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Phosphatidylcholine bilayers can accommodate large quantities of monoacylglycerol. Incorporating up to 40%
monoacyiglycerol has little effect on the orientation and motion of the phosphatidyicholine polar group. Briefly
heating mixed dispersions of 1-monooleoylglycerol / egg phosphatidylcholine (1:1, weight ratio; 2.1: 1, mole ratio)
to 50-60°C induced spontaneous vesiculation: unilamellar and some oligolamellar vesicles bud off the large
multilamellar particles. The size of the resulting vesicles ranges from 100 to 1000 nm, with the bulk of the vesicles
having diameters between 100 and 500 nm. The spontaneous vesiculation process is reflected in the visual clearance
of the mixed lipid dispersion and in the collapse of the *' P powder NMR spectrum to a sharp, asymmetric peak. The
narrowing of the > P-NMR spectrum is explained in terms of additional molecular and / or segmental motion of the
lipid polar groups. In mixed dispersions of 1-moncoleoylglycerol / egg phosphatidyicholine containing an excess of
1-monooleoylglycerol (> 50%) domain formation takes place, i.e., the formation of l.cal clusters enriched in either
of the two lipids. As a result the mechanical properties of these mixed lipid bilayers seem to be quite different from

those of pure egg phosphatidylcholine.

Introduction

Monoacylglycerols are amphiphiles that are of both
industrial and biological importance. In the food indus-
try racemic mixtures of 1-monoacyl- and 2-mono-
acylglycerols have been widely used as emulsifiers.
These compounds also serve as the starting material
for the synthesis of more complex emulsifiers and
detergents.

It is now well established that the main products of
fat or triacylglycerol digestion in the small intestine are
partially ionized fatty w.cids and 2-monoacyi-sn-glycerols
[1]. The hydrolysis of triacylglycerols is enzymatically
catalyzed by gastric and pancreatic lipases [2-4]. Since
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the aqueous solubility of partially ionized long-chain
fatty acids and monoacylglycerols is low, i.e., in the
nanomolar to micromolar range, the lipolytic products
have to be emulsified and transported to the site of
lipid absorption. This site is the brush border mem-
brane of the epithelial cells (enterocytes). Bile salts are
the prime emulsifyer and the resulting mixed bile sait
micelles are considered to be the main transport vehi-
cle of the lipolytic products [5]. Considering that 100 to
150 g triacylglycerols are consumed daily by an average
western adult [1], rather large quantities of 2-mono-
acyl-sn-glycerols may be present, though transiently, in
the intestinal lumen, in the brush border membrane
during fat absorption and in the cytoplasm of the
enterocyte after the absorptive process. Monoacylglyc-
erols are also important intermediates of the cell’s
triacylglycerol catabolism and anabolism.

Here we study the effect of increasing quantities of
monoacylglycerol on the smectic (lamellar) phase of
aqueous egg phosphatidylcholine dispersions. Egg
phosphatidylcholine bilayers present in excess water
serve as model membranes to explore the effect of
increasing amounts of monooleoylglycerol. We address
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the question of membrane stability which is pertinent
in the context of fat absorption by intestinal brush
border membrane. The results of this study should also
be seen in the context of spontaneous vesiculation, to
which considerable theoretical and experimental inter-
est has been devoted recently.

Materials and Methods

Materials

Egg PC was purchased from Lipid Products (Surrey,
U.K.), [U-"*Clsucrose (spec. act. 9.4 mCi/mmol) from
Du Pont de Nemours International (Regensdorf,
Switzerland) and calcein from Fluka (Buchs, Switzer-
land). 1-Monooleoyl-sn-glycerol (MOG) was synthe-
sized according to ref. 6. Alternatively, 1-monooleoyl-
rac-glycerol was purchased from Sigma (St. Louis, MO).
Similar results were obtained with synthesized and
commercial compounds. 1,2-Dipalmitoyl-sn-phospha-
tidyl[ N-methyl-*H(U)lcholine (*H-DPPC) was synthe-
sized as described [7). 1-0-[9',10'-*H,]hexadecyl-sn-
glycerol (*H-hexadecylglycerol) was prepared from 1-
O-hexadec-9'-enyl-sn-glycerol by catalytic tritiation
(Amersham International, U.K.). Hexadecenylglycerol
was prepared by reacting 2,3-isopropylidene-sn-glycerol
with hexadecyl methane sulfonate in boiling xylene in
the presence of powdered potassium hydroxide, fol-
lowed by acid-catalyzed removal of the isopropylidene
group [8]. The lipids used in this study were pure by
TLC standards.

Methods

Mixed EPC/MOG dispersions were made by dis-
solving the lipids in CHCl,/ CH,OH (2: 1, by vol.) and
evaporating the solveni by rotary evaporation. The
lipids were labeled by adding either *H-DPPC or *H-
hexadecylglycerol. The lipid film was dried in vacuo
and the dried lipid was dispersed in water (pH 6-7) or
1 mM Tris buffer (pH 7.5) by vortexing for 5 min at
room temperature. Unless stated otherwise the lipid
composition of mixed EPC/MOG dispersions is ex-
pressed as weight percent. If desirable ['*Clsucrose or
calcein were added to the dispersion medium in order
to determine the entrapment efficiency of the lipid
particles. The final calcein concentration was 0.005 M
so that the calcein fluorescence was self-quenched.

Mixed EPC/MOG dispersions containing a trace
amount of *H-DPPC or *H-hexadecylglycerol in water
were subjected to centrifugation at 12000 X g at room
temperature for 10 min. If a lipid pellet formed, the
supernatant was carcfully separated from the pellet by
aspiration, and both supernatant and pcllet were ana-
lyzed for radioactivity. At MOG contents exceeding
40% no lipid pellet formed, but some lipid separated
into a turbid, top phase (supernatant phase). In this
case the supernatant phase was carefully separated by

aspiration from the bottom phase (infranatant phase),
and again supernatant and infranatant phase were
analyzed for radioactivity. Dispersions of EPC/MOG
(1:1, wt. ratio) in water were heated to 50-60°C for
about 1 min which led to the visual clarification of the
lipid dispersion. After cooling to room temperature,
the lipid dispersion was centrifuged at 12000 X g for
10 min. This treatment produced a clear separation of
the turbid, top phase from the clear bottom phase. The
top phase was carefully removed from the bottom
phase by aspiration and the two phases were analyzed
for radioactivity.

Gel filtration on a calibrated Sepharose CL-4B col-
umn (50 X 0.9 cm) was carried out as described before
[9). The column was equilibrated and run with 5 mM
Tris buffer (pH 7.5) containing 50 mM NaCl and
0.01% NaN, (flow rate 7.2 ml/h). The cluate was
fractionated with an automatic fraction collector, and
each fraction of 0.3 ml was analyzed for radioactive
lipids by counting the radioactivity in a Beckman LS-
7500 liquid scintillation counter. The calcein content in
each fraction was determined by fluorescence spec-
troscopy. For this purpose each of the 0.3 ml fractions
of the eluate was diluted 100 times with 5 mM Tris
buffer (pH 7.5) containing 0.02% NaN, and cholate
was added to a final concentration of 0.2% in order to
solubilize the lipid bilayers. The fluorescence intensity
of calcein was measured at 520 nm (excitation at 490
nm) with a 5 nm bandpass.

Freeze-fractured samples of lipid dispersions in wa-
ter were prepared as described before [10]. Proton-de-
coupled *'P-NMR spectra were recorded on a Bruker
CXP-300 Fourier transform spectrometer at 121.46
MHz [11,12]. Axially symmetric *'P powder spectra
were recorded using 90° pulses and 'H double reso-
nance conditions with a decoupling power of approx.
100 W. Chermicial shielding was referenced to external
85% orthophosphoric acid. The 3'P powder NMR
spectra were simulated using Gaussian line shapes
according to Seelig [13] and as described in detail
before [14]. The error in determining the spectral width
of axially symmetric powder patterns was 1 to 2 ppm.

Dynamic light scattering (QLS) was carried out with
a Malvern-4700 PS/MW spectrometer and an argon
ion laser (Coherent, Innova 200-10, A,= 488 nm).
Mecasurements were made at a temperature of 25.0 +
0.1°C and a scattering angle of 90°. Approximately 1
mi of the lipid dispersion (approx. 1 mg/ml) was

- transferred into the cylindrical scattering cell (10 mm

inner diameter), which was then sealed and subjected
to centrifugation at approx. 5000 X g and 25°C for 20
min. By this procedure dust particles were removed
from the scattering volume.

For diiute and monodisperse solutions of small
macromolecules, the intensity autocorrelation function
G,(7) measured in the dynamic light scattering experi-



ment decays as a single exponential. However, G,(7)
cannot be described by a single exponential for poly-
disperse solutions. Under these conditions, we obtain

g|(1)=[ﬂ F(I'ye '=dr (1)

where g,(7) is the normalized field autocorrelation
function (with g(7)=[(Gx7)-B)/B]'/?, B is the
experimentally determined base line of the intensity
autocorrelation function), I'=D - Q?, D is the transla-
tional diffusion coefficient, and Q is the scattering
vector (| Q| = (4mn/A,) - sii(6 /2), 6 being the scatter-
ing angle, n the refractive index of the solution, and A,
the wavelength of the incident light in vacuo). F(I')
describes the relative light intensity scattered by the
particles with diffusion coefficient D, i.e., is a measure
of the particle size distribution. A second order cumu-
lant expansion of G,(7) was routinely used to analyze
QLS experiments

Inlg )=~y r+tpy(I'ry (2)

where (I') is the first cumulant, and g, is a dimen-
sionless quantity which depends on polydispersity [15].
The first cumulant can then be expressed by

(I)/Q*=(D); ()]

where (D). is the z-average translational diffusion
coefficient. From (D). an apparent hydrodynamic di-
ameter d,, was calculated using d,, = kgT/(3mny{D).),
where 7, is the viscosity of the solvent. A number of
correlation functions were further analyzed using a
Laplace inversion method by means of an eigenfunc-
tion technique [16). We used a modification of the
original method by Ostrowsky et al. [17] which has a
substantially improved numerical stability (Schurten-
berger, P., unpublished observation). The capability of
this data analysis procedure to correctly deconvolute
multimodal size distribution has been previously tested
with well defined polymer model sclutions.

Results

3Ip.NMR

The effect of increasing concentrations of MOG on
the *'P-NMR spectra of unsonicated mixed lipid dis-
persion of EPC/MOG is shown in Figs. 1 and 2. The
top spectrum in Fig. 1 was obtained from an unsoni-
cated aqueous dispersion of EPC. Its line shape is
characteristic of a liquid crystalline bilayer with the
phosphodiester group undergoing rapid axial averaging
about the bilayer normal. The chemical shielding
anisotropy | Aa | of the resulting axially symmetric *'P
powder spectrum is 49 + 2 ppm in close agreement
with published values [13,14,18-20]. The | Ao | value
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Fig. 1. Proton-decoupled “'P-NMR spectra of unsonicated aqueous
dispersions of EPC (A) and EPC containing 10% MOG (B), 40%
MOG (C), 50% MOG (D) and 50% MOG at 50° C (E). Lipids were
dispersed in water containing 0.1 mM EDTA as described in Materi-
als and Methods to a final concentration of about 0.2 g/ml ( = 20%).
3P.NMR spectra were recorded at 25°C on a Bruker CXP-300
Fourier-transform spectrometer operating at & P frequency of
121.46 MHz. 300 to 400 free induction decays were averaged to
obtain the spectra shown. A proton-decoupling power of up to 100
W was used. Chemical shielding is expressed in ppm relative to 85%
H,PO,.

also agrees well with those measured for liquid crys-
talline unsonicated dispersion in water of 1-palmitoyl-
2-oleoyl-sn-phosphatidylcholine (| Ao | =52 ppm) [21]
and 1,2-dipalmitoyl-sn-phosphatidylcholine (| Ao | = 49
ppm) [13,14,20] at 20 ° C and 50 ° C, respectively. Incor-
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Fig. 2. Chemical shielding anisotropy |4de| as a function of the
MOG content. Lipid dispersions were prepared as described in the
legends to Fig. 1. Values of |dc| =0y -0 were derived either
directly from the edges of the P powder spectra shown in Figs.
1A-D or by compnter simulation of the spectra (data not shown),
The | 4| values thus obtained agreed within 1.5 ppm.

poration of increasing quantities of MOG up to about
40 weight% had little effect on lineshape and chemical
shielding anisotropy (Figs. 1 and 2). Up to 40 weight%
MOG the chemical shielding anisotropy | Ao | agrecd
within experimental error with that of pure EPC (Fig.
2). Mixed EPC/MOG dispersions containing 50
weight% MOG gave composite *'P-NMR spectra (Fig.
1D) consisting of an axially symmetric component of
|Ac | = 53 ppm and another component. The second
component could be either an isotropic peak at about 2
ppm or alternatively an axially symmetric powder pat-
tern with a peak at the low-field side and a shoulder at
the high-field side as is characteristic of hexagonal lipid
phases. Due to the cylindrical symmetry of hexagonal
phases the chemical shielding anisotropy | Ac | will be
reduced by a factor of 2 compared to smectic lamellar
phases provided the molecular and segmental motions
of the lipid molecule are the same in both phases [13].
Based on a lineshape analysis of the 3'P-NMR spec-
trum of Fig. 1D alone it is not possible to differentiate
between these two possibilities.

Upon heating the mixed EPC dispersion containing
50 weight% MOG to 50-60°C the turbidity of the
dispersion decreased visually. This process was irre-
versible: upon cooling the sample to room tempera-
ture, the dispersion remained transparent. The *'P-
NMR spectrum of an EPC/MOG dispersion (1:1, wt.
ratio) heated to 50°C for 1 min and cooled to room
temperature is shown in Fig. 1E. The original powder
spectrum (Fig. 1D) observed prior to heating collapsed
to a single, asymmetric peak at about 1 ppm with a
shoulder at the high-field side and a linewidth at
half-height of about 700 Hz. This peak may be super-
imposed on a residual powder pattern (Fig. 1E).

The collapse of the 3'P powder NMR spectrum
described above is probably due to additional motional
averaging of the polar group of EPC induced by heat-
ing the mixed EPC/MOG dispersion to 50 °C. Such
additional motional averaging could be due to an in-
crease in molecular and/or segmental motion of the
phosphodiester group of EPC in the presence of 50%
MOG, or to an abrupt change in the average lipid
particle size cr to a combination of the two mecha-
nisms. Spontaneous vesiculation with the formation of
small unilamellar vesicles of a diameter smaller than
about 50 nm could account for the observed collapse of
the 3'P powder spectrum to a single. relatively sharp
3Ip.NMR signal. For the unambiguous interpretation
of the 'P-NMR results, independent evidence from
other physical methods is therefore required.

Low-speed centrifugation and gel filtration of mixed EPC
/MOG dispersions

Mixed dispersions of EPC/MOG in water or Tris
buffer (pH 7.5) at 10 mg/ml labeled with a trace
amount of *H-hexadecylglycerol were centrifuged at
12000 X g at room temperature for 10 min. Under
these conditions multilamellar EPC particles sedi-
mented quantitatively. As shown in Fig. 3, practically
all the radioactivity was recovered in the lipid pellet.
Above a MOG content of 10% the volume of the lipid
pellet decreased visually and concomitantly the per-
centage of radioactivity recovered in the supernatant
increased steeply (Fig. 3). At 40% MOG the recovery
of radioactivity in the supernatant was almost quantita-
tive (Fig. 3) indicating that the size of lipid particles
was reduced to the extent that they no longer sedi-
mented under the centrifugation conditions used. At
50% MOG a great deal of the total lipid (= 50%)
floated on top of the transparent aqueous lipid disper-
sion containing = 40% lipid (Fig. 3). The milky top
phase and the transparent aqueous lipid phase will be
referred to as supernatant and infranatant phase, re-
spectively. A similar separation into a milky top phase
(supernatant) and a t .asparent aqueous phase (in-
franatant) was induced by briefly heating EPC/MOG
dispersion (1:1, wt. ratio) to 50-60°C for 1 min. In
order to determine the lipid distribution between su-
pernatant and infranatant phase, EPC/MOG disper-
sion (1:1, wt. ratio) containing either a trace amount
of *H-DPPC or *H-hexadecylglycerol were heated to
about 60 ° C for 1 min. The dispersion was then cooled
to room temperature and subjected to centrifugation at
12000 X g for 10 min. The milky supernatant was
carefully removed by aspiration and the radioactivity of
both supernatant and infranatant phases was deter-
mined. The results of three measurements are summa-
rized in Table I. The wt. ratio of EPC/MOG in the
supernatant and infranatant phase was calculated as
0.61 and 1.75, respectively, based on the assumption
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Fig. 3. Mixed EPC/MOG dispersions in water at 10 mg total
lipid/ml were prepared as described in Materials and Methods.
Each lipid dispersion was labeled with a trace amount of *H-
hexadecylglycerol. The mixed EPC/MOG lipid dispersions were
centrifuged at 12000% g at room temperature for 10 min. The
supernatant was separated from the lipid pellet by aspiration and
analyzed for radioactive lipid. The radioactivity recovered in the
supernatant expressed as percent is plotted as a function of the
MOG content (%) of the mixed lipid dispersion.

that the distribution of the two radiolabels approxi-
mates the distribution of the bulk lipids. The enrich-
ment of MOG in the supernatant phase is even more
obvious if the results are expressed as mole ratios of
MOG /EPC (Table I, numbers in parenthesis).

The transparent aqueous lipid phase (infranatant)
prepared as described above was analyzed by gel filtra-
tion on Sepharose CL-4B. A typical elution pattern of
the infranatant phase of a mixed EPC/MOG disper-
sion (1:1, wt. ratio) is shown in Fig. 4. The lipid
particles eluted as an asymmetric peak in the column
void volume indicating that the diameter of the parti-
cles exceeds 60 nm. There is a second minor lipid peak
at about the total column volume. The nature of this
peak was not further investigated. From its position it
is assumed that it arises from lipid degradation in-
duced by heating the lipid to 50-60°C. Information

TABLE 1

Radioactivity recovered in the two phase system of mixed EPC / MOG
dispersions (1:1, wt. ratio)

Mixed EPC/MOG (1:1, wt. ratio; 0.48, mole ratio) dispersions in

water were prepared as detailed in Materials and Methods and
treated as described in the text.

Phase Radioactivity (%) wt. ratio (mole ratio)
H-hexadeqyl- ‘H-DPPC MOG/EPC
glycerol

Supernatant 70+ 6 43+3 1.63 (3.34)

Infranatant  32+3 56+5 0.57(1.21)
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Fig. 4. Gel filtration of a mixed EPC/MOG dispersion (1:1, wt.
ratio) obtained on Sepharose CL-4B. A mixed lipid dispersion of
EPC/MOG (1:1, wt. ratio) and a trace amount of *H-DPPC was
made as described in Materials and Methods. The dispersion (total
lipid concentration 10 mg/ml) was heated to 55°C for 1 min and
centrifuged at 12000x g for 10 min. 0.3 ml of the clear infranatant
lipid dispersion was applied to the Sepharose CL-4B column (50X 0.9
cm) which was equilibrated and run with § mM Tris buffer (pH 7.5)
containing 50 mM NaCl and 0.01% NaNj, at a flow rate of 7.2 ml/h.
The eluate was fractionated in a fraction collector and each fraction
of 0.3 ml was analyzed for radioactivity and calcein fluorescence as
described in Materials and Methods. Lipid concentration determined
as radioactivity (cpom) (o) and fluorescence intensity of calcein (@).

concerning the nature of the lipid particles of the main
peak (Fig. 4) was obtained by adding [**Clsucrose or
calcein to the dispersion medium. If [**Clsucrose or
calcein was present in the dispersion medium, about
2-5% of the total sucrose or calcein were coeluted
with the lipid peak (Fig. 4). The coclution of these
small molecules with the main lipid peak suggests that
the lipid particles are vesicles with a water-filled, inter-
nal cavity. The entrapment values of several percent
are consistent with large unilamellar vesicles.
Fractions of the main lipid peak (Fig. 4) were pooled
and concentrated to about 1 mg lipid/ml using Amicon
filtration equipmen: and YM10 Amicon filters. The
dispersion thus obtained was stored at 4°C for about
30 days. No fluorescence developed under these condi-
tions indicating that the EPC/MOG vesicles were sta-
ble. Any instability of the vesicles, e.g., vesicle fusion
can be assumed to be accompanied by leakage of
calcein, and such a leakage would have been readily
detected by an increase in fluorescence intensity.

Freeze-fracture electron microscopy

Electron micrographs of freeze-fractured samples of
mixed EPC/MOG dispersions in water up (o 10%
MOG revealed large, multilamellar particles (Fig. 5a).
These particles closely resemble those present in multi-
lamellar EPC dispersions. Consistent with this finding



Fig. 5. Electron micrographs of freeze-fractured mixed EPC/MOG dispersions in H,O at a total lipid concentration of 10 mg/ml. EPC
containing 10% MOG (a), 40% MOG (b), 50% MOG (c and d). Supernatant (e) and infranatant phase (f) of a mixed EPC/MOG dispersion in
H;0 (1:1, wt. ratio) were obtained as described in the text.



is the observation that the particles of mixed
EPC/MOG dispcisions containing up to about 10%
MOG sedimented readily when centrifuged at 12000 X
g for 10 min (cf. Fig. 3). In mixed EPC/MOG disper-
sions containing more than 10% MOG, the particle
size distribution changed with increasing MOG con-
tent: the multilamellar particles of diameter larger
than 1 um were gradually replaced by smaller oligo-
lamellar and unilamellar vesicles of a size mostly in the
range of 100 nm to 1 wm (Figs. 5b—d). The shape of
these vesicles is often spherical, but elongated and
irregularly shaped bodies are also seen (Figs. 5b-d).
The polydispersity of these dispersions was such that a
meaningful application of QLS was not possible. The
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Fig. 6. Dynamic light scattering (QLS) of a mixed EPC/MOG
dispersion (1: 1, wt. ratio). The fraction of light scattered is shown as
a function of the vesicle hydrodynamic diameter (on a logarithmic
scale) (A) together with an estimate of the number distribution
function f(d,) (B). EPC/MOG (1:1, wi. ratio) was dispersed in
water or | mM Tris buffer pH 7.5 as described in Materials and
Methods. The dispersion was heated to about 60 ° C for 1 min, which
caused clearing of the milky dispersion to a transparent one. The
dispersion was centrifuged at 12000x g for 10 min, and the clear
infranatant (about 10 mg/ml) was 10-times diluted and analyzed by
QLS.
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particles present in EPC/MOG dispersions containing
more than 10% MOG, particularly the large ones,
exhibit fracture faces quite different from the smooth
fracture faces of pure EPC dispersions. First, the frac-
ture faces are covered with numerous more or less
spherical, shallow cavities and protrusions which prob-
ably result from the budding process of smaller vesicles
(Fig. 5¢). Such budding process can be seen in cross-
section in Fig. 5d (see arrows). Secondly, the plane of
fracture appears to alternate frequently between dif-
ferent lipid lamellae giving rise to a rough fracture face
(cf. Figs. 5a and b).

Mixed, aqueous EPC/MOG dispersions (1:1, wt.
ratio) were briefly heated to 50°C and centrifuged at
12000 X g for 10 min as described in Materials and
Methods. Supernatant and infranatant phases thus
produced were separated and both phases were exam-
ined by freeze-fracture electron microscopy. The su-
pernatant consisted of large multilamellar and oligo-
lamellar particles of a diameter of 100 nm to several
um (Fig. 5¢). The infranatant phase contained largely
unilamellar vesicles in the size range of 100 to 300 nm.
Some elongated and oligolamellar particles were also
present (Fig. 5f). The infranatant lipid dispersion was
chromatographed on Sepharose CL-4B as described in
Fig. 4. The lipid eluted in the void volume was col-
lected, pooled and concentrated to 1 mg lipid/ml as
described above. Electron microgrpahs of freeze-frac-
tured samples of such lipid dispersions revealed mainly
large unilamellar vesicles with a size distribution rang-
ing between 100 and 500 nm (data not shown). Mixed
EPC/MOG dispersions containing 60% MOG con-
sisted mainly of unilamellar and oligolamellar vesicles
of sizes between 100 and 1000 nm (data not shown).

Dynamic light scattering (QLS)

Results of gel filtration and freeze-fracture electron
microscopy indicate that mixed dispersions of
EPC/MOG (1:1, wt. ratio) are polydisperse consisting
of large unilamellar and oligolamellar particles. The
particle size distribution of such dispersions was fur-
ther analyzed by QLS. A cumulant analysis yielded an
average value of d, =280 nm, and indicated a rela-
tively high degree of polydispersity. A careful analysis
of the intensity autocorrelation functions with the
Laplace inversion program reproducibly resulted in a
bimodel size distribution with peaks at d, = 120 £ 40
nm and d, = 360 + 120 nm, respectively. A character-
istic example of the results from such an analysis of the
vesicle size distribution is shown in Fig. 6. This figure
shows the fraction F(d,) of light scattered as a func-
tion of the hydrodynamic diameter dy, i.c., an inten-
sity-weighted size distribution of the vesicles. At least a
qualitative estimate of the number of vesicles present
in the two populations can be obtained from their
relative contributions to the total scattering intensity.
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For polydisperse vesicles, the average intensity in the
absence of interparticle interaction effects can be com-

puted according to
1Q) =V, [ V(d.1¥PQ.d.0f(d) dd )
0

where V, is the number density of vesicles, V(d,t) is
the volume and P(Q,d,t) is the scattering form factor
of a spherical shell of diameter d and shell (bilayer)
thickness ¢, and f(d) is the normalized particle num-
ber distribution function describing the size distribu-
tion of the particles [22]. Using d =d,, we thus obtain
the following expression for the intensity distribution
F(d,)

F(dy) = V(dyt ) P(Q, dy ) f(dy)
/ j:V(dh.r Y PQudy ) f(dy) dd), 5)

which in turn permits an estimate of the number ratio
fldy)/f(dy ) of the vesicles in peak ! and 2 from
F(d,)/F(d,,) though

f(dh.l) - F(dh|) . V(dh‘z‘f)zp(Qv dh,!")
fldy2)  F(dn2) V(dy ) P(Q.dy t)

(6)

If we now use the experimentally determined values of
d, and F(d,) for the two populations of vesicles, we
can estimate that the number of smaller vesicles with
d, = 120 nm is approx. 10-times higher than that with
d\, =360 nm. The size distribution f(d,) thus deter-
mined is shown in Fig. 6b. This result is at least
qualitatively consistent with the results of freeze-frac-
ture electron microscopy, where we see predominantly
vesicles with a diameter of approx. 100-150 nm, and a
significantly smaller number of larger vesicles.

Discussion

The main conclusions which can be drawn from the
experiments presented are as follows:

EPC bilayers have a remarkable capacity of accom-
modating large amounts of MOG. Up to 40% MOG
(1.4, mole ratio MOG/EPC) are incorporated without
significantly affecting the orientation and motion of the
polar group of EPC (cf. Fig. 1). Up to the highest
MOG content used here (= 70% MOG) corresponding
to a MOG/EPC mole ratio of 3.4 (cf. Table I) the
lamellar (bilayer) phase is maintained. Even in excess
MOG the bilayer is the most stable structure (cf. Fig.
5). The phase behaviour of mixed EPC/MOG disper-
sions described here is consistent with the phase dia-
gram reported before [39].

Upon heating mixed EPC/MOG dispersions of wt.
ratio 1 (2.1, mole ratio MOG /EPC) to 50-60°C, the
turbidity of the dispersion decreased abruptly. Evi-

dence from different physical methods taken together
indicates that at this point large multilamellar particles
are dispersed to smaller oligolamellar and unilamellar
vesicles. This process of dispersion may be viewed as
spontaneous vesiculation for it matches the criteria
used to define spontaneous vesiculation [23-28]. Multi-
lamellar stacks represent the most stable structure of
aqueous dispersions of pure phosphatidylcholines. Di-
luting isoelectric EPC molecules with neutral MOG
molecules to a final EPC,/MOG wt. ratio <1 appar-
ently induces budding of vesicles as shown in the
electron micrographs of Figs. 5¢ and d. The resulting
large unilamellar vesicles of diameter greater than 100
nm are probably the most stable (equilibrium) struc-
ture under these conditions. Residual oligolamellar
structures observed (cf. Figs. Sc-f) may represent
metastable states. Freeze-fracture electron microscopy
and QLS show that the resulting vesicles are poly-
disperse with diameters ranging from 100 to 1000 nm.
The bulk of the vesicles are between 100 to 500 nm
(Figs. 5 and 6). This result is consistent with gel filtra-
tion on Sepharose CL-4B showing that the average
diameter of the vesicles exceeds 60 nm. The gel filtra-
tion experiment rules out the presence of a significant
proportion of small unilamellar vesicles of diameter
smaller than 50 nm.

The visual clearance of EPC/MOG dispersions
(1:1, wt. ratio) upon heating is accompanied by a
collapse of the *'P powder NMR spectrum to a fairly
narrow, slightly asymmetric resonance (Fig. 1E). The
evidence presented indicates that heating of mixed
EPC/MOG dispersions (1:1, wt. ratio) induces spon-
taneous vesiculation with the formation of unilamellar
and oligolamellar vesicles of a size range of 100 to 1000
nm. However, the reduction in particle size from sev-
cral micrometers to vesicles of submicrometer size
cannot be the explanation for the collapse of the 'P
powder pattern. Aqueous dispersion of ox brain phos-
phatidylserine (10 mg/ml) have been shown to consist
to more than 90% of unilamellar vesicles with diame-
ters smaller than 1000 nm [29]). Such dispersions give
typical *'P powder NMR spectra at room temperature
characteristic of liquid crystalline bilayers [12] with no
indication of a sharp isotropic signal superimposed on
the powder pattern. By analogy with this result, the
vesicles present in mixed EPC/MOG dispersions (1:1,
wt. ratio) after heating are expected to give rise to a
3P powder pattern. Since this is not the case, addi-
tional molecular and segmental motions of the EPC
polar group have to be implicated in order to account
for the observed collapse of the 3'P powder NMR
spectrum. Alternatively, a change in the motionaiiy
averaged orientation of the phospholipid polar group
with respect to the bilayer normal or director axis
could also account for the collapse of the 3'P powder
NMR spectrum. We favour the former explanation



that at high MOG contents (1: 1, wt. ratio, correspond-
ing to a mole ratio MOG/EPC = 2) additional mo-
tional averaging of the EPC polar group is responsible
for the observed narrowing of the *'P-NMR signal. It
was shown that the orientation of the polar group of
phosphatidylcholine is determined primarily by intra-
molecular forces [30] and that this preferred ‘confor-
mation’ is energetically fairly stable. It would require
strong intermolecular interactions between EPC and
MOG to induce conformational and orientational
changes in the phospholipid polar group. None of the
experiments carried out here testify to a particularly
strong interaction between the polar groups of EPC
and MOG. Furthermore, if indeed the presence of
MOG induces an increase in the motional freedom of
the EPC polar group, this effect should be detectable
by ESR spin labeling. For this purpose spin-labeled
phosphatidylcholine (1-palmitoyl-2-[S-doxylstcaroyl]-3-
sni-phosphatidylcholine) was incorporated in EPC bi-
layers and mixed EPC/MOG bilayers (1:1, wt. ratio,
100: 1, EPC/spin label, mole ratio). In both cases
anisotropic ESR spectra were obtained which are char-
acteristic for rapid but anisotropic motion (data not
shown). From these spectra order parameters S were
derived using standard methods [31]. For EPC bilayers
corrected order parameter at room temperature thus
obtained was S = 0.64 + 0.01 in good agreement with
data in literature [32]. In the mixed EPC/MOG bilayer
the order parameter decreased to S = 0.57 + 0.01 con-
firming that the presence of MOG in EPC bilayers
loosens the molecular packing in the lipid polar group.
This effect is apparently propagated to the neighbour-
ing hydrocarbon chain region and sensed by the spin
label probing this region. We propose thercfore that
the visual clearance of mixed EPC/MOG dispersions
induced by briefly heating mixed EPC/MOG (1:1, wt.
ratio) dispersions to 50-60°C reflects the dissolution
of multilamellar lipid stacks which are being replaced
mainly by large unilamellar vesicles. The collapse of
the *'P-NMR powder pattern is likely to be due to an
increase in the motional freedom of the phospholipid
polar group in the presence of MOG. The spontaneous
budding of vesicles and also the irregularly shaped
particles observed with mixed EPC/MOG dispersions
(wt. ratio < 1) suggests that the mechanical properties
of these mixed bilayers are significantly different from
those of pure EPC bilayers. The vesicles found in
mixed EPC/MOG (1:1, wt. ratio) have the ability to
entrap small molecules such as sucrose and calcein.
Their entrapment capacity is consistent with the aver-
age size of these vesicles determined by electron mi-
croscopy and QLS. The encapsulation experiment us-
ing calcein provides evidence for the stability of these
vesicles. The EPC/MOG bilayer remains impermeable
for calcein when these vesicles are stored at 4°C for 1
month.
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At highh MOG contents (> 50%), low-speed centrif-
ugation produced creaming of the dispersion with the
separation of a milky top phase. Freeze-fracture elec-
tron microscopy shows that this phase is still smectic
lamellar consisting of multilamellar and oligolamellar
lipid particles. The data summarized in Table I indi-
cate that these particles are enriched in MOG. Appar-
ently, the way the mixed EPC/MOG dispersions were
prepared does not ensure the perfect mixing of the two
lipids. Furthermore, there appears to be also incom-
plete mixing within the plane of the bilayer as evident
from freeze-fracture electron microscopy (Figs. 5c and
d). At MOG contents > 40% shallow protrusions and
cavities can be seen on the lipid fracture faces. These
structures that have never been observed with pure
EPC bilayers may reflect inhomogeneities in the lateral
distribution of EPC and MOG.

Physiological significance

Monoacylglycerols are represenied by two chemical
species: (1) the s»-1 or a-monoacylglycerols and (2) the
sn-2 or B-monoacylglycerols. Acyl migration is known
to lead to an equilibrium in which 80-90% are present
as the sn-1-compound [33]. From the work published
on the physical-chemical properties of monoacylglyc-
erols (for a review see Ref. 33), it is not clear whether
there are significant differences between sn-1 and sn-
2-monoacylglycerols. Larsson [34] reported that 2-de-
canoyl- and 2-hexadecanoyl-sn-glycero! exhibit the same
phase behaviour as the corresponding sn-1 compounds
except for the lower melting points of the sn-2-com-
pounds. This finding suggests that the two types of
monoacylglycerols may behave similarly, at least re-
garding their phase behaviour. A common feature of
the physical-chemical properties of sn-1 and sn-2-
monoacylglycerols is the preference for smectic (lamel-
lar) phases. This is true for the anhydrous as well as
the hydrated state [33-38]. 2-Acyl-sn-glycerols and fatty
acids are the main products of fat {triacylglycerol)
digestion [4]. It is probably of physiological significance
that both lipolytic proeducts have a preference for the
smectic (lamellar) phase [33]. As mentioned in the
introduction, during fat digestion and absorption, high
concentrations of both lipolytic products may be pre-
sent in the intestinal lumen and in turn in brush border
membrane, particularly following a fatty meal. In this
context the question arises how the incorporation of
large quantities of monoacylglycerols and fatty acids,
though transient, affect the structure and function of
brush border membrane. The work presented here is
pertinent to this question. We have shown that large
quantities of monoacylglycerols can be accommodated
in lipid bilayers without significantly perturbing the
lipid packing and without inducing a phase change to a
non-lamellar phase. Extrapolating this finding to brush
border membrane, we propose that brush border mem-
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brane may incorporate monoacylglycerols (and proba-
bly also fatty acids) at fairly high concentrations during
lipid absorption with a minimum perturbation in the
lipid packing. Whatever the local perturbation of the
lipid environment may be, it must be such that the
barrier and other functional properties of the brush
border membrane are still maintained.
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