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Abstract

The excess water bilayer thickness, dig, and molecular area, Ay, of lipid amphiphiles in the fluid lamellar phases of
dioleoylphosphatidylcholine (DOPC) and dipalmitoleoylphosphatidylcholine (DPolPC) have been estimated between 15 and
50°C and for dimyristoylphosphatidylcholine (DMPC) between 25 and 50°C. These determinations have been made from
X-ray measurements on samples of known water composition. With respect to temperature, T, dio and Ay are well fitted to a
linear equation. We find d (A)=(35.68 £ 0.02)—(0.0333 + 0. 0006)7" (°C) and Ay (A2)=(70.97 £ 0.05)+(0.136 + 0.001) T (°C)
for DOPC, di (A)=(35.2£0.1)—(0.068 £ 0.003)T (°C) and 4 (A%)=(59.7£0.2)+(0.210 £ 0.006) T (°C) for DMPC, and do
(A)=(34.54%0.03)—(0.0531 £0.0009) T (°C) and Ao (A2) = (67.12 £0.09)+(0.173 £ 0.003) T (°C) for DPolPC. The accuracy of
these estimates depends largely on how accurately the excess water point is determined. Ideally, reliable X-ray and
compositional data will be available around the excess water and it may be found by simple inspection, but this is the
exception rather than the rule, since samples close to water excess normally sequester sizeable amounts of water in defects,
which lead to an underestimate of diy. and overestimate of Ay. In this paper, we report a methodology for identifying and
removing such data points and fitting the remaining data in order to determine the excess water point. © 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction of importance. For example, the lipid molecular ge-

ometry determined experimentally is an input in

An essential element in the study of model mem-
branes and their interactions with bilayer proteins
and other amphipathic molecules, is the precise and
accurate determination of the structural parameters
of the fluid bilayer. Specifically, the average area per
lipid and the average thickness of the lipid bilayer are
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computer simulations of the behaviour of membrane
proteins [1], the lipid bilayer thickness is important
when accounting for hydrophobic mismatch between
membrane protein and membrane [2-5] and the mo-
lecular area is a critical variable in calculating the
free energy of protein insertion into the membrane
[6]. The contents of this paper arose from our own
need to obtain values of bilayer thickness in our
studies of the refolding kinetics of bacteriorhodopsin
as a function of lipid bilayer composition [7-9].
Unfortunately, determinations of the lipid area
and length in the fluid membrane have varied quite
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significantly. For example, for dipalmitoylphosphati-
dylcholine (DPPC), lipid area values have been re-
ported between 57.6 and 71.7 A2 ([10] and references
therein), for DMPC values reported vary from 59.5
to 65.7 A2 [11-15], and for DOPC the range spans
70-82 A2 [13,15-18]. Part of this variability may be
due to differences in the methods used to determine
the molecular geometry. Two methods are currently
in use to obtain this type of information, both of
which aim to determine the molecular area and
length of the lipid in the fluid lamellar or L, phase.
It is assumed that under excess water conditions, the
molecular geometry in this condensed phase is the
same as that of the molecule in a unilamellar vesicle.

In the first approach, the bilayer electron density
profile may be calculated directly from X-ray diffrac-
tion spectra. This is in principle the best and most
direct method, but unfortunately liquid crystals in
the Lo, phase only give low resolution X-ray spectra.
Therefore, certain assumptions about the structure of
the bilayer and the water/lipid interface have to be
made to allow data interpretation. To circumvent the
low resolution problem, one variation has been in-
troduced in which one characterises a lipid in the gel
phase, where better resolution spectra are obtained,
and subsequently calculates structural differences be-
tween the L, and the gel phase by comparing the
peak to peak distances of spectra from gel and L,
phase lipids [19]. Comparisons between lipids have
even been made this way [16].

In this paper, we will be concerned with the alter-
native method introduced by Luzzati and Husson
[20]. Here lipid geometry in the L, phase is deter-
mined from a knowledge of the exact amount of
water needed to fully hydrate a lipid (the excess
water point), the unit cell repeat spacing of the phase
and the density of the lipid and water. The unit cell
spacing, or lattice parameter, of the L, phase is de-
termined by X-ray diffraction as a function of the
water composition. We call the resulting plot the
swelling curve. The repeat spacing increases with
water content, until it reaches the water excess point
whereupon it reaches the equilibrium value, which
allows one to determine both the excess water point
and the equilibrium lattice parameter. In Luzzati and
Husson’s method, it is then assumed that the lipid
and water pack into well-defined, separate layers
[18,20], Fig. 1. With a knowledge of the molecular

Fig. 1. The model of the fluid lamellar phase, which assumes
that the water and lipid bilayers are completely separate. d, the
unit cell spacing; A, the average cross-sectional area per lipid;
and d), lipid bilayer thickness.

volume of the lipid and water, the bilayer thickness
can then be calculated.

In principle, this is fine, but in practice it is rather
difficult to determine the excess water point precisely,
because the data tend to be noisy. To get around
this, it is normal practice to fit the swelling curve
and determine the water composition at which the
fit to the swelling data is equal to the excess water
lattice parameter.

The generally accepted drawback of this method is
that sample preparations at molar water to lipid ra-
tios of approximately 20 and higher, have been
shown to induce multi-lamellar vesicles (MLVs)
and water pockets [21,22]. This means that water is
being sequestered in defects and grain boundaries,
but the model assumes that it lies between regularly
spaced bilayers. This leads to an overestimation of
the water contribution to the unit cell spacing and
hence the calculations of lipid length are systemati-
cally underestimated and those of area are systemati-
cally overestimated. Others [11,18] have attempted to
overcome this systematic error by using only data
obtained at lower water contents and extrapolating
to excess water conditions. The extrapolation is cal-
culated from the measured, lateral, isothermal com-
pressibility of the lipid bilayer, an approach that has
the merit that it uses a physical model of the swelling
to fit the data. However, in this paper, we present
evidence that just at the point that MLVs and water
pockets begin to form, an additional, repulsive inter-
bilayer force becomes significant, which the extrapo-
lation does not take into account. This repulsive
force means that in fact additional water, beyond
that determined by the compressibility extrapolation,
is taken up by the phase. If this is the case, the result
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of such extrapolation is an overestimation of the bi-
layer thickness and an underestimation of the lipid
area.

The occurrence of MLVs and the accompanying
water pockets is known to be influenced by the sam-
ple preparation method (see e.g. [21,23]), and their
influence on the derivation of the lipid structural
parameters has not been quantified. In this study, a
new method is presented, relying on the temperature
dependence of the swelling, to discern between sam-
ples where excess water is available due to bilayer
defects and where the sample has truly reached ex-
cess water conditions.

When this is done, one is, however, left with at
least one other difficulty. How is the swelling curve
to be fitted without any a priori theoretical form for
the swelling? In this paper, we have taken a heuristic
approach, by observing that the variation in bilayer
thickness with molar ratio of water to lipid is appar-
ently quadratic, and then using this form to fit the
swelling curve.

2. Materials and methods
2.1. Sample preparation

1,2-Dioleoyl-sn-glycero-3-phosphatidylcholine
(DOPC), 1,2-dimyristoyl-sn-glycero-3-phosphatidyl-
choline (DMPC) and 1,2-dipalmitoleoyl-sn-glycero-
3-phosphatidylcholine (DPolPC) were obtained
from Avanti Polar Lipids (Alabaster, AL, USA).
Their purity was given as >99%. Thin-layer chro-
matography, carried out using 65 parts chloroform,
25 parts methanol and 4 parts distilled water as elut-
ing agents and iodine vapour as the locating agent,
produced one spot for DOPC and DMPC. For
DPoIPC a small second spot was seen in some of
the plates. The high Ry value would suggest it might
be triglycerides [24]. Given its apparent low level of
occurrence, no further purification was performed,
but this finding might be related to the slightly higher
variation found in the DPolPC data versus the
DMPC and DOPC data. Lipids were stored at
—20°C under nitrogen and freeze-dried from cyclo-
hexane before use.

Samples were prepared according to an approach
reported previously [23]. X-ray capillaries (1.5 mm

diameter; W. Miiller, Berlin) were weighed on a Sar-
torius microbalance (+1 pg precision) before and
after addition of lipid and water. Lipid was solubi-
lised in cyclohexane (sometimes small amounts of
methanol were added) and distributed between the
pre-weighed capillaries such that the total amount
of lipid per capillary was approximately 10-50 mg.
The lipid was lyophilised in the capillary for at least
4 h, but usually overnight. Different amounts of
water were then added, and the capillaries sealed
with heat shrink tubing (RS Components, North-
ants, UK). The heatshrink was removed immediately
after an experiment and the capillary weighed to es-
tablish the final water content. Triply distilled and
deionised water was used for hydrating the samples.
The capillaries were left to equilibrate overnight or
longer at room temperature, in the dark. X-ray dif-
fraction was recorded from three different locations
along the capillary’s length. If the repeat spacing
differed by 1 A or more, the capillary was centrifuged
up and down once. If this process needed to be re-
peated more than two times, the sample was dis-
carded on the assumption that too many defects in
the lamellar structure would be induced by this much
mechanical mixing. Except for the equilibration time
at room temperature, all samples were stored at 4°C
until examination.

In calculating the molar ratio of water to lipid, ny,
where

mol water

~ mol lipid (1)

we assume that even after freeze drying, there remain
two water molecules per lipid.

2.2. X-ray measurements

X-ray diffraction was used to establish the unit cell
spacing, d, of the L, phase. A rotating anode X-ray
generator (GX-20, Nonius, Netherlands) was used,
equipped with Franks double-mirror X-ray optics
producing a point focus. The detection system con-
sists of an image intensified X-ray detector coupled
to a CCD detector [25]. The precision of an individ-
ual X-ray diffraction measurement of the lattice pa-
rameter was *0.3 A. Temperature control of the
samples was achieved by means of Peltier devices,
to a precision of *0.03°C. During temperature
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scans, the sample was left at each temperature for at
least 5 min before each exposure. Longer equilibra-
tion times applied to a few samples indicated no sig-
nificant change was measured after this time. Scans
were taken at 5°C intervals from 15 to 50°C.

2.3. Density measurements

Lipid densities were measured with a Paar DMA
60 Density Meter and DMA 602 Density Measuring
Cell from Paar Scientific (Graz, Austria). The density
meter was calibrated with water and air. Sample tem-
perature was controlled to within +0.02°C, which
gave rise to an uncertainty of 6xX107° g cm™ in
the measured density. Great care was taken to ensure
there were no air bubbles in the samples (water was
degassed before use, water contents were Kkept
slightly above water excess point to keep viscosity
manageable and samples were visually inspected at
regularly intervals during the measurements). Our
measurements, Fig. 2, are in agreement with the
available literature values for DMPC and DOPC
[16,26,27].
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Fig. 2. Measured lipid densities of DOPC (open circles),
DMPC (filled circles) and DPolPC (open squares). All values
are averages of three separate measurements. The step change
in density observed for DMPC occurs at the chain melting
transition around 23-24°C. The molecular volumes in the fluid
phase calculated from these data fitted well to a linear equation
with respect to temperature. For DOPC, v =(1268.2+0.1)+
(1.092 £ 0.004)T'; for DMPC, v = (1061.5 £ 0.2)+(1.133 £ 0.0004) T;
and for DPolPC v =(1161.0+£0.1)+(0.956 + 0.003) 7.

2.4. Data analysis

The molecular geometry may be calculated within
the model of the L, phase shown in Fig. 1 from a
knowledge of lipid and water volumes, v, and vy, the
molar composition and the measured d spacing. The
bilayer thickness, dj, is given by

d

B <1 + nw‘;—\r> 2

the molecular cross-sectional area, 4, is given by

2
A=—
d (3)

dy

and the water layer thickness between the bilayers,
dy, 1s given by

dy = d—d,. (4)

In the study by Klose and co-workers [21], four
distinct regions in the swelling curves of egg yolk
lecithin in the L, phase were structurally and mor-
phologically defined using X-ray diffraction and
freeze fracture electron microscopy. At low water
contents, the unit cell spacing was found to increase
at the slowest rate with respect to water composition.
This was found to correspond to a morphology of
large extended planar sheets of lipid bilayers and was
found to extend up to 10 mol of water per lipid. It is
believed that this region is where there is a tight
association of the water molecules to the headgroup
[14,22]. Once the tightly associated waters had been
added, the swelling curve displayed a steeper and
apparently linear increase in unit cell spacing with
ny. This region contained mainly large extended bi-
layers and the water was still homogeneously distrib-
uted between them, but defects in the bilayers began
to appear. At greater water compositions, they ob-
served a region, which we will call region III, where
the increase of unit cell spacing with n, was less
pronounced and the freeze fracture preparations
were characterised by the presence of vesicle-like
structures and water droplets alongside the large ex-
tended sheets of bilayers. Beyond this, they found
that excess water had been reached and the unit
cell spacing remained constant with respect to water
composition. In this region, MLVs with a wide dis-
tribution of size existed [21,22].
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These observations indicate that there are at least
two important elements in a reasonable analysis of
the swelling curves of the L, phase. The first is that
we need to be able to identify samples in the compo-
sitional regime of region III and eliminate them from
our determination of the excess water point. The
drawback of the Luzzati method is that the occur-
rence of the sequestration of water in region III
skews the bilayer thickness calculations to a lower
value, and the calculated water thickness to a higher
value [21,22]. The second is that we need to decide
on a reasonable mathematical form for the variation
of d with respect to n,, in order to fit the remainder
of the data on the swelling curve and so determine
the excess water composition by intersection with the
excess water value of d.

In order to identify samples which are in region
III, we have used the temperature-dependent behav-
iour of the L, phase. Below the water excess point, it
is well established that the bilayer thickness decreases
and area per phospholipid increases with tempera-
ture [14,18,27-29]. Hence, for fixed n, the increase
in lipid area must be accompanied by a decrease in
dy, and therefore an overall decrease of d with tem-
perature. Mathematically this can be expressed as
(0d/0T),,<0. However, when the water supply is
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Fig. 3. The identification of samples in region III. The rate of
change of unit cell spacing with respect to temperature at fixed
water composition, (9//97T),, , is plotted against the water com-
position, ny, for DPolPC (open circles) from 15-50°C, DOPC
(open squares) from 15-50°C and DMPC (crosses) from 25—
50°C. Where (3d/9T),, deviates from the constant negative val-
ues seen at low water compositions, the system is either in ex-
cess water, or in region III. Samples in region III are easily
identified by the fact that the unit cell spacing is less than the
excess water value.

no longer limited this need not be the case. Indeed
where there are fluctuation repulsions between bi-
layers we would expect water uptake with increasing
temperature. In Fig. 3 the change of unit cell spacing
with changing temperature, at fixed water content is
plotted. As expected based on the above, at lower
water contents the unit cell spacing decreases at a
constant rate with increasing temperature for all
three lipids, i.e. (94/0T),, has a constant, negative
value. As of approximately ny, = 30 the unit cell spa-
cing’s decrease with temperature lessens and at high-
er water contents even becomes an increase. This
indicates that, despite the fixed water content of the
sample, at higher temperatures, the bilayers are tak-
ing up extra water from somewhere. Either because
the sample is in excess water conditions and extra
water is freely available, or because significant
amounts of sequestered water are available in local
bilayer defects. The excess water points are easily
identifiable because the unit cell spacing equals the
constant water excess unit cell spacing found at the
higher water contents. The remainder of the points,
where (3d/0T),, is larger than the constant negative
value observed at lower water contents, but the unit
cell spacing has not yet reached the water excess
value, are in region III. These data points are elim-
inated from our determination of the excess water
point.

Having eliminated these points from each of the
isothermal swelling curves we then have to fit the
remaining data. Previously, it was noted the swelling
appeared linear, therefore data were fit to a linear
line. However, a linear fit of d with respect to ny
implies that both ¢ and 4 remain constant during
the addition of water to the system. This is clearly
not the case over a wide water content range, such as
seen from our measurements of ¢, as a function of
water composition, Fig. 4, and noted earlier by dif-
ferent authors [14,21,22]. As a rule, empirical ap-
proaches should use the simplest function that will
still represent the data. The next simplest model is a
quadratic function:

di = dyg + oy o—ny)? (5)

where djp and nyo are the bilayer thickness and
water composition in excess water, respectively, and
a is a scaling coefficient for the quadratic. The choice
of this form is entirely heuristic and reflects the phys-
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Fig. 4. The variation in bilayer thickness, dj, with respect to
water composition, n,. Representative data recorded at 35°C
for (A) DOPC, (B) DMPC and (C) DPolPC has been fitted us-
ing Eq. 5. The bilayer thickness is determined via equation Eq.
2 and data from region III and excess water have been ex-
cluded.

ical intuition that as one adds water to the fluid
lamellar phase the bilayer thickness should not reach
a stationary value at the excess water equilibrium
abruptly, but smoothly. The quadratic form is also
consistent with the observations recorded by Klose
and co-workers [21], in as far as the cross-sectional
area of the lipids does expand rapidly initially and
the final stages of the swelling of the unit cell will be
nearly linear, so long as « is not too great.

From Egs. 2 and 5 and noting that d is set by the
excess water value of the lattice parameter, dy, we
have the heuristic function with which we fit the
swelling curve

do

d=|—""
(1 4+ nwo vw/m)

+ o (nyo — ny)* |[1 + iy v/ W]

(6)

From the fit, we obtain n, o and o and we can then
find d by fitting our data of d(ny) using Eq. 5. The
excess water area per molecule, A,, is then given by
substituting dio into Eq. 3.

3. Results

As an example of the swelling curves for each lip-
id, we show plots of the data taken at 35°C and the
fit to these data, Fig. 5. Similar data have been ob-
tained at the other temperatures; that is between 15
and 50°C for DOPC and DPolPC, but only between
25 and 50°C for DMPC, since at lower temperatures,
DMPC is in the gel phase [30]. In the case of DMPC
and DPolPC, samples were found that were evidently
in region III [21], i.e. a sample morphology with long
lifetime metastable defects sequestering water. The
data points are shown in the figures and begin to
appear around n,, =30. Data presented in Koenig
et al. [11] on DMPC and stereoyl-oleoyl-phospho-
choline demonstrate deviations of the Luzatti derived
area per lipid values compared to the NMR data
around ny =20. Furthermore, bilayer defects ob-
served by electron microscopy appeared around the
same water composition [21,22]. The apparent
slightly later onset of region III in this study implies
that the concentration of MLVs and water pockets,
is at first probably too low to measurably affect the
unit cell spacing at this point. However, given the
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Fig. 5. Swelling curves at 35°C for (A) DOPC, (B) DMPC and
(C) DPoIPC. The horizontal line is the mean value of the excess
water lattice parameter, dy, and the intersecting curve is the fit
to the swelling data using Eq. 6. Data points identified as be-
longing to region III and therefore excluded from the fit are
represented by X. Data points beyond n,, =200 are not shown,
although they have been used in determining d.

sensitivity to sample preparation [21,23], caution
must be exercised in cross study comparisons.

Nevertheless, we did test to see if we could obtain
any evidence of water sequestered in defect pockets
in our DOPC samples, even though none had been
detected by our measurements of (dd/0T),,. To do
this, we measured the lattice parameter of three sam-
ples below the excess water point before and after
shear alignment between concentric X-ray capillaries.
Since sample alignment should reduce the defect den-
sity in a lamellar phase, we reasoned that any defects
not detected by our measurement of (8d/d7),,,
might be revealed by a systematic increase in lattice
parameter after shear. The alignment after shear was
evidenced by the powder rings sharpening into arcs.
However, there was no measurable systematic differ-
ence between the aligned and powder samples. We
measured samples at several points along the length
of the X-ray capillary, but found no evidence of a
systematic increase, to within the random variation
in d of approximately 0.4 A. Similarly, after 50
heating and cooling cycles between 15 and 50°C on
unaligned samples of DOPC, we found no change in
d spacing.

Examples of plots of bilayer thickness as a func-
tion of water composition and the accompanying fits
used to obtain diy are shown in Fig. 4. The non-
linearity of ¢ with respect to ny, is particularly evi-
dent in the cases of DOPC and DMPC.

From these fits and the measured densities, the
lipid areas in excess water can also be calculated.
Tables 1-3 list the values for the average molecular
geometry as well as the limiting hydration and excess
water lattice parameter as a function of temperature
for DOPC, DMPC and DPolPC, respectively. We
have plotted the variation in di, dy o (the water layer
width at excess), nyo, and Ao, with temperature in
Fig. 6. In each case, over the temperature span that
we have studied, it appears that the variation is
linear, the fitted form being recorded in Table 4.
In addition, we have provided linear relationships
for the molecular volumes as a function of the
temperature, calculated from the measured densi-
ties.

In agreement with expectations [14,18,28], do de-
creases as a function of the temperature, whilst, at
the same time, A, increases with the temperature.
Within experimental error, the excess water bilayer
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Table 1

Measured molecular geometry and hydrational behaviour of DOPC in the L, phase

T () n (A7) v (AY) dy (A) dio (A) s Ay (AY)

15 29.946 1284.7 61.88£0.12 35.17£0.20 32.65%0.80 73.06 £0.42
20 29.974 1290.0 62.01£0.15 35.02%0.19 33.21%£0.78 73.67£0.40
25 30.008 1295.4 62.12£0.15 34.86%0.19 33.76£0.77 74.32£0.40
30 30.049 1300.8 62.26£0.17 34.67£0.20 34.46%0.83 75.04£0.43
35 30.096 1306.3 62.39£0.15 34.54%0.19 35.00%£0.82 75.6410.42
40 30.150 1311.8 62.61£0.24 34.33+0.19 35.83+0.86 76.42+0.42
45 30.212 1317.3 62.77£0.25 34.16£0.20 36.51%£0.93 77.12£0.45
50 30.279 1322.9 62.92£0.28 34.03£0.20 37.07£0.98 77.75%0.46

thickness of DMPC and DPolPC are the same in the
Lo, phase. This does not seem unreasonable, given
that although DPolPC is two CH; groups longer
than DMPC, it contains a cis double bond. The
DOPC bilayer is thicker by approximately 2 A
than DPolPC and DMPC. This difference would be
rather small if the molecular cross-sectional area of
DOPC and DPolPC were the same. From Fig. 6D it
can be seen that the measurements indicate that
DOPC is approximately 3 A2 greater in cross-section
than DPoIPC. Again, this is not unreasonable since
we would expect the longer unsaturated chain to ex-
ert a greater lateral pressure at a fixed cross-sectional
area. This picture is consistent with the 9-A? reduc-
tion in cross-sectional area of the saturated Ci4 chain
of DMPC compared to DOPC. Furthermore, the fit
to the area expansion as a function of temperature
for DMPC, Table 4, can be used to determine the
thermal area expansivity (defined as 1/4¢ X (04/07)).
At 29°C, we find a value of (3.2£0.1)x 1073 °C™!
which is in reasonable agreement with the value de-
termined on a study of giant DMPC vesicles at 29°C,
where a value of (6.8+1.0)x1073 °C~! has been
reported [31].

The temperature-dependent increase in the inter-
bilayer spacing dy is consistent with fluctuational

repulsions between the bilayers [18,32,33]. It is also
in agreement with the hypothesis that the change in
(0d/0T),, from a constant negative to a positive val-
ue as large pools of water appear in the system, is
due to fluctuation repulsions drawing water into the
space between bilayers. Recent studies into the va-
pour paradox in bilayers have also confirmed the
importance of bilayer undulations in reaching full
hydration in the L, phase [34,35]. By increasing the
opportunity for undulations, water saturated, ori-
ented bilayers were shown to further increase their
unit cell spacing by several Angstroms [36]. For ex-
ample, in the case of dilauroylphosphatidylcholine,
the interbilayer distance has been shown to be ap-
proximately 5 A larger in the presence of undulatory
fluctuation forces than when these were suppressed
by immobilisation of the bilayers on a mica surface
[18]. From our measurements on DMPC, we find a
5.0%0.1-A increase in dw o when the system goes into
the Lo, phase from the gel phase (data not shown).
Making the assumption that this difference is entirely
due to fluctuation repulsions present [18,32,37], the
agreement with the previous estimate is good. Indi-
cations of a temperature-dependent, bilayer repulsion
not accounted for by hydration force theories has
been suggested before for DMPC [38]. In this

Table 2

Measured molecular geometry and hydrational behaviour of DMPC in the L, phase

T (°0) v (A%) v (A% dy (A) dio (A) ny Ao (A)

25 30.008 1089.9 62.87£0.19 33.60£0.18 31.74£0.69 64.88 £0.35
30 30.049 1095.5 62.58£0.25 33.18%0.15 32.37£0.59 66.03£0.31
35 30.096 1101.1 62.73£0.21 32.82£0.14 33.38£0.62 67.10£0.29
40 30.150 1106.8 62.63+0.26 32.55+0.14 33.95+0.63 68.01+0.29
45 30.212 1112.5 63.11+0.50 32.28+0.13 35.18£0.67 68.931£0.28
50 30.279 1118.3 62.99£0.13 31.82+0.16 36.03£0.81 70.29 £0.35
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Fig. 6. The temperature-dependent behaviour of DOPC (open circles), DMPC (filled circles) and DPolPC (open squares) in excess
water. (A) The variation in excess water bilayer thickness, djo with temperature. (B) The variation in water layer thickness, dy o, at
the excess point as a function of temperature. (C) The variation in excess water composition point, 7y, with temperature. (D) The
variation in molecular cross-sectional area, 4y, with temperature in excess water.

work, this repulsion is apparently stronger for
DMPC than for DOPC and DPolPC. This is also
consistent with a fluctuational repulsion, since the
magnitude of the repulsive force is inversely propor-

tional to the bilayer bending rigidity [33] and we
would anticipate that the bending rigidity of the sa-
turated lipid would be less than that of the unsatu-
rated species.

Table 3

Measured molecular geometry and hydrational behaviour of DPolPC in the L, phase

T (°0) v (A% n (A% do (A) dig (A) a Ay (A

15 29.946 1175.5 58.836 +0.094 33.72+0.27 29.3%1.0 69.72£0.56
20 29.974 1180.1 59.097 +0.091 33.52+£0.29 30.1%1.1 70.41£0.61
25 30.008 1184.8 59.455+0.097 33.21%£0.25 312%1.1 71.35£0.54
30 30.049 1189.6 59.57+0.13 32.96+0.27 320%1.2 72.18 £0.60
35 30.096 1194.3 59.979 +0.088 32.66+0.26 332%1.3 73.14£0.58
40 30.150 1199.2 60.21+0.15 32.39+0.26 342+1.3 74.05+0.59
45 30.212 1204.0 60.75+0.12 32.13+0.26 35514 74.95+0.61
50 30.279 1208.9 61.02%0.14 31.92+0.26 364*1.5 75.75£0.62
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4. Discussion
4.1. Fitting the swelling curve

The choice of a quadratic form for dj(ny) is largely
heuristic and discussed in more detail in Section
2.4. Looking at the experimental data of dj(n,) in
Fig. 4, it might seem that a simpler form would be
linear

di = Bny + (dig—Bnyyo) (7)

where f is the gradient and all other terms are as
previously defined. However, this form has the un-
physical behaviour that the shrinking of the bilayer
width with added water to the L, phase, stops
abruptly as we reach the excess water point. For
argument’s sake, we go on to see what happens
when we use Eq. 7 to derive the form of d(ny),

do

d = |B(ny—nwp) + (1 + 110 v /W)

(1 + ny VW/VI>

(®)

and then fit some swelling data with this form and
compare it to the fit from equation Eq. 6, Fig. 7. In
the data of Fig. 7, the reduced y for the fit from Eq.
6 is 1.1, but rises to 1.9 for the fit to Eq. 8. The
reason for the poorer fit to Eq. 8§ lies in the fact
that this form is incapable of modelling the initially
slow increase in d with water composition. This
problem recurs for all the data we have collected.
This has also been observed by many other authors
[14,15,17,21,22,27]. Generally, the lower water con-
tent data points have then been left out from the
linear fits leading to the water excess point. This

Table 4

625— Fit to eqn. (6)
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Fig. 7. Fitting the swelling curve for DOPC at 35°C. Fitting
the swelling curve under the assumption that bilayer thickness
shrinks linearly with water composition (Eq. 8) gives a poorer
fit than the assumption that the bilayer thickness shrinks quad-
ratically (Eq. 6).

sometimes meant there were only very few points
to fit to.

Besides the empirical observation that a non-linear
equation better allows us to fit the data over a large
water content range, qualitative, theoretical consid-
erations of the forces governing bilayer separation
also point to a non-linear relation. The first few
water molecules added to lipid bilayers interact
strongly with the lipid headgroups [22] and are lo-
cated partially between the headgroups [40], there-
with releasing some of the intrabilayer pressure
from steric and electrostatic repulsions between
neighbouring headgroups [18]. Thus, at very low
water contents, the water molecules contribute only
partially to an increase in bilayer separation. As the
intra-bilayer repulsion decreases with added water,
the repulsive bilayer ‘hydration’ forces will grow in
importance and extra added water molecules will
tend to contribute more and more to increasing the

The parameters for linear fits to the experimentally determined molecular geometry and hydration in the the L, phase as a function

of the temperature, T’

DOPC DMPC DPolPC
ay a o a) ao ap
" (A3) 1268.2+0.1 1.0919 £ 0.003 1061.4+0.1 1.135£0.004 1161.0+0.1 0.955+0.004
dip (A) 35.68 £0.02 —0.0333 £0.0006 352x0.1 —0.068 £0.003 34.54+0.03 —0.0531 £0.0009
dwo (A) 25.72+0.06 0.063 +£0.002 27.1£0.3 0.080 £ 0.008 23.3+0.1 0.116 £0.003
) 30.62+0.09 0.129 £0.003 27203 0.174 £0.008 26.0+0.2 0.207 £0.004
Ay (Az) 70.97+0.05 0.136 £0.001 59.7£0.2 0.210+0.006 67.12+0.09 0.173£0.003

The data have been fitted using the equation y = ayp + a; T where y is the appropriate variable in column one, divided by the units

shown to make it dimensionless and 7 is in °C.
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bilayer distance. As the water content and bilayer
separation increases, the equilibrium of ‘hydration’,
van der Waals and thermal bilayer fluctuation forces
will be influenced less and less by the repulsive forces
between headgroups within one monolayer, i.e. more
and more the water molecules will contribute to in-
creasing the bilayer separation. Only when all of each
new water molecule contributes to the bilayer sepa-
ration, will the separation become linearly propor-
tional to the increase in water content.

4.2. Systematic errors in the evaluation of molecular
geometry

There are at least two sources of significant sys-
tematic errors in our determinations of ny, djo and
Ap. Let us first consider the assumption that the
freeze-dried phosphatidylcholines are in fact dihy-
drated. If one assumes that the lipid is entirely dehy-
drated after lyophilisation then one must subtract
two waters per lipid from the measurements of ny,.
After fitting the data, there is a decrease in the value
of nyo by approximately two waters per lipid and a
decrease in the magnitude of a. However, the net
effect on the determination of diy upon subsequently
fitting the data of d(ny) is rather small. For example,
at 35°C we find: djp=34.4£0.2 A for dehydrated
DOPC, whereas dig=34.5+0.2 A if it is dihydrated;
in the case of DMPC djp=32.5%£0.2 A if it is dehy-
drated and 32.8+0.1 A if it is dihydrated and for
DPoIPC we find 32.3£0.3 A if it is dehydrated and
327403 A if it is dihydrated. In other words, in the
context of the fitting form we have used and the
quality of the data, any systematic error due to as-
suming that the lipids are dihydrate is at the level of
our errors.

The second source of systematic error is one where
we are not able to estimate the magnitude of its
possible effect. This source of error is the observation
that dy can vary between different observers by as
much as 3 A, e.g. for DOPC at 25°C d, has been
reported between 61 and 64 A [15,17], and even with-
in single studies, variations as great as this have been
reported, e.g. DPPC [40], and DOPC [17]. The
source of these variations is not understood, but ap-
parently widespread. Since the precision of our mea-
surements is a few tenths of Angtroms, it seems rea-
sonable to assume that the accuracy of our

measurements is at present limited by the variations
in dy since they are an order of magnitude greater.

4.3. Fluctuation repulsion

As explained in the introduction, multi-lamellar
vesicles (MLVs) and water pockets have been shown
to occur at water contents close to the water excess
point [21,22], leading to an overestimation of the
water contribution to the unit cell spacing in the
Luzatti method, and thus an underestimation of the
lipid thickness. Because of this effect, researchers us-
ing Luzzati’s method have attempted to find methods
which get around this problem by extrapolating the
swelling curve from the more reliable data at lower
water compositions [18]. So far, this has been done
by measuring the isothermal compressibility of the
L, phase at these low water compositions. This is
done by applying an osmotic pressure to the phase
to remove water between the bilayers and measuring
the lattice parameter as a function of the applied
osmotic pressure. Below ny, =20, the forces between
bilayers of zwitterionic amphiphiles are limited to
van der Waals attraction and hydration repulsions.
So the graph of lattice parameter as a function of
applied osmotic pressure are fitted to the sum of
these forces. To find djy the equilibrium between
these opposing forces is found.

This extrapolation depends, of course, on their
being no additional forces which make an appear-
ance between ny, =20 and excess. However, we
would suggest that the data presented in this study
indicates that at water contents closer to the water
excess point, an additional bilayer repulsive force
appears to start playing a role. A force that increases
with increasing temperature, which suggests that the
force is due to fluctuation repulsions. Thermal undu-
lations are only of significance at higher water con-
tents, since they require the conformational space
between bilayers in order to propagate [18,32,33].
The fluctuations increase the repulsive pressure in
the system which is not accounted for by current
modelling. At the excess water point, we would
therefore expect that there is in reality more water
in the phase than the current calculations would in-
dicate and hence the bilayer thickness calculated
without taking account of fluctuation repulsions
would be overestimated. As an aside, it is of interest
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to note that quite a few studies have appeared re-
cently investigating the ‘anomalous swelling’ of bi-
layers near the main transition. There is still contro-
versy about the underlying causes of this swelling
[41-45], but increased bilayer fluctuations have been
implicated [41,43,44]. However, the effect investi-
gated in those studies results in an increase of dj
with decreasing temperature. The opposite effect is
seen here (Tables 1-3). Mainly this apparent discrep-
ancy is a result of the different temperature ranges
under investigation. The ‘anomalous swelling’ only
plays a role relatively near to the main transition
point and is thus not expected to influence the
DOPC and DPolPC measurements presented here.
Based on reported data on DMPC [41,42,45], this
effect might well be expected to influence our
DMPC measurements at the lower temperatures.
However, in our hands, no decrease of dy with in-
creasing temperature at 25°C and above was found
(Table 2). In general, it has been postulated that the
‘anomalous swelling’ is more noticeable for shorter
chainlength lipids, but less so for DMPC and longer
lipids [44]. The increase in bilayer fluctuations re-
ferred to in the ‘anomalous swelling’ phenomenon
is postulated to be due to a reduction of the bending
modulus of the membrane in the transition region
[41]. The results presented here do not assume any
changes in bending moduli and increases in the fluc-
tuations are expected to be simply due to increases in
temperatures increasing the entropy of the system.
There is, indeed, some evidence to support the higher
level of thermal undulations than formerly recog-
nised, such as hypothesised in this work. In the
case of DPPC, the range of osmotic pressures used
in the analysis has been extended to include lower
pressures than normally used, and calculated lipid
areas have subsequently increased from 61.2 to 64.2
A? [40]. This translates into a decrease in the esti-
mated bilayer thickness of approximately 1 A. When
we compare our analyses to those of Rand and co-
workers [18] on DOPC and DMPC, we observe the
same pattern. For DOPC at 25°C we find dio =34.8
A (using the linear equation for dj as a function of
temperature), whereas using the isothermal compres-
sibility extrapolation method, they find djy=35.9 A.
As we would predict our calculations give a narrower
bilayer width, by 1 A in this case. For DMPC, we
find the same effect, our value being 33.4 A, whereas

the isothermal compressibility extrapolation esti-
mates djo=35.7 A; a 2 A difference.

A related method for determining excess water
molecular geometry uses NMR order parameter
measurements of the water molecules interacting
with the lipid headgroups. Translation of NMR or-
der parameter data into absolute structural lipid
parameters [11], uses lipid cross-sectional areas deter-
mined by X-ray diffraction at lower water concen-
trations to relate NMR-derived areas to absolute
values. To obtain values at excess water composi-
tions, one then extrapolates to these values using
the change in area with water content, derived
from the measurement of the order parameter. But
unless a special protocol is used, only the change in
area due to water that actually interacts with lipids
directly is measured. This perhaps explains why it
has been calculated by this technique that at 30°C,
the excess water composition of DMPC is 22.2 mol
of water per lipid [11]. We determine ny to be 32.4
at this temperature for DMPC. The extra water
drawn in with bilayer fluctuations, is not expected
to interact directly with the lipids, thereby complicat-
ing identification by NMR. Only recently has a pro-
tocol been developed where a distinction can be
made between the waters present within multilamel-
lar assemblies that do not interact directly with lip-
ids, versus bulk waters [46,47]. With this method, the
moles of interlamellar water per DOPC has been
now been estimated to be 37.5%X1 at 30°C [48].
This compares favourably with our calculation of
nwo=34.5 and corresponds to a discrepancy of
only 0.5 A in d .

4. Conclusions

To the best of the authors’ knowledge, no inves-
tigations of the temperature-dependent variation of
the structural parameters of phosphatidylcholines at
different hydrations have previously been published.
Scanning in temperature and water composition ap-
parently enables one to distinguish between samples
that contain appreciable amounts of sequestered
water below the excess water point, and those that
do not. We have introduced a simple heurisitic swell-
ing law to determine the molecular geometry of
DOPC, DMPC and, for the first time, DPoIPC in
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the fluid lamellar bilayer. The data and the analysis
we have presented strongly indicate that even with
lipids which have a relatively high bending rigidity,
the effects of bilayer fluctuation repulsions can be
observed. The fluctuation repulsions only become ap-
parent around molar ratios of water to lipid of ap-
proximately 30, the same composition at which we
start to notice the fact that a sizeable fraction of the
water is no longer stored between flat bilayers, but is
sequestered in defects and grain boundaries between
multi-lamellar vesicles. These two observations may
be related. From a practical point of view, this means
that if one wishes to take measurements of the iso-
thermal compressibility of fluid bilayers at low water
contents and then extrapolate these to equilibrium in
order to determine the excess water bilayer thickness,
the model must take into account the bilayer fluctu-
ation repulsions. Since these repulsions become evi-
dent at exactly the point where water becomes se-
questered in defects and grain boundaries, it is
difficult to see exactly how this would be done.

Measurements of bilayer thickness have been made
previously on both DOPC and DMPC [11-18,38-
40]. In general, our results fall within the current
range of values estimated for the bilayer thickness;
our values are no more than 3 A different from re-
ported values. The values we have reported are nei-
ther systematically greater or less than those deter-
mined by these other groups. Within the
measurements presented in the report, we find con-
sistent patterns of behaviour. Increasing chainlength
increases bilayer thickness and molecular cross-sec-
tional area. The introduction of a cis double bond in
the hydrocarbon chain increases the molecular cross
sectional area and reduces the bilayer width. In this
way, we find that DPolPC and DMPC have almost
identical bilayer widths. This makes it likely that
mixed DPolPC/DMPC vesicles will make a good ve-
hicle for studying the effects of variations in lateral
pressure on bilayer spanning proteins, since the ad-
dition of palmitoleic chains should lead to an in-
crease in lateral pressure, but without a concomitant
change in the bilayer’s width.
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