPC and would reverse our
conclusion regarding the relative eﬀect of the ﬁrst and
second double-bonded chains. Another comparison
involving Egg phosphatidylcholine (EggPC) is also
shown in Figure 7, where AEggPC = 69.5 Å2 (Petrache,Tristram-Nagle & Nagle, 1998; Rand & Parsegian, 1989) gives an area proportionality of 0.77.
EggPC is a mixture of lipids with chains of diﬀerent
lengths and numbers of double bonds, with compo-
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Fig. 7. Area A per lipid as a function of chain length n for diﬀerent
numbers m of double bonds per chain at 30C. Saturated lipids
have m = 0, di-monounsaturated lipids have m = 1 and POPC
and SOPC have m = 0.5. Solid circles show results from this lab,
the open circle for DPPC is extrapolated from T = 50C, the triangle for POPC is interpolated from Pabst et al. (2000) and the
square for SOPC is from Koenig, Strey and Gawrisch (1997).

sition determined by Avanti Polar Lipids as 0.34
(16:0) + 0.02 (16:1) + 0.11 (18:0) + 0.32 (18:1) +
0.18 (18:2) + 0.03 (20:4) for an average chain length
n = 17.3 and an average number of double bonds
per chain of 0.80. If it is assumed that each double
bond has the same eﬀect on A, then the area
proportionality of 0.77, when normalized to one
double bond per lipid, suggests fEggPC = 0.48.
However, chains with additional double bonds are
not likely to aﬀect A as much as the ﬁrst double bond,
so an alternative comparison is to calculate m = 0.55
as the fraction of chains with any double bonds.
When normalized to one double bond per lipid, this
suggests that fEggPC = 0.77 Æ (0.50/0.55) = 0.70, in
good agreement with our value for POPC. A ﬁnal
perspective can be obtained from a nuclear magnetic
resonance (NMR) study (Seelig & Seelig, 1977) that
shows that the order parameter of the sn-1 palmitic
chain is smaller for POPC than for DPPC and that
estimates the eﬀective length of this chain to be 12.8
Å for POPC and 13.7 Å for DPPC at 42C, at which
temperature ADPPC can be extrapolated to be 62 Å2
or 31 Å2 per chain. Let us make the assumption that
the areas of the palmitic chain are inversely proportional to their lengths, so its area in POPC is estimated as 31 Æ (13.7/12.8) = 33.2 Å2 at 42C, which
extrapolates to 31.6 Å2 at 30C. Now add the area of
an oleoyl chain 36.2 Å2 from DOPC to obtain an
estimated area of 67.8 Å2 for POPC at 30C, which is
close to our result.
Nevertheless, we were surprised that our A for
POPC is as large as we report, and we therefore
scrutinized our results for POPC carefully. Exactly
the same methodology was employed as for the
di22:1PC samples that give plausible results compared to others in the literature, as seen in Figure 8
and for our earlier studies on DMPC and DOPC.

Fig. 8. Results for A per lipid and the hydrophobic thickness 2DC
as a function of chain length for di-monounsaturated lipids at
30C. Triangles show this work; circles are for neutron scattering
from ULVs (Kučerka et al., 2004c) analyzed following the method
of Kučerka et al. (2004b). Squares are from results of Lewis and
Engelman (1983) extrapolated from data taken at lower temperatures using a coeﬃcient of areal expansion of 0.0042 per degree and
a coeﬃcient of linear expansion of )0.0033 per degree.

One concern for POPC is acyl chain migration that
results in a mixture of POPC and oleoylstearoylphosphatidylchonline (OPPC); one of our samples
had 25% migration and another had 5%. Our results
for material properties were the same for these two
samples, which is consistent with Rawicz et al. (2000)
who reported the same KC values for SOPC and
OPPC. Also, one of our POPC samples had 25%
lysolecithin as determined by TLC, and it had a
slightly smaller volume (1,2501,255 Å3/lipid).
Variations in the area that we obtained from these
samples were at the level of ±1.0 Å2.
THICKNESSES
Table 1 reports several diﬀerent thicknesses for these
bilayers. The most important thickness for considering hydrophobic matching of proteins in lipid bilayers is the hydrocarbon thickness, 2DC, which is
closely related to the area through DC = VC/A.
Table I shows the expected result that the hydrophobic region is much thicker for di22:1PC with
many more carbons per chain. Although DMPC
chains have fewer carbons, 2DC is nearly as thick as
for DOPC and POPC because A is considerably
smaller for DMPC and the chains are forced to travel
further, on a per carbon basis, from the headgroups
into the bilayer interior in order to conserve volume.
Similarly, POPC and DOPC have nearly the same
value of 2DC. The smaller A for POPC suggests that
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the palmitoyl chain in POPC has a smaller area than
its corresponding oleoyl chain in DOPC. Again, on a
per carbon basis, the palmitoyl chain would then be
more stretched toward the bilayer center, but it would
still have the same value of DC because there are two
fewer carbons.
The most obvious thickness that emerges from
X-ray studies is the distance DHH between the maxima in the electron density proﬁle. This is often
equated in the literature to the distance between the
electron-dense phosphate peaks. In the H2 model,
this latter distance is the distance 2zP between the P
gaussians that represent only the phosphate group,
whereas in the HB model it is 2zPC between the PC
gaussians, which also include the cholines. The differences zPC - zP, though small and statistically noisy,
when averaged over the four lipids in Table I, are
consistent with the PC dipole being tilted somewhat
upward into the aqueous phase compared to being
completely parallel to the bilayer surface. Also, as
shown by Table I and reported earlier (Kučerka et
al., 2005), DHH is only 0.2 Å smaller than 2zPC for
DMPC. However, for the unsaturated lipids, Table I
shows that both the diﬀerences 2zPC ) DHH  1 Å
and 2zP ) DHH  0.6 Å are somewhat larger. To
explain this, we ﬁrst note that the position DHH/2 of
the maximum is determined by the sum of all the
component groups. As is well known, adding a
smaller gaussian, such as the CG gaussian, to a larger
one shifts the position of the maximum from the
center of the larger gaussian toward the smaller one,
and this shift increases as the widths of the gaussians
increase. Focusing just on the most electron-dense
phosphate group located at zPC and the next most
electron-dense carbonyl-glycerol groups located at
zCG < zPC, one expects that 2zPC ) DHH is positive.
Furthermore, one expects this diﬀerence to increase
for the unsaturated lipids because they are more
disordered and should therefore have larger widths of
their distribution functions, an expectation that is
indeed conﬁrmed by the ﬁts shown by the values of
rPC and rCG in Table I.
Another important thickness for interactions of
bilayers with other bilayers or with macromolecules is
the steric thickness, D¢B. We calculate this by
assuming a thickness of 9 Å for each of the two
headgroup regions, i.e., D¢B = 2DC + 18 Å. This
convention is consistent with a nearly complete decay
of the electron density to that of pure water, as seen
in Figures 5 and 6. The last thickness in Table I is the
Luzzati thickness, DB = VL/A, which is the Gibbs
dividing surface between water and the bilayer. Its
complement, DW = D ) DB, is the eﬀective thickness of the water, treated as a uniform slab, that plays
a role in the compressibility correction to the area
when osmotic pressure is applied (Rand & Parsegian,
1989; see equation 2 in Nagle & Tristram-Nagle,
2000).

201

WATER AND WIDTHS
Table I reports the number nW of water molecules per
lipid in the multilamellar samples; this is a pertinent
number for setting up computer simulations. The
number of waters is further broken down into the
number n¢W that are included in the interfacial
headgroup zone that we have taken to be 9 Å thick.
Variations in n’W with the diﬀerent lipids are directly
related to the area by n¢W = (A Æ 9 Å ) VH)/VW.
Finally, Table I gives the widths of the gaussian
distributions, rM for the methyl trough, rPC for the
phosphate-choline group and rCG for the carbonylglycerol group that were obtained from ﬁtting the
data. The ﬁrst general trend exhibited is that the CG
component has the smallest width. This is plausible
because the hydrophobic interaction with water can
be thought of as a surface tension that favors planarity and suppresses ﬂuctuations in the positions of
this component. This result is also consistent with,
but not compelled by, the NMR result that the
dynamical time constant is largest for this region of
the lipid molecule (Finer, Flook & Hauser, 1972). In
contrast, conformational degrees of freedom between
the glycerol and the phosphate might allow the
phosphate group to sample a wider range of z levels
and still be solvated by the n¢W water molecules in the
headgroup region. The second general trend is that all
the widths are signiﬁcantly smaller for DMPC. This
can be rationalized by the general argument that the
smaller A for DMPC requires it to be more ordered.
The third trend is that rM is largest for di22:1PC and
smallest for DMPC. The location of the terminal
methyl on a chain can be thought of as the end of a
somewhat random walk starting at the headgroup
surface. The fact that a distribution of end points on
a random walk grows with the number of steps
qualitatively explains the larger rM for di22:1PC with
its greater number of carbons and the smaller rM for
DMPC.
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