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1 Membrane mimetic chemistry

The formation of phospholipid bilayer membranes that seclude
and compartmentalise all eukaryotic cells is considered to be a
prerequisite for the evolution of cell life.! Due to the complexity
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of biological membranes, and due to the lack of powerful
in vivo analytical techniques, much of our understanding of bio-
logical membranes has been derived from experiments using
model membranes. Since Bangham’s preparation of the first
liposomes in 1964,> model membrane systems have obtained
a degree of sophistication that brings them closer to the level
of complexity of in vivo membrane functioning. The model
membrane system that has found most widespread application
is the liposome, a lipid bilayer vesicle enclosing an aqueous
compartment. Liposomes can be prepared from a wide range
of natural and synthetic lipids and many techniques are avail-
able for preparing unilamellar vesicles of a defined size, to
enclose water-soluble solutes in the aqueous compartment or
to absorb apolar solutes inside the bilayer, and to reconstitute
proteins in or at the membrane.® Since the discovery of vesicles
composed of synthetic amphiphiles,* the possibilities for
structural variation of lipid and/or amphiphile membrane
components has become almost limitless and the field of
membrane mimetic chemistry is flourishing.>” Fascinating
results have been obtained with giant synthetic liposomes
which mimic morphological transformations of the cell®® and
with liposomes carrying ‘steric shields’ of poly(ethylene glycol)
which increase colloidal stability and circulation times for
medical applications.'®

All biological membranes are asymmetric. This observation
can be rationalised by the fact that each side of the membrane
faces a different environment. Almost all membrane-associated
proteins and most lipid components are distributed with a high
or even absolute transverse asymmetry.'"! A striking example is
the membrane of the human erythrocyte which contains at least
four asymmetrically distributed lipids: 75% of phosphatidyl-
choline and 85% of sphingomyeline are located in the outer
membrane leaflet, and 80% of phosphatidylethanolamine and
over 95% of phosphatidylserine are located in the inner mem-
brane leaflet.”? The origin and maintenance of biological mem-
brane asymmetry is a complex phenomenon that is far from
understood. Artificial asymmetric bilayer membranes provide
interesting test models, but apart from the pioneering work of
Moss®® and Ringsdorf™' and co-workers, the properties of
such membranes remain largely unexplored.

Here we review our work on a family of synthetic lipid
molecules that we used as a tool for providing structural,
kinetic and thermodynamic information on properties of lipid
bilayers in general and membrane fusion in particular.'s?!
These lipids are phospholipid analogues containing a bifunc-
tional B-nitrostyrene (BNS) unit linked to the phosphate head
group (Fig. 1). The BNS head groups of these lipids form
linear oligomers upon UV irradiation but hydrolyse under
alkaline conditions.’®"® A kinetic model for surface-specific
reactions of vesicular bilayers was developed.'® Following
selective hydrolysis of the BNS groups in the outer membrane
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Fig. 1 Molecular structures of the B-nitrostyrene lipids 1-4 and the
products that result from alkaline hydrolysis and photopolymerisation.

leaflet, the BNS groups in the inner leaflet can be photopoly-
merised, yielding vesicles with an oligomerised inner leaflet.'s
Vesicles of BNS lipids undergo efficient calcium-induced
fusion.!®?! After oligomerisation of the lipid head groups, the
vesicles aggregate upon addition of calcium ion, but calcium-
induced fusion is strongly inhibited."” Since bilayer vesicles
of BNS lipids can be oligomerised exclusively in their inner
leaflet, we had access to membranes with an extreme transverse
asymmetry: while the outer leaflet is prone to fusion, the inner
leaflet is not. Part of our work stems from the assumption that
the oligomerisable lipid vesicles present a promising avenue
towards structural characterisation of intermediate structures
of calcium-induced membrane fusion."

The membrane model system of BNS lipids was further
exploited in a microcalorimetric analysis of membrane fusion.
There is still only very limited literature on the use of iso-
thermal titration microcalorimetry to investigate the thermo-
dynamics of membrane fusion.”>*® We used the BNS lipid
vesicles to determine the enthalpies associated with the con-
secutive elementary stages of binding of calcium ion, vesicle
aggregation, and bilayer fusion in the course of calcium-
induced vesicle fusion.'” It was found that fusion of small
vesicles is associated with a small positive enthalpy and requires
a dominant entropic driving force. Furthermore, the fusion
of vesicles of BNS lipids with Sendai virus was investigated.!
It was observed that vesicle—virus fusion is strongly inhibited
by lipid head group oligomerisation. According to a micro-
calorimetric analysis, vesicle-virus fusion is associated with a
much larger positive enthalpy than vesicle—vesicle fusion.

In this review we aim to present a critical evaluation of the
insights into the properties of bilayer membrane vesicles in
general and membrane fusion in particular that we obtained
from our model system using oligomerisable lipids. The results
are reviewed in the context of the state of the art of membrane
mimetic chemistry and current understanding of biological
membrane fusion. However, we admit that this review is biased
towards our own contributions in this area, and we refer the
reader to literature reviews for full coverage of the fascinating
topics of membrane mimetic chemistry®’ and biological
membrane fusion.?*

2 Preparation of unilamellar lipid vesicles with oligomerised
membrane leaflets "'

Central to the development of the model membrane system
was the synthesis of a novel class of synthetic phospholipids
containing a bifunctional B-nitrostyrene (BNS) unit, and the
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preparation of small unilamellar vesicles of these lipids. The
BNS unit is covalently attached to the phosphate head group
and therefore resides at the surface of the bilayer vesicle,
partitioned between the inner membrane leaflet (endo-surface)
and the outer membrane leaflet (exo-surface). Surface dif-
ferentiation of the vesicles was obtained by two simple
reactions of the BNS units. On the one hand, BNS derivatives
are polymerisable—there is literature describing dimerisation
as well as polymerisation of BNS.» On the other hand,
BNS hydrolyses in alkaline aqueous solution.?® The hydrolysis
involves rate-determining nucleophilic attack by hydroxide ion
at the o position of the styrene, leading to an intermediate that
rapidly splits into a benzaldehyde and the anion of nitro-
methane. Both the hydrolysis and the polymerisation reaction
can be conveniently monitored using UV-VIS spectroscopy,
indicating the disappearance of the absorption of BNS at
335nm (e=10*M"'cm™).

Surface discrimination of reactions at a vesicle surface
critically depends on a negligible permeation of reactant(s)
through the bilayer and a slow rate of translocation of lipid
molecules over the bilayer (flip—flop). These parameters are
primarily governed by the thickness of the membrane and the
thermotropic state of the membrane interior, which in turn
depend on the length of the hydrocarbon chains, and the
temperature. In this study, lipids with n-dodecyl, n-tetradecyl,
n-hexadecyl and n-octadecyl chains were examined (Fig. 1).
Since the cleavage reaction occurs in alkaline solution, non-
hydrolysable 1,2-di-n-alkoxypropanols rather than 1,2-di-n-
acyloxypropanols were used. The ether linkages make these
lipids more robust against pH changes than the naturally
abundant esters, without affecting other membrane properties.
The product of hydrolysis of the BNS group in lipid 3 is lipid 5,
which was also synthesised independently.

Vesicle solutions were prepared by dispersion of lipids 1-5 in
water or aqueous buffers (pH 7.4) using a sonication immersion
tip. Quasi-elastic light scattering (QELS) revealed number-
weighted averages of 50-100 nm for the diameter of vesicles of
all lipids. These average diameters were confirmed using trans-
mission electron microscopy (TEM). Alternatively, mono-
disperse, large unilamellar vesicles were prepared by repeated
extrusion through polycarbonate membranes and polydisperse,
large multilamellar vesicles were prepared by rapid stirring.
In water, all vesicle solutions are stable for at least one week.
Vesicle solutions of 1 and 2 in buffers of physiological ionic
strength are stable colloids for many days, whereas solutions
of 3 and 4 tend to flocculate after about 1 day at room
temperature.

The Lg-L, phase transition temperature (1',) for each lipid
was measured by differential scanning calorimetry (DSC) and
characterised by the temperature and enthalpy of transition
(Table 1), as well as the patch number » and the number of van’t
Hoff phase transitions (m) required to fit to the experimental
data, which are a measure for the co-operativity of the phase
transition.”” The relation between T, and the chain length
compares well with the chain length dependence of 7', of
phosphatidylcholines and phosphatidylserines reported in the
literature.”® The values of T, for the BNS lipids are similar
to those of phosphatidylcholine with identical chain length
and ca. 13 °C lower than those reported for phosphatidylserine
with identical chain length. Apparently, the bilayer packing
efficiency of the BNS lipid molecules is comparable to that of
phosphatidylcholines with identical chain length.

2.1 Selective hydrolysis of the B-nitrostyrene group in the outer
leaflet of bilayer vesicles

Hydrolysis of the BNS units at the vesicle surface was initiated
by dilution of a small volume of a solution of vesicles prepared
at pH 7.4 into a solution of pH 11.5. Alternatively, a small
volume of NaOH solution of known concentration was added



Table 1 Differential scanning calorimetry of vesicles of 1-5 in water

Small vesicles (sonication)

Large vesicles (stirring)

Lipid T./°C Enthalpy/kJ mol ™ n m T./°C Enthalpy/kJ mol ™" n m
1 nd — — — -1 25.0 nd —
2 nd — — — 21.6 28.5 143¢ 14
3 39.9 29.8 154 7 40.7 423 121 4
4 52.0 21.6 200 6 53.8 37.8 201 5
5 37.6 21.7 268 7 40.4 44.6 139 5

“ Includes secondary transitions around 40 °C.

to a sample of vesicles, raising the external pH from 7.4 NO,

to 11.5. In either way, vesicles with neutral internal pH and
high external pH were obtained. Surface differentiation
now critically depends on the ratio between the rate of BNS
hydrolysis and the permeability of the bilayer to hydroxide ion
(or protons) as well as the rate of exchange of lipid molecules
between the two membrane leaflets (flip—flop). Hydroxide ion/
proton permeation through the bilayer (at room temperature)
depends on the length of the hydrocarbon chains. We demon-
strated that the pH gradient is maintained during the cleavage
experiments using vesicles of 3, and that hydroxide ion (or
proton) permeation is negligible.”® For lipid 1, at temperatures
above T, hydroxide leakage is considerable. Similar observ-
ations were made for the bilayer permeation of carboxy-
fluorescein (vide infra). Secondly, surface differentiation is
favoured by an increase of the length of the alkyl chains and
by low temperatures (7' < T',,), because flip—flop is retarded by
these factors.?*

In a first approximation, the hydrolysis was analysed in terms
of a model in which it is assumed that the BNS units are
partitioned between the outer or exo-vesicular and inner or
endo-vesicular surfaces of the vesicles. The exo-vesicular part of
the BNS groups is easily accessible to nucleophilic attack by
hydroxide ion and will undergo a relatively rapid hydrolysis
characterised by k. On the other hand, the endo-BNS groups
are much less accessible (since prior to cleavage they will have
to translocate over the membrane) and will undergo a much
slower hydrolysis characterised by kg,,,. UV-VIS spectroscopy
does not discriminate between [BNS],,, and [BNS],,,,, and so
the decrease of [BNS],.,+ e With time is monitored. The
decrease of this concentration was fitted to a double pseudo-
first-order rate equation with k" = k\{OH ] to give eqn. (1).
[BNSL.) + endo = [BNS] 0€XP (=K' guet) +

[BNS],00,08Xp (= &' gowt) (1)

The model was then extended to include flip—flop of lipid
molecules (Fig. 2). With lipid flip—flop characterised by k; and
k_, and exo-vesicular hydrolysis of BNS by k', =k,JOH] to
give eqn. (2) and (3).

d[BNS],,,,/dt = — k,[BNS],,,, + k_,[BNS],,, (2)

d[BNS],../d? = k,[BNS], .., — k_[BNS].,, — k£',[BNS]., (3)
This leads to an equation of the form given in eqn. (4).

[BNSLouio + exor = CaXP (= K gowl) + CoeXp (= k'guqt)  (4)

The solution for [BNS],. + ., Was found using Laplace
transforms.”® C,, C,, k'yow and k’; are combinations of
[BNS].,.0- [BNS]..i00> k1, k- and k',. Thus, assuming k, equals
k_, (lipid molecules flip and flop at equal rate), k, and k',
and also [BNS],,,, and [BNS],,,, o may be calculated from the
experimentally determined values of k', and k', . Whereas
k', is similar for all BNS derivatives, there is a clear trend in
k,. endo-Vesicular cleavage is most significant in the vesicles

Fig. 2 Kinetic model for the surface-specific hydrolysis of the f-
nitrostyrene moiety and lipid flip—flop in bilayer vesicles. (Top: exo- or

outer membrane leaflet, bottom: endo- or inner membrane leaflet.)
Lipid structures have been simplified for clarity.

of the lipids with the shortest alkyl chain (1 and 2), in which
most rapid flip—flop is anticipated.?*® At 25 °C, surface dif-
ferentiation is impossible in vesicles of 1 (k; equals k’,) and
problematic in vesicles of 2 (k; is not much smaller than
k',). On the other hand, in vesicles of 3 and 4, k, is small relative
to k',. Surface differentiation is easily achieved and can be
maintained over periods of several hours. The half-life of flip—
flop in vesicles of 3 is more than six hours. These rates of
flip—flop are similar to those reported for comparable model
systems.'* The BNS persisting in vesicles of 3 and 4 after more
than 4 half-lives of the exo-vesicular hydrolysis is unreacted
endo-BNS. The relative amounts of exo-BNS and endo-BNS
match expectations from calculations for small vesicles. At
temperatures above T, k; approaches k', and the cleavage
reaction follows first-order kinetics. Most likely, this result is
due to faster flip—flop above T . Also, above T, considerable
hydroxide leakage is expected.

Fig. 3 presents the hydrolysis of the BNS moieties in vesicles
of lipid 3 under various experimental conditions, and illustrates
the approach to surface-differentiated vesicles. At 25 °C, the
exo-vesicular BNS groups are hydrolysed with a half-life of
ca. 25 min (k',=5.13 x 107* s7!), but the endo-vesicular BNS
groups remain unaffected for several hours because only slow
flip—flop occurs (k, =3.43 x 107¢ s") and the pH gradient is
maintained. When cetyltrimethylammonium bromide (CTAB)
is added, the vesicles are solubilised and the remaining BNS
groups hydrolyse rapidly with CTAB micellar catalysis. If
the reaction is carried out at 46 °C, both flip—flop and leakage
are rapid, and all BNS groups react equally fast (k',=2.14 X
1073s7).
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Fig. 3 (A) Decrease of BNS absorbance with time during hydrolysis
of vesicles of lipid 3 at pH 11.5. O: Selective exo-vesicular hydrolysis at
25°C. A: Non-selective hydrolysis at 50 °C. @: Solubilisation of the
vesicles by CTAB after two hours of selective exo-vesicular hydrolysis at
25 °C, and fast hydrolysis of the remaining endo-vesicular BNS groups.
(B) Hydrolysis of BNS groups of vesicles of lipid 1. The absorbance
has been normalised. O: Selective exo-vesicular hydrolysis at 5 °C and
pH 12. O: Non-selective hydrolysis at 25 °C and pH 11.5.

Fig. 3 also presents data for the hydrolysis of the BNS
moieties in vesicles of lipid 1 at room temperature and at 5 °C.
At room temperature and pH 11.5, hydroxide/proton leakage
and lipid flip—flop are rapid, and exo and endo-vesicular BNS
groups hydrolyse equally fast (k' =1.0 x 107* s™'). However,
when the hydrolysis is performed at 5°C and pH 12 (the
hydrolysis is too slow at pH 11.5), a reasonable degree of
surface discrimination can be achieved because the rates of
leakage and flip—flop are reduced. A double exponential fit
to the decrease of [BNS],., + .., With time yields the rate of
exo-vesicular hydrolysis k', = 3.4 X 107*s™! and the rate of flip—
flop k,=9.0 x 1073 s™'. The ratio k',/k, equals 4 and surface
discrimination is possible provided the vesicles are kept at low
temperature.

QELS and TEM showed that sonicated vesicles of lipid 5, the
product of the hydrolysis of 3, have similar size as vesicles of 3.
The DSC enthalpogram of large vesicles of 5 is almost identical
to that of 3. Evidently, the hydrolysis influences neither the
vesicle size nor the thermotropic behaviour of the bilayer.

2.2 Photopolymerisation of the B-nitrostyrene group in bilayer
vesicles

Rapid photopolymerisation of the BNS moiety was achieved by
UV irradiation.'®'® No initiator was required. No monomer
could be detected by UV-VIS spectroscopy after irradiation for
10 min (Fig. 4). Polymerisation of B-nitrostyrene in solution is
difficult,” but it is known that polymerisation reactions benefit
entropically from the close proximity of the monomers in
the bilayer.¥ Polymerisation of BNS in vesicles also takes
place under influence of sunlight and heating,’* whereas the
pure lipids or lipid stock solutions are stable. Therefore, vesicle
solutions were always protected from sunlight and prolonged
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Fig. 4 Disappearance of the absorbance of the B-nitrostyrene moiety

after photopolymerisation of vesicles formed from lipid 1 for 10 min.

The solid line represents the absorbance before polymerisation, the
dashed line after polymerisation.
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Fig. 5 [Illustration of the protocol to obtain vesicles with an
oligomerised inner bilayer leaflet. Lipid structures have been simplified
for clarity.

heating. QELS and TEM showed that the average size and
integrity of the vesicles were unaffected by the polymerisation.

Characterisation of a lipid polymer is troublesome due to its
amphiphilic nature and is usually accomplished after removal
of the hydrophobic moiety by hydrolysis or transesterifi-
cation.’” However, lipids 1-4 are alkyl ethers, and also the
phosphodiester is surprisingly stable to hydrolysis. Gel perme-
ation chromatography of polymerised 1 was not successful.
No cyclobutane-like dimers? could be detected in the electro-
spray mass spectrum of polymerised 1. Vapour pressure
osmometry yielded an average molecular weight (M,) for poly-
merised 1 of 2470, corresponding to an average polymerisation
degree of 3.8. Unfortunately, this technique is time-consuming
and demands large amounts of material for each analysis. In
addition, since osmometry is extremely sensitive to the presence
of low-molecular weight impurities (such as water and salts)
the molecular weight should be considered a low estimate.
For these reasons, no extensive study of the influence of tem-
perature, concentration, addition of initiator, irradiation time,
etc. on the polymerisation was carried out. It was concluded
that 10 min of intense UV irradiation of vesicles of BNS lipids
at room temperature results in formation of oligomers rather
than long polymers.

2.3 Preparation of bilayer vesicles with an oligomerised inner
membrane leaflet

Combination of selective exo-vesicular hydrolysis and endo-
vesicular oligomerisation of the BNS lipids presents a simple
method for preparing vesicles with an asymmetric bilayer
(Fig. 5). Vesicles of 3 and 4 were exposed to an external pH of
11.5 at room temperature for a period of ca. 1.5 h, after which



exo-vesicular hydrolysis of BNS is complete. Subsequently,
the vesicle solution was neutralised and irradiated with UV
light for 10 min. In this way, vesicles containing an oligomerised
inner membrane leaflet and a monomer outer membrane leaflet
were obtained. According to QELS and TEM, neither the
exo-vesicular hydrolysis, nor the endo-vesicular oligomerisation
had significantly affected the average size and integrity of the
vesicles (vide infra). Presumably, the degree of oligomerisation
of the inner membrane leaflet is similar to that for vesicles in
which both leaflets were oligomerised. Thus, vesicles were
obtained which contain an oligomerised inner membrane leaflet
and a monomer outer membrane leaflet. To the best of
our knowledge, these vesicles represent the first examples of
bilayers that are polymerised exclusively in one of the two
membrane leaflets. Only vesicles in which the counterions were
polymerised in a surface-specific manner have been described
previously.™

3 Properties of vesicles formed from lipids with oligomerisable
head groups '*'81°

Since the early 1980’s, a large variety of lipids that can be
polymerised within the bilayer has been synthesised.!3%3%:3
Polymerisable groups have been introduced at either end and in
the middle of the hydrophobic chains of lipids, as well as in the
hydrophilic head groups, and even in the counterions of ionic
lipids. 144041

Photopolymerisations are known as well as chemically-
initiated polymerisations. The kinetics and degree of polymer-
isation have been examined in detail for several polymerisable
lipids.*****2 Depending on the structure of the polymerisable
lipid, and particularly the position of the polymerisable
unit, the effect of polymerisation on the bilayer can be very dif-
ferent. Roughly speaking, polymerisable lipids can be divided
into two classes: a large group of lipids for which the bilayer is
stabilised upon polymerisation, and a small group of lipids for
which the bilayer is destablised upon polymerisation. Poly-
merisable lipids of the first type are of interest for therapeutic
applications because covalent linking of the lipid molecules
yields liposomes with a higher colloidal, physical and chemical
stability. Furthermore, liposomes of polymerised lipids retain
their aqueous contents much longer than their monomer lipid
counterparts.®® Polymerisable lipids of the second kind are
often unstable because the polymerised lipid tends to adopt a
non-bilayer structure which leads to leakage of the liposome
contents and (in some cases) liposome aggregation and
fusion.*** This destabilisation opens challenging possibilities
for photo-induced liposomal contents release and/or fusion.

3.1 Differential scanning calorimetry of vesicles of
oligomerised lipids '*

The changes in thermotropic behaviour of bilayers upon lipid
polymerisation are highly dependent on the molecular structure
of the lipid and the location of the polymerisable unit.** Poly-
merisation of hydrocarbon chains generally leads to a loss of
a well-defined main phase transition, whereas polymerisation
of head groups leads to increased head group packing with-
out significantly affecting hydrocarbon chain flexibility. Poly-
merisation of counterions influences the packing efficiency by
its drastic effect on the hydration of head groups.

Bilayers of lipids 1-5 have main phase transition tempera-
tures (7',,) similar to those of phosphatidylcholines, but much
lower than those for phosphatidylserines with identical chain
lengths. Upon oligomerisation of the lipids, different thermo-
tropic behaviour is found. Although only a marginal shift of 7',
was observed upon oligomerisation, a pronounced ‘shoulder’
(extending over 1015 °C) develops at the high temperature side
of the main peak in the enthalpogram. The overall enthalpy of
the phase transition(s) is unaffected, but the number of van’t
Hoff phase transitions () required to fit to the experimental
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Fig. 6 Lateral pressure versus molecular area curve for compression
of a monolayer of lipid 3 on the air-water interface. Insert: decrease of
lateral pressure with time during UV irradiation of a monolayer of 3 at
moderate compression.

data increases and the patch number n decreases upon oligo-
merisation. If only the inner membrane leaflet is oligomerised,
the results are similar but the ‘shoulder’ is less pronounced.
Hydrolysis of the BNS group has no detectable influence on the
thermotropic behaviour of the lipid bilayer.

In sum, oligomerisation of the BNS groups has two distinct
effects on the bilayer melting behaviour. Firstly, a modest but
significant part of the lipid melts at higher temperature. This
indicates that there is a portion of the lipid material in which
the lipid molecules are packed more efficiently after oligo-
merisation. Since oligomerisation occurs in the lipid head group
rather than in the hydrocarbon chains, the increased lipid
packing is not a result of a reduced mobility of the hydro-
carbon chains. Most likely, the lipid packing efficiency increases
because the head group packing becomes more efficient upon
oligomerisation, both as a direct consequence of the covalent
linking of the BNS groups, and indirectly because oligomeris-
ation of the head groups could entail a loss of some hydration
water. We suggest that oligomers of BNS lipids have a lipid
packing efficiency (and 7',,) more similar to that of phos-
phatidylserines rather than that of phosphatidylcholines
because the lipid head group interaction is more favourable in
bilayers of the oligomers than in bilayers of the monomers.
However, most of the lipid still undergoes the main phase
transition at the same temperature. Perhaps the shoulder only
reflects the packing in the largest oligomers, and not in the
short ones. Secondly, the co-operativity of melting decreases, as
anticipated on going from a homogeneous bilayer of identical
lipids to disperse mixtures of oligomers, and a completely
asymmetric membrane in the case where only the inner mem-
brane leaflet is oligomerised. This decrease in co-operativity
has been reported for comparable lipid head group poly-
merisations.***” The constant enthalpy of transition reflects the
fact that an identical number of identical hydrocarbons under-
goes the same phase transition.

3.2 Lipid monolayer experiments'®

Studies of lipid monolayers on the air—water interface provide
valuable insight into the molecular surface area, the thermo-
tropic behaviour and the miscibility of lipids in bilayer
membranes.”® Polymerisation of lipid molecules may affect all
these properties.’>* Preliminary experiments were carried out
with lipid 3 at room temperature (Fig. 6). This lipid spreads
readily on the air-water interface, and the area—pressure curve
at 20 °C shows a minimal molecular surface area of 65 A2and a
collapse pressure of about 60 mN m~'. The molecular surface
area is rather high for a monolayer of lipids with two saturated
hydrocarbon chains (it is ca. 45 A? for phosphatidylcholines),*
which could indicate that the hydrophobic BNS head groups
partly fold back into the lipid monolayer and obstruct a regular
monolayer packing. Upon UV-irradiation of the monolayer
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at moderate compression (30 mN m™') and constant area, a
gradual decrease in the pressure-time diagram is observed.
This decrease in pressure probably reflects partial collapse of
the monolayer as a result of increasing packing stress in the
course of the oligomerisation reaction. The surface pressure is
relieved because the monolayer (partially) becomes a bi- or
multilayer. One might also argue that the packing of the lipid
oligomers that are formed is more compact than the loose
assembly of monomers at 30 mN m~' compression, and that
contraction of the lipid head groups due to oligomerisation
leads to curvature stress in the monolayer.*?> The pressure-time
curve of the monolayer under UV-irradiation (Fig. 6, insert)
was used to estimate the kinetics of the photopolymerisation.
Photopolymerisation of the monolayer at ambient temperature
proceeds with a half-life of about 10 min. It should be noted
that the intensity of the UV source used in the monolayer
experiment was much lower than that routinely used for photo-
polymerisation of bilayer vesicles. The kinetics of oligomeris-
ation need not be the same in both systems.

3.3 3'P-NMR spectroscopy and lipid head group mobility ®

3IP_NMR spectra of small unilamellar vesicles of lipid 1 yielded
insight into the effect of oligomerisation on the head group
mobility of the lipids in the bilayer. Prior to oligomerisation,
the spectrum shows an isotropic signal with a line width of
ca. 30 Hz. This signal is indicative of small vesicles that tumble
fast and of rapid lipid lateral diffusion within the vesicle
bilayer.® After photopolymerisation of the same vesicle solu-
tion, a line width of ca. 230 Hz was found. Since slower
tumbling of oligomerised lipid vesicles relative to monomer
lipid vesicles can be excluded because no significant change of
vesicle diameter was observed upon oligomerisation, the eight-
fold increase in line width indicates slower lateral diffusion of
the lipid oligomers in the bilayer. (However, a contributing line-
broadening due to chemical shift differences between the poly-
disperse oligomers cannot be excluded.) Slower lateral diffusion
was also observed in a study of the influence of head group
polymerisation on the molecular mobility of synthetic cationic
lipids.>' For comparison, a five-fold decrease in *'P line width
was reported for small unilamellar vesicles of dipalmitoyl
phosphatidylcholine upon an increase in temperature from
30 to 50 °C, i.e. from below to above the main phase transition
temperature.’* By means of a viscosity dependence study of the
line width, this decrease in line width was correlated with a
twenty-fold increase of the lateral diffusion coefficient of the
lipid molecules.®® These NMR data indicate that oligomeris-
ation results in a large decrease of lateral diffusion. For most
lipids in a liquid-crystalline bilayer, the lateral diffusion co-
efficient (D,,,) is about 1 um? s~'.!* The mean square lateral
displacement of a lipid molecule in time ¢ is given by 4D,,t. If
we assume that the reduction of the diffusion coefficient upon
oligomerisation of 1 is at least twenty-fold, then while the lipid
monomer would take 25 ms to travel around a vesicle with a
diameter of 100 nm, the lipid oligomers would need more than
500 ms.

3.4 Vesicle contents leakage and solubilisation by detergent

A straightforward method for measuring the permeability of
bilayer membranes involves encapsulation of a fluorescent
solute at self-quenching concentration in the aqueous interior
of unilamellar vesicles.®> After removal of non-encapsulated
solute by gel permeation chromatography, the leakage of the
entrapped fluorescent solute results in high dilution, with con-
comitant relief of self-quenching and increase of fluorescence
intensity. The contents leakage of small vesicles of lipids 1
and 3 was monitored by measuring the release of entrapped
carboxyfluorescein (CF). The encapsulation efficiency for both
types of lipid vesicles measured using UV-VIS spectroscopy is
8-12 nmol CF per umol of lipid. This efficiency is normal for
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small unilamellar vesicles.® Release of entrapped CF is strongly
dependent on the lipid, lipid oligomerisation, and temperature.
For 1, the vesicles are rather leaky at room temperature. The
half-life of contents release is 10 min. Upon oligomerisation of
1 in both membrane leaflets of the vesicles, the vesicles retain
their contents much longer—for oligomerised 1, the half-life of
release is one hour. Compared to 1, vesicles of 3 are not leaky.
At room temperature, less than 3% of entrapped CF is lost from
the vesicles after two days, irrespective of whether the lipids
have been oligomerised or not. However, at 50 °C (T > T',)
vesicles of 3 are permeable to CF. Prior to oligomerisation,
most of the entrapped CF is released within 15 min. If both
membrane leaflets are oligomerised, the bilayer is much less
permeable. The half-life of contents release increases to more
than two hours. If only the inner membrane leaflet is oligo-
merised, the vesicles are only slightly more permeable. Hence,
the inner membrane leaflet poses the primary barrier for
outward permeation. The initial rate of solubilisation of small
unilamellar vesicles of 3 by the nonionic detergent Triton X-100
was measured as the initial rate of relief of self-quenching
of n-octadecyl rhodamine upon addition of the detergent to
the vesicle solution. Solubilisation is slower by a factor of
two for the oligomerised bilayer relative to the monomer
lipid bilayer, irrespective of whether only the inner or both
membrane leaflets are oligomerised. Possibly, the process of
bilayer swelling due to uptake of detergent, which is considered
to be the first step in solubilisation by nonionic detergents,
proceeds less readily in oligomerised bilayers than in monomer
bilayers, irrespective of whether the oligomers are present
in both membrane leaflets, or only in the inner one. In con-
clusion, compared to their monomer lipid counterparts, the
oligomerised lipid vesicles are less permeable and more resistant
towards detergent solubilisation. Oligomerisation can be
considered a mild form of polymerisation, for which similar
observations are reported: generally, vesicles of polymerised
lipids retain their contents longer and have a higher stability
towards solubilisation by detergents and alcohols.*® Permeabil-
ity and detergent solubilisation are affected to an equally large
extent when either both or only the inner membrane leaflet is
oligomerised.

4 Calcium-induced fusion of vesicles formed from lipids with
oligomerisable head groups '”"'°

If the formation of phospholipid bilayer membranes which
seclude and compartmentalise all eukaryotic cells was a pre-
requisite for the evolution of cell life, then transport over the
membrane is a primordial mode of communication between the
various compartments in the cell, as well as with the extra-
cellular world. Along with translocation mediated by proteins
and ionophores,'” membrane fusion provides the main gateway
across the bilayer membrane for a myriad of compounds.
Whereas ionophores and the channels formed by proteins
generally provide exclusive entry or exit pathways for a small
solute such as an ion or a molecule, membrane fusion provides
a fast means of shuttling over large numbers of molecules at
once, their size and number being limited only by the size of the
enclosing bilayer compartment.

Membrane fusion can be defined as the process in which two
lipid bilayer membranes come together, join at a molecular
level, and merge. In many fusion events, two membrane-
enclosed compartments coalesce, leading to mixing of the lipids
in the membrane vig lateral diffusion (Fig. 7). The fusing
compartments can be separate or one compartment can be
contained in the other. Alternatively, fusion occurs between
two domains of a single membrane and leads to formation
of two membrane-enclosed compartments (Fig. 7). The two
membrane compartments formed during fusion can be either
separate or one membrane compartment can be inside the
other. ‘Symmetric’ or ‘homotypic’ fusion refers to fusion
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Fig. 7 Classification of all possible membrane fusion events.
Membrane fusion can occur between two membrane-enclosed
compartments which form one continuous membrane (left to right).

Alternatively, one membrane can fuse with itself and form two separate
membrane-enclosed compartments (right to left).

between membranes of identical composition. ‘Asymmetric’
or ‘heterotypic’ fusion is fusion between membranes having
different compositions. Membrane fusion is a ubiquitous event
in all eukaryotic cells and is a key feature of endocytosis, exo-
cytosis, neurotransmission, intracellular transport, cell fusion,
cytokinesis, viral infection, and many other cell biological pro-
cesses. Both the molecular mechanism of biological membrane
fusion and the intricate protein machinery that controls it
continue to be a topic of intense biochemical interest. To sum-
marise even the most recent results in this area is well beyond
the scope of this review, and recent reviews on this topic are
available.?*

Briefly, we note that aggregation (i.e. close approach) of two
bilayers is a prerequisite for membrane fusion. Since lipid bi-
layers repel each other due to a combination of repulsive
electrostatic, hydration and entropic interactions,**> aggrega-
tion is by no means a trivial condition for fusion. It is assumed
that in vivo two bilayers are brought into close contact because
anchoring proteins pull them together.** For bilayers containing
anionic lipids, multivalent cations like calcium can be efficient
fusogenic agents.’** Calcium ions bind to the negatively
charged phosphate moieties in the lipid head groups, reducing
electrostatic repulsion, and removing large amounts of hydra-
tion water. In this way, binding of calcium ions induces local
hydrophobic domains at the bilayer surface.***® Furthermore,
although at low calcium ion concentration ‘cis’ (intravesicular)
binding prevails, at sufficiently high concentrations of calcium
ions ‘trans’ (intervesicular) binding occurs, which leads to an
additional bridging interaction between membranes, bringing
them into molecular contact. Many other divalent and trivalent
metal ions also induce aggregation of bilayers containing
negatively charged lipids. Alternatively, bilayers can be brought
into contact by polymer depletion interaction.5*¢!

Apart from bringing the bilayers together, effective fusogenic
agents must induce local perturbations in the structure of the
juxtaposed bilayers in order to permit the establishment of non-
bilayer intermediate structures leading to membrane fusion.
Proteins can cause local perturbations by insertion of a ‘fusion
peptide’ into a target membrane and/or conformational
changes upon insertion. Depending on the membrane lipid
composition, calcium ions may induce domain formation %6263
or phase transitions of the liquid crystalline bilayer to a gel-like
lamellar state or an inverted hexagonal state,*****® both of
which can result in local differences in lateral compressibility
and packing defects. This makes the calcium ion unique
compared to most other metal ions, which can induce bilayer
aggregation, but not fusion. A local perturbation of the outer
leaflets must be induced in order to trigger membrane fusion
induced by poly(ethylene glycol).**¢!

The views on the molecular rearrangements that must occur
when two bilayer membranes merge into one have converged to
an almost generally accepted model. The model is normally
referred to as the modified stalk—pore theory of membrane
fusion and has been proposed by Markin et al.%” and further
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Fig. 8 Bilayer membrane fusion according to the stalk—pore model.
Adjacent bilayers establish a contact site, a narrow stalk is formed, and
the contact monolayers merge into a hemifusion diaphragm. Next, a
pore is formed in the hemifusion diaphragm, and full fusion is achieved.

developed by Chernomordik ®®% and Siegel.”*7* The primary
objective of the model (Fig. 8) is to provide a rearrangement of
lipid molecules that allows for membrane fusion with minimal
contact between the hydrophobic bilayer interior and the
aqueous environment. According to the stalk—pore hypothesis,
close approach of two bilayers is followed by the transient
establishment of a stalk-like structure in which the adjacent
(contact or ‘cis’) membrane leaflets have merged, but the distal
(non-adjacent or ‘trans’) leaflets remain intact. The driving
force for stalk formation is strong van der Waals interaction
between two adjacent bilayers. The Gibbs energy cost of stalk
formation largely resides in the required bending of the mem-
brane leaflets, and in the creation of hydrophobic voids at both
ends of the stalk. Next, the stalk should expand into a hemi-
fusion intermediate in which the two fusing compartments are
separated by one mutual bilayer membrane, the ‘trans mono-
layer contact’ (if it is small) or ‘bilayer diaphragm’ (if it is
larger), consisting of the distal membrane leaflets of the fusing
membranes. It is then proposed that either directly upon form-
ation, or as the diaphragm widens, a minute hole forms in the
diaphragm, leading to formation of a fusion pore of limited
size. Pore formation is thought to be reversible up to a certain
size, beyond which the pore irreversibly opens and full fusion is
achieved (Fig. 8).
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In sum, the modified stalk—pore model implies that bilayer
membrane fusion is a cascade of sequential events. Stalk forma-
tion and hemifusion should result in mixing of lipid molecules
in the outer membrane leaflets of fusing membranes. Fusion
pore formation should be reversible, and should be accom-
panied by mixing of lipids in the inner membrane leaflets as
well as the aqueous contents of the fusing membrane com-
partments. In addition, all stages of the fusion process should
be extremely sensitive to modification of the spontaneous
curvature of membrane leaflets (vide infra). This model of
membrane fusion is supported by experimental evidence from a
wide variety of bilayer membrane systems.®*¢!73

The stalk—pore model of membrane fusion is based on con-
siderations of hydrophobic attractions and curvature stress,
but does not take into account electrostatic interactions and
(de)hydration effects.®*”® However, complexation of calcium
ions to lipid head groups yields an essentially anhydrous
calcium-lipid complex. Therefore, it is not certain that this
model provides an accurate description of calcium-induced
bilayer fusion. Calcium-induced fusion of small vesicles of
phosphatidylserine has been described in terms of a so-called
‘rupture-reseal’ mechanism, in which the small vesicles initially
fuse into large lamellar sheets, which roll up into multilamellar
spiral lipid cylinders (‘cochleate cylinders’) that rearrange into
large unilamellar vesicles only upon removal of calcium ions by
EDTA.™" Vesicles rapidly lose their contents in the course
of these rearrangements. Calcium-induced fusion of vesicles of
the synthetic lipid sodium di-n-dodecyl phosphate proceeds in
a comparable way: small vesicles fuse into large flat vesicles,
which rearrange into tubular calcium-lipid lamellar crystals.”
However, for vesicles of many negatively charged lipids
(including phosphatidylserine) and vesicles of mixtures of
negatively charged and other lipids, there is ample evidence
for the occurrence of non-leaky fusion of small vesicles into
large vesicles.””””® The molecular rearrangements proposed for
such ‘tight’ calcium-induced fusion processes are similar to the
stalk—pore hypothesis.”’

Although it has been tacitly assumed that a decreased
propensity to fusion of polymerised bilayers in part explains
their increased colloidal stability,” there are no systematic
experimental studies of the fusion of vesicles of polymerised
lipids. The work reviewed here is based on the hypothesis that
when lipid mobility in the bilayer is restricted by means of
covalent oligomerisation of the lipids, calcium-induced bilayer
fusion will proceed more slowly and less efficiently. Calcium-
induced vesicle aggregation of vesicles should not be affected
by lipid oligomerisation. We carried out a systematic investi-
gation of calcium-induced fusion of small unilamellar vesicles
(50-100 nm) containing lipid oligomers either in both leaflets
or exclusively in the inner membrane leaflet. It should be
emphasised that the strict transmembrane asymmetry makes
these vesicles fundamentally different from mixed liposomes of
fusogenic and non-fusogenic lipids (such as phosphatidylserine
and phosphatidylcholine®** or phosphatidic acid and phos-
phatidylcholine®), which are known to fuse progressively
more slowly as the phosphatidylcholine content is increased.
Also, these vesicles are different from liposomes composed
of membrane-spanning, ‘bolaform’ lipids, which are known to
exhibit very slow fusion due to the fact that the membrane
leaflets cannot diffuse independently.®*

4.1 Calcium-induced fusion of vesicles of lipids with B-nitro-
styrene head groups

The extent and the rate of lipid mixing during vesicle fusion
were measured by the n-octadecyl rhodamine (R18) assay.®®
Under certain circumstances this assay disagrees with other
fusion assays.’® The resonance energy transfer (RET) assay
employing rhodamine and NBD-labelled phosphatidylethanol-
amine® (NBD is 7-nitro-2,1,3-benzooxadiazole) or assays
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Fig. 9 Calcium ion concentration dependence of the extent of
symmetric fusion of small vesicles of 1-5; A, 1; <, 2; [0, 3; O, 4; V, 5.
Extents of fusion were recorded by the R18 assay for lipid mixing at
50 °C (60 °C for 4).

employing pyrene-labelled lipids® provided no suitable altern-
ative since the BNS moiety inhibits efficient NBD or pyrene
excitation, either through quenching or absorbance in the
excitation wavelength range. However, the R18 and the RET
assay yielded identical results for calcium-induced fusion
of small vesicles of 5 (which does not interfere with NBD
excitation), and therefore the R18 assay was employed with
confidence. Moreover, in all experiments it was carefully veri-
fied that no probe exchange occurred spontaneously, and probe
dilution was not observed in the absence of unlabelled vesicles.

An overview of the extent of fusion of small vesicles of BNS
lipids (50-100 nm, prepared by sonication) as recorded by the
R18 assay is presented in Fig. 9. All lipid vesicles fuse efficiently
and rapidly. Small vesicles of lipids with short alkyl chains fuse
more efficiently than small vesicles of lipids with longer alkyl
chains (1 >2>3>4). Hydrolysis of the BNS moiety has a
marginal effect on the extent of fusion of small vesicles (com-
pare 3 and 5). No significant fusion occurs below the main
phase transition temperature of the bilayers.

Vesicle fusion was examined in more detail for small vesicles
of 3 at 50°C. The extent of fusion was dependent on the
calcium ion concentration: fusion is negligible below 0.5 mM
of calcium ion, increases with calcium ion concentration up
to 5 mM, and levels off at higher calcium ion concentrations.
Fusion is strongly inhibited by oligomerisation of the lipids
in the vesicles. No significant fusion occurs below 3 mM of
calcium ion. Interestingly, inhibition is comparable for vesicles
in which both membrane leaflets are oligomerised and vesicles
in which only the inner membrane leaflet is oligomerised. The
relative efficiency of inhibition is dependent on the calcium ion
concentration: it is maximal up to 3 mM, and decreases at
higher calcium concentrations. Similar observations were made
for the rate of fusion. Fusion is fastest at the highest calcium
concentrations, and is strongly retarded by oligomerisation of
the bilayer. Retardation of fusion is more than 95% at low cal-
cium ion concentration, and only slightly less at higher calcium
ion concentrations. Furthermore, fusion proceeds more slowly
in vesicles in which both membrane leaflets are oligomerised
than in vesicles in which only the inner membrane leaflet is
oligomerised. Comparable results were obtained for large
vesicles of 3 and also for small vesicles of 1.

The results from the lipid mixing assays were confirmed by
TEM experiments with negatively-stained samples of vesicles
of 1 and 3 prior to and after fusion (Fig. 10). The micrographs
show the disappearance of most small vesicles and a large over-
all increase in vesicle diameter that occurs upon induction of
fusion. In contrast, extensive aggregation, but no fusion is
found for vesicles in which both membrane leaflets have been



Fig. 10 Electron microscopy of vesicles of lipid 3. (A) Small vesicles.
(B) Large vesicles that result from the vesicles in (A) after addition of
calcium chloride (5.0 mM), 2 min incubation at 50 °C, and quenching
with EDTA. (C) Persistence of small vesicles of oligomerised lipid 3
after addition of calcium chloride at 50 °C. PTA (phosphotungstic acid)
negatively-stained EM on formvar/carbon support. Scale bar represents
500 nm. (Reproduced by permission from Biophys. J 1999, 76,
374-386).

oligomerised. These findings were corroborated by QELS,
which provided the average changes in vesicle diameter during
the fusion process and confirmed the results of the R18 assays
and TEM.

4.2 Asymmetric vesicle fusion

In addition to the symmetric vesicle fusion experiments, several
asymmetric fusion experiments were monitored using the R18
assay. In these experiments, small vesicles of 3 were targeted
at small vesicles of 4, and vice versa. Since the experiments were
carried out at 50 °C, vesicles of 4 have a gel-like bilayer
(T <T,) and no symmetric fusion can take place. Vesicles of
3 have a liquid-crystalline bilayer (7" > T',,) and fusion occurs
readily—both symmetrically and asymmetrically—but sym-
metric fusion is not reported by the assay, since it does not
result in R18 dilution. Upon oligomerisation of the lipids in
the vesicles of 3 (and not in the vesicles of 4), lipid mixing is
inhibited and retarded. Both inhibition and retardation are
more pronounced when 3 is targeted at 4 than vice versa, and

both are clearly less pronounced in the asymmetric experiments
compared to the symmetric fusion experiments.

In a second set of asymmetric fusion experiments, vesicles of
1 were targeted at vesicles of 3. In order to monitor both lipid
mixing and contents leakage in the course of fusion, vesicles
of 3 were either labelled with R18 or loaded with carboxy-
fluorescein (CF). The experiments were carried out at 25 °C,
i.e. above T, of 1, but below T, of 3. Therefore, vesicles of 1
could fuse both symmetrically and asymmetrically, but vesicles
of 3 could only fuse asymmetrically. According to the R18
assay, vesicles of 1 targeted at vesicles of 3 fuse efficiently. No
significant leakage of CF is observed upon addition of calcium
chloride, indicating an essentially non-leaky fusion process.
However, CF is rapidly released after addition of EDTA,
i.e. after quenching of the fusion process and after break-up of
the aggregated clusters of fused vesicles. Hence, leakage during
fusion is limited, but leakage is significant from the large, mixed
vesicles of 1 and 3 that result from fusion. This conclusion is
consistent with the finding that vesicles of 3 are impermeable
to CF, whereas vesicles of 1 are leaky, and also with data indi-
cating that calcium-induced liposome fusion can occur with
retention of aqueous contents.”””® Also, CF leakage is second-
ary to lipid and contents mixing in calcium-induced fusion of
phosphatidylserine liposomes.® When vesicles of oligomerised
1 were targeted at vesicles of oligomerised 3, only minimal
extents of lipid mixing and contents release were observed: the
target vesicles retain their contents in the absence of fusion.
Again, in all experiments the extent of lipid mixing and con-
tents release increases with calcium ion concentration, but the
inhibition due to oligomerisation decreases.

4.3 Fusion of oligomerised bilayer vesicles

Oligomerisation of lipid molecules does not influence calcium-
induced vesicle aggregation, but strongly affects bilayer fusion
of vesicles of the BNS lipids. Fusion is inhibited up to ten-
fold in its extent, and fusion proceeds more than ten times
more slowly. Lipid mixing and contents release assays,
TEM and QELS yield consistent results. In all experiments,
the inhibitions are less pronounced than the retardations. Lipid
oligomerisation affects the kinetics rather than the extent of
bilayer fusion. In absolute terms, lipid mixing during calcium-
induced fusion of vesicles of BNS lipids occurs within 1-5 min,
depending on temperature and calcium ion concentration.
However, upon oligomerisation of the lipids, fusion proceeds
much more slowly and takes up to 20 min to arrive at much
lower final extents. Oligomerised lipid membranes fuse in slow
motion. Inhibition and retardation of fusion are similar for
vesicles in which only the inner membrane leaflet, or both the
outer and the inner membrane leaflets are oligomerised. The
additional inhibiting and/or retarding effect of oligomerisation
of the lipids in the outer membrane leaflet is almost negligible.
The composition of the inner rather than the outer membrane
leaflet controls completion of bilayer fusion.”

It is important to appreciate that the inhibitions that are
reported by the R18 assay are undoubtedly inhibitions of lipid
mixing as a result of fusion, and not inhibitions of the assay as
a result of slower lateral diffusion of the probe in the oligo-
merised membrane. Scrambling of lipid oligomers over the
vesicle occurs on a time scale of seconds, whereas slow fusion
requires up to 15 min.

The effect of lipid oligomerisation is dependent on three
parameters. Firstly, the effect is more pronounced when more
of the membranes participating are oligomerised, e.g compare
symmetric experiments (in which two oligomerised membranes
fuse) and asymmetric experiments (in which only one of
two fusing membranes is oligomerised). Secondly, the effect of
oligomerisation decreases at higher calcium ion concentration.
Presumably, more fusion contact sites can be established when
more calcium ion is present, resulting in more rapid fusion. This

J. Chem. Soc., Perkin Trans. 2, 2001, 1869-1886 1877



is consistent with the notion that calcium-induced liposome
fusion is normally aggregation rate-limited, but becomes fusion
rate-limited at high calcium ion concentration and reduced
fusion rate.®*® Finally, the effect of lipid oligomerisation
decreases with temperature. This is consistent with the concept
of oligomerised lipids posing a kinetic barrier for fusion.

Membrane fusion is a localised event in which two adjacent
membranes approach, establish a microscopic region of
‘molecular contact’, bend into sharply curved transient struc-
tures, and eventually merge into one continuous membrane.
This process demands flexibility of the membrane, which is
largely governed by the thermotropic state of the hydrocarbon
interior, the lateral diffusion coefficient of the lipid molecules,
and the spontaneous curvature of the membrane leaflets.

The propensity to fusion is low if not absent below the main
phase transition temperature of the membrane.®! In the gel-like
lamellar state, the hydrocarbon interior has a rigid packing,
lipids diffuse only slowly across and over the bilayer, and
the membrane is stiff compared to the fluid state above T,.
However, according to the DSC data, the influence of lipid
oligomerisation on the thermotropic phase behaviour of
the hydrocarbon interior is modest, and cannot be invoked
to explain the strong inhibition and retardation of fusion
observed upon oligomerisation.

Rapid lateral diffusion of the lipid molecules in the mem-
brane is a prerequisite for efficient membrane fusion. The
molecular rearrangement of the lipid bilayers required in the
course of fusion will only take place at an appreciable rate
if the lipid molecules have a sufficient degree of freedom.
Oligomerisation of the BNS lipid head groups results in a
large reduction of the lipid lateral diffusion coeflicient. If both
the inner and the outer membrane leaflets are oligomerised,
fusion is probably inhibited because the membrane will resist
formation of membrane defects that might otherwise result
in stalk-like fusion intermediates. If only the inner membrane
leaflet is oligomerised, stalks may be formed but fusion pore
formation is expected to be very slow. These considerations
explain the strong inhibition and retardation of membrane
fusion, even if the oligomerisation is induced in the inner
membrane leaflet only. The observation that inhibition and
retardation of fusion decrease with temperature is consistent
with the notion of a decreased lateral diffusion of the oligo-
merised lipids: at higher temperatures, lateral diffusion is faster,
and the effects of lipid oligomerisation diminish.

Concerning the spontaneous curvature of the bilayer, hemi-
fusion is inhibited by lipids with a positive curvature (tending
to form micelles) in the outer membrane leaflet, because they
disfavour formation of stalk-like fusion sites with negative
curvature.”® In some cases, lipids with negative curvature
(tending to form inverted phases) have a modest promoting
effect.” In contrast, fusion pore formation and full fusion
benefit from the presence of lipids with a positive curvature in
the inner membrane leaflet, whereas lipids with a negative
curvature have a strongly inhibiting effect.”® The head groups
of BNS lipids pack closer upon oligomerisation, which would
promote increased negative curvature of the oligomerised
membrane leaflet.**** Thus, pore formation and full fusion
would be inhibited if the inner membrane leaflet is oligomer-
ised. This conclusion implies that hemifusion can occur, but
full fusion is inhibited. The change of bilayer spontaneous
curvature upon oligomerisation of the outer membrane leaflet
may have only a small effect on membrane fusion.”

The role of calcium ions in the stages of the fusion process is
not clear beyond the establishment of a region of molecular
membrane contact. It is assumed that calcium-induced bilayer
fusion is triggered by changes in lateral compressibility and
structural defects that result from binding of calcium ions to
negatively charged lipid head groups.’” One could speculate that
structural defects as well as phase transitions are kinetically
suppressed in bilayers of oligomerised lipids, and that this
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suppression poses an additional barrier to calcium-induced
fusion. Similarly, it is anticipated that structural defects and
phase transitions occur more readily in bilayers of lipids with
short hydrophobic chains than in bilayers of lipids with long
hydrophobic chains, which may explain why the former fuse
more readily.

5 Electron microscopic investigations of calcium-induced fusion
of vesicles with an oligomerised inner membrane leaflet*!

Structural characterisation of the lipid bilayer rearrangements
in the course of membrane fusion is a long-standing challenge
to electron microscopists. The main obstacle is the inherent
transient and local nature of the fusion event. In addition,
potential artefacts that arise during sample preparation
frustrate electron microscopic studies. Staining, dehydration,
vitrification, fracturing, and shear during blotting and film
formation all pose risks to the fragile lipid structures that may
occur during membrane fusion.”® Our work using BNS lipids
stems from the assumption that the oligomerisable lipid vesicles
present a promising avenue towards structural characterisation
of intermediate structures of membrane fusion. Bilayer vesicles
of BNS lipids can be oligomerised exclusively in their inner
leaflet, resulting in membranes with an extreme transverse
asymmetry: while the outer leaflet is prone to fusion, the inner
leaflet is not. The stalk—pore model of membrane fusion pre-
dicts that extensive hemifusion can occur between such bilayers,
whereas full fusion will be strongly inhibited.”

Cryogenic transmission electron microscopy (c-TEM)** was
chosen as a tool to examine the morphological changes of
vesicles of lipids 1 and 3 in the course of calcium-induced
fusion. In contrast to conventional TEM of negatively-stained
samples, c-TEM is able to resolve the individual leaflets of
bilayer vesicles. The experimental work reviewed here required
a compromise between optimal conditions for ¢-TEM and
limitations inherent in the model system of calcium-induced
vesicle fusion. c-TEM would benefit from high lipid concen-
trations, large vesicle diameters (ca. 200 nm), and spherical
symmetry, since in transmission view of a thin, vitrified film
this would result in a neat coplanar arrangement of spheres
in which interactions of adjacent bilayer membranes can be
optimally resolved. On the other hand, selective exo-vesicular
hydrolysis of the BNS lipids limits the lipid concentration
(<2 mM). Moreover, it was found that 1 and 3 do not yield
perfectly spherical vesicles under all conditions, and binding of
calcium ions can lead to formation of very dense aggregates,
which are not easily resolved by c-TEM.

5.1 Morphology and calcium-induced fusion of vesicles formed
from lipid 3

Initially, several c-TEM experiments were carried out using
formvar/carbon-coated grids as support for the vitrified sample
solution. Addition of calcium chloride (2.5 mM) to sonicated
vesicles with an oligomerised inner leaflet, incubated above
T .., resulted in the formation of small aggregates of vesicles
(Fig. 11). The two leaflets composing the vesicle bilayer can
clearly be discriminated as two separate lines separated by ca.
4 nm. Several of the aggregated vesicles share a common bilayer
diaphragm. Possibly, this diaphragm is the result of hemifusion
of these vesicles. We assume that the ‘slow motion fusion’ of
the vesicles with an oligomerised inner leaflet increases the
probability of vitrification of this intermediate stage of the
fusion process. In several cases, the diaphragm extends over
more than 20 nm. The diaphragms extending furthest show
signs of rupture, indicating instability of the arrested bilayer
conformation. We note that occasional superposition, instead
of hemifusion, of two vesicles can also be observed (Fig. 11).
Admittedly, the preparation of c-TEM samples on a formvar/
carbon-coated support film may suffer from possible artefacts
arising from absorption of the vesicles to the surface of the
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Fig. 11  Arrested hemifusion of vesicles of lipid 3 with an oligomerised
inner bilayer leaflet. c-EM on formvar/carbon support. Scale bar
represents 100 nm. (Reprinted from Chem. Phys. Lipids, 109, Electron
microscopic investigation of the morphology and calcium-induced fusion
of lipid vesicles with an oligomerised inner leaflet, B. J. Ravoo, M. C. A.
Stuart, A. D. R. Brisson, W. D. Weringa and J. B. F. N. Engberts, 63-74.
Copyright 2001, with permission from Elsevier Science.)

extrusion through 200 nm polycarbonate membranes. c-EM on holey
carbon support. Scale bar represents 200 nm. (Reprinted from Chem.
Phys. Lipids, 109, Electron microscopic investigation of the morphology
and calcium-induced fusion of lipid vesicles with an oligomerised inner
leaflet, B. J. Ravoo, M. C. A. Stuart, A. D. R. Brisson, W. D. Weringa
and J. B. F. N. Engberts, 63-74. Copyright 2001, with permission from
Elsevier Science.)

support film. Therefore, Fig. 11 does not present unequivocal
evidence of hemifusion of vesicles with an oligomerised inner
leaflet.

Next, the samples were examined using vitrified aqueous
films on holey carbon-coated copper grids in order to exclude
the influence of surface adsorption of the aggregated vesicles.
Under these experimental conditions, the bilayers could only be
resolved as a single dark line. Surprisingly, control experiments
showed that vesicles of 3 are flattened, ellipsoidal structures
rather than spheres (Fig. 12). The morphology was not affected
by the method of preparation of the vesicles (sonication, extru-
sion, dialysis), by the temperature of sample preparation, by the
use of a Controlled Environment Vitrification System® for
sample preparation, by oligomerisation of the inner leaflet, or
by the ionic strength of the vesicle medium. The morphology
is inherent to the molecular structure of 3. This has also
been observed for vesicles of several other synthetic lipids.**’
The atypical morphology of these vesicles can easily remain
unnoticed in samples that are prepared on a formvar/carbon
support, since vesicles tend to adsorb with their flattened side to
the supporting film and appear spherical in projection (Fig. 10).
Unfortunately, the irregular features of the flattened vesicles
lead to an extremely complicated projection view. Aggregation
and (hemi)fusion of such vesicles further increase the com-
plexity, and it becomes difficult to discriminate between bilayer
aggregation and (hemi)fusion, and to check the integrity of the
bilayers.

5.2 Calcium-induced fusion of vesicles formed from lipid 1

Vesicles of lipid 1 display the anticipated smooth and spherical
morphology when they are examined by c-TEM using a holey
carbon-supported vitrified film of a sample solution. The
bilayer is observed as a single dark line. As anticipated, the
vesicles have a spherical morphology irrespective of their
size and method of preparation, and the ionic strength of the
aqueous medium. If vesicles are prepared by extrusion through
a 200 nm polycarbonate membrane, so-called ‘vase-like’ vesicles
with large invaginations are frequently encountered.”®®

Upon addition of calcium chloride (5 mM) to small or large
vesicles of 1, aggregates with diameters up to 300 nm are
formed within 30 s. These aggregates have high density and
a regular spacing of ca. 3 nm can be observed in the lipid
packing. This spacing corresponds to the width of a dodecyl
lipid bilayer, but it is too short for hydrated lipid bilayers at
equilibrium distance, as in multilamellar vesicles. Possibly, the
dense packing indicates almost completely dehydrated aggre-
gates of calcium ions and 1, as observed for phosphatidyl-
serine”™ and for phosphatidylglycerol.'” Upon addition of a
four-fold excess of EDTA (relative to calcium ion) to the aggre-
gates, they disperse within a few seconds and a solution of large
unilamellar vesicles results. The formation of large aggregates
upon calcium addition and the formation of large unilamellar
vesicles upon EDTA addition are consistent with our QELS
data.

It was observed that large vesicles of 1 (prepared by extrusion
through a 200 nm polycarbonate membrane) show a mor-
phological response to selective oligomerisation of the inner
membrane leaflet: they lose their smooth spherical appearance
and show invaginations as well as protrusions. Small vesicles
(prepared by extrusion through a 100 nm membrane or by soni-
cation) do not show such a morphological response. Possibly,
the invaginations and protrusions are a consequence of the
increased negative curvature of the inner leaflet as a result of
oligomerisation of the head groups of the lipids in the inner
leaflet. A similar curvature effect has been observed for other
polymerisable lipids.**'"" We assume that monolayer destabil-
isation as a result of curvature strain affects the morphology of
bilayers of 1 but not of 3 because of the shorter hydrophobic
chains that hold the bilayer together. Also, we assume that it
affects large vesicles but not small ones, because small vesicles
cannot respond due to inherent curvature restraints.

Upon addition of calcium chloride to small vesicles of 1 with
an oligomerised inner leaflet, the formation of aggregates of
ca. 100 nm diameter was observed. These aggregates are much
smaller than those observed upon addition of calcium chloride
to small vesicles of 1 without oligomerisation of the lipid head
groups in the inner leaflet. Some aggregates contain only two
or three vesicles. However, most aggregates were considerably
larger and denser, showing closely packed multilayer rims. The
aggregates become larger if either the calcium concentration
or the incubation time is increased. The spacing of the rims
is about 3 nm, as observed in the dense, calcium-induced
aggregates of non-oligomerised vesicles. Upon addition of
EDTA, the vesicles with an oligomerised inner leaflet behave
very differently compared to the vesicles that are not oligo-
merised: the calcium-lipid aggregates disperse slowly into
relatively small, bilamellar vesicles. In addition, networks of
thread-like, branched unilamellar vesicles were observed that
extend over several microns (Fig. 13). These rearrangements
occur on a time scale of several min. The thread-like vesicles
appear to grow from the aggregates. The width of the threads is
variable, but no less than about 20 nm, as expected for two
bilayers of charged lipids at equilibrium distance.

Thus, vesicles formed from lipid 1 fuse into dense aggregates
upon addition of calcium chloride, but do so more slowly if
they contain an oligomerised inner leaflet. In the latter case,
fusing vesicles cannot be arrested in a hemifused intermediate
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Fig. 13 Network of threads formed from vesicles of lipid 1 with an
oligomerised inner bilayer leaflet incubated with calcium chloride (5.0
mM) for 30 s, then with EDTA (25 mM) for 30 s. c-EM on holey carbon
support. Scale bar represents 200 nm. (Reprinted from Chem. Phys.
Lipids, 109, Electron microscopic investigation of the morphology and
calcium-induced fusion of lipid vesicles with an oligomerised inner leaflet,
B. J. Ravoo, M. C. A. Stuart, A. D. R. Brisson, W. D. Weringa and J. B.
F. N. Engberts, 63-74. Copyright 2001, with permission from Elsevier
Science.)

stage, as was occasionally observed in the case of vesicles of
3 with an oligomerised inner leaflet. It is likely that the stability
of hemifusion intermediates decreases with decreasing hydro-
phobic chain length of the lipid molecules.”

On the other hand, vesicles formed from lipid 1 with an oligo-
merised inner leaflet fuse into multilamellar aggregates. The
aggregates are dehydrated as a result of efficient binding of
calcium ions to the head groups of 1, which is reflected by the
clos