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The interaction of liposomes containing intrinsic erythrocyte membrane proteins
with lipid monolayers at air / water and oil / water interfaces
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The main intrinsic membrane proteins of the human erythrocyte membrane, glycophorin and the anion
transporter, were isolated by extraction with Triton X-100 and ion-exchange chromatography. After removal
of detergent the extract consisted of proteolipid vesicles with a lipid: protein molar ratio in the range 50-60
and a diameter of the order of 200 nm. The interaction between these vesicles and dipalmitoylphosphati-
dylcholine (DPPC), cholesterol and cholesterol: DPPC (2:1 molar ratio) monolayers at air /water and
n-decane / water interfaces has been studied. The vesicles interact with the monolayers, rapidly causing large
increases in surface pressure. Limiting values of surface pressure, 39.4-43 mN+-m™' at air /water and
31.5-33.4 mN-m™! at the n-decane / water interface, were reached at protein levels above 1 pg-ml ™', At
the air /water interface, and probably at the n-decane /water, surface pressure increases were limited by
monolayer collapse. Compression isotherms and surface potential measurements indicated that material
from the proteolipid vesicles entered the monolayer phase. In contrast to proteolipid vesicles, injection of
protein-free liposomes beneath the monolayer resulted in smaller, slower increases in surface pressure.

Thus, the presence of intrinsic membrane proteins in vesicles greatly facilitated the transfer of material into
the lipid monolayer.

Introduction water interface [7-12]. These studies have largely

been concerned with the major intrinsic mem-
brane protein which is involved in anion transport
[13]. The incorporation of intrinsic membrane pro-
teins in a functional form in either lipid vesicles or

Monolayers are a convenient experimental
model system for the study of protein-lipid and
membrane-membrane interactions under con-

trolled conditions [1-6]. Interactions between
membrane proteins and lipids are of particular
interest in relation to membrane phenomena, and
there have been several studies on interactions
between intrinsic membrane proteins of the hu-
man erythrocyte and lipid monolayers at the air/
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planar lipid bilayers (‘reconstitution’) generally
involves detergent extraction followed by recombi-
nation with excess lipid [14-17]. It is, therefore, of
some relevance to investigate the mode of interac-
tion between such extracts and lipid monolayers.
In contrast to some of the previous monolayer
studies [7-9], the protein extracts prepared here
were not fully delipidated during preparation so
that the protein should have retained its native
conformation in association with ‘boundary’
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membrane lipid. The results are thus directly re-
lated to ‘reconstitution’ studies, to the transfer of
intrinsic membrane proteins and lipids from vesic-
ular form into monolayers, and they are possibly
of some relevance to interactions between bio-
membranes.

Methods and Materials

Preparation of intrinsic membrane protein extracts

Haemoglobin-free membranes were prepared by
hypotonic lysis as described by Dodge et al. [18].
Extrinsic membrane proteins were removed by
alkaline EDTA extraction [19]. Membranes were
twice suspended in S vol. 0.1 mM EDTA (pH
11.2) for 20 min on ice and recovered by centrifu-
gation at 40000 X g for 30 min at 4°C. This
procedure led to almost complete removal of bands
1, 2, 41, 42, 5 and 6. Intrinsic proteins were
solubilised by adjusting them to pH 7.5 with HCI
and suspending them in 3 vol. 10 mM Tris-HCl/
0.67% (v/v) Triton X-100 for 30 min at 4°C.
Non-solubilised material was removed by centrifu-
gation at 104000 X g for 2 h at 4°C.

Solubilised material was fractionated by ion-ex-
change chromatography on Whatman DEAE-cel-
lulose [20). The column (volume 30 ml, radius 9
mm) was equilibrated with 50 mM Tris-HC1/0.5%
(v/v) Triton X-100 (pH 7.5). Non-binding protein
(i.e., zone 4.5) was eluted with 2 column volumes
of column equilibration buffer and loosely bound
material (i.e., bands 1, 2 and 7) was removed with
2 column volumes of 50 mM Tris-HCI /50 mM
NaCl/0.5% Triton X-100 (pH 7.5). With extract
II, the column was washed overnight with this
buffer to try to reduce the lipid : protein ratio of
the extract. The fraction containing the anion
transporter and glycophorin was eluted with 50
mM Tris-HC1/0.5 M NaCl/0.5% Triton X-100
(pH 7:5).

Triton X-100 was removed from the extracts
with a Sephadex G-50 column (I m X 3.5 c¢m
diameter) equilibrated with 10 mM Tris-HCI (pH
7.5). Up to 30 ml of the extract was applied to the
column and eluted at 35 ml-h~! at 4°C. Protein-
containing fractions were pooled, concentrated
overnight with an Amicon ultrafiltration cell (PM-
10 membrane) and reapplied to the column, which
had been washed with 1.1 column volumes of

buffer. This step was repeated. Extracts were
frozen as droplets in liquid nitrogen and stored at
—20°C under nitrogen.

Preparation of liposomes

Liposomes were made by vacuum rotary
evaporation at 60°C of a cholesterol : DPPC (2:1
molar ratio) mixture in 2:8 (v/v) ethanol/
petroleum ether (b.p. 45-55°C). The dry lipid film
was hydrated at 60°C with 10 mM Tris-HCI (pH
7.5) (1.5 ml/mg lipid) and diluted, after phos-
pholipid assay, to 75 pg-ml ! total lipid. Lipo-
somes containing Triton X-100 were made by
mixing equal volumes of liposomes (150 pg - ml™')
and 15% (w/v) Triton X-100. The mixture was left
at 25°C for 1 h before use. The weight ratio of
lipid : detergent in this system is 1 (molar ratio
1:0.87) and so it contained about 13-times as
much Triton X-100 as the membrane extracts.

Analytical methods

Protein was determined by the method of Wang
and Smith [21], Triton X-100 by the method of
Garewal [22], phospholipid by a turbidimetric
method [23], and cholesterol by the method of
Zlatkis and Zak [24]. Qualitative lipid analysis was
carried out by thin-layer chromatography (TLC).
The protein composition of the extracts was
analysed by polyacrylamide gel electrophoresis in
sodium n-dodecyl sulphate [25], using 7.5%
acrylamide gels. Gels were stained for protein
(with Coomassie blue) and carbohydrate (periodic
acid-Schiff method [26]). For examination by elec-
tron microscopy samples were negatively stained
with uranyl acetate (2% (w/v) in distilled water)
and observed at a magnification of 50000 using a
Jeol Jem 100 CX electron microscope.

Determination of interfacial tensions at air / water
and n-decane / water interfaces ,
Interfacial tensions were measured by the
Wilhelmy method [27] using an electromicrobal-
ance (Beckman R11C, LM600) coupled to a chart
recorder to give a continuous reading of force on
the dipping plate. Air/water measurements were
made with a roughened microscope coverslip of
perimeter 4.833 cm, and with a carbon-coated,
platinum plate of perimeter 6.025 cm, prepared by
the method of Taylor et al. [27], at the n-decane/



water interface. Monolayers were formed in a
double-walled, cylindrical glass trough of internal
diameter 7.0 cm. Its inner wall was made hydro-
phobic by exposure to dimethyldichlorosilane
vapour. The volume of aqueous substrate in the
trough was 50 ml and was measured by reference
to an inert indicator needle. Interfaces were
cleaned by aspiration via a Pasteur pipette. The
system was held at 25 + 0.5°C by circulating water
through the trough wall from a water bath. Mono-
layers were spread from organic solvent with an
Agla micrometer syringe and set to the desired
initial surface pressure by removing excess mono-
layer by aspiration via a fine needle. The spread-
ing of cholesterol monolayers at the n-decane/
water interface took a great deal of time (over 7 h)
because of dissolution of the sterol by the oil
phase. All monolayers had a stable interfacial
pressure for at least 30 min before injection of
material beneath them commenced. Extracts, or
other materials, were injected beneath the mono-
layer with a micrometer syringe and mixed into
the substrate with a Teflon stirrer bar.

Compression isotherms were obtained with a
Langmuir (Teflon) trough, as previously described
[28]. Surface potential isotherms were recorded
simultaneously using the ionising electrode method
[50]. The air electrode was a piece of 2*'Am foil
(Alpha foil, Amersham International, Amersham)
of size 10-12.5 mm and activity 0.24 mCi, held 3
mm above the monolayer. The subphase electrode
was an earthed platinum foil. The potential be-
tween the electrodes was measured by balancing
against a calibrated potential supply using a
Vibron 33b electrometer as a null meter. External
electrical fields were excluded by an earthed Fara-
day cage.

Materials

Synthetic L-a-dipalmitoylphosphatidylcholine
(DPPC) was from the Sigma Chemical Co.,
London, and specified as 99% pure. Its purity was
checked by high-performance liquid chromatogra-
phy. Cholesterol was Sigma chromatography grade
(99 + % pure) and gave one spot when checked by
TLC. Monolayers were spread from 2:8 (v/v)
ethanol/ petroleum ether (b.p. 45-55°C) at the
air/water and 1:9 (v/v) ethanol/n-decane at the
n-decane/ water interface. The n-decane was ana-
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lytical grade (BDH) and was further purified as
previously described [29]. Triton X-100 was sup-
plied by the Sigma Chemical Co., London. All
other reagents used were of analytical grade, and
the NaCl was roasted at 500°C for at least 12 h.
Water was triple-distilled, the penultimate distilla-
tion being from alkaline permanganate.

Results

Characterisation of membrane extracts

The composition of the extracts used are given
in Table I, both contained approximately 30%
lipid by weight, the major phospholipid being
phosphatidylcholine. The amino acid composition
of extract I (data not presented) was like that of
similar extracts [30,31] with 53% of the residues
being hydrophobic. Fig. 1a shows the Coomassie-
stained gel scan of the erythrocyte membrane with
the protein bands numbered according to the
nomenclature of Fairbanks et al. [32]. Fig. 1b
shows the periodic acid-Schiff reagent-stained
profile of extract I; the major peak corresponds to
the carbohydrate associated with glycophorin and
the anion transporter [33]. Fig. 1c shows the
Coomassie-stained material in extract I; the major
peak corresponds to a molecular weight of ap-
proximately 90000 and accounts for about 85% of
the stained material on the gel. Similar scans were
obtained for extract II. Extract I was examined by
electron microscopy (Fig. 2), which revealed ap-
proximately spherical particles of diameter 200
nm. The extracts described here contained very
little detergent and consisted of the intrinsic mem-
brane proteins, glycophorin and the anion trans-

TABLE I
ANALYTICAL DATA ON THE MEMBRANE EXTRACTS

Triton X-100 was assayed after being concentrated 20-fold by
freeze-drying. The detergent was below the detection limit of
the assay and the concentration given is based on twice the
detection level of the assay.

Extract 1 Extract 11
[Protein}, pg-ml ! 200 +3.8 145 +26
[Cholesterol], pg-mi™! 347433 293427
[Triton X-100}, pg-ml~! <5 <5
{Phospholipid], gg-ml~' 40.0+15 37.1+0.4
Protein /lipid 2.68 2.18
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Fig. 1. SDS-polyacrylamide electrophoretograms. Erythrocyte
membrane stained with Coomassie blue (a). Extract I, stained
with periodic acid-Schiff reagent (b), and Coomassie blue (c).

porter, with associated lipid, and hence can be
described as proteolipid vesicles.

Effects of Triton X-100 and liposomes on mono-
layers at the air /water and n-decane / water inter-
faces

Before determining the interaction of the ex-
tracts with lipid monolayers, control experiments
were carried out to assess the effects of Triton
X-100 and liposomes on monolayers at the air/
water and n-decane/ water interfaces.

Fig. 3 shows the effect of injection of Triton
X-100 beneath monolayers at an initial surface
pressure of 10 mN -m ™' at these interfaces. The
increase in surface pressure followed the sequence
cholesterol > DPPC > cholesterol : DPPC (molar
ratio 2:1) at the air/water interface. For DPPC
monolayers the surface pressure increases were
larger at the n-decane/water than at the air/ water
interface. The Triton X-100 level in the extracts,
even after 20-fold concentration, was <5 pg-
ml~'. Thus the maximum possible concentration
of Triton X-100 in the subphase in measurements
with the extracts at their highest level (i.e., 1.5 mg
protein per ml) would be <50 ng-ml~'. How-
ever, since the surface pressure increases caused
by the membrane extracts became constant at
above 0.5 mg-ml~"' then the maximum detergent
concentration would be 17 ng- ml~'. This is much
Jlower than the critical micelle concentration of

Fig. 2. Transmission electron micrograph of
negatively stained preparation of extract II.
Magnification X 50000, bar = 200 nm.
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Fig. 3. Penetration of Triton X-100 into monolayers of DPPC
(@). cholesterol (m), and cholesterol: DPPC (2:1 molar ratio,
®) at the air/water interface and into DPPC monolayers ()
at the n-decane/water interface. The initial surface pressure of
the monolayers was 10 mN-m ™!, the aqueous substrate was 20
mM sodium phosphate /0.1 M NaCl (pH 7.4).

Triton X-100 in water (ie., 154 pg-ml ' [34]).
Triton X-100 at a level of 17 ng - ml~" would lead
to an increase in surface pressure at the air/ water
interface of below 0.5 mN - m ™! in cholesterol and
DPPC monolayers (Fig. 3), and below 0.2 mN -
m~! in cholesterol: DPPC (2:1 molar ratio)
monolayers. At the n-decane/water interface the
increase would be approximately 2 mN - m~! with
a DPPC monolayer at an initial surface pressure
of 10mN-m~".

The effect of liposomes, of similar lipid
composition to the extracts, on films at air/water
and n-decane/ water interfaces is shown in Fig. 4.
(Because cholesterol is far more soluble in n-de-
cane than DPPC the film formed at the oil / water
interface when the cholesterol : DPPC (2:1 molar
ratio) is spread will be depleted in cholesterol.)
Because the surface pressure increases were very
slow, the data in Fig. 4 were taken one hour after
injection of the vesicles beneath the monolayer. In
the extract experiments (see below) the highest
lipid concentrations in the subphase were 0.6 pg -
ml~! (extract I) and 0.7 pg-ml™' (extract II).
From the liposome data (Fig. 4), the lipid alone in
the extracts would be expected to have little effect
on surface pressure at either interface. Incubation
of the liposomes with levels of Triton X-100 well

139

nd C Vd
30 o) /
oot
/
s ¢
i o’ * /.
E 20" 4 /
; N
Q /
D o )
= s
104 a ./ I.
o/ /
[
°_/ o
/‘ D/D‘
' D/ O/O
0 —E— @ — o — P — NP =00 —— g —OT 0
r T Ll T T
0 02 04 06 08
(Lipid] pgm(!

Fig. 4. Interaction of cholesterol: DPPC (2:1 molar ratio)
liposomes with monolayers of cholesterol (¢, ). DPPC
(@, O), and cholesterol: DPPC (2:1 molar ratio, B, ) at air/
water (filled symbols) and n-decane/water interfaces. Initial
film pressures were 10 mN-m ™! and surface pressure increases
1 h after injection of liposomes beneath the film are plotted.
Points a, b and c are for liposomes incubated with Triton
X-100 before injection beneath a cholesterol film at an air/
water interface. Substrate as in Fig. 3.

in excess of those possible in the subphase after
injection of the extracts caused a further (approx.
30%) increase in surface pressure.

Effect of the membrane extracts on monolayers at
the air / water and n-decane / water interfaces

Fig. 5 shows the effect of extract I on mono-
layers at the air/water interface as a function of
time. Above protein levels of 0.75 pg- ml™! equi-
librium pressures were attained after 20 min. Fig.
6 shows the equilibrium surface pressure increases
at the air/water interface as a function of protein
and lipid concentration. The curves are similar for
DPPC, cholesterol and cholesterol: DPPC (2:1
molar ratio) monolayers, and plateau at a total
surface pressure of 42-43 mN-m~' at protein
levels above 1 pg - ml~'. The collapse pressures, in
the absence of extract, measured by compression
of the monolayer, were 50 mN - m™~! (DPPC), 44
mN -m™! (cholesterol) and 46 mN - m™! (choles-
terol : DPPC, molar ratio 2:1).

Compression (Fig. 7) and surface potential (Fig.
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Fig. 5. The kinetics of the interaction of extract I with mono-
layers of cholesterol (@), DPPC (¢), and cholesterol : DPPC
(2:1 molar ratio. W) at an air/water interface. Initial surface
pressures were 10 mN-m~' and the number on each curve
refers to the initial protein concentration in pg-ml~'. Sub-
strate as in Fig. 3.

8) isotherms for cholesterol: DPPC monolayers
(molar ratio 2:1) were determined in the absence
and presence of a membrane extract. Isotherms
measured after injection of extract were more
expanded and about 8-times more compressible,
between surface pressures of 15-30 mN-m~'
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Fig. 6. The equilibrium surface pressure increases reached after
interaction of extract | with films of cholesterol (@), DPPC (W),
and cholesterol ;: DPPC (2:1 molar ratio, a) at an air/water
interface. Conditions as for Fig. 3.
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Fig. 7. Compression isotherm at 25°C for cholesterol: DPPC
(2:1 molar ratio) monolayer before (@, O) and after (W, 0O)
injection of extract I at an initial protein concentration of 1
pg-ml~ ', Results of two independent measurements are shown.
Substrate as for Fig. 3.

than monolayers that had not interacted with the
extract. The monolayer collapsed at about 37.5
mN-m ! in the presence of the extract, which
suggests that the limiting surface pressures of
monolayers exposed to increasing concentrations
of extract (Fig. 6) correspond to their collapse
pressures. Following injection of extract beneath
the monolayer, which was held at a mean area per
lipid molecule of 0.60 nm?, the surface potential
increased gradually from 350 mV to a final value
close to that of the cholesterol : DPPC (2:1 molar
ratio) film compressed to a mean area per mole-
cule of 0.38-0.45 nm’. On compression of the
monolayer on the extract-containing substrate the
surface potential further increased to a constant
value (480 mV) higher than could be explained by
an increase in the surface concentration of the
lipid alone. A monolayer of cholesterol : di-
myristoylphosphatidylcholine (2: 1 molar ratio) at
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Fig. 8. Surface potential ~ compression isotherms at 25°C for
cholesterol : DPPC (2:1 molar ratio) monolayers before (®, O)
and after (W, O) injection of extract I to an initial protein level
of 1 pg-ml™'. Two separate measurements are shown; sub-
strate as for Fig. 3.
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Fig. 9. Interaction of extract I with cholestero! films after
probe sonication (®), heating to 70°C for 30 min and then
sonicating (M), or untreated (O). Conditions as for Fig. 6.
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an average area per molecule of 0.42 nm® has a
surface potential of about 455 mV [54], indicating
that our surface potential values are of the correct
magnitude.

Experiments were also carried out to investi-
gate the effect of possible structural changes in the
proteolipid vesicles on their interaction with
cholesterol monolayers (Fig. 9). Portions of ex-
tract I were either heated to 70°C and probe-ul-
trasonicated or sonicated at room temperature.
Sonication altered the visual appearance of the
extracts from turbid to opalescent. However,
neither of these treatments markedly altered their
interaction with the monolayer.

The interaction of the extracts with DPPC
monolayers at the n-decane/water interfaces was
studied, starting at initial film pressures of 10
mN-m™' (extract I) and 20 mN-m~' (extract
II). The equilibrium increase in surface pressures
at different extract concentrations are shown in
Fig. 10, together with the corresponding curves for
the air/water interface. With extract I the total
surface pressure became constant, at 33.4 mN -
m~ ', above a protein concentration of approx. 1.0
pg - ml~ ' With extract II the total limiting surface
pressure was 31 mN - m ™. The corresponding total
film pressures at the air/water interface were 43
mN -m~ ! and 39.4 mN - m !, respectively.
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Fig. 10. A comparison of the interaction of extract I (®, O)

and extract II (@. ) with DPPC monolayers at air/water

(open symbols) and n-decane/water interfaces. Initial film

pressures were 10 mN-m ™! (extract I) and 20 mN-m™! (ex-

tract II). Conditions as for Fig. 6.
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Discussion

Electron microscopy revealed that the proteo-
lipid vesicles were approximately spherical. As-
suming molecular weights of 90000 for the anion
transporter, 31000 for glycophorin and a ratio of
2:1, as in the erythrocyte membrane [35], and
assuming that the phospholipid has a molecular
weight similar to that of DPPC, then the weight
ratios of protein to lipid (phospholipid plus
cholesterol) in Table I correspond to lipid-to-pro-
tein molar ratios of 51 and 61 for extracts I and II,
respectively. These figures are of the same order as
the number of ‘boundary’ lipids that are
withdrawn from participation in the gel-to-lamel-
lar phase transitions in a number of protein-lipid
systems [12,36]. This lipid could not be removed
even by overnight washing of the ion-exchange
column with 0.5% (w /v) Triton X-100. The co-elu-
tion of the anion transporter (p/ = 6.9, Ref. 37)
and glycophorin (pf = 4.2, Ref. 38) from the ion-
exchange column [54] may reflect their co-location
in a lipid bilayer.

Proteolipid vesicles at the air /water interface

The proteolipid vesicles caused substantial and
rapid increases in the surface pressures of DPPC,
cholesterol and cholesterol : DPPC monolayers at
air/water, and with DPPC films at n-decane/
water interfaces. These effects were in marked
contrast to the much smaller, and slower increases
in surface pressure on injection of protein-free
liposomes beneath these monolayers. Experiments
on the Langmuir trough demonstrated that injec-
tion of the proteolipid vesicles in the subphase led
to a considerable expansion of cholesterol : DPPC
monolayers and a concomitant increase in surface
potential. These observations suggest that material
from the proteolipid vesicles had penetrated the
monolayer. In view of the higher compressibility
of protein films in general compared to that of the
DPPC : cholesterol monolayer, and the increased
compressibility and surface potential of the mono-
layer after interaction with the extract, it seems
that some of the material entering the film was
protein. The lower collapse pressure of the mono-
layer after interaction with the membrane extract
(37.5 mN-m™') may be caused by displacement
of protein from the monolayer. It is interesting to

note that human erythrocyte band 3 protein, which
is the main protein component in our extracts (see
Fig. 1), will penetrate cholesterol monolayers at
the air/water interface up to surface pressures of
38 mN-m~ ' [8].

The exchange of lipids between liposomes and
monolayers has been considered by Schindler [6]
and Jahnig [39]. Liposomes concentrate below a
monolayer, probably in the unstirred layer, and
exchange occurs between the outer lipid layer of
the liposome bilayer and the monolayer. Only a
small fraction (less than 20%) of the lipid can
leave the outer layer of the vesicle before a de-
crease in the packing density begins to expose the
hydrocarbon core of the bilayer. Lipid movement
from the inner to the outer half of the bilayer
(flip-flop) is too slow to maintain the packing
density and so plays little part in the transfer of
lipid into the monolayer. The magnitude of the
surface pressure increase is related to liposome
size and is independent of liposome/monolayer
composition and liposome concentration, pro-
vided the liposomes are in excess. The surface
pressure increase is thus determined by the amount
of lipid each liposome can deliver to the mono-
layer from its limiting bilayer. The mechanism of
lipid transfer between liposome and monolayer in
protein-free systems is not clear; exchange may be
effected by monomeric lipid in solution [40], or
during impact of liposome and film [41].

The main finding in this study indicates that
intrinsic membrane protein(s) in the liposome bi-
layer can greatly facilitate the transfer of material
to the film. Both glycophorin [42] and the anion
transporter [43] increase the rate of lipid trans-
membrane flip-flop when incorporated into bi-
layers by similar methods used in this study. Thus,
these proteins would act to maintain equivalent
packing densities in inner and outer halves of the
limiting bilayer and allow a larger fraction, if not
all, of the proteoliposome lipid and some of the
protein to be transferred to the monolayer and
cause larger equilibrium pressure increases than
seen with the protein-free liposomes. It is not
possible to quantify the amount of protein enter-
ing the monolayer without radiolabelling it.

Probe sonication reduced the size of the proteo-
liposomes but had no marked effect on their inter-
action with the monolayer. Since small liposomes



can transfer less lipid than larger liposomes [5,39],
sonication should have reduced the size of the
surface pressure increase. An increased rate of
flip-flop, due to the intrinsic proteins, would tend
to make the surface pressure increase liposome-
size-independent. Heating the proteoliposomes,
which was expected to denature the protein, and
possibly allow the lipid to pack in a more stable
manner, also had little effect on the behaviour of
the extracts. This may be due to the high stability
of the anion transporter to denaturation [44].

The inability of pure lipid liposomes to cause
large increases in film pressure is in accord with
their low surface activity [45,46]. The lower surface
pressure increases caused by the liposomes at the
oil / water interface may have been due to solubili-
zation of the cholesterol entering the film by the
n-decane. Incubation of liposomes with Triton
X-100 at a molar ratio of 1:0.87 resulted in a
slightly increased transfer of material into a
cholesterol monolayer at the air/water interface.
However, the increases in film pressure caused by
the Triton X-100:liposome mixtures was always
less than the increases caused by the same con-
centration of Triton X-100 in the substrate. This
suggests that a large amount of Triton X-100 was
incorporated into the liposome bilayers. Incor-
poration of cholate into lipid bilayers increases the
rate of lipid flip-flop [47], and Triton X-100 was
expected to do likewise. Although the Triton X-
100-containing liposomes gave larger surface pres-
sure increases than the pure lipid vesicles, these
were not large enough to account for the effects
seen with the membrane extracts.

Proteolipid vesicles at the n-decane / water interface

Monolayers at oil /water interfaces have been
argued to be better models of one half of a lipid
bilayer [48,49]. Because of this, some measure-
ments were repeated at the n-decane/ water inter-
face to see whether they were any different from
the air/water results.

Triton X-100 caused larger surface pressure
increases in DPPC monolayers at the n-decane/
water than at the air/water interface. This is due
to the larger fall in free energy on adsorption of
amphiphiles to an oil / water compared to an air/
water interface [51]. The protein-free liposomes
gave smaller surface pressure changes in mono-
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layers at the n-decane/water than at the air/ water
interface. Likewise, both membrane extracts gave
limiting equilibrium surface pressure increases
some 11 mN-m~! lower at the n-decane/ water
than at the air/water interface. We cannot ex-
plain this observation. A simple explanation would
be that the total film pressure at the higher protein
levels corresponds to the collapse pressure of the
monolayer at the n-decane/ water interface. How-
ever, collapse pressures of phospholipid mono-
layers at oil/water interfaces are not markedly
lower than at the air/ water interface [52,53].

From the n-decane/water measurements, the
intrinsic  proteins again facilitate transfer of
material to the film. From the size of the maxi-
mum film pressures reached, there is no apparent
difference between monolayers at air/water and
oil / water interfaces.
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