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Fusogenic Behavior of Single-Walled Vesicles Composed
of Synthetic Peptide Lipids'
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Fusogenic behavior of the single-walled vesicles formed with mixed or individual synthetic peptide lipids,
N+C;sAla2C, and (SO;7)CsAla2C, (n=14, 16), was investigated in the presence of various water-soluble polymers
or a nonbilayer-forming lipid by means of electron microscopy, differential scanning calorimetry, and turbidity
measurements. The following ionic polymers having opposite charges to the net surface charges of the vesicles
immediately induced fusion via vesicle aggregation; heparin, chondroitin sulfate C, chondroitin, and potassium
salt of poly(vinyl sulfate) for the cationic vesicles, and polybrene for the anionic ones. On the other hand, ionic
polymers having electrostatic charges identical with the vesicular surface charges and nonionic ones, such as
amylose, poly(vinyl alcohol), polyethylene glycol 20000, and polyethylene glycol 6000, induced neither fusion
nor aggregation. A nonbilayer-forming lipid, QCsAla2Cyy, incorporated into the N*CsAla2C,, vesicles induced
fusion at kinetic rates much slower than those triggered by the ionic polymers. The observations were discussed
with attention to the dehydration effect and the participation of nonbilayer structures in the fusion process.

In the field of membrane mimetic chemistry,! syn-
thetic lipid membranes have been widely used in place
of liposomes formed with natural phospholipids, be-
cause the former aggregates attain greater morpholog-
ical stability relative to the latter and provide specified
functions through chemical modifications. In the
light of the Brockerhoff’s concept? which claims that
the intramembrane hydrogen-belt domain is much
important for morphological stabilization of bio-
membranes, we have prepared various peptide lipids;
each composed of a polar head moiety, a hydrophobic
double-chain segment, and an amino acid residue
interposed between them as a hydrogen-bonding com-
ponent.3~® We have previously clarified the character-
istic morphological features of aggregates composed of
the peptide lipids. In general, ionic peptide lipids
form multiwalled bilayer membranes in the aqueous
dispersion state and the corresponding single-walled
vesicles are formed upon sonication of the aqueous
dispersions,®~% in analogy with morphological behav-
ior observed for liposomal membranes. Physicochem-
ical stability of the single-walled vesicles formed with
the cationic lipids, N*CsAla2Cy, is much larger than
that of the liposomal membrane formed with dimyris-
toylphosphatidylcholine under comparable conditions.”
Meanwhile, nonbilayer structures such as inverted
hexagonal (Hn) and inverted cubic (Ci) phases can be
created with the peptide lipids by controlling intra-
membrane interaction among polar head moieties of
the lipids.5~'? Such nonbilayer structures have been
often observed in biological systems and claimed to
play crucial roles in the membrane fusion process as
key intermediates.!? Thus, the peptide lipid system
can be utilized as a suitable model for investigation of
the plausible mechanism of nonbilayer-mediated
fusion. In the present work, we studied on morpho-
logical changes of the single-walled vesicles as induced
by fusogens such as water-soluble polymers and
nonbilayer-forming lipids.
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Experimental

Materials. The following compounds were obtained
from commercial sources as the purest grade available and
used without further purification: heparin, chondroitin 6-
(sodium sulfate) (chondroitin sulfate C), amylose (molecular
weight, ca. 2900), potassium salt of poly(vinyl sulfate)
(PVSK: degree of polymerization (DP), 162.2; degree of ester-
ification, 94.5%) (all four species from Nakarai Chemicals,
Kyoto); 2,6-pyridinedicarboxylic acid, poly(vinyl alcohol)
(PVA; DP, 1500—1800), polyethylene glycol 6000 (PEG 6000;
DP, ca. 7500), polyethylene glycol 20000 (PEG 20000; DP,
20000 £5000) (all four compounds from Wako Pure Chemi-
cal Industries, Osaka); chondroitin, 2-amino-2-deoxy-3-O-
(B-p-glucopyranuronosyl)-a-p-galactopyranose (chondrosin)
(both from Seikagaku Kogyo Co., Tokyo); poly[(dimethyl-
iminio)-1,3-propanediyl(dimethyliminio)-1,6-hexanediyl di-
bromide] (polybrene; from Sigma Chemical Co., Missouri,
U.S.A.). Preparation of the following lipids has been
reported previously: N,N-ditetradecyl-N®-[6-(trimethyl-
ammonio)hexanoyl]-L-alaninamide bromide (N+CsAla2-
Ci4),% N,N-dihexadecyl-N®-[6-(trimethylammonio)hexano-
yl]-L-alaninamide bromide (N*C5A1a2C),® sodium N,N-di-
tetradecyl-N%-(6-sulfonatohexanoyl)-L-alaninamide [(SO3™)-
CsAla2Cy,],” sodium N,N-dihexadecyl-N%-(6-sulfonato-
hexanoyl)-L-alaninamide [(SO;7)CsAla2Cy],” and N,N-di-
tetradecyl-N?-[6-(quinoylamino)hexanoyl]-L-alaninamide
(QCs5Ala2Cy,); quinoyl being the conventional name for
1,3,4,5-tetrahydroxy-[1R-(1a,3e,4a,58)]cyclohexylcarbonyl.®)

Measurements. Aqueous dispersions of lipids were pre-
pared according to the previous method.” Whenever neces-
sary, a dispersion sample was subsequently sonicated with a
Heat Systems-Ultrasonics W-220F probe-type sonicator and
allowed to stand for 20 min at room temperature. The soni-
cated solution was adjusted to an appropriate pH with
aqueous hydrochloric acid or aqueous potassium hydroxide.
A Beckman @71 pH meter equipped with a Beckman 39505
combined electrode was used for the pH measurements after
calibration with a combination of appropriate standard
aqueous buffers. Turbidity measurements were run at 400
nm on a Union Giken SM-401 high sensitivity spectropho-
tometer equipped with a cell of 10.0- or 1.0-mm path length.
A Daini Seikosha SSC-560U calorimeter was used for differ-
ential scanning calorimetry (DSC). The phase transition
parameters (T, temperature at a peak maximum of the DSC
thermogram; AH, enthalpy change for phase transition)
were determined in a manner similar to that reported pre-
viously.” Electron micrographs were taken on a JEOL JEM-
2000FX electron microscope installed at the Research Labo-
ratory for High Voltage Electron Microscopy of Kyushu
University. Negatively stained samples for the measure-
ments were prepared in a manner as described previously.”

Results

First, we examined aggregation behavior of the
single-walled vesicles by means of turbidity measure-
ments as typically shown in Fig. 1. Addition of anion-
ic polymers immediately caused aggregation of the
cationic single-walled vesicles composed of N*Cs-
Ala2C,¢ with the diameter range 250—800A. When
heparin or PVSK was added to the vesicular solution,

Yukito Murakami, Jun-ichi KikucHi, and Toshihiko Taxkaki

[Vol. 59, No. 10

41 A
| ]
c
o
o
~
3
27 B l
z
3 ¢
3
-

D
1 1 1 h 4
2 1

Additive / mmol dm3

Fig. 1. Effects of additive-concentrations (in mono-
saccharide or monomer unit) on turbidity of the
single-walled vesicles formed with N+*CsAla2Ce
(1.0mmoldm=3) at pH 7 and 40°C.

A, heparin; B, chondroitin sulfate C; C, chondroitin;
D, polybrene, PVA, PEG 20000, PEG 6000, amylose,
or chondrosin.

turbidity increased and reached a maximum level
under conditions that the whole cationic charges on
the vesicular surfaces were completely neutralized with
anionic charges involved in the polymer species at the
1:1 ratio of positive to negative charge, and further
addition of the polymer gave no additional turbidity
change (Fig. 1, line A). Addition of chondroitin sul-
fate C or chondroitin also resulted in an turbidity
increase. However, precipitates were formed before
neutralization of the cationic charges of the lipid vesi-
cles with these anionic polymers (Fig. 1, lines B and
C). On the other hand, a cationic polymer, polybrene,
and nonionic ones, amylose, PVA, PEG 20000, and
PEG 6000, did not trigger aggregation of the cationic
vesicles (Fig. 1, line D) under the conditions employed
here: [N*CsA1a2Cy¢], 1.0 mmol dm™3; [polymer], 0—5
mmol dm~3 in a monosaccharide or a monomer unit.
Anionic compounds with low molecular weights,
chondrosin (measured at pH 5—11) and 2,6-pyridine-
dicarboxylic acid (measured at pH 6), also exhibited
no capacity to induce aggregation of the N*CsAla2Cq
vesicle.

The growth of single-walled vesicles to multiwalled
lamellae was observed by negative staining electron
microscopy (NSEM) for the N+CsAla2C,s membrane
upon addition of one of the following anionic poly-
mers; heparin (Fig. 2A), chondroitin sulfate C, chon-
droitin, and PVSK (Fig. 2B). On the other hand, the
single-walled N*CsAla2C¢ vesicle remained morpho-
logically unchanged in the presence of any one of the
following additives; polybrene (Fig. 2C), amylose,
PVA, PEG 20000 (Fig. 2D), PEG 6000, chondrosin,
and 2,6-pyridinedicarboxylic acid.

The vesicle growth observed by NSEM was also
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stained

Fig. 2. Electron micrographs negatively

with uranyl acetate.

Each specimen was prepared immediately after addi-
tion of the following additives to the single-
walled vesicles formed with N*+CsAla2Cie at pH 7
and 40°C: A, heparin (2.5 mmoldm=3 in the anion
unit); B, PVSK (0.8 mmoldm~— in the monomer
unit); C, polybrene (1.0mmoldm=3 in the cation
unit); D, PEG 20000 (5.0 mmol dm~3 in the monomer
unit). Lipid concentrations: 5.0 mmoldm~2 for A
and D; 1.0mmol dm~2 for B and C.

confirmed by differential scanning calorimetry (DSC).
The single-walled N*CsAla2C;s vesicle showed a
broad phase transition at 20Xx5°C (Fig. 3, curve
A). The DSC thermogram remained unchanged after
incubation without additives for 60 d at 20 °C or with
PEG 20000 for 6 d at 20 °C. On the other hand, a phase
transition peak, reflecting formation of the multi-
walled bilayer membrane,” appeared immediately at
25.0°C upon incubation of the vesicular solution in
the presence of heparin. This DSC peak was intensi-
fied along with an increase in an amount of heparin
added, and the peak originated from the single-walled
vesicles nearly disappeared when a half portion of the
positive charges of the lipid aggregates was neutralized
with the negative ones of heparin (Fig. 3, curves B, C,
and D). The results obtained from DSC measurements
for the N*CsAla2Cy¢ vesicle containing other addi-
tives, chondroitin sulfate C, chondroitin, PVSK, amy-

Fusogenic Behavior of Single-Walled Vesicles

3147

T T T LR
A
L2 B
£
]
Ky
°
he
[=4
w
l C
D
' 1 1 1
0 10 20 30
Temperature / °C

Fig. 3. Effect of added polymer on DSC behavior

of the N*CsAla2Ci6 (5.0 mmoldm—3) vesicle at pH
7.
A, aqueous solution sonicated for 3min at 40 W
without additives and incubated for 2months at
20°C; immediately after addition of heparin (B,
0.25mmoldm=3; C, 1.25mmoldm=3; D, 2.5mmol
dm~3) at 20°C to the aqueous solution sonicated for
3min at 40 W. Concentrations of heparin are given
in the anion unit.

lose, PVA, PEG 6000, chondrosin, and 2,6-pyridine-
dicarboxylic acid, were consistent with those from
NSEM. Similar morphological behavior induced by
anionic polymers was observed for the single-walled
N*C5A1a2C4 vesicle.

The aggregation-mediated vesicle growth was ob-
served for the anionic vesicles formed with (SO;7)-
Cs5Ala2C, upon addition of a cationic polymer, poly-
brene, as confirmed by NSEM and turbidity measure-
ments. On the other hand, addition of heparin to the
(SO37)CsA1a2C, ¢ vesicle did not cause any morpholog-
ical changes.

In the mixed system composed of cationic and anion-
ic peptide lipids, bilayer aggregates are formed under
conditions that the total electrostatic charge on the
membrane surface is not completely neutralized.”
Multiwalled bilayers were observed in an aqueous dis-
persion of N*CsAla2C,¢ and (SO;~)C5A1a2C, 4 mixed at
the 3:1 molar ratio (Fig. 4A), showing a relatively
sharp phase transition peak (Tm) at 17.8 °C with a tran-
sition enthaply change (AH) of 24 kJ mol~! (Fig. 5,
curve A). Even though these individual lipids show
phase transitions at 25.5 and 2.1°C for N*CsAla2Cg
and (SO5;7)C5Ala2C,, respectively, in the aqueous dis-
persion state,>” any phase separation between the
cationic and anionic lipids was not detected by DSC
when they were mixed. Upon sonication of the disper-
sion of the mixed lipid system for 2 min at 40 W, the
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Fig. 4. Electron micrographs for a mixture of N*CsAla2Cs6 (1.88 mmol dm~3) and
(SO37)CsA1a2Cy4 (0.63 mmol dm=3), as negatively stained with uranyl acetate.
A, aqueous dispersion; B, aqueous solution sonicated for 3min at 40W; C,
immediately after addition of heparin (2.0 mmoldm™3 in the anion unit) to B at
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Fig. 5. DSC thermograms for a mixture of

N+CsAla2Cy6 (1.88 mmol dm—3) and (SO3~)CsAla2C1q
(0.63 mmol dm=3),

Refer to the respective symbols (A, B, and C) in
Fig. 4 for preparative conditions of samples.

aggregates were converted into the single-walled vesi-
cles in the diameter range 250—800 A (Fig. 4B), and a
broad phase transition peak was observed at 171+5°C
(Fig. 5, curve B). Addition of heparin to the single-
walled vesicles resulted in both aggregation and vesicle
growth (Fig. 4C). The DSC thermogram showed a
recovery of the sharp phase transition peak at 17.6°C,
without indicating any phase separation after such
morphological changes (Fig. 5, curve C).

A mixed lipid system composed of the cationic
N+C5;Ala2C, and the nonionic QCsAla2C,, showed a
unique vesicle-growing behavior in the absence of

additives. The single-walled vesicles with the diameter
range 200—500A were formed upon sonication of a
homogeneous aqueous dispersion of N*tC;Ala2C,,
and QCsAla2C,, at the 3:1 molar ratio (Fig. 6A).
Although the vesicle aggregation was not detected by
turbidity measurements, gradual growth of the aggre-
gates was observed by NSEM. As shown in Fig. 6B,
formation of elongated vesicles was observed in the
specimen prepared after incubation for 0.5 h in addi-
tion to the original small single-walled vesicles. These
aggregates were converted into larger vesicles with the
diameter range 1000—4000 A after incubation for 2 h
(Fig. 6C). Such morphological changes were further
examined with a combination of the cationic and non-
ionic lipids having different double-chain lengths.
A homogeneous dispersion of N*CsAla2C,¢ and
QC;Ala2Cy, at the 3:1 molar ratio showed a phase
transition as detected by DSC: Tw, 19.9°C; AH, 27
kJmol~1l. A half-width of the endothermic peak is
3°C and larger than that (2 °C) observed for the mixed
lipid system composed of Nt*C;A1a2C,¢ and (SO37)-
CsAla2Cyy at the 3:1 molar ratio. This seems to indi-
cate that the intramembrane domains formed by
microscopic phase separation between the cationic and
nonionic lipids are relatively larger than those in the
cationic-anionic lipid system, although the nonlamel-
lar phase formed with QCsAla2C,, alone was not
detected by NSEM (Fig. 7A). Upon sonication of the
dispersion, the multiwalled vesicles were converted
into the single-walled ones with the diameter range
200—800 A along with appearance of a broadened
phase transition peak (Tm, 161£5°C). The aggregate
structure did not undergo an immediate change after
sonication was performed (Fig. 7B). After the soni-
cated solution was allowed to stand for 3—6 d at 20°C,
very large vesicles in a diameter range of 1000—4000 A
were observed by NSEM (Fig. 7C). On the other hand,
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Fig. 6. Electron micrographs for a mixture of N+CsAla2C14 (3.75 mmol dm~=3) and
QCsAla2Ci4 (1.25 mmol dm™3), as negatively stained with uranyl acetate.
The aqueous solution sonicated for 3min at 40 W was incubated at pH 7 and
20°C: A, immediately after sonication; B, for 0.5h; C, for 2h.

Fig. 7. Electron micrographs for a mixture of N*CsAla2Cie (3.75 mmol dm=3) and
QCsAla2Cy4 (1.25 mmol dm—3), as negatively stained with uranyl acetate.
A, aqueous dispersion at pH 7 and 20°C; B, A being sonicated at pH 7 and
20°C for 3min (40 W); C, B being left at 20°C for 6 d.

the DSC thermogram characteristic of single-walled
vesicles remained practically unchanged even after
incubation for 6 d.

Discussion

The membrane fusion is one of the most important
phenomena for a wide variety of cellular activities, and
molecular mechanisms involved in the fusion process
have been extensively studied with the use of lipo-
somal membranes.’? The fusion of bilayer mem-
branes is generally considered to proceed through the
following sequential steps; (i) aggregation of vesicles,
(ii) contact of two lipid bilayers at a limited area (adhe-
sion), (iii) intermixing of lipid molecules by transient
destabilization of bilayers at the contact point (join-
ing), and (iv) restabilization of the bilayer structure
by intermixing of separated aqueous compartments
of vesicles (fission).!'»13 Medium conditions such

as temperature!3®14 and pH,1% and many effectors
such as divalent cations,!2>18) polymers,5:1? and lipo-
philic agents!® have been reported to induce the fusion
of liposomal membranes. Importance of local dehy-
dration triggered by these fusogens has been empha-
sized for the adhesion step.!1®19 Furthermore, deforma-
tion of the bilayer structure must take place in the joining
step, and formation of nonbilayer structures (inverted
micelles or small inverted hexagonal tubes) in the
bilayer-connecting domain has been suggested.!V In
this article, we are to discuss the fusion behavior of the
peptide lipid vesicles with attention to the dehydration
effect and the participation of nonbilayer structures.
We have previously clarified fusogenic tendencies
of the single-walled vesicles of N*CsAla2C, by means
of NMR, ESR, DSC, NSEM, and turbidity measure-
ments.®% The single-walled vesicles prepared upon
sonication are so stable as to inhibit fusion of them
under ordinary conditions and stay in solution over at
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least a month without meaningful morphological
change. Such structural stability of the peptide lipid
vesicles is superior to that of liposomes and seems to
originate partly from the formation of effective hydro-
gen-belt domains through intravesicular hydrogen-
bonding interaction among the amino acid residues.
On the other hand, nonlamellar assemblies composed
of three-dimensional network of globular aggregates
with small internal aqueous compartments (Cn phase)
are formed with NtCsAla2C, and (SO;7)CsAla2C,
mixed at the 1 : 1 molar ratio in the aqueous dispersion
state.®9 Since these cationic and anionic lipids form
bilayer membranes individually, the polar head moie-
ties of these lipids must be considerably dehydrated
through an effective electrostatic interaction to afford
such a nonlamellar phase.

It has been pointed out that the interbilayer hydra-
tion force is predominant at bilayer separations less
than 20 to 30 A and that the interaction between bilay-
ers is dominated by electrostatic and van der Waals
forces beyond about 30 A separation.!'®19 Thus, an
essential part of fusion event must arise from the abil-
ity of membrane surfaces to overcome or circumvent
the hydration barrier in order that bilayer surfaces get
into contact with each other.!® In our preliminary
communication,?? we have shown that fusion of the
single-walled vesicles formed with peptide lipids takes
place via formation of the intermediate nonlamellar
phase as triggered by medium conditions, pH and/
or temperature. Apparently, repulsion between the
hydrated vesicular surfaces is circumvented by forma-
tion of the nonbilayer structure in which the lipid
molecules are largely dehydrated due to an electrostatic
intramembrane attraction. Dehydration of the peptide
lipid bilayer may also be achieved through an electro-
static interaction on the membrane surface between
lipid and additive molecules having opposite charges
to each other. Indeed, fusion of the single-walled vesi-
cles took place upon addition of polymers having the
opposite charges (Figs. 2 and 3) via aggregation of the
vesicles (Fig. 1). Thus, the electrostatic interaction
between the vesicle and the polymer to give charge
neutralization on the membrane surface becomes a
potent driving force which allows not only the vesicles
to aggregate but also the two membrane surfaces to
come into contact. An amount of heparin, which neu-
tralizes a half portion of the whole cationic charges of
the lipid molecules present, is required for complete
transformation of the cationic single-walled vesicle
into the multiwalled bilayer, as confirmed by DSC
(Fig. 3). This implies that the electrostatic interaction
between the cationic vesicular surface and the anionic
polymer is so large as to inhibit migration of the
polymer molecule to the other vesicles. Since neither
aggregation nor fusion was observed for the cationic
vesicles in the presence of chondrosin or 2,6-pyridine-
dicarboxylic acid, the extended charge neutralization
on the vesicular surface with polymer species seems to
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be essential to induction of the fusion. Accordingly,
deformation of the bilayer structure can be achieved
through strong electrostatic interactions between lipid
and polymer molecules on the membrane surface and
among charged head moieties of cationic and anionic
peptide lipids.®? Such changes in the packing mode
of lipid molecules are accompanied undoubtedly with
dehydration of lipid molecules so as to reduce the
hydration barrier.

As for the mixed lipid systems composed of cationic
and anionic peptide. lipids, another characteristic
feature was found to be present in the polymer-lipid
interaction. The single-walled vesicles formed with
N*C5Al1a2C; and (SO37)CsAla2C,, at the 3:1 molar
ratio underwent the heparin-induced fusion (Figs. 4
and 5), although the apparent surface charge density of
the mixed-lipid vesicle is a half of that provided with
the N*tC;A1a2Cy; vesicle. Since homogeneous mixing
of these ionic lipids was retained even after completion
of the fusion as confirmed by DSC, a polymer-triggered
phase separation does not seem to occur during the
fusion. Thus, deformation of the bilayer structure,
which results in the fusion, presumably comes from
the cooperative assistance of polymer-lipid and lipid-
lipid electrostatic interactions in the system.

QC;sAla2C,, forms the inverted cubic phase through
strong hydrogen-bonding interaction among the polar
head moieties in the aqueous dispersion state.8 Addi-
tion of this nonbilayer-forming lipid to the cationic
peptide lipid, N*C;A1a2C,, resulted in slow vesicle
growth relative to the vesicle growth induced by ionic
polymers (Figs. 6 and 7). In spite of such a disadvan-
tage in the fusion rate, the membrane adhesion fol-
lowed by deformation of the bilayer structure occurred
in this system, QCsAla2C;; undoubtedly acting as
a fusogen toward the vesicles. Formation of the elon-
gated vesicles observed for the N*C5Ala2C 4-QCs-
Ala2Cy4 (3:1) system (Fig. 6B) at the initial stage of
morphological changes needs to be subjected to mech-
anistic consideration. Such vesicle growth to the trans-
verse direction must be originated from a preferential
fusogenic tendency of the vesicles at the surface
domain having larger curvature. In fact, smaller lipo-
somes formed with phosphatidylserine or phosphati-
dylcholine have an intrinsically greater capacity to
fuse than larger vesicles.14:21) Relaxation of the pack-
ing strain imposed on the highly curved portion of the
bilayers becomes a trigger of such vesicle growth. In
the QC;Ala2Cy -rich domains formed by microscopic
phase separation as detected by DSC, such a strain
effect must be much enhanced.

In conclusion, the fusion of single-walled vesicles
formed with the ionic peptide lipids proceeds under
the following conditions: (i) as for the vesicular sys-
tems of N*C;Ala2C, and (SO3;™)CsAla2C,, individually
or mixed together to an extent that the surface charges
are not completely neutralized, ionic polymers hav-
ing the opposite charges to the net vesicular surface
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charges are added; (ii) as for the N*CsAla2C,, vesicular
system containing QCsAla2Cy,, the latter lipid acts
as a fusogen without polymer additives. Since vesi-
cle aggregation is not always followed by fusion of
bilayers,?1%22 the present ionic polymers induce aggre-
gation of the vesicles prior to the membrane adhesion
and subsequently give out perturbation on the vesicu-
lar surface so that the bilayer structure is effective-
ly deformed. Even in the absence of fusion-inducing
polymers, incorporation of a nonbilayer-forming lipid
into the vesicular system results in induction of the
fusion process. Although the nonbilayer structure was
not detected during the membrane fusion process
under the present conditions, formation of such an
intermediate phase in a microscopic portion of the
bilayer-joining domain is much plausible as a conse-
quence of dehydration of the polar head moieties of
lipids.
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