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Structure and stability of DPPE planar bilayers
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Biomembrane mimics in the form of supported planar bilayers allow the application of a wide
range of surface and interface analytical techniques. The structure and phase-behavior of single
and double bilayers of 1,2-dipalmitoylphosphoethanolamine (DPPE) were investigated by
specular neutron reflectivity for their viability as biomembrane mimics. Whilst single bilayer
samples were found to exhibit stable gel and fluid structures, double bilayers were found to be
intrinsically unstable in the fluid phase as a planar structure. A Bragg peak was observed in the
reflectivity data at just above the gel-to-fluid transition temperature, indicating the partial
rearrangement of the upper bilayer into a repeat stacked structure. The lower bilayer was
structurally stable. The structure and phase-behaviour of a double bilayer containing a ratio of 9 : 1
DPPE/cholesterol was also investigated to assess the stabilising effect of cholesterol on the upper
bilayer. The presence of cholesterol completely destabilised the upper bilayer, causing it to detach
7 °C below the gel-to-fluid transition temperature of DPPE. It is possible that the cholesterol
increases the overall conical shape of DPPE molecule by residing in the chain region of the lipid.

Introduction

To exploit certain types of surface and interfacial techniques in
biological cell membrane studies it is necessary to use planar
lipid bilayers located on or near to a substrate. These planar
systems have allowed the application of AFM,! impedance
analysis,z’3 surface plasmon resonance,* neutron 1reﬂectivity,5’6
and ellipsometry.” Examples of types of planar systems
range from single bilayers adsorbed or deposited onto
substrates>® 1% to multilamellar stacked bilayers'"*!? to elabo-
rate polymer supported bilayers'*™'* and hybrid bilayers with
one leaflet of lipids and the other of alkanethiols.'®

One of the main advantages of single bilayer samples
compared to multilamellar samples is that the information
obtained is bilayer specific; it is not the average of hundreds or
thousands of bilayers. Another advantage is that very low
concentrations are needed to fabricate these samples. This is
obviously interesting when expensive components are being
studied. Often the main disadvantage of single bilayer systems
is that the substrate can exert a restraining force upon the
bilayer, inhibiting its phase behavior. Another key disadvan-
tage is that only a very thin water layer separates the bilayer
from the substrate (5-10 A). This can restrict the inclusion
of transmembrane proteins that protrude either side of the
bilayer.'

To overcome some of the problems associated with single
bilayer systems, a new type of planar membrane system has
been developed. It consists of a bilayer floating above another
bilayer that is in close proximity to the substrate.® Fabrication
is achieved by a combination of Langmuir-Blodgett and
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Langmuir-Schaefer depositions. These techniques enable the
fabrication of asymmetric bilayers where the composition of
each leaflet can be selected to model the asymmetric nature of
real membranes. Compared to single bilayer samples the upper
bilayer is less constrained and is open to a large reservoir
of water, making it ideally suited to study transmembrane
phenomena and translocation. When the double bilayers are
fabricated with phosphatidylcholines, the upper bilayer is
separated from the lower bilayer by a water layer of 20-30 A,
whilst the lower bilayer is separated from the substrate by a
water layer of 5-10 A.'” The upper bilayer exhibits comparable
gel, transition and fluid phase-behaviour to vesicles in
solution.'”® During phase-behavior studies, the main water
layer was found to swell around the main transition tem-
perature. This was interpreted in terms of competition between
the inter-bilayer potential and membrane fluctuations and
used to estimate the bending rigidity of the bilayer.'” Off-
specular synchrotron radiation measurements have allowed
the measurement of the bending modulus and tension of the
floating bilayer.'” Incorporation of low concentrations of
cholesterol (1-6 mol%) was found to progressively decrease the
swelling,”® and at a concentration of 10 mol% swelling was
completely removed.?!

Together with phosphatidylcholines, phosphatidylethanol-
amines are one of the most abundant components of the lipid
bilayer in membranes and can even be found to account for up
to a third of the total percentage of lipids present, as in the case
of human and the rat erythrocyte plasma membranes. They are
often found asymmetrically distributed in membranes, being
predominantly located in the inner cytoplasm-facing leaflet. As
well as being one of the major building blocks of membranes,
they also have specific tasks such as supporting active
transport by the lactose permease. They also act as a
chaperone during the assembly of membrane proteins, guiding
the folding path and aiding in the transition from the
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cytoplasmic to the membrane environment. In comparison to
phosphatidylcholines, the smaller head-group of phosphatidyl-
ethanolamines enables stronger hydrogen bonds between the
phosphate oxygen and the primary amine parts of the lipids.*>
Despite their predominance, phosphatidylethanolamines have
not received as much attention as phosphatidylcholines in the
literature. The phase-behaviour of phosphatidylethanolamines
vesicles has been well characterised, whilst literature on the
behaviour of stacked multilamellar bilayers is rather limited.
With a view to the application of phosphatidylethanolamine
double bilayers as planar biomembrane mimics, the phase-
behaviour of DPPE single and double bilayers was investigated
by neutron reflectivity. Double bilayers with a ratio of 9 : 1
DPPE/cholesterol were also studied with the dual purpose of
assessing the stabilising effect of cholesterol on the upper
bilayer and to increase the realism of the mimic by increased
number of components. We have already shown that asym-
metric double bilayers containing DPPE can be prepared and
are stable in both the gel and fluid phases.?

Like their phosphatidylcholine counterparts, phosphatidyl-
ethanolamine vesicles are known to exhibit stable lamellar gel
and liquid phases. However, they do not exhibit transition
phase-behaviour like the ripple structure.?® In the gel phase the
lipids are highly ordered with restricted mobility, whilst in the
fluid phase they are disordered and have greater freedom of
movement. The bilayer in the fluid phase is thinner than in the
gel phase. The temperature at which the gel-to-fluid transition
occurs in phosphatidylethanolamine bilayers is usually higher
than that for similar phosphatidylcholine bilayers, due to the
stronger hydrogen bonding between the lipids. Certain types of
phosphatidylethanolamines exhibit a transition from lamellar
liquid phases to a non-lamellar inverted hexagonal phase at
high temperatures.>*?* Non-lamellar phases such as these have
been found in vital cell tasks, such as in cell division where a
non-lamellar phase forms around the area in the membrane
where the cell is splitting with another cell. A similar effect also
occurs in cell fusion.?® Inverted hexagonal phases consist of
hexagonally arranged rods of lipids with water channels
inside.?” The water core is circular up to a certain radius limit,
above which it is deformed due to packing difficulties.”® The
fluid-to-inverted hexagonal transition (7},) normally happens
at significantly higher temperatures than the gel-to-liquid
transition (7},). For example, DSPE (Cg) has a T, of 75.5 °C
and a fluid-to-inverted hexagonal temperature of 109.5 °C.%
DPPE has a well defined 7}, of 64.5 °C and T;, of 123 °C.**
Contrary to the trend that an increase in chain length
increases the value of T, T}, actually decreases with increasing
chain length.

Cholesterol is known to have a stabilising effect on cell
membranes, increasing their fluidity at low temperature and
restricting it at higher temperatures.®® Studies of phosphati-
dylethanolamines and cholesterol mixtures are rather limited
in the literature, despite the abundance of phosphatidyl-
ethanolamines in membranes.’' Previous studies have shown
cholesterol to have a greater effect on transition temperatures
of phosphatidylethanolamines compared to phosphatidyl-
cholines. Addition of cholesterol to DPPE vesicles leads to a
continuous decrease and broadening of T, whilst by a
concentration of 50 mol% no detectable T, is observed. The

transition enthalpy also decreases almost linearly with
increasing concentration.?* Inclusion of 30 mol% cholesterol
into DOPE vesicles was found to lower the lamellar-to-
hexagonal transition (7%) by ~30 °C.3? The reduction in Tj,
and T}, with increasing cholesterol concentration is thought to
be due to the cholesterol molecules interfering with the
hydrogen bonding of the phosphatidylethanolamines head-
groups. However, it is not possible to generalise the effect of
cholesterol on the behaviour of phospholipids as it varies
appreciatively with the head-group structure and the chain
structure and length.*?

Supported single bilayers and monolayers of phosphatidyl-
ethanolamines have been used in a limited number of studies;
examples include the interaction of key proteins involved in
cell division with supported bilayers of DPPE** and studies of
the interactions of antimicrobial peptides with DPPE mono-
layers.>> AFM studies have been used to map the adhesive
forces between deposited DMPE monolayers and surfaces.®

Experimental
Lipids and substrates

DPPE (purity > 99%) and cholesterol (purity > 99%) were
purchased from Sigma Chemicals. All chemicals were used
without further purification. The silicon substrates (8 x 5 x
2 ecm®) were polished on one side to an average root-mean-
square roughness of 3 A by the ESRF optics laboratory
(Grenoble, France). Prior to deposition, the silicon substrates
were cleaned separately in chloroform, ethanol, and ultra-pure
water in an ultrasound bath for 15 minutes per solvent. All
solvents used were of analytical grade. Ultra-pure water was of
Millipore grade (18 MQ cm) and the D,O of 99% purity was
supplied by the Institut Laue-Langevin, Grenoble. A highly
hydrophilic surface was formed on the silicon substrates by
exposure to UV/ozone for 30 minutes.’” The substrates were
deposited on this surface immediately after.

Bilayer deposition

Fabrication of the double bilayers involves three vertical
Langmuir-Blodgett (LB) monolayer depositions and one
horizontal Langmuir-Schaefer (LS) deposition.” Single
bilayers are fabricated via a vertical LB deposition followed
by a horizontal LS deposition. Monolayers of the components
are first formed by dissolving the components in chloroform
and spreading on a Langmuir trough (Nima technology,
Coventry, UK), allowing 20 minutes for the solvent to
evaporate. To dissolve DPPE in chloroform, mild heating
(~35°C) is necessary. LB depositions were performed at 17 °C
using a deposition speed of 5 mm min~ ' and constant surface
pressure of 40 mN m~!. The LS deposition needs excellent
horizontality of the sample and a very low contact speed of
20 microns per second. To achieve this, an in-house-built
micro-table-controlled manual dipper with precision-adjusted
verticality was developed. Once fabricated, the samples were
sealed under water in 10 mL reservoirs ready for reflectivity
measurements.

Prior to reflectivity measurements, Langmuir—Blodgett
monolayer depositions of 0 mol%, 5 mol%, 10 mol% and
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30 mol% cholesterol/DPPE were evaluated to assess their
fabrication. All gave successful depositions, characterised by a
high transfer ratio for the second and third layers.

Neutron reflectivity measurements

Specular neutron reflectivity is a non-destructive technique
widely used in soft matter studies for determining the structure
of layers at a surface or a buried interface.*®* Structural
information such as the composition, internal dimensions and
interfacial roughness are obtained. Measurements can be
performed in situ and only very small amounts of material
are required, which is highly advantageous when using
expensive components. Neutron scattering techniques are
particularly suitable to biological systems as, unlike in X-ray
scattering, elements such as hydrogen, carbon, oxygen, and
nitrogen are strong scatterers and different isotopes of the
same element have different scattering lengths. This enables
the use of contrast variation and isotopic labelling of parts of
the interface, where components can be exchanged for their
isotopic counterpart, giving a similar structure but with a
different scattering length density, thus allowing high resolu-
tion determinations.>! Specular neutron reflectivity R(Q),
defined as the ratio between the reflected and incoming
intensities of a neutron beam, is measured as a function of the
wave-vector transfer Q = 4n/lsinf (where A is the wavelength
and 60 the angle of the incoming beam to the surface)
perpendicular to the interface. In the kinematic or Born
approximation,®® for an ideal interface, the reflectivity is
related to the scattering length density (SLD) by

1 2
R(Q)~ %SLDZ

and the scattering length density is related to the composition
density by

SLD = Z bjnj
j

where b; is the scattering length of nucleus j and #; is the number of
nuclei per unit volume. Neutron specular reflectivity measurements
were performed on the high flux D17 reflectometer®! at the Institut
Laue-Langevin (Grenoble, France) in time-of-flight mode using a
spread of wavelengths between 2 A and 20 A with two incoming
angles of 0.7° and 4°. The reflectivity was measured upon heating
and cooling between 25 °C to 84 °C to 25 °C. This range covered
the main gel, transition and fluid phase temperatures. All samples
were allowed to equilibrate for 15 minutes at each temperature
before the reflectivity profile was measured.

Reflectivity data analysis

The method of analysis often used for specular reflection data
involves the construction of a model of the sample, which is
then parsed into a series of parallel layers of homogeneous
material. Each layer is characterised by an SLD and a thick-
ness, which are used to calculate a model reflectivity profile by
means of the optical matrix method.*® The interfacial rough-
ness between any two consecutive layers may also be included
in the model by the Abeles method. The parameters of the
model are varied within physically realistic constraints until

the calculated reflectivity profile matches the measured profile.
The double bilayer sample is separated into homogeneous
layers as follows. Each bilayer is divided into a homogeneous
chain-region layer and two head-group layers. The water
layers separating the bilayers and the lower bilayer from the
substrate constitute two more layers. The thin silicon oxide
layer is treated as one layer. The scattering length densities
used for each layer are listed in Table 1. They are assumed not
to vary significantly within the temperature range studied and
are therefore kept constant. When the double bilayer contain-
ing 10 mol% cholesterol is modelled, the cholesterol is assumed
to be predominantly located in the hydrophobic chain region
of the bilayer.*> Therefore the scattering length density of this
layer is adjusted to account for the effect of the concentration
and volume of the cholesterol. The error margins of the fitted
parameters are the error in the modelled parameters.

Results and discussion
Phase-behavior of DPPE single bilayers

The structure and stability of DPPE single planar bilayers
were determined at gel and fluid phase temperatures ranging
from 25 °C to 79 °C. Fitted profiles of the lowest and highest
temperatures measured are given in Fig. 1. Structural
parameters are listed in Table 2.

The bilayer thickness (Db) remained constant throughout
the gel phase temperature range. The bilayer chain-region
thickness was comparable to twice the calculated maximum
extension of a DPPE lipid chain of 19.1 A.** This indicates
that the chains are fully extended, with no interdigitation
occurring between the leaflets, and that the lipids are not tilted
with respect to the bilayer normal, as in the case of many
phosphatidylcholine lipids.>* The bilayer roughness is compar-
able to DPPC single bilayers deposited on silicon, whilst the
coverage is higher.® The transition to the fluid phase was first
observed between 65.5 and 74.8 °C, marked by the decrease in
the thickness of the chain-region. Overall, the chain-region
decreased by 8 A. This is consistent with the transition from
the ordered gel phase to the disordered fluid phase. The
thickness continued decreasing up to the highest temperature
measured of 79.2 °C. With other DPPE systems the transition
has been observed to be an abrupt transition rather than one
occurring over a temperature range. The transition in DPPE
vesicles in solution occurs at 64 °C.** The fact that the
transition here occurs over a large temperature range could be
due to electrostatic forces from the substrate inhibiting the
bilayer freedom.

Table 1 Scattering length densities used in modelling of DPPE
bilayer samples. All values are from ref. 6, except for PE head-group
(from ref. 53) and cholesterol (from ref. 54)

Material SLD/107° A2
Si 2.07
SiO, 3.41
H,O —0.56
D,O 6.35
Palmitoyl chain C3yHg, —0.41
PE head-group C;HyOgPN 2.66
Cholesterol 0.22
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Fig. 1 Reflectivity profiles of a single DPPE bilayer at 25 () and 79 °C (A) and best fit to the data (continuous lines).

Phase-behavior of DPPE double bilayers: gel phase

The structure and stability of the DPPE double planar bilayer
was determined at gel phase temperatures between 25.2 °C
and 62.9 °C. Fitted reflectivity profiles at three intermediate
temperatures are shown in Fig. 2. The gel phase structure is
given in Table 3.

The analysis indicates a well defined gel phase double bilayer
structure with similar thickness, coverage and roughness
parameters for both bilayers. The thickness and roughness of
the bilayers were comparable to double those of monolayers
measured by other techniques, which had a monolayer
thickness of 27 A,* chain-region thickness of 19 A and a
roughness of 4 A.** As in the case of the single bilayer, both
bilayers had a chain-region thickness comparable to double
the maximum extension of DPPE chains of 19.1 A.** The

Table 2  Fitted parameters of DPPE single bilayer. All values are in A
unless otherwise specified. dw is the water layer separating the lower
bilayer from the solid substrate, Db is the bilayer thickness, Dc the
chain region thickness, Rou is the average bilayer roughness and Cov
is the bilayer coverage

Temperature/°C  dw Db Dc Rou Cov (%)
25.2 6+1 54+2 3942 742 90 +2
473 6+1 5442 3942 742 91 +2
61.8 6+1 54+2 39+2 7+4+£2 9042
65.5 6+1 54+2 39+2 742 9142
74.8 541 S51+£2 36+2 8+2 92+2
79.2 5+1 48+2 3242 8+2 8 +2

similarity of the bilayer to twice the monolayer thickness
indicated that the lipid chains are not tilted in any way and
have little or no interdigitation between the leaflets. It is
expected that the leaflets of the bilayer retain the monolayer
structure from which they were deposited, with no rearrange-
ment occurring upon deposition.

Phase-behavior of DPPE double bilayers: fluid phase

The sample was measured at fluid phase temperatures between
64.1 °C and 84.0 °C and then upon cooling down to 67 °C.
Between 67.4 °C and 69.5 °C, a small Bragg peak was observed
in the reflectivity profile at a momentum transfer (¢) of
0.12 A" (Fig. 3). It occurred just above the gel-to-fluid
transition temperature of the vesicles (64 °C).* Narrow Bragg
diffraction peaks are not normally observed in the reflectivity
profiles of double bilayer samples. The appearance of the peak
is surprising, especially as the overall shape of the reflectivity
profile indicates a high coverage double bilayer profile rather
than a single bilayer (¢f. Fig. 1). The peak shifted to higher ¢
when raising the temperature, indicating that the repeat unit
becomes thinner. The peak does not disappear when the
sample is cooled back to 25 °C, indicating the formation
of an irreversible repeat-unit structure. These results were
reproducible, as three experiments were performed on different
samples and at different times and all gave the same result.
It is unlikely that an inverted hexagonal structure has been
formed, as the d spacing from the position of the Bragg peak
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Fig. 2 Fitted reflectivity profiles of DPPE double bilayers at 25.2 °C (#), 47.3 °C (<) and 62.5 °C (H). Profiles have been shifted along the y-axis
for clarity.

Table 3 Gel phase structural parameters of DPPE double bilayer. The prefix u refers to the upper bilayer and | the lower. dw is the water layer
thickness separating the lower bilayer from the substrate, Db is the bilayer thickness, Dc is the chain region thickness, Rou is bilayer roughness,
Cov is the bilayer coverage and Dw is the water layer thickness separating the two bilayers. All values are in A unless otherwise specified. The error
values are the error determined by modelling

dw IDb IDc IRou ICov Dw uDb uDc uRou uCov

Gel temperatures 13+1 49 + 2 36 + 1 3+1 98 + 2 16 + 2 51+ 2 37 + 1 5+2 100 + 1%

™

*

2
1E-01 4 ‘

1E-03 4
i
*
z +*
5 . saks
105 | ] ? b o g 1
1E07 v |
0.01 007 0131 0.19 025
q (A7)

Fig. 3 Reflectivity profiles of DPPE double bilayer at 74.4 °C (®) and initial 25.2 °C (A). The Bragg peak is clearly visible in the high temperature
profile. The shift in the position of the profiles as a function of temperature is visible.
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Table 4 Bragg peak position, d spacing and thickness of upper (uDb)
and lower (IDb) bilayer with temperature. UDb and 1IDb were obtained
by fitting the profile whilst ignoring the Bragg peak. The error in the
Bragg peak position is +0.01

Temperature/°C ¢ Bragg peak/A™!  d spacing 1Db uDb

69 0.120 52 47 + 1 49 + 1
74 0.121 52 42 4+ 1 41 + 1
80 0.123 51 2 4+1 42+1
84 0.123 51 41 + 1 41 + 1
76 0.122 52 41+ 1 4+ 1
74 0.123 51 41 +1 43 +1
70 0.119 53 41 +1 4+ 1
67 0.119 53 43 4+ 1 4541
64 0.104 60 47 +1 49 + 1
61 0.102 62 50+1 5241
64 0.104 60 50+1 51 +1
29 0.100 63 50+1 53 +1

(52 + 1 A for the fluid phase and 62 + 1 A for the gel phase) is
closer to that of a planar bilayer structure rather than an
inverted hexagonal structure. In fact, inverted hexagonal
structures tend to have large repeat-spacing due to the large
diameter of the initial water channel, which has been found to
be 25 A for DDPE (di-C}5), 44 A for DAPE (di-Cs)** and 30 A
for POPE* in aqueous dispersions. The fluid-to-inverted
hexagonal transition of DPPE (123 °C>*) is also known to
occur at a much higher temperature than the rearrangement
temperature here.

The presence of the Bragg peak in the reflectivity profiles
greatly complicated the analysis. While it was clearly not

TE+00 3y

1E-01

1E-02 A

1E-03

Rf

1E-04

1E-05 A

1E-06

possible to fit the data with a double bilayer model, no
satisfactory fit was obtained even when using a pure multi-
lamellar system. To fit the peak and the overall profile, it was
necessary to have a high-coverage double bilayer and a
lamellar stack composed of 11 bilayers of low coverage
(11%) above it. Table 4 gives a summary of the parameters
used to fit the data at different temperatures, neglecting the
presence of the Bragg peak. The position of the Bragg peak at
each temperature is also given. The best fit to the data taking
into account the Bragg peak is shown in Fig. 4. What is
surprising is that it is necessary to include a double bilayer with
a full coverage in the lamellar stack model. In the fit shown the
instrumental resolution has been taken into account.

The most plausible interpretation is that as the area per
molecule of the lipid increases with the transition to the fluid
phase, the high bilayer coverage forces the bilayer to rupture,
forming a low coverage repeat-stacking unit over certain areas
of the surface, while others remain covered with a high-
coverage double bilayer. If the islands are bigger than the
coherence length of the beam (about 10 um in the used
configuration) the reflectivity has to be weighted according to
the equation: [11> = @p |Flg> + Py |r|m> where the subscripts B
and M refer to the double bilayer and multilamellar islands,
respectively, and @ and @y are the volume fractions.
Estimation of &g and @\ is not straightforward and was
not attempted as it is outside the scope of this work.

What we can infer from the data is that: the Bragg peak
occurs above T,,; permanent structural change occurs; the

1E-07
001 006 0

0.16 0.21 026 0.31
41
a(A™

Fig. 4 Best fit of reflectivity profile of DPPE double bilayer in the fluid phase (74.4 °C) after appearance of Bragg peak. See text for details.
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Bragg peak ¢ position shifts with temperature. Fitting by
neglecting the presence of the Bragg peak indicates a transition
into the fluid phase.

A comparison may be attempted between the parameters
used to model the data in the gel phase (absence of the Bragg
peak) and fluid phase (presence of the Bragg peak). The
coverage parameters for the double bilayer are identical;
roughness is identical; it is necessary to use fluid phase chain
thickness for the double bilayer and repeat bilayer to achieve a
good fit (this shows that there has been a transition to the fluid
phase as suspected). Finally the thicknesses of both water
layers (dw, Dw) have decreased slightly. The water layer in the
repeat units is thinner than Dw thickness by 3 A.

The observation of a reduction in chain thickness without a
change in the bilayer roughness agrees with the behaviour
observed in the single bilayer sample.

Phase-behavior of 9 : 1 DPPE/cholesterol double bilayer

The reflectivity of a 9 : 1 DPPE/cholesterol double bilayer
sample was measured between 25 °C and 62 °C, upon cooling
back to 25 °C and then upon reheating to 53 °C. Selected fitted
reflectivity profiles are given in Fig. 5 and parameters used to
fit the data are listed in Table 5.

Between 25.3 °C and 47.1 °C the structure was consistent
with two gel phase bilayers. The structural parameters were

1.E+00

1E-08 48

Rf

1.E-12 A

1E-15 A

1E-18 T T

comparable to those of the double and single bilayer
samples mentioned in this article. Upon heating from 52.2 °C
to 56.4 °C the reflectivity profile underwent a large change.
The characteristically curved fringes (that indicate the presence
of a double bilayer structure) became flat, with the overall
profile adopting that usually associated with a single bilayer
structure.’ The profile shape was retained even when cooled
back to the initial 25 °C. When the data was analysed, the
change from a double bilayer to a single bilayer was indeed
found to have occurred. Between 52.2 °C and 56.4 °C, almost
all of the upper bilayer detached. By 61.6 °C the sample
consisted only of a single bilayer. The detachment of the
upper bilayer occurred 7 °C below the gel-to-fluid transition
temperature of DPPE vesicles. The lower bilayer structure
remained relatively constant throughout the detachment.
Although the presence of 10 mol% cholesterol does not
significantly alter the gel phase structure, it completely
destabilises the floating bilayer near the gel-to-fluid phase
transition temperature. It is possible that cholesterol lowers the
temperature at which the gel-to-fluid transition occurs in the
upper bilayer. If the bilayer becomes fluid at 56 °C, then this
would allow the lipids to have sufficient mobility and detach.
The interaction of cholesterol with lipids varies appreciably
with the structure of the head-group and the structure and
length of the hydrocarbon chains.’® The lowering of the
transition temperature by cholesterol has previously been

0.01 0.06 011

0186 021 0.26

q (A"

Fig. 5 Fitted reflectivity profiles of 9 : 1 DPPE/cholesterol double bilayer at 25.3 °C (#), 56.1 °C (A), 61.6 °C (W) and 25.2 °C (upon cooling) (O).

Profiles have been shifted down the y-axis for clarity.
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Table 5 Fitted parameters of reflectivity of DPPE double bilayers with 10 mol% cholesterol. All values are in A unless otherwise specified.

Temperature/°C dw IDb IDc IRou 1Cov Dw uDb uDc uRou uCov
Heating 25 12 £ 1 51 +2 37 £ 1 5+2 87 + 2 23 + 1 47 + 2 37 £ 1 5+ 2 100 + 2
34 11 +1 51+ 2 37 + 1 3+2 89 + 2 22 +1 52 +2 37 + 1 S5+2 100 + 2
43 11 +1 50+2 36+1 342 90+2 2141 51 +£2 37 +£1 542 100 + 2
47 11 +1 50 + 2 36 + 1 5+2 89 + 2 22 + 1 49 + 2 37 + 1 6+ 2 100 + 2
52 9+ 1 49 + 2 35+ 1 7+2 88 + 2 22 + 1 S +2 36 + 1 7+ 2 100 + 2
56 11 +2 52+2 388+1 34+£2 9542 18 +£9 50 £ 9 3547 6+12 745
61 12 £ 1 51 +2 37 £ 1 4+ 2 90 + 2
Cooling 56 12 + 1 53 +2 37 + 1 542 91 + 2
52 13 +1 52+2 37+1 442 9342
47 13 +1 5342 3841 342 9142
43 14 +1 54+2 39+1 442 9142
34 14 + 1 53 +2 38 + 1 5+2 91 + 2
25 14 +1 53 +2 38 + 1 5+2 92 + 2
Heating 34 15+1 51+2 37+1 74+2 92+2
43 15 +£1 51 +2 37 £ 1 7+ 2 92 + 2
47 1541 S51+2  37+1 7+2 9242
52 15+1 51+2 37+1 7+2 9142

observed with vesicles of other types of phosphatidylethanol-
amines, where cholesterol progressively reduced the transition
temperature up to concentrations of 20 mol%.***! 10 mol% of
cholesterol has also been observed to lower the transition
temperature of the long-chained DSPE lipid by 4 °C.

One of the main considerations for the cause of the
detachment is the molecular shape of the DPPE lipid. The
bulk shape that lipids adopt under a given set of conditions can
be rationalised by considering the geometric packing of the
lipids, which in turn can be described by the shape-factor
characteristic of the individual lipid molecule under these
conditions.*® The DPPE molecule is conically shaped due to
the small amine head-group and large chain-area per molecule.
This would be expected to favour a spherical shape over a
planar shape. If the cholesterol is located predominantly in the
chain region of the bilayer, as in the case of phosphatidylcho-
lines,** then this could be expected to increase the chain-to-tail
size ratio by packing its hydrophobic bulk close to the DPPE
tail region. This would increase the instability of the planar
structure. For this to be the case then the miscibility of the
DPPE and cholesterol molecules needs to be considered. It has
been empirically found that miscibility of cholesterol with any
lipid is inversely related to the characteristic degree of order
or tightness of packing of the phospholipids at a given
temperature and phase state. Phospholipids with strong
intermolecular interactions tend to exclude cholesterol from
the bilayer above certain concentrations. Phosphatidyl-
ethanolamine head-groups have strong attractive electrostatic
and hydrogen bonding.*"* In vesicles of phosphatidyl-
ethanolamines and cholesterol, the strong lipid inter-head-
group electrostatic and hydrogen bonding interactions favour
lipid-lipid interactions over lipid—cholesterol interactions.*’
Formation of domains of cholesterol has been observed only
at concentrations of 35 mol% or above.*® This suggests that in
the sample containing 10 mol% cholesterol none or very
limited domain formation of cholesterol is likely to be present.
The DPPE and cholesterol would then be expected to have
significant miscibility, which would increase the conical shape
of the DPPE, destabilising the planar bilayer structure.
Cholesterol in the fluid phase exhibits increased miscibility

than when in the gel phase.*=" If the cholesterol was reducing
the gel-to-fluid transition temperature, then the increased
miscibility of cholesterol and DPPE in the fluid phase could be
an explanation of the detachment of the upper bilayer.
Another factor that needs to be considered is that the
detachment is caused by cholesterol increasing the fluctuations
present in the bilayer. It has been predicted that the detach-
ment of a bilayer from a substrate, or another membrane, is
driven predominantly by thermally excited fluctuations in the
bilayer.*>>° The fluctuations overcome the attractive Van der
Waals and electrostatic forces’! that hold the bilayer to the
interface. With the double bilayer sample it is unclear at what
temperature the fluctuations would overcome the attractive
forces. Double bilayers of the phosphatidylcholine DPPC have
been heated to temperatures 40 °C above their gel-to-fluid
transition temperature without detachment occurring.!” Even
when 10 mol% cholesterol was incorporated, the double
bilayer remained stable at fluid phase temperatures.”’ In
phosphatidylcholine systems, the inclusion of 8-14 mol% of
cholesterol in DMPC has been found to sustain some types
of fluctuations of the transition region upon cooling to
temperatures of 10 °C lower than T, .22 However, the effect
of cholesterol on the fluctuations of phosphatidylethanolamine
bilayers is unclear in the literature. In the case of the double
bilayer sample here, the structural parameters show no
indication of increased fluctuations near the detachment
temperature. Increased fluctuations would be expected to
increase the bilayer roughness parameter and also give rise to
increased off-specular scattering. As neither of these cases was
observed it is unlikely that increased fluctuations due to the
presence of cholesterol are the cause of the detachment. It is
more likely that the main factor in the detachment is due to
structural driving forces rather than being fluctuation driven.
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