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Abstract

The proton-induced isothermal fusion of unilamellar lipid vesicles (Duzgunes et al., Biochemistry 24 (1985) 3091^3098) is
compared with the lamellar (LK)Chexagonal (HII) phase transition of multilamellar lipid dispersions. Both lipid systems are
composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) and oleic acid (OA) at a 7:3 molar ratio.
Using solid-state phosphorus-31 nuclear magnetic resonance (31P-NMR) it is demonstrated that the multilamellar lipid
dispersions are in the bilayer state at physiological pH and undergo a LKCHII phase transition between pH 6.3 and 5.7. This
phase transition can also be induced at constant pH by increasing the temperature. The midpoint of the temperature-induced
LKCHII transition is Th = 56³C (at pH 7.4) and the corresponding transition enthalpy is vH = 0.7 þ 0.1 kcal/mol as
determined with differential scanning calorimetry. Both the proton-induced and the temperature-induced phase transition
can be completely inhibited by addition of 30 mol% of 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC). In a
second set of experiments unilamellar vesicles are prepared either by sonication or by extrusion through polycarbonate filters
at pH 7.4 and are titrated into buffer at pH 5.7. The proton-induced fusion of the lipid vesicles is monitored with isothermal
titration calorimetry, light scattering and fluorescence spectroscopy. The fusion reaction is characterized by an endothermic
enthalpy of vH = 0.5 þ 0.2 kcal/mol (at 28³C). The fusion enthalpy is independent of the vesicle diameter and is only slightly
reduced by an increase in temperature to 50³C. Vesicle fusion is accompanied by an increase in light scattering, indicating the
formation of larger lipid structures. The transition from unilamellar vesicles to fused lipid structures occurs in the same
narrow pH range of 6.3^5.7 as observed for the LKCHII transition of multilamellar dispersions. Vesicle fusion can be
inhibited with 30% LPC. The virtually identical set of parameters found for the LKCHII phase transition and the vesicle
fusion reaction suggests that vesicle fusion also entails a LKCHII phase transition. ß 1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Non-bilayer arrangements of phospholipids, such
as the inverted hexagonal (HII) phase and the in-
verted cubic (III) phase can be formed under a vari-
ety of conditions. They are believed to play an im-
portant role as transient structures in complex
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biological processes such as membrane fusion (for a
recent review cf. [1]) and are also implied as struc-
tural features in tight junctions [2]. Non-bilayer
structures and the conditions needed for their forma-
tion have therefore been the subject of a large body
of both experimental and theoretical work [3^7]. The
lamellar (LK)Chexagonal (HII) phase transition has
been investigated experimentally as a function of
temperature, degree of hydration, and salt concentra-
tion using X-ray di¡raction, electron microscopy and
31P-NMR [8^10]. Di¡erential scanning calorimetry
was used to determine the transition temperature
and the enthalpy of the thermotropic LKCHII reac-
tion for a variety of lipid mixtures [11^14]. A theo-
retical concept consistent with the experimental ob-
servations is the `shape model' originally proposed
by Israelachvili and coworkers [15,16]. According
to this model the lipid molecules are considered as
building blocks of di¡erent shapes, i.e. they are as-
sumed to adopt either cone-shaped, cylindrical or
inverted-cone shaped structures. Depending on the
experimental conditions and the membrane composi-
tion the interplay of di¡erent geometries leads to the
formation of micelles, bilayers, or hexagonal phases,
respectively. The best studied examples of non-bi-
layer lipids are phosphatidylethanolamines (PE)
which exhibit a high tendency to form the inverted
hexagonal (HII) phase. Phosphatidylethanolamines
are common constituents of biological membranes
and are thought to play an essential role in the for-
mation of non-bilayer intermediates necessary for
cell fusion and ¢ssion. Possible geometries of such
intermediate structures in the transition pathways
have been proposed and the free energy change in-
volved in their formation has been estimated theoret-
ically [3,4,17,18].

The great majority of experimental data relates to
a thermally induced LKCHII phase transition. Here
we use a di¡erent approach and induce the LKCHII

transition by a pH change. The studies are per-
formed with either multilamellar phospholipid
dispersions or unilamellar lipid vesicles composed
of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanol-
amine (POPE) in mixture with oleic acid (OA), typ-
ically at a mixing ratio of POPE/OA = 7:3 (mol/mol).
The phase behavior of the multilamellar dispersions
is monitored with solid-state phosphorus-31 nuclear
magnetic resonance (31P-NMR) as a function of pH

and temperature. Unilamellar vesicles prepared by
sonication of the same lipid mixture are stable at
physiological pH but aggregate and fuse upon low-
ering the pH to 5.7 [19]. We measure the fusion
process with high sensitivity titration calorimetry by
injecting POPE/OA vesicles into low pH bu¡er and
compare the thermodynamic parameters of the fu-
sion reaction with those of the LKCHII transition.
The data provide new molecular insight into the fu-
sion reaction.

2. Materials and methods

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanol-
amine (POPE) was a product of Avanti Polar Lipids
(Birmingham, AL, USA). 1-Palmitoyl-2-hydroxy-sn-
glycero-3-phosphocholine (LPC) and oleic acid (OA)
were purchased from Fluka with purities s 99%
(TLC). All chemicals were used without further pu-
ri¢cation. Bu¡ers were prepared from 18 M6 water
obtained from a Nanopure A ¢ltration system.

2.1. Preparation of vesicles

POPE and oleic acid were mixed as chloroform
solutions to yield a POPE/OA ratio of 7:3 (mol/
mol) and dried under a stream of nitrogen, followed
by high vacuum for 1 h in the dark. Dichlorometh-
ane (0.3 ml) was added and again evaporated under
nitrogen. High vacuum was applied overnight. The
lipid ¢lm was hydrated in a de¢ned amount of bu¡er
(10 mM Tris, pH 7.4; 100 mM NaCl, lipid concen-
tration CLW2 mg/ml) and the sample vortexed vig-
orously for 2^4 min.

Small unilamellar vesicles (SUV) were prepared by
sonication (4³C) for 20^30 min until the solution
became transparent. The sample was centrifuged
for 8 min in an Eppendorf table top centrifuge at
high speed (14 000 rpm) to remove metal debris
and large particles. The supernatant had a slightly
opalescence appearance and was stored at 4³C in
the dark until use.

Large unilamellar vesicles (LUV) of diameter
dW400, 100 and 50 nm were obtained by extrusion
of multilamellar lipid suspensions through polycar-
bonate ¢lters (Nuclepore, Pleasanton, CA) [20,21].
The dried lipid was suspended in bu¡er, vortexed,
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and freeze^thawed for ¢ve cycles. Unilamellar
vesicles of the desired diameter were extruded under
nitrogen pressure through ¢lters by stepwise decreas-
ing the pore size (d = 400 nm, d = 200 nm, d = 100 nm,
and d = 50 nm, ¢ve times for each ¢lter).

Lipid concentrations were determined gravimetri-
cally by carefully weighing the samples and by add-
ing de¢ned amounts of bu¡er.

2.2. High sensitivity isothermal titration calorimetry

High sensitivity titration experiments were per-
formed with a MicroCal Omega isothermal titration
calorimeter (Microcal, Northampton, MA, USA) as
described previously [22]. To avoid air bubbles, sol-
utions were degassed under vacuum prior to use. The
calorimeter was calibrated electrically. The data were
acquired by computer software developed by Micro-
Cal. Data was collected and processed with the soft-
ware package `Origin' developed by MicroCal.

2.3. Di¡erential scanning calorimetry

Di¡erential scanning calorimetry experiments were
made with a Microcal MC-2 scanning calorimeter
(Microcal, Northampton, MA, USA). POPE and
oleic acid were mixed in chloroform and dried under
a stream of nitrogen. High vacuum was applied over-
night. A de¢ned amount of bu¡er was added to the
lipid ¢lm to yield lipid concentrations of CLV5 mg/
ml. The suspension was vortexed extensively and
subjected to several freeze^thaw cycles. After degass-
ing, the samples were loaded into the calorimeter
cell. The reference cell contained bu¡er. Heating
scans were performed at a scan rate of 45 K/h.
Data was collected and analyzed by the software
package `Origin' developed by MicroCal.

2.4. NMR measurements

Solid-state 31P-NMR measurements of membranes
were recorded on a Bruker MSL 400 NMR spec-
trometer operating at a phosphorus-31 frequency of
161 MHz. A spin echo sequence with gated proton-
decoupling was used. The recycling delay was 5 s, the
Z/2 pulse width 3.05 Ws and the interpulse spacing 40
Ws. Between 8000 and 12000 free induction decays
were accumulated. Usually V10 mg of lipid (POPE

and OA with or without LPC) were mixed in organic
solvent. The solvent was evaporated with a stream of
nitrogen and bu¡er of di¡erent pH (V5 ml) was
added. The suspension was vortexed extensively,
and subjected to V10 freeze^thaw cycles. Next the
lipid suspension was centrifuged at 400 000Ug for 30
min (4³C) in a Beckman TL-100 ultracentrifuge and
31P solid-state nuclear magnetic resonance spectra
were recorded at 301 K from the pellets.

3. Results

3.1. 31P-NMR measurements of multilamellar lipid
dispersions

The LKCHII transition of PE containing lipid
mixtures has been investigated in detail in the past.
In most of these studies the transition was induced
by increasing the temperature or changing the degree
of hydration [8,23,24]. In the present work, the tran-
sition is induced by a moderate acidi¢cation of the
lipid mixture at room temperature.

Fig. 1A shows a 31P-NMR spectrum of a lipid
dispersion composed of 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphoethanolamine (POPE) and oleic acid
(OA) (7:3 molar ratio) at pH 7.4 and 28³C. The
asymmetric spectrum with a low ¢eld shoulder and
a high ¢eld peak, separated by vc=338.0 ppm, is
characteristic of a lipid bilayer [25,26]. Fig. 1C shows
the same lipid mixture at pH 5.7 (28³C). The spec-
trum is reversed in sign and narrowed by a factor of
2. This type of spectrum is typical for a hexagonal
arrangement of the lipid molecules [26,27]. Fig. 1B
was recorded at an intermediate pH of 6.2 and the
spectrum corresponds to a superposition of Fig. 1A
and C. Composite spectra like that shown in Fig. 1B
were found in a rather narrow pH range of 5.79 6.3.
Fig. 1A^C provides evidence for a proton-induced
lipid phase transition from the lamellar (LK) to a
hexagonal phase, most probably the HII phase, at a
constant temperature of T = 28³C. The midpoint of
the transition is at pH V6.0.

Lysophosphatidylcholines have been shown to in-
hibit the formation of hexagonal phases. This bilayer
stabilizing e¡ect of lysophosphatidylcholines on
model lipid bilayers has been demonstrated recently
by 31P-NMR [28,29]. Fig. 1D then con¢rms the bi-
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layer stabilizing properties of LPC also for the
present lipid mixture of POPE and oleic acid. Spec-
trum 1D arises from a ternary mixture containing
POPE, oleic acid, and, in addition, 1-palmitoyl-2-hy-
droxy-sn-glycero-3-phosphocholine (LPC) (POPE/
OA/LPC = 5:2:2, mol/mol/mol) measured at a low
pH of 5.7. The spectrum is again typical for a lipid
bilayer. It demonstrates that lysophosphatidylcholine

inhibits the pH-induced formation of the hexagonal
phase and stabilizes the POPE/OA bilayer at low pH.

3.2. Fusion of unilamellar vesicles studied with
titration calorimetry

Lysophosphatidylcholines have also been shown to
inhibit the fusion of both arti¢cial and biological
membranes [30^34]. We have taken advantage of
this phenomenon to investigate the thermodynamics
of the proton-induced fusion of lipid vesicles with
high sensitivity titration calorimetry. Vesicles com-
posed of POPE and oleic acid were prepared at pH
7.4. These lipid suspensions were injected into a cal-
orimeter cell containing low pH bu¡er to induce the
fusion reaction [19]. As a control, vesicles were incu-
bated with LPC prior to acidi¢cation. These bilayer
vesicles have lost the ability to fuse when titrated
into low pH bu¡er and were used to correct for
the enthalpy of bu¡er protonation.

Fig. 2A (solid line) shows three consecutive injec-
tions (10 Wl) of sonicated unilamellar vesicles (POPE/
OA (7:3), CL = 4.94 mM, pH 7.4) into the reaction
cell (V = 1.3353 ml) which contained bu¡er at pH
5.7. The reaction is fast and ¢nished within the
time resolution of the calorimeter. The reaction en-
thalpy per injection is obtained by integration of the
area underneath the calorimeter tracing and is dis-
played in Fig. 2B (closed circles). It is constant for all
three injections and amounts to h =332.7 Wcal (Fig.
2B and Table 1). In the control experiment, the lipid
suspension was incubated with LPC (added from an
aqueous stock, LPC/POPE/OA = 1:5:2, mol/mol/
mol) prior to titration. As can be seen from Fig.
2A (dashed line) titration of these liposomes into

Fig. 1. 31P-NMR spectroscopy of multilamellar lipid dispersions
composed of POPE, oleic acid and lysophosphatidylcholine.
Proton-induced LKCHII transition at varying pH. Samples
were prepared as described in Section 2. (A) POPE/OA (7:3,
mol/mol) in 10 mM Tris, pH 7.4, chemical shielding anisotropy
vc=338.0 ppm. (B) POPE/OA (7:3) in 10 mM MES, pH 6.2.
(C) POPE/OA (7:3) in 10 mM MES, pH 5.7, vc= +19.6 ppm.
(D) LPC/POPE/OA (2:5:2) in 10 mM MES, pH 5.7,
vc=335.1 ppm. The 31P chemical shielding anisotropy (vc)
was evaluated from the separation between the low-¢eld and
the high-¢eld shoulder at half-height of the signal intensity.
T = 28³C.
6
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low pH produces a distinctly more exothermic reac-
tion heat of hc =357.0 Wcal (Fig. 2B (open circles)
and Table 1). In the absence of LPC the lipid vesicles
fuse [19], in the presence of LPC the vesicles remain
unaltered. Hence, the di¡erence of the two reaction
enthalpies yields the heat of the fusion reaction as
Nh = h3hc =332.73(357) Wcal = +24.3 Wcal. In each
injection nL = 49.4 nmol of lipid (POPE+OA) were
injected. The molar heat of reaction therefore is en-
dothermic with vH = Nh/nL = +490 cal/mol. The ex-
periment was repeated at di¡erent lipid concentra-
tions. The values of h and hc varied with the lipid

concentrations, but the molar heat of reaction was
virtually unchanged (Table 1). The in£uence of the
vesicle size on the reaction enthalpy was also inves-
tigated by using extruded vesicles of di¡erent diam-
eter. vH was found to be independent of the vesicles
size with vH = +0.5 þ 0.1 kcal/mol in all cases (Table
1).

In the above experiments, the pH jump was large
enough (vpH = 1.7) to induce complete fusion. Next
the pH in the reaction cell was decreased in small
steps from pH 7.4 while the injected vesicles were
left at pH 7.4. Fusogenic vesicles without LPC
(heat of reaction hf ) were compared with fusion-in-
hibited vesicles with LPC (heat of reaction hfi). The
results are presented in Fig. 2C,D, Fig. 3 and in
Table 1. For pH = 6.3 no di¡erences in the reaction
heats of liposomes with and without LPC were ob-
served. An example is shown in Fig. 2C where soni-
cated vesicles (pH 7.4) are injected into bu¡er at pH
6.3. Vesicles with and without LPC produce identical
heats of reaction of hW350 Wcal which arises exclu-
sively from the pH di¡erence between the two solu-
tions. In separate control experiments LPC solutions
(pH 7.4) without other lipids were injected into bu¡-
er at low pH. The observed heats of reaction were
identical with bu¡er-into-bu¡er titrations with the
same pH di¡erence.

If the pH in the calorimeter cell falls below pH 6.3
the fusion reaction is initiated and hf di¡ers from hfi.
Fig. 3A then summarizes the pH dependence of the
reaction enthalpy vH of the fusion process. Note the
very steep transition with a midpoint at pH 6.0. vH
reaches its maximum value at pH V5.7, i.e. the tran-
sition takes place within V0.6 pH units.

The structural changes accompanying vesicle fu-
sion were further characterized with light scattering
and £uorescence resonance energy transfer (RET).
The results are summarized in Fig. 3B. The data
are normalized according to a= (aobs3amin)/
(amax3amin) where amin (amax) is the minimum (max-
imum) scattering or £uorescence intensity without
(with) fusion. The scattering intensity increases with
decreasing pH indicating the formation of larger lip-
id particles. The change in the light scattering inten-
sity occurs in the same narrow pH interval of
vpH = 0.6 as detected by isothermal titration calo-
rimetry. For the £uorescence experiment, POPE/OA
(7:3 mol/mol) vesicles were prepared which con-

Fig. 2. Titration calorimetry of unilamellar vesicles of POPE
and OA. Proton-induced fusion and inhibition by LPC. (A) 10
Wl of soni¢ed lipid vesicles (POPE/OA (70:30, mol/mol), 4.94
mM lipid concentration in 10 mM Tris, pH 7.4; 100 mM
NaCl) were injected into the reaction cell (V = 1.3353 ml) which
contained low pH bu¡er (10 mM MES, pH 5.7; 100 mM
NaCl, T = 28³C) (solid line). The experiment with LPC-treated
liposomes (LPC/lipid = 1:7, mol/mol, CL = 4.94 mM) is shown
as a broken line. The reference cell contained 10 mM MES, pH
5.7; 100 mM NaCl. Negative peaks represent exothermic reac-
tions. (B) Heats of reaction obtained by integration of the area
under the calorimeter tracings. Data from LPC treated and un-
treated liposomes is shown as open and closed circles, respec-
tively. The solid and the dashed lines are the mean values of
the heats of reactions of the untreated and the LPC-treated lip-
osomes, respectively. (C,D) As (A) and (B) except that the reac-
tion (and the reference) cell contained bu¡er at pH 6.3 (non-fu-
sogenic pH).
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tained two lipid-bound dyes, NBD-PE and rhod-
amine-PE, at such concentrations that the NBD £u-
orescence was e¤ciently quenched by rhodamine
(data not shown). These vesicles were then mixed
with non-labeled vesicles of the same composition.
Next, the mixture was injected into low pH bu¡er.
Due to vesicle fusion the quencher dye was diluted
out and the NBD £uorescence increased. The nor-
malized change of the NBD £uorescence as a func-
tion of pH is practically superimposable onto the
light scattering data (cf. Fig. 3B, solid symbols).
Upon addition of LPC the fusion reaction was in-
hibited. Neither the light scattering intensity nor the
NBD-£uorescence were found to increase (Fig. 3B,
open symbols).

Titration calorimetry o¡ers a possibility to deter-
mine the critical LPC concentration necessary to in-
hibit fusion. To this purpose, fusogenic vesicles were
titrated into low pH bu¡er containing LPC at vary-
ing concentrations. Only if the LPC concentration in
the membrane is su¤ciently high will the fusion re-
action be blocked. Fig. 4A then shows the titration
of liposomes (100 nm vesicles) composed of POPE

and oleic acid (7:3 mol/mol; pH 7.4) into a solution
of 50 WM LPC at pH 5.7. Each step corresponds to
the injection of 20 Wl lipid suspension (CLV4.5 mM)
into the reaction cell. The lower panel (Fig. 4B)
then summarizes the heat of reaction for each step.
Upon addition of lipid, LPC rapidly partitions
into the lipid membrane. During the ¢rst few in-
jections the LPC concentration in the membrane is
su¤ciently high to inhibit the fusion reaction. With
increasing injections of lipid, less and less free LPC
will be present. If the free LPC concentration falls
below a critical limit, newly added bilayer vesicles
will start to fuse. Hence phospholipid vesicles are
stable only during the initial phase of the titration
experiment and will fuse once the LPC concentration
in the aqueous phase is too low. This transition is
re£ected in the change of the reaction enthalpy. Since
the enthalpy of the fusion/phase transition was
shown to be endothermic (Fig. 2), the heats of reac-
tion must become less exothermic towards the end of
the titration. For the experiment shown in Fig. 4
where nLW90 nmol of lipid were added in each in-
jection, this shift is expected to vhW+0.5 kcal/molW90

Table 1
pH-induced fusion of lipid vesicles: measurement of the fusion/phase transition enthalpy

Liposomes T (³C) pH rc
2 C LPC

V (WM) nLWinjection31 * (nmol) vh f
� (Wcal) vh fi

3 (Wcal) vH (cal mol31)

SUVc 28 6.7 ^ 49.4 332.6 333.8 V0
6.5 ^ 49.4 342.0 338.0 V0
6.3a ^ 49.4a 350.1a 350.3a V0
6.0 ^ 49.4 338.5 352.5 280 þ 30
5.7a ^ 49.4a 332.7a 357.0a 492 þ 50
5.0 ^ 49.4 385.5 3111.5 530 þ 53
4.0 ^ 49.4 380.5 3103.0 460 þ 46
3.0 ^ 49.4 370.0 3101.0 627 þ 63

SUV 50 5.7 ^ 41.0 364.0 378.0 340 þ 60
LUV (50 nm) 28 5.0 ^ 35.0 3137.2 3155.0 510 þ 80
LUV (400 nm) 28 5.0 ^ 35.0 3126.0 3146.0 570 þ 90
LUV (100 nm) 28 5.7b 50b 90.0b 3133.0b 375.0b 640 þ 70

5.7b 10b 90.0b 3166.0b 3104.0b 690 þ 70
SUV 28 5.7 30 50.0 367.0 337.0 600 þ 60

5.7 30 105.0 3110.0 360.0 480 þ 50
2pH in the reaction cell.
VTotal LPC concentration in reaction cell.
*Amount of lipid per injection.
�Reaction enthalpy in the absence of LPC (or exhaustion).
3Reaction enthalpy in presence of LPC.
aPresented in Fig. 2.
bPresented in Fig. 4.
ePresented in Fig. 3.
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nmol = +45 Wcal which is indeed borne out by the
experimental results (Fig. 4B).

The number of lipid injections necessary to ex-
haust the LPC supply depends on the initial LPC
concentration in the calorimeter cell. If it is small,
the fusion reaction will be inhibited only for a few
titration steps. Fig. 4C shows a titration of a 10 WM
LPC solution with lipid vesicles, i.e. the LPC concen-
tration is ¢ve times smaller than that used in Fig. 4A.
Already after the ¢rst injection the LPC concentra-
tion falls below the critical limit and the vesicles start
to fuse. The lipid concentration in both cases is iden-
tical as is the shift in the reaction enthalpy in the two
titrations. From the in£ection point of the titration
curves the critical membrane concentration of LPC
needed for inhibition can be derived as will be dis-
cussed below.

3.3. Di¡erential scanning calorimetry

The transition from the lamellar phase to the hex-
agonal phase of PE containing lipid mixtures can
also be induced by increasing the temperature. The
enthalpy of transition of pure POPE was determined
with di¡erential scanning calorimetry and was found
to be vHV400 cal/mol [13,14]. We have used the
same method to determine the enthalpy of the ther-
mally induced LKCHII transition of the present lipid
mixture. The results are summarized in Table 2. Pure
POPE membranes showed an LKCHII transition at
Th = 71 þ 0.5³C with a transition enthalpy of
vHW400 þ 50 cal/mol, in excellent agreement with
previous results [13,14]. Table 2 demonstrates that
the addition of oleic acid decreases Th and increases

Fig. 4. Titration calorimetry of LPC solutions with vesicles
composed of POPE and OA. Lipid suspensions were titrated
into the reaction cell containing LPC and bu¡er at the indi-
cated concentrations and pH values. Upper panels : 20 Wl injec-
tions of a 4.5 mM lipid vesicles (POPE/OA, 7:3, mol/mol; 100
nm diameter; 10 mM Tris, pH 7.4; 100 mM NaCl) titrated
into the reaction cell (V = 1.3353 ml) containing LPC at concen-
trations of 50 WM (A) or 10 WM (C) in 10 mM MES, pH 5.7;
100 mM NaCl; T = 28³C. The reference cell contained 10 mM
MES, pH 5.7; 100 mM NaCl. Downward peaks represent exo-
thermic reactions. Lower panels: heats of reaction obtained by
integration of the area underneath the calorimeter tracings
(A,C).

Fig. 3. Lipid vesicle fusion as a function of pH. Vesicles were
prepared by sonication in 10 mM Tris, pH 7.4; 100 mM NaCl
at a lipid concentration of 4.94 mM. The vesicles were then in-
jected into bu¡er of the indicated pH. (A) Heats of fusion as
measured by titration calorimetry. (B) Spectroscopic measure-
ments using light scattering (F) and £uorescence resonance en-
ergy transfer, RET (b). 3 denotes the fraction of fused vesicles
calculated as described in the text. Open symbols, LPC treated
vesicles, (LPC/lipid = 1:7, mol/mol, LPC added from aqueous
stock). T = 28³C. The broken line is the fraction of protonated
oleic acid as calculated from protonation equilibrium with an
estimated Kd = 1036.
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the transition enthalpy. In the range 0^30% OA the
enthalpy of transition varied between 400 and 700
cal/mol (Table 2).

4. Discussion

4.1. Vesicle fusion and the LKCHII phase transition

The physical^chemical properties of lipid mixtures
containing phosphatidylethanolamines (PE) have
been investigated extensively in the past and a large
body of work has been reported on the phase tran-
sition [7,23,35,36] and fusion of pure lipid mem-
branes containing PE [8,35^40]. Recently, the proton
induced fusion of vesicles composed of PE and oleic
acid was investigated [19]. These liposomes were
found to be highly sensitive to pH leading to mem-
brane fusion when the pH of the medium was low-
ered. In the present experiments we have compared
the fusion process with the pH-induced LKCHII

transition of multilamellar lipid dispersions. The
two transitions were found to share common fea-
tures. Firstly, both transitions occur in the same nar-
row pH interval of pH 6.3 to 5.7. The transition is
most probably triggered by the protonation of oleic
acid eliminating the electrostatic repulsion between
adjacent bilayers and vesicles. However, the transi-
tion range of vpHW0.6 is distinctly narrower than
that of a normal acid-base titration (cf. dashed line
in Fig. 3B). Secondly, the enthalpy of the fusion re-

action of vH = 0.5 þ 0.2 kcal/mol (30³C; cf. Table 1)
is in good agreement with the enthalpy of the
LKCHII transition with vH = 0.7 þ 0.1 kcal/mol for
PE/OA = 7:3 (Th = 56³C). Thirdly, both transitions
can be inhibited upon addition of su¤cient amounts
of LPC. Finally, light scattering and £uorescence ex-
periments reveal that vesicle fusion is accompanied
by an instantaneous formation of large vesicle aggre-
gates with rapid intervesicle lipid exchange.

Fusion of two or more small lipid vesicles into a
single large vesicle will generate non-bilayer struc-
tures only as short-lived intermediates. The enthalpy
consumed in creating the transition state will be re-
turned upon disintegration of the non-bilayer inter-
mediates. The bilayer-to-bilayer fusion process
should thus exhibit an overall enthalpy of close to
zero unless the relief of vesicle strain is accompanied
by an additional vH. However, the measurements of
the fusion reaction as a function of vesicle size yield
the same vH (within experimental error) for vesicle
diameters between 30 and 400 nm (cf. Table 1).

Taken together, the data thus suggest that the pro-
ton-induced fusion of unilamellar lipid vesicles is, in
fact, a rapid aggregation process followed immedi-
ately by a transformation of the aggregates into an
extended HII phase. The fusion process is identical to
the LKCHII transition of coarse bilayer dispersions
of the same chemical composition.

4.2. Critical LPC concentration inhibiting fusion

From the experiment shown in Fig. 4 it can be
concluded that partitioning of LPC into the lipid
membrane is faster than vesicle fusion. Fast parti-
tioning of LPC into the lipid bilayer was also found
in experiments where fusion of liposomes was inhib-
ited both by either pre-incubating the liposomes with
LPC or co-exposure to both LPC and the fusion
trigger (N-terminal part of SIV/HIV fusogenic pro-
tein) simultaneously [33].

The partitioning of LPC into the lipid membrane
is entropy-driven. This was evidenced in the present
work by injecting liposomes into solutions of LPC at
non-fusogenic pH. The heat of reaction was found to
be zero within experimental error (data not shown).
Since no heat is developed, the partioning of LPC
into the lipid membrane will not interfere with the
calorimetric assay of the fusion reaction.

Table 2
Temperature-induced lamellar (LK) to hexagonal (HII) phase
transition of POPE in mixture with oleic acid

Oleic acid (mol %) Th (³C) vH (cal/mol)

0 70.4 þ 0.5 390 þ 50
71.8a 360a

71.2b 420b

5 65.0 560
10 63.6 470
15 56.3 580
20 55.0 470
23 58.0 440
26 57.8 600
30 56.0 700
aTaken from [13].
bTaken from [14].
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The titration experiments shown in Fig. 4 allow
the evaluation of the critical LPC concentration in
the POPE/OA vesicle membrane necessary to inhibit
fusion. The partitioning of LPC into the lipid mem-
brane can be described quantitatively by a partition
equilibrium of the form Xb = Kp CD;f . The degree of
binding after i injections is denoted X �i�b and is de-
¢ned as the molar amount of LPC, n�i�D;b, bound per
mol of total lipid, n�i�L .

X �i�b �
n�i�D;b

n�i�L

� KpC�i�D;f �1�

Here Kp is the partition coe¤cient for LPC partition-
ing into the membrane, c�i�D;f is the free (equilibrium)
concentration of LPC, and i is the number of lipid
vesicle injections. Mass conservation of LPC requires
no

D � n�i�D;b � n�i�D;f leading to

X �i�b �
KpC�i�D;o

1� KpC�i�L;o

�2�

Here C�i�D;o and C�i�L;o are the total LPC and lipid con-
centrations, respectively, after i injections. The parti-
tion coe¤cient has been determined as KpW5U105

M31 [41]. For the experimental conditions of Fig. 4
KpCL;oE1 and Eq. 2 simpli¢es to

X �i�b WC�i�D;o=C�i�L;o �3�

Considering ¢rst Fig. 4C, the fusion reaction is
inhibited just for the ¢rst injection. A degree of bind-
ing of X �1�b is calculated using Eq. 3. The degree of
LPC binding after the second injection is X �2�b and is
already too low to inhibit fusion. Hence, the critical
degree of binding still inhibiting fusion is about
XbV0.15. In the experiment shown in Fig. 4A, the
LPC concentration is 50 WM. The fusion reaction is
inhibited during the ¢rst ¢ve injections reaching
X �5�b W0:158. After the sixth injection, X �6�b W0:134,
and fusion is again possible. This was also con¢rmed
by pre-incubation of liposomes with LPC (data not
shown). The above evaluation of the degree of bind-
ing was based on the total amount of lipid (POPE
and OA) in both half-layers of the lipid vesicle. How-
ever, the transbilayer movement of lysophosphatidyl-
choline has been shown to be very slow [42,43]. For
the titration experiments shown in Fig. 4 it can thus

be expected that LPC partitions into the outer mono-
layer only. The outer lea£et contains V60% of the
total lipid. The critical LPC/lipid ratio in the outer
lea£et lipid then is V0.24. This value is close to the
amount of oleic acid in the membrane (30%) and,
within experimental error, suggests a 1:1 stoichiom-
etry of fusion promoter (OA) and fusion inhibitor
(LPC). A compensatory e¡ect at equimolar amounts
of both molecules has recently also been found in
cell^cell fusion experiments [1]. Further support for
a 1:1 stoichiometry follows from the hydrolysis of
phospholipids by phospholipase A2 leading to the
production of equimolar amounts of LPC and free
fatty acid [44]. The individual components act as
detergents, but the equimolar mixture of the two
retains the bilayer structure [45,46]. In model experi-
ments pure LPC/fatty acid mixtures in a stoichiomet-
ric composition of 1:1 were also found form stable
bilayer membranes as evidenced by deuterium and
phosphorus NMR spectroscopy [47].

5. Concluding remarks

NMR spectroscopy and high sensitivity titration
calorimetry provide evidence that the fusion of uni-
lamellar PE/OA vesicles entails the formation of hex-
agonal lipid structures. The enthalpy of vesicle fusion
is found to be identical to the enthalpy of the
LKCHII phase transition. The inhibition of the
LKCHII transition and of membrane fusion due to
the incorporation of LPC into the bilayer membrane
requires about stoichiometric LPC/OA ratios.
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