The lamellar repeat distance of multilamellar stack of
phosphatidylcholine membranes in excess H,O and D,O was
determined by small-angle x-ray scattering measurements.
When the lipids are in gel-state, the repeat distances in H,O and
in D,O are almost the same. When the lipids are in liquid
crystalline state, on the contrary, the repeat distances in D,0
decrease by ca. 1 A compared with that in H,O. It is confirmed
that the decrease of the repeat distance is due to the decrease of
the water layer thickness.

The multilamellar stack of lipid bilayers in excess water is a
good model system for the study of forces acting between large
parallel plates. As the forces acting between lipid bilayers, van
der Waals, electrostatic, and hydration forces had been
considered. Furthermore, with the apparent failure of models
bascd on purely electrostatic and hydration interactions to
explain the repulsive forces between lipid membranes, attention
has rccently focused on the role of thermal fluctuation
interaction, e.g., undulation force.' In thc multilamellar systems,
these forces competc with cach other, and the net attractive and
repulsive forces detcrminc the bilayer-bilayer separation, i.e.,
water layer thickness. These forces may vary with the lipid
bilayer material and the physical properties of thc mediums.” In
the present study, we compared the temperature dependence of
lamellar  repeat  distance  of  electrically  neutral
phosphatidylcholines (PCs) in H,O and D,O by measuring
small-angle x-ray scattering (SAXS) in aid of understanding the
role of the mediums in the above mentioned attractive and
repulsive interactions.

The PCs studied here were 1,2-dilauroyl-sn-glycero-3-
phosphocholine (DLPC), 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC), and 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), which were purchased from Avanti
polar lipids (Birmingham, AL). D,0O (99.9%) was obtained {rom
ISOTEC, Inc. H,O was purified with Milli-Q labo (Millipore
Co., Bedford, MA). The fully hydrated lipid bilayers were
prepared by adding excess amounts of H,O or D,O to the dry
lipids, where the concentration of the lipids were 30-40 wt%.
The swollen lipids were annealed with 5 cycles of freezing in
liquid nitrogen and thawing at 50 °C in a hot water bath, and
were aged overnight at room temperature. SAXS was measured
by a high-resolution small angle x-ray scattering instrument.’
The lamellar repeat distance, D, was calculated from the peak
position of the diffracted x-rays using the Bragg equation. The
angular resolution associated with the SAXS measurements are
0.005 degree, which corresponds to ca. = 0.3 A in D-spacing in
the angular range we measured. Also, the repeatability of the D-
spacing was confirmed to be better than 0.4 A.

The temperature dependence of lamellar repeat distance, D,
of DLPC, DMPC, and DPPC in excess H,O and D,O is shown
in Figure 1. The drastic changes in the D-spacing correspond to
the pretransition from the gel phase (L) to the ripple phase (Py)
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Figure 1. Temperature dependence of lamellar repeat

distance, D, of DLPC (a), DMPC (b), and DPPC (c) in excess
H,O (CJ) and D,O (®), respectively. Broken and chain lines
indicate the pre- and main transition temperature of the lipids,
respectively.

and the main transition from P to the liquid crystalline phase
(L,). It can be seen that the temperatures of pretransition, 7, and
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Figure 2. The schematic illustration of a repeat unit in the
multilamellar structures of the lipids.

of the main transition, 7, in H,O and D,O are almost the same.
The values of T,, (T,) are —1 °C for DLPC", 24 °C (14 °C)’ for
DMPC, and about 45 °C (39 °C) for DPPC, respectively. It is
interesting to note that the D-spacing of solid-state PCs (i.c.,
below 7,) in H,O and D,O are almost the same, but the D-
spacing in PC-D,0O is smaller than that in PC-H,O when the
lipids are in liquid crystalline state (i.c., above 7,). The
difference in the D-spacing between PC-H,0 and PC-D,0O
systems in L, phase varies with temperature from 0 A (at T,) to
1 A (ca. 20 °C above T,,) regardless of the alkyl chain length of
lipids. Note that the D-spacing consists of membrane thickness,
D, and water layer thickness, D,: D = D, + D,, (see Figure 2).
We determined the D, in DLPC-H,0 and DLPC-D,0 systems
by so called Luzzati method,’ and confirmed that the values of
D, in H,O and in D,0 are almost the same (31.5 A at 20 °C).
This result suggests that the decrease of the D-spacing be due to
the decrease of D.,,.

As the cause for the decrease of D, in D,0, the following
two possibilities are suggested, 1) the attractive van der Waals
force between the lipid bilayers in D,O is greater than that in
H,0, and 2) the repulsive hydration force and/or the undulation
force between the lipid bilayers in D,O is smaller than that in
H,0. (The electrostatic force can be neglected, since the PC
molecules have no net charge.) In the following, we will
consider the validity of these two possibilities.

The attractive van der Waals force between lipid bilayers,
F 4w, is expressed as
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where H is Hamaker constant,’ which has been estimated as 3-
8x10™ J for PCs in H,0.” Based on the Lifshitz theory,” one can
expect that the Hamaker constant in D,O is smaller than that in
H,0, since the dielectric constant, &, of D,0 is smaller than that
of H,0. (The values of ¢ are 78.1 for D,O and 78.5 for H,0 at
25 °C, respectively.) This expectation leads to the slight
decrease of attractive van der Waals force between lipid bilayers
in D,0 than in H,O in the temperature range studied here, but
the experimental results are inconsistent with this expectation.
So, the possibility 1) may be discarded as the cause of decrease
of D, in D,O.

Next, we deal with the repulsive forces between the lipid
bilayers. It should be noted here that no difference in the D-

spacings between DPPC-H,O and DPPC-D,0 were observed
around 20 °C while D, of DLPC in D,0 is smaller than that in
H,0 at the same temperature (see Figure 1).

Since the hydration force is acting in both gel- and liquid
crystalline states, it seems reasonable to suppose that the
strength of hydration force does not change so much whether the
medium is H,O or D,0. The strength of undulation force, on the
other hand, strongly depends on the physical state of lipids
because of the following reason. The undulation force, F,,,
which arises from the entropic confinement of the wave-like
motions as two undulating membranes approach each other, is
expressed as
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where k is the bending elasticity of membrane."” The values of
k of lipid bilayers were estimated by the micropipet
manipulation technique for giant unilamellar vesicles."” The
estimated K in the gel phase is at least 34 timcs larger than the
value in the liquid crystalline phase. Hence, one can expect that
the undulation forcc governs the change of bilayer-bilayer
separation in the liquid crystallinc state of lipids but which is
unimportant when the lipids are in gel-state. Our result strongly
suggests that the decrease of D, in D,0, which observed only
when the lipids were in liquid crystalline state, be caused by
lowering the contribution of repulsive undulation force between
the bilayers.

At present, the relation between the physical properties of
D,0 and the strength of undulation force is not clear, but a
possible explanation may be that with the change of medium
from H,0 to D,0 the interactions between the neighboring lipid
molecules in bilayers are strengthened, and which leads the
increase of bending elasticity of membranes.
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