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ABSTRACT: The fusogenic properties of an amphipathic net-negative peptide (wae 11), consisting of 11
amino acid residues, were studied. We demonstrate that, whereas the free peptide displays no significant
fusion activity, membrane fusion is strongly promoted when the peptide is anchored to a liposomal
membrane. The fusion activity of the peptide appears to be independent of pH, and membrane merging
is an essentially nonleaky process. Thus, the extents of lipid mixing and contents mixing were virtually
indistinguishable. Vesicle aggregation is a prerequisite for fusion. For this process to take place, the
target membranes required a positive charge which was provided by incorporating lysine-coupled
phosphatidylethanolamine (PElys). The coupled peptide, present in one population, could thus cause
vesicle aggregation via nonspecific electrostatic interaction with PElys. However, the free peptide failed
to induce aggregation of PEIlys vesicles, suggesting that the spatial orientation of the coupled peptide
codetermined its ability to bring about vesicle aggregation and fusion. With the monitoring of changes
in the intrinsic Trp fluorescence, in conjunction with KI-quenching studies, it would appear that hydrophobic
interactions facilitate the fusion event, possibly involving (partial) peptide penetration. Such a penetration
may be needed to trigger formation of a transient, nonbilayer structure. Since lysophosphatidylcholine
inhibited while monoolein strongly stimulated peptide-induced fusion, our data indicate that wae 11-
induced fusion proceeds according to a model consistent with the-gtatk hypothesis for membrane
fusion.

Membrane fusion is a crucial event in numerous intra- Some fusion proteins have to undergo a pH-dependent
cellular processes, including endo- and exocytosis, during conformational change to expose their fusogenic peptide.
cell—cell interactions, and in the infectious entry of envel- This is the case, for example, for the influenza hemagglutinin
oped viruses into mammalian cells (Hoekstra, 1990; Hugh- (Bullough et al., 1994), for the E protein of the Semliki Forest
son, 1995; Monck & Fernandez, 1994; Rothman, 1994; virus (Schlesinger & Schlesinger, 1986), for the G protein
White, 1990). It is well-established that the fusion process of the vesicular stomatitis virus (Kreis & Lodish, 1986), and
consists of several stages, i.e. aggregation and close apposfor the E glycoprotein of the tick-borne encephalitis virus
tion of the membranes about to fuse, followed by membrane (Rey et al., 1995).

destabilization. Subsequently, mixing of the outer leaflet Many studies on peptide-induced membrane fusion have

lipids (*hemifusion”) occurs while a fusion intermediate is  peen conducted on model membranes such as liposomes and
formed, which leads to complete lipid mixing and mixing paye employed synthetic peptides corresponding to the
of agqueous contents of the memb_rane—bounded compartmentﬁutative fusion domains of fusogenic viral proteins’ gu
(Chernomordik et al., 1995a; Siegel, 1993). A common gines & Gambale, 1988; Dgines & Shavnin, 1992; Epand

feature in cellular and viral fusion phenomena is the & Epand, 1994; Martin et al., 1991, 1996; Nieva et al., 1994)
involvement of spe_t:lflc fusion proteins (Hoek_stra, 1990; or other, nonviral-relatedde nao synthesized peptides
Rothman, 1994; White, 1992). Among such fusion proteins, \j,rata et al., 1992; Parente et al., 1988; Puyal et al., 1994).

the viral spike glycoproteins, mediating the penetration of Usually, these fusogenic peptides exhibit a propensity that

enveloped viruses into their host cells (Gallaher, 1987), have 5,565 extensive vesicle leakage, thus demonstrating a strong

been widely cha_lracterize_zd. In their sequences, the_se pmtei”?nembrane-destabilizing potential. Accompanying leakage,
possess a “fusion peptide” (Hoekstra, 1990; White, 1990, |i,iq mixing and contents mixing take place, reflecting the

1992). Typically, these peptides are short segments (Up ©0qq rence of membrane fusion. Yet the extensive perturba-

some 20 _Zmlno damds)l complf)seddqf relatlvelg hydrophhob|c ion of the membranes suggests that these systems suffer from
amino acids and are always found in a membrane-anchored, . contro| of the fusion event. Moreover, since the fusion-

polypeptide chain (Stegmann et al., 1989; White et al., 1982). inducing peptides are added to the vesicle suspension as free

TWe acknowledge the financial support obtained from the Associa- mOQomers, which C,Ont_r"?‘StS their normal membrane-anchored
tion pour la Recherche contre le Cancer (Grant 4006). environment, the significance of these model systems as a
* To whom correspondence should be addressed. Fax: (33) 4 67 truly membrane fusion-mimicking system is limited (Hoek-
14,42 86 Emall._epecheur@univ-montp2.fr. stra, 1990). To simulate more closely membrane fusion,
niversite Montpellier 1. . . .

s University of Groningen. induced by a membrane-bound protein, we have synthesized

® Abstract published irAdvance ACS Abstractdarch 1, 1997. a series of novel peptides in an effort to develop a model
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A waell N-WAESLGEALEC-OH nolamine (biotinPE) were purchased from Molecular Probes.
Saint-2 (1-methyl-4,1@is,cis-heptatritiaconta-9,28-dienylpy-
ridinium chloride), a cationic amphiphile, was synthesized
as described elsewhere (van der Woude et al., 1997). All
other reagents were of analytical grade.

Peptide Synthesiswae 11 (Figure 1A) (N-Trp-Ala-Glu-
Ser-Leu-Gly-Glu-Ala-Leu-Glu-Cys) was synthesized via its
C-terminal extremity and purified as described earlier (Puyal
et al.,, 1994). Cysteine at the C terminus was used in
coupling the peptide to liposomes, and the presence of
glutamic acid residues promotes the peptide’s water solubil-
ity. The peptide was dissolved in 20 mM ammonium
bicarbonate at pH 8 and stored-a20 °C.

Preparation of LiposomesAll liposomes were prepared
by sonication followed by extrusion. Briefly, lipids in
chloroform/methanol (9:1, v:v) solutions were mixed, dried
under nitrogen, resuspended in the adequate buffer (10 mM

, —_— . . Tris and 150 mM NaCl at pH 7.4 unless otherwise stated),
Efnui'? &)a((ﬁf_ mphiphilic peptide wae 11. (B) Helical representa- and sonicated for 30 min with a 50% active cycle on a
VibraCell (Bioblock) at 4°C. They were then extruded 10

system that displayed little if any leakage during fusion, and times through a polycarbonate membrane with a pore size
in which merging could be triggered by the membrane- of 0.1 um (Nucleopore Corp.). This procedure yields
anchored peptide. In this manner, geometrical constraints,liPosomes with a diameter of about 150 nm, as determined
dictated by the peptide’s association with a membrane, wouldby dynamic light scattering in a Coulter N4S submicron
be implicitly taken into account. particle analyzer. The size distribution was verified and
In the present work, we describe the fusogenic properties confirmed by electron microscopy (Philips EM400) (not
of a small peptide consisting of 11 amino acids (Figure 1), shown). In some experiments, liposomes were used that had
called wae 11, which is capable of inducing membrane fusion P€€n prepared by reverse phase evaporation (Szoka &
at neutral pH, without causing any significant leakage of Papahadjopoulos, 1978) and extruded as mentioned above.
vesicle contents. Most interestingly, anchorage of wae 11 Since the results obtained on fusion were very similar to
to a lipid membrane appears to be a prerequisite for its ability t(0Se obtained with sonicated liposomes, prepared as de-
to exert its fusogenic properties. The role of charge and scribed above, we chose for reasons of convenience to use

orientation in promoting the fusogenic ability of the peptide the latter ones throughout this study. Cationic liposomes

will be discussed. were composed of PC/chol/PElys (11:6:3), or 13:6:1 in some
experiments.
MATERIALS AND METHODS Peptide-coupled liposomes composed of PC/chol/PE-PDP

) ) ) (3.5:1.5:0.25) with or without 2 or 6 mol % biotinPE were
Chemicals. The protected amino acids and the PepSyn gptained by an overnight conjugation of the peptide with
KA type resin used for the peptide synthesis were obtained liposomes via the C-terminal cysteine in a PE-PDP:peptide

from Neosystem and Millipore, respectively. Egg yolk mgolar ratio of 1:5. The coupling efficiency was £20%,
phosphatidylcholine (PC),L-o-dipalmitoylphosphatidyle- a5 evaluated by measuring spectrophotometrically (343 nm)
thanolamine (DPPE), cholesterol (chol), dipicolinic acid released 2-mercaptopyridine (Martin et al., 1981). The
(pyridine-2,6-dicarboxylic acid, DPA), palmitoyto-lyso-  peptide-coupled liposomes were purified either by gel
phosphatidylcholine (LPC), and 1-monooleagt-glycerol filtration through a Sephadex G25 (PD-10 columns, Phar-
(monoolein) were obtained from Sigma. TBBH0 (99.9%  macia) column or by centrifugation through a two-step
pure) was from Alfa. N-Succinimidyl 3-(2-pyridyldithio)-  gextran gradient (10 to 20%). The phospholipid concentra-
propionate (SPDP)-derivatized DPPE (PE-PDP) was syn-tion was measured by the method of Bartlett (1959).
thesized as described earlier (Martin et al., 1990). DPPE Tryptophan Fluorescence MeasurementEarget lipid
covalently coupled ta-lysine (PElys) was obtained accord- gsicles were added to the peptide-coupled liposomes in 10
ing to Puyal et al. (1995). The fluorescent lipid analbg&’- mM Tris and 150 mM NaCl at pH 7.4. Emission spectra
nitro—2,1,3-benzo>§adiaqu—4-yl)phosphatidylethanolamme( were recorded from 300 to 400 nm withia. of 280 nm.
NBD-PE) andN-(lissamine rhodamine B sulfonyl)dihexa- The spectra were corrected for the vesicle blank (scatter)
decanoylsn-glycero-3-phosphoethanolaminé-Rh-PE) and  anq for the dilution caused by the liposome addition.
N-(biotinoyl)-1,2-dihexadecanogr-glycero-3-phosphoetha- Assays for Monitoring Vesicle FusiorLipid mixing of
vesicles was assayed as described by Struck et al. (1981).
1 Abbreviations: PC, phosphatidylcholine; DPPEgtdipalmitoyl- Peptide-coupled liposomes containing 1 moNMNBD-PE
phosphatidylethanolamine; chol, cholesterol; DPA, pyridine-2,6-dicar- gnd 1 mol %4N-Rh-PE were added to a suspension of PElys-

boxylic acid; LPC, palmitoyl--a-lysophosphatidylcholine; PE-PDP, . . - .
N-succinimidyl 3-(2-pyridyldithio)propionate-derivatized DPPE; PElys, COntaining vesicles in 10 mM Tris and 150 mM NaCl at pH

lysine coupled ta -o-dipalmitoylphosphatidylethanolamini:NBD- 7.4 at a lipid molar ratio of 1:6 (total lipid concentration of
PE,N-(7-nitro-2,1,3-benzoxadiazol-4-yl)phosphatidylethanolamiie; 70 4M). The increase in NBD fluorescence was monitored
Rh-PE N-(lissamine rhodamine B sulfonyl)dihexadecansiglycero- as a function of time in an SLM Aminco fluorimetet. =
3-phosphoethanolamine; biotinPE;(biotinoyl)-1,2-dihexadecanoyl- . . .
snglycero-3-phosphoethanolamine; Saint-2, 1-methyl-4;i®is- 460 nm, Zem = 534 nm) under continuous stirring. The

heptatritiaconta-9,28-dienylpyridinium chloride; PS, phosphatidylserine. excitation and emission band slits were 4 nm. Peak
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absorbance of samples was kepté@t1 to reduce inner filter
effects. Zero percent and 100% fluorescence were taken as | A ®
the intrinsic fluorescence intensity of NBD/Rh-labeled lip-
osomes and the fluorescence obtained, after addition of 0.2%
Triton X-100, corrected for detergent-induced quenching of
NBD fluorescence, respectively.

Internal content mixing was assayed by using BHIPA
as described by Wilschut et al. (1980). Peptide-coupled 0 ,
liposomes, prepared in 2.5 mM Th{Cb50 mM sodium citrate, 0 1 20
and 10 mM Hepes at pH 7.4, were added to the target Tome (min)
liposomes loaded with 50 mM DPA, 20 mM NaCl, and 10 B
mM Hepes at pH 7.4 (lipid molar ratio of 1:6), suspended 20 1 b
in 10 mM Hepes, 100 mM NaCl, and 1 mM EDTA at pH
7.4. The Tbh/DPA complex was excited at 276 nm, and the
fluorescence emission was detected at 545 nm. Zero percent
fluorescence was taken as the intrinsic fluorescence intensity
of Th-loaded peptide-coupled liposomes. To determine the
100% fluorescence, sodium cholate (0.5% w:v) was added ' , " o
to a cuvette containing 20M DPA and Tb vesicles in Hepes Time (min)

buffer without EDTA. . Ficure 2: Time course of lipid and internal contents mixing upon
Measurements of Peptide-Induced Leakagdae 11- interaction of positively charged target and peptide-coupled lipo-

induced leakage was determined by adding wae 11-coupledsomes at neutral pH. (A) Lipid mixing; wae 11-coupled liposomes
vesicles to a suspension of positively charged target lipo- labeled with 1 mol %N-NBD-PE and 1 mol %N-Rh-PE were
somes loaded with a 1:1 mixture of the Tb and DPA solutions a;jclzleed to Pllzl]y;dvesicles (PElys ?glfﬁm%)_L%Linﬁa lipid nlglar,\r/latio
as described above. Leakage will be revealed as a decreas§ .’ ar(]té)ti‘sc')p%&Oﬁfgltr:tt'%?&. f T)H o o NABD.PE
of Th/DPA fluorescence due to immediate dissociation of fiyorescence was recorded continuously. (B) Internal contents
the complex by EDTA, present in the incubation medium mixing; wae 11-coupled liposomes containing Th@kere added
(10 mM Hepes, 100 mM NaCl, and 1 mM EDTA at pH to DPA-loaded PElys vesicles in the same molar ratio as for the

7.4). The 0% fluorescence was obtained by adding sodium :;%‘#R“i;(tingHaisjyir:“bé% “;g:ip‘t?ﬁ'e #gl(l)ovrcil\rﬁl Nc%%gigggsleggtl'
cholate (0.5% w:v) to the cuvette. pr f yS, 9 ,

; . . (a) liposomes without biotinPE and (b) liposomes with 6 mol %
Wae 11-induced leakage was also determined by addlnggigtirﬁ)pg (b lip ’

wae 11-coupled vesicles to a suspension of positively charged
target liposomes loaded with“C]sucrose in 10 mM Tris Liposome-Coupled but Not Free Wae 11 Strongly Pro-
and 150 mM NaCl at pH 7.4 (I&pm/mL). Radioactive = motes Membrane Fusiorin preliminary experiments, it was
marker leakage was assayed by gel chromatography on abserved that the peptide did not interact with zwitterionic
PD-10 column (Pharmacia, Sweden). The collected fractions PC/chol liposomes. However, incorporation of Lys, coupled
(500 uL) were assayed for phosphate and radioactivity. to PE, provided a cationic charge which did serve as a
binding site for the negatively charged peptide. This
RESULTS interaction could be revealed by showing that addition of
Construction of Wae 11As part of their mechanism of free wae 11 to NBD-PElys-containing vesicles induced
action, fusogenic peptides are thought to penetrate intoclustering of the fluorescent PElys derivative (not shown),
bilayers, which results in substantial membrane perturbation,resulting in an increase in fluorescence self-quenching
as reflected by extensive leakage of aqueous contents(increased lipid density), analogous to?Ginduced phase
bounded by the fusing membranes. Therefore, a relatively separation of fluorescent PS analogs (Hoekstra, 1982) (see
short peptide was constructed to avoid the potential ability also below; Table 2). Hence, PElys was therefore included
of the peptide to traverse the membrane upon penetration. Itin the target membrane vesicles, serving as a peptide
was reasoned that, in this manner, membrane perturbationinteraction site.
would be limited, thereby largely preventing release of To investigate whether wae 11 displayed membrane fusion
vesicle contents. Another prerequisite would be its water properties, the free peptide was added to a vesicle suspension,
solubility, thus allowing coupling to and exposure at the consisting of PC/chol (donor vesicles) and PC/chol/PElys
liposomal surface. Hence, Ser and Glu residues were (target vesicles). Its potency to trigger membrane merging
included to provide hydrophilicity to the structure. The was monitored at neutral pH. Neither by lipid mixing nor
residues were positioned according to a helical structureby contents mixing did the free peptide, up to molar
(Figure 1B) (Epand et al., 1995) so that a segregatedconcentrations 100-fold in excess, relative to that of the
distribution between hydrophilic and hydrophobic surfaces coupled peptide (see below), cause a significant change in
was obtained. It was reasoned that a hydrophobic surfacethe fluorescence signal (not shown). Hence, under these
would facilitate the peptide’s interaction with a target conditions, the free peptide failed to induce membrane fusion.
membrane. Furthermore, to allow liposomal coupling by Interestingly, when the same experiments were carried out
disulfide bonding, a Cys residue was positioned at the C with PC/chol vesicles to which the peptide had been coupled,
terminus, while a Trp residue was located at the N terminus. lipid mixing was readily observed (Figure 2A). To verify
The latter would allow for monitoring of the interaction of the validity of lipid mixing as a measure of fusion, analogous
the N terminus with the target membrane. Note that the experiments were carried out using contents mixing. As
peptide carries an overall negative charge. shown in Figure 2B, the extent of contents mixing was very

3
S

10 a

Fluorescence (% max)

10

Fluorescence (% max)




3776 Biochemistry, Vol. 36, No. 13, 1997 Pecheur et al.

Table 1: Effect of BiotinPE in the Membrane of Liposomes on the % 3
Initial Rate of Fluorescence Increase of the Lipid-Mixing Protess g .
biotinPE in 8% 67 .
biotinPE wae 11-coupled biotinPE in PElys g E §
concentration (mol %) liposomes (% mint) liposomes (% min?) s
=
0.25 0.70+ 0.060 0.55+ 0.026 55 o
2 3.00+ 0.100 0.75+ 0.092 g~
6 5.20+ 0.130 0.69t 0.087 -
aBiotinPE was incorporated at indicated concentrations in the E 0

T
0 10 20

membrane of peptide-coupled or positively charged target liposomes. PElys content (mol %)

BiotinPE liposomes were then added to a cuvette containing target or
peptide-coupled vesicles. The initial rates of lipid mixing were Ficure 3: Influence of the PElys content on the initial rate of lipid
determined as described in Materials and Methods and expressed asnixing. Experimental conditions are identical to those in Figure 2.

initial rates of fluorescence increase (meanSD of at least five Liposomes without @) and with 2 mol % &) or 6 mol % @)
different experiments). biotinPE. Data are mean- SD of three different liposome
preparations.

similar to that of lipid mixing, and both events leveled off
after 16-15 min, reaching values of approximatively 10%. various membranes. As shown in Figure 3, at a given
The relative initial rates, as determined from the tangents biotinPE concentration, the rate of fusion increases almost
drawn to the steepest parts of the curves, were 0.89 andinearly with the concentration of PElys in the target
0.84%/min for lipid mixing and contents mixing, respec- membrane. These data are consistent with the suggestion
tively. Evidently, however, the initial kinetics differed, that the stimulating effect of biotinPE is accomplished via
contents mixing being slightly delayed compared to the its interaction with PElys in the target membrane, likely by
mixing of the lipids (see Discussion). Importantlpp facilitating vesicle aggregation.
decreasen Th/DPA fluorescence was observed, a phenom- We subsequently examined whether the presence of
enon frequently seen when monitoring fusion by contents biotinPE in one vesicle population and PElys in the other
mixing. Such a decrease results from EDTA-induced could affect the ability of thdree peptide to induce their
dissociation of the Th/DPA complex, occurring upon its fusion. When the different populations had been preincu-
release into the medium (see Materials and Methods). bated for 2 min, prior to addition of a 10- or 100-fold molar
Hence, these observations imply that the peptide-inducedexcess of wae 11, relative to the molar concentration of
fusion event is essentially a nonleaky process (see below).vesicle-bound wae 11, no significant lipid dilution was
The foregoing experiments suggest that the peptide observed. When at the same conditions free wae 11 was
presumably plays a dual role. First, it serves to attach the added to biotinPE vesicles, followed by PElys vesicles, no
donor vesicles to the target membrane vesicles by means ofignificant fluorescence development was seen in the case
its interaction with PElys. The second function involves the of a 10-20-fold molar excess of the peptide. Only at an
actual fusion step. To investigate whether bindpey se excessively high concentration of free peptide, i.e. at a 100-
was relevant for subsequent fusion or whether the fusogenicfold excess compared to the bound peptide, was some
capacity could be enhanced if interaction between the vesiclesdilution apparent. However, the extent of dilution reached
would be facilitated by an alternative means, the following after 5 min amounted to less than 15% of the fluorescence
experiments were developed. The initial approach relied on level reached, when using peptide-coupled liposomes (cf.
triggering vesicle aggregation via biotiavidin interaction. Figure 2). Hence, also at these extreme conditions, the bound
Quite surprisingly, incorporation of biotinPger sein the peptide displayed fusogenic properties that were far superior
donor (i.e. peptide-coupled vesicles) was sufficient to cause compared to those of the free form.
a drastic enhancement in both the rate and extent of wae To further define the role of PElys and biotinPE in the
11-induced vesicle fusion (Figure 2), i.e. without a need for overall fusion process, we next examined their effects on
avidin to be present in the acceptor vesicle. Thus, upon vesicle aggregation.
incorporation of 6 mol % biotinPE, the extent of fusion Vesicle Aggregation Is the Rate-Limiting Step in Wae 11-
increased by a factor of 2, leveling off at about 20%, while Induced Fusion To elucidate the role of biotinPE and PElys
the rates of contents and lipid mixing increased43fold, in the peptide-induced fusion process, we examined vesicle
reaching values of 2.7 and 3.0%/min, respectively. aggregation as the initial step in the overall event, over the
To exclude a direct role of the biotinPE in fusion itself, same time interval as the fusion event. As shown in Figure
potential fusion of peptide-devoid vesicles with PElys target 4, the inability of the peptide-coupled vesicles to fuse with
vesicles was also examined. No lipid mixing was seen underneutral PC/chol vesicles is related to the fact that vesicle
these conditions. Furthermore, the enhancement of fusionaggregation does not occur (curvevs curve a in Figure
only occurred when biotinPE was located in the peptide- 4A). However, incorporation of PElys in the target vesicles
containing bilayer. Thus, identical rates of fusion were allowed aggregation to occur. This event is further facilitated
obtained irrespective of the presence of biotinPE in the targetwhen biotinPE is included in the peptide-coupled vesicles
membrane (Table 1). (curves a-c, representing 0, 2, and 6 mol % biotinPE,
These data suggested that biotinPE might therefore respectively, in Figure 4A), butot when incorporated in
facilitate fusion by interacting with PEIlys, thus providing the target vesicles (Figure 4B). Thus, under these latter
an alternative means of aggregating donor and targetconditions, no effect of biotinPE on aggregation is observed.
membranes. To obtain further support for this suggestion, Note that these effects on aggregation entirely match the
we examined whether a correlation existed between the rateeffects seen on fusion (Figures 2 and 3, Table 1). It is of
of fusion and the biotinPE and PElys concentrations in the interest to emphasize that, at the higher concentration range
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FIGURE 4: Time course of vesicle aggregation between positively

Biochemistry, Vol. 36, No. 13, 1998777

Stearylamine, when substituted for PElys, did not show
any tendency to promote peptide-induced fusion. This is
likely due to the fact that the (small) charged head group is
buried at the bilayerwater interface. When the same
experiments were carried out with Saint 2 instead, which
contains a surface-protruding, charged pyridinium head
group, membrane fusion was fully restored and rates that
were even slightly higher than those obtained with PElys
were observed (not shown). These data thus indicate that
charge, providing a means for close apposition of mem-
branes, appears to be the primary parameter in mediating
fusion, as induced by the membrane-coupled wae 11 peptide.

Overall Membrane Destabilization Is Negligible in Wae
11-Induced Fusion The overall similarity between the
kinetics of fusion, monitored by lipid and contents mixing,
already indicated that the fusion event, as induced by the
coupled peptide, is not accompanied by a significant
perturbation of the membranes. Indeed, as noted above, no
decrease in Th/DPA fluorescence was seen, implying that
the complex was effectively shielded from EDTA present
in the incubation medium. To corroborate this suggestion,
the fluorescent Th/DPA complex was encapsulated in the
target membrane vesicles, and wae 11-coupled PC/chol
vesicles, with or without biotinPE, were added (buffer
containing 1 mM EDTA). Immediately after addition of the
peptide vesicles, a very small “burst” of leakage was seen,
which amounted to less than 2% when biotinPE-devoid

charged and peptide-coupled liposomes at neutral pH.Aggregationvesides were used, and some-3% in the case where

was followed by measuring the turbidity of the suspensions at 500
nm. (A) Influence of the incorporation of biotinPE in the membrane
of wae 11 liposomes on aggregation: cationic vesickewae 11
liposomes without (a) and with 2 mol % (b) or 6 mol % (c)
biotinPE, (d) PC/chol vesicless liposomes without biotinPE, and
cationic vesiclegs peptide-free liposomes without (e) and with 2
mol % (f) or 6 mol % (g) biotinPE. (B) Influence of the
incorporation of biotinPE in the membrane of PElys liposomes on
aggregation: (a) 0.25, (b) 2, and (c) 6 mol % biotinPE. The total
lipid concentration was 7@M, and experiments were done in 10
mM Tris and 150 mM NacCl at pH 7.4.

of biotinPE (6 mol %, curve g in Figure 4A), the kinetics of

vesicles contained 6 mol % biotinPE. These extents of
leakage were obtained after-3 min, the half-times for the
burst being approximately 2680 s (not shown). Also over
an extended incubation time interval, release of contents was
essentially negligible. When the target liposomes were
loaded with [*C]sucrose, followed by addition of the peptide-
coupled liposomes, no leakage was observed over a time
span of 2 h, whereas some 4% leakage was seen when the
peptide vesicles also contained 6 mol % biotinPE.

In spite of a minimal overall perturbation of the merging
membranes in the present system, it is obvious that some

vesicle aggregation are independent of the presence of thejeparture from the bilayer structure, albeit transiently, must

peptide (compare curves c and g). This finding would thus

take place to allow fusion to occur. The purpose of the

be consistent with the suggestion that at those conditionsyo|iowing experiments was to obtain further insight into the

vesicle aggregation is entirely mediated by an interaction naiure of such transitions and thereby insight into the
between biotinPE and PElys, whereas at a lower biotinPE ;echanism by which wae 11 triggered fusion.

concentration (e.g. 2 mol %, compare curves f and b), the

peptide itself also participates in causing vesicle aggregation.

Mechanism of Wae 11-Induced Fusiowae 11 is a net-
negatively charged peptide, as it contains three Glu residues.

Finally, curve d was also obtained when the free peptide Apparently, neutralization of the charges, required for

(40-fold molar excess, relative to the bound peptide) was

added to either PElys- or biotinPE-containing vesicles.
Peptide-Induced Fusion Is Not Specific for PElyAs

indicated above, electrostatic interactions in all likelihood

provide a means for peptide/PElys-mediated aggregation.

expressing the fusogenic properties of certain viral peptides,
is not a prerequisite for wae 11-induced fusion. The
experiments described above were carried out at neutral pH.
Figure 5A shows wae 11-induced fusion as a function of
pH. At a relatively high amount of biotinPE (6 mol %),

This led to the question of whether the interaction between fusion proceeds largely in a pH-independent manner, with a

the peptide and PElys displayed specificity (“ligand-recep-

slight tendency to decrease at pH values below 5.5. Par-

tor"-like interaction) with regard to the overall fusion process. ticularly at 2 mol % biotinPE, the decrease in fusion activity

However, as can be inferred from the previous paragraph,

the biotinPE/PElys-mediated aggregation (curvesq in

Figure 4A) would argue against such a specificity. Never-
theless, to obtain further support for nonspecificity, two
different positively charged lipid-like compounds, i.e. stearyl-

at mild acidic pH is quite pronounced. Note that, at the latter
conditions, the peptide contributes substantially to the process
of vesicle aggregation, as described in the previous paragraph
(Figure 4A,B), while at 6 mol %, the kinetics of vesicle
aggregation are independent of the presence of the peptide.

amine and a cationic amphiphile, Saint 2 (see Materials andIn Figure 5B, it is shown that this distinction in biotinPE
Methods), were examined for their ability to mediate peptide- concentration-dependent, peptide-mediated aggregation also

induced fusion.

holds as a function of pH. Thus, the rate of aggregation of
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8 Table 2: Fluorescence of Free and Liposome-Coupled Wae 11,
A Interacting with Lipid Vesicles

_ ks Admad F/Fo
/4+‘ condition (hm) (340 nmY

free wae 1ws PC vesicles 0 1
N free wae 11vs PElys vesicles 5 1.03
27 PC/chot-wae 11vs PC vesicles 0 1
- PC/chot-wae 11vs PElys vesicles 11 1.25
: ‘ : : PC/chol/biotinPE-wae 11vs PElys vesicles
55 6 - 6.5 7 7

(% fusion.min™)

Initial rate of fluorescence increase

5 5 2 mol % biotinPE 12 1.41
P 6 mol % biotinPE 12 1.25
. B @ Emission spectral{x. = 280 nm) of wae 11 peptide, free or coupled

to liposomes, were recorded from 300 to 400 nm before and after
addition of indicated vesiclesAimaxindicates the shift of the maximum

Initial rate of aggregation

5 spectral position toward lower wavelengths (blue sh¥ffjhe increase
< / in the fluorescence quantum yield is expresse#/&s, whereF and
Fo denote the fluorescence intensity at 340 nm after and before the
addition of vesicles, respectively. The lipid:peptide molar ratio is 200
in all cases. Experiments were done in 10 mM Tris and 150 mM NacCl
004 A‘—Q/f—‘a at pH 7.4. Data are mean values obtained in two independent
5 55 6 65 7 75 experlments.
pH
Ficure 5: Influence of the pH on the initial rate of lipid mixing 2.00 -

(A) and aggregation (B). Experimental conditions are identical to
those in Figure 2. (A) Liposomes withou®) and with 2 mol %
(a) or 6 mol % @) biotinPE. Data are meah SD of three different
experiments. (B) Liposomes without wae 11 (open symbols) and 1.50
wae 11-coupled liposomes (closed symbols).

peptide-coupled vesicles with target membrane vesicles
containing 2 mol % biotinPE strongly decreases when the 1.00
pH decreases. By contrast, only a minor decrease in
aggregation was seen at mild acidic pH when the vesicles
contained 6 mol % biotinPE. Note that aggregation of PElys- 0.50
and peptide-devoid, biotinPE-containing vesicles was not
affected by pH. It is generally assumed that hydrophobic 0 S0 ;IO(OI] (mll\fl(; 200 250
interactions play a key role in the mechanism of peptide-

induced fusion, involving penetration of at least part of the FIGURE6: Stern-Volmer plots of Trp fluorescence quenching by
peptide into the target membrang priori, the diminished I~ of wae 11 coupled to PC/chol liposomes in the absence (open

. . . . symbols) or presence (closed symbols) of PElys vesicles at a lipid:
tendency of the negatively charged peptide to trigger fusion peptide molar ratio of 200. Liposomes withow, (®) or with 2

at mild acidic pH is, therefore, quite remarkable. To obtain mol % biotinPE ¢, a) were preincubated for 1 min with PElys
further insight into the nature of the interaction of the peptide vesicles, and increasing concentrations of KI were added. Results

with the target bilayer, potential changes in Trp fluorescence a{es%press_,ei Hﬁ/ FB whereF%(djt%noﬁas the fluores_c;ancetin@erliity
were invesigated. I has been wellestablished that the ! 247 11 he absence ofls foressence niensy 1 e
intrinsic fluorescence of Trp increases when the amino acid jncypated in the presence of PC/chol vesicles.

senses a more hydrophobic environment. Concomitantly, a

blue shift in the emission maximum is seen. These param-surface promotes the ability of the peptide to engage in
eters were subsequently monitored for the wae 11 peptide,hydrophobic interactions with the target membranes.

taking advantage of the localization of Trp atthe N terminus  Part of these hydrophobic interactions may involve
(Table 2). In the presence of PC/chol vesicles, no changepenetration of the peptide. Since the model system used in
in intrinsic fluorescence of Trp was apparent when the free the present study is essentially nonleaky, penetration must
peptide was added, consistent with its inability to induce be very subtle, without any significant (overall) membrane
either aggregation or fusion. Inclusion of PElys in the PC/ perturbation. To obtain some evidence for penetration rather
chol bilayer suggests that in this case some interaction occursthan folding of the peptide along the vesicle surface, Trp
as reflected by a marginal increase in the intrinsic fluores- fluorescence quenching studies were carried out, using the
cence and a small blue shift of the emission maximum. This aqueous quencher KI. As shown in Figure 6, quenching by
observation is consistent with results described above,KIl was decreased when the peptide-coupled vesicles were
showing that the free peptide causes clustering of fluores-incubated in the presence of PElys-containing target mem-
cently labeled PElys, which implies that the peptide does brane vesicles (compare opesclosed symbols). Hence,
interact with the bilayer in this case. However, anchorage the inaccessibility of the Trp residues to the aqueous
of wae 11 to the liposomes had a pronounced effect on thequencher would be consistent with (at least partial) peptide
Trp intrinsic fluorescence, provided the target membranes penetration.

contained PElys. Under those conditions, prominent blue Along the line of current concepts concerning mechanisms
shifts were seen, accompanied by a substantial increase irof membrane fusion, (partial) penetration of a peptide into a
intrinsic fluorescence (Table 2). Hence, these data indicatebilayer will give rise to increasing negative monolayer
a migration of Trp to a hydrophobic environment and would curvature. The latter is thought to facilitate fusion, involving
support the view that coupling of the peptide to the vesicle the formation of a “stalk” which represents a transient, highly

Fo/F
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10 observed (Figure 7B). Depending on the composition, the
rates increased by-3L0-fold, in the presence and absence
A 184 of biotinPE, respectively. As a control, we examined the
occurrence of vesicle leakage at the same conditions,
employing the Th/DPA complex as the aqueous contents
marker. However, the rates of leakage in all cases were
70 essentially similar to those obtained at control conditions,
i.e. in the absence of monoolein. Thus lysis, followed by
membrane reassembly, could be excluded as the cause of
the stimulatory effects of the lipid. Finally, since neither
the kinetics nor the extent of vesicle aggregation was affected
by the presence of lysoPC or monoolein, we exclude the
possibility that the effect of either compound was mediated
via a direct interaction with the peptide, biotinPE or PElys.

BSA 2 mg/ml

Fluorescence (AU)
S

350
Time (s)

(% fusion.min™)
[

Initial rate of fluorescence increase

*
o

T T | | |
0 5 10 15 20 25 30
LPC (uM) DISCUSSION

In this work, we have shown that a short, negatively
B charged peptide, 11 amino acids in length, is able to trigger
the fusion of zwitterionic PC/chol vesicles, provided that the
peptide is coupled to the membrane surface of one population
of the interacting bilayers and that the vesicles can be brought
into close contact. In contrast, little if any fusion was
observed upon addition of the free peptide, even at a molar
excess of 2 orders of magnitude, compared to the concentra-
tion of the bound peptide.

Part of the distinction between the free and bound peptide
is likely related to spatial constraints. Obviously, the
multivalent character of the peptide would allow multivalent

—
[ ]

=]
[

w
|

Initial rate of fluorescence increase
(% fusion.min™
ey
|

0 I ‘ , ‘ | interactions, which seem to occur when the free peptide is
0 5 15 25 35 45 50 added to PElys-containing liposomes. As revealed with
Monoolein (uM) NBD-labeled PElys, the free peptide causes clustering as

Ficure 7: Effects of LPC and monoolein on wae 11-induced lipid _refleCted by fluorescen_ce Seh_‘-quenchlng, analog_OI_Js to-Ca
mixing. PEIlys liposomes were incubated with increasing concentra- induced phase separations triggered in PS-containing systems
tions of LPC (A) or monoolein (B) for 3 min at room temperature, (Hoekstra, 1982). Presumably, the free peptide is thus
and wae 11-coupled fluorescent liposomes with@)tgnd with 2 capable of forming a so-called “cis” complex, i.e. between

mol % (a) or 6 mol % @) biotinPE were added. The total lipid  pgjys molecules within the same plane of the bilayer, but

concentration was 70M, and LPC and monoolein were present ta . | hich id b ded to bri
at concentrations well below the lytic threshold. Results are no_ a ran_s comp ex, whic WOL_J_ € needed 1o bring
expressed as meah SD of three different experiments. (Inset) adjacent bilayers into close apposition. Indeed, as we have

Reversibility of the inhibiting effect of LPC on liposome fusion shown (Figure 4), neither PElys- nor biotinPE-containing
by bovine serum albumin (uncorrected fluorescence tracing). vesicles are aggregated by the free peptide. Hence, these
BiotinPE-containing liposomes were added to a suspension OfPElysobservations would suggest that spatial constraints are

vesicles preincubated with (thick line) or without (thin line)3d . . - . .
LPC. After 200 s, BSA (2 mg/mL final concentration) was injected IMportant in governing the peptide-induced fusion event. As

into the cuvette containing the LPC-treated liposomes. The suddenalso supported by the studies concerning changes in intrinsic
drop in the fluorescence intensity is due to the dilution caused by Trp fluorescence (Table 2), it would appear that the coupled
BSA addition. peptide, possibly by virtue of its restricted motional freedom,
bent lipid intermediate. This mechanism is known as the is engaged in a more “prominent” type of hydrophobic
so-called “stalk hypothesis” (Chernomordik et al., 1995b; interaction than the free peptide, which appears to be largely
Epand et al., 1994). Hence, the hydrophobic interactions, involved in multivalent electrostatic interactions. These
noted above, could be a reflection of this process. considerations would explain the different modes of interac-
To examine this possibility further, compounds were tion, the free peptide folding along the surface, causing
therefore included in the wae 11 fusion system, which are clustering of PElys, while the coupled peptide is restricted
known to interfere with the bilayer curvature, lysoPC from such interactions, thereby facilitating hydrophobic
inhibiting and monoolein facilitating negative spontaneous interactions, possibly involving some penetration into the
curvature and, in parallel, stalk formation and fusion, bilayer. The KI quenching experiments revealed that at least
respectively. As shown in Figure 7, inclusion of LPC some of the Trp residues were hidden from direct acces-
showed an effective, dose-dependanttibition of fusion sibility to the aqueous phase in the case of the bound peptide,
(panel A), irrespective of the presence of biotinPE in the but not the free peptide (Figure 6, Table 2). These
wae 11 liposomes. The inhibition of the fusion process could distinctions are therefore consistent with the relationship
be fully reversed when the inserted pool of lysoPC was between hydrophobicity and fusion susceptibility. Yet
removed with BSA (inset of Figure 7A), thus excluding further experiments will be needed to provide direct proof
lysoPC-induced artifacts. Moreover, when similar experi- for penetration. The following notions are of relevance in
ments were carried out in the presence of the (nonionic) this context. Preliminary results obtained by Fourier trans-
monoolein, a drastiéncreasein the fusion activity was  form infrared spectroscopy (FTIR) show that the peptide
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adopts g3-sheet conformation when free in bulk solution for example by facilitating hydrophobic interactions. How-
but is converted into arx-helix when coupled to the ever, as could be revealed by including biotinPE in the
liposomal surface (E. |. Rheur, and I. Martin, unpublished  peptide-coupled vesicles, an entirely different picture emerged,
observations). The latter would provide a structural motive when studying the aggregation and fusion activity as a
as presented in Figure 1, in which hydrophobic and hydro- function of pH (Figure 5A,B). As can be concluded from
philic residues are organized on opposing faces. these data, rather than the fusion activity, the binding function
The occurrence of penetration is dictated by the current of the peptide is affected by pH, showing a diminished
concepts of protein/peptide-induced fusion, suggesting thatreactivity when the pH decreases. By contrast, the fusion
such events are relevant for facilitating departure of the activity appears to beadependenof pH, being sustained at
bilayer structure, a crucial intermediate step for fusion. mild acidic pH. These conclusions can be drawn from the
Direct proof of penetration of some viral fusion peptides has observation that the primary function of biotinPE and PElys
been shown (Harter et al., 1989: Novick & Hoekstra, 1988). is causing the vesicles to aggregate (Figure 5B). In the
Note, however, that the primary sequence of the presentabsence of biotinPE, the peptide itself fulfills this function
peptide does not contain an extended sequence of hydrovia its ability to engage in electrostatic interactions with the
phobic amino acids, a typical feature of viral fusion peptides. Lys residue coupled to PE. Thus, biotinPE is capable of
Usually, penetration is inferred from the occurrence of inducing vesicle aggregation, while wae 11 is needed to
extensive leakage of vesicle contents, which accompaniesinduce membrane fusion. As revealed by the aggregation
the fusion event (Dzgines & Gambale, 1988; Lee et al., experiments, at a low (2 mol %) biotinPE concentration,
1992; Murata et al., 1987; Parente et al., 1988; Puyal et al.,aggregation is stimulated in the presence of the peptide. At
1994; Szoka et al., 1988). Interestingly, the system we higher concentrations (e.g. 6 mol %), essentially the same
describe is essentially nonleaky, which, to the best of our rates and extents of aggregation are obtained, irrespective
knowledge, has not been reported before. The nonleakines®f the presence of the peptide. Thus, the decrease in fusion
can be related to several causes. First, intentionally, we activity that is observed as a function of pH when using
synthesized a short peptide, to avoid its ability to traverse vesicles with 2 mol % biotinPE must be a reflection of a
the membrane. Second, the system contains a relative higrdiminished degree of aggregation, rather than a decrease of
mole ratio of cholesterol, which will favor membrane sealing fusionper se Indeed, when aggregation was monitored as
(Anholt et al., 1982; Vidal et al., 1984). The relative a function of pH, aggregation of vesicles that contained 2
contribution of each of these parameters to the nonleakinesgnol % biotinPE appeared to be severely impaired at low
cannot be assessed from the present data. But whatever thgH, whereas vesicles containing 6 mol % biotinPE aggregate
exact contribution of these parameters, it seems fair to almost as effectively over the entire pH range. Consistent
conclude that fusion proceeds in the present model systemwith these notions is the observation that fusion also remains
without a major perturbation of overall bilayer structure, in essentially constant between pH 5.2 and 7.4. Evidently, upon
a manner analogous to what one expects to occur in athe peptide nearing charge neutralization, a diminished
biological fusion event, which is thought to be a strictly tendency of the peptide to engage in electrostatic interaction
controlled process. with PElys at mild acidic pH is readily explained. As a
Although the final extents of lipid mixing and contents consequence, a decrease in vesicle aggregation may therefore
mixing are very similar, the initial kinetics of both processes be expected. Finally, it is remarkable that the protonation
are different, contents mixing being slightly delayed. Pos- of the acidic residues does not increase the fusion activity.
sibly, this distinction reflects the sequential occurrence of It would thus appear that hydrophobiciper seis not the
hemifusion events (outer leaflet and inner leaflet mixing, sole driving force for peptide-induced fusion. Rather, the
respectively) and pore formation, only the latter process overall structure, presumably in conjunction with the spatial
giving rise to contents mixing. The nature of the transient orientation, is an important parameter in triggering and
bilayer-to-nonbilayer transition, which necessarily must occur regulating peptide-induced fusion, as has been recently shown
upon wae 11-induced fusion, fits with the currently advocated by Gray et al. (1996) for the influenza hemagglutinin fusion
model, involving formation of a highly curved nonbilayer peptide. Indeed, preliminary evidence showed that fusion
structure, a so-called stalk. Originating from molecular is eliminated when substituting Glu for His, irrespective of
factors that influence bilayer curvature, lysoPC and mo- the pH of the incubation. Work is in progress to further
noolein modulate the wae 11-mediated fusion process asdefine these parameters, using wae 11 peptide analogs.
anticipated, showing an inhibition and promotion of fusion,  Itis important to emphasize that the presence of biotinPE
respectively (Figure 7). Note that in our model system did not seem to affect the properties of the peptide, neither
negative bilayer curvature, i.e. formation of the fusion by a direct interaction nor by altering the peptide’s vicinity
intermediate, can be facilitated by cholesterol, a lipid of (Table 2). When biotinPE was incorporated into the target
negative spontaneous curvature, which should facilitate stalkmembrane, no effect on aggregation or fusion was observed.
formation (Chernomordik et al., 1995b). Although some In fact, the aggregation experiments in the presence and
amphiphilic peptides are known to counteract negative absence of the peptide, as well as the correlation between
bilayer curvature, and thereby inhibit fusion (Cheetham et the concentrations of biotinPE and PEkssfusion activity,
al., 1994; Chernomordik et al., 1995b; Colotto et al., 1996; clearly indicated that the lipid analogs provide the chance
Damodaran & Merz, 1995; Epand et al., 1994; Siegel, 1993), for the vesicles to aggregate, most likely via electrostatic
the wae 11 peptide apparently favors negative bilayer interactions. Indeed, the use of biotinylated PE allowed us
curvature. to define the pH dependence of wae 11-induced fusion and
Taking into account the fact that the peptide contains three the requirement for peptigebilayer anchorage (as opposed
Glu residues which are negatively charged at pH 7, it would to the free peptide) to cause membrane fusion. Besides, it
have been anticipated that charge neutralization could exerthas been reported that biotin has an affinity for Lys residues,
a pronounced effect on the peptide’s ability to trigger fusion, as binding to (strept)avidin involves the imidazolidone ring
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of the biotin and the-amino group of Lys residues (Gitlin
et al., 1987; Grubrfiler et al., 1996; Wilchek & Bayer,
1989). However, substitution of PElys for another cationic
lipid (Saint-2) sustained the ability of wae 11 to trigger

fusion; therefore, specificity for a target membrane receptor

is not required for conveying fusogenic properties to the
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peptide. Rather, the mode of interaction with the membrane Hoekstra, D. (1990). Bioenerg. Biomembr. 2221-155.

per se when comparing the results of the free bound

Hughson, F. M. (1995Lurr. Opin. Struct. Biol. 5507-513.

peptide, seems relevant for bringing about fusion. The natureKemble, G. W., Danieli, T., & White, J. M. (1994jell 76, 383~

of that interaction is then at least in part governed by the
covalent binding to a membrane, resulting in motional

restrictions or “controlled” conformational changes, such as

adoptingo-helical secondary structure, as opposef-theet

which is exhibited by the free peptide (see above, unpub-

lished observations).

The present observations may also be of relevance in the

Kreis, T. E., & Lodish, H. F. (1986Lell 46, 929-937.
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context of some recent studies in which the fusogenic wartin, 1., Defrise-Quertain, F., Mandieau, V., Nielsen, N. M.,

properties of GPl-anchored mutants of influenza HA (Kemble
et al., 1994; Melikyan et al., 1995) and HIV gp120/41 (Weiss

& White, 1993) were examined. In these studies, the GPI-

anchored fusion proteins did not induce syncytium formation
(HIV) or did not carry the fusion step beyond that of
hemifusion (merging of outer leaflets only). It could thus
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be suggested that the transmembrane parts of these proteinglonck, J. R., & Fernandez, J. M. (199Keuron 12 707-716.

are relevant in leading fusion to completion, i.e. triggering
the merging of the inner leaflets which would allow

formation of the fusion pore, necessary for contents mixing.
In conjunction with the present work, it would appear that

Murata, M., Nagayama, K., & Ohnishi, S. (198ipchemistry 26
4056-4062.
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of peptide or protein-anchored systems to propagate theNovick, S. L., & Hoekstra, D. (1988roc. Natl. Acad. Sci. U.S.A.

overall fusion event, leading to contents mixing. Hence, we
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can conclude that, for a membrane-associated peptideParente, R. A., Nir, S., & Szoka, F. C., Jr. (1988)Biol. Chem.

(protein), the presence of a transmembrane moiety is not a

prerequisite for inducing fusion.
ACKNOWLEDGMENT

We thank Dr. Michel Vidal for helpful discussions on
fluorescence experiments.

REFERENCES

Anholt, R., Fredkin, D. R., Deerinck, T., Ellisman, M., Montal,
M., & Lindstrom, J. (1982)J. Biol. Chem. 2577122-7134.

Bartlett, G. R. (1959). Biol. Chem. 234466—-468.

Bullough, P. A., Hughson, F. M., Skehel, J. J., & Wiley, D. C.
(1994) Nature 371 37—-43.

Cheetham, J. J., Nir, S., Johnson, E., Flanagan, T. D., & Epand, R.

M. (1994)J. Biol. Chem. 2695467-5472.

Chernomordik, L., Chanturiya, A., Green, J., & Zimmerberg, J.
(1995a)Biophys. J. 69922—929.

Chernomordik, L., Kozlov, M. M., & Zimmerberg, J. (19958)
Membr. Biol. 146 1—-14.

Colotto, A., Martin, I., Ruysschaert, J. M., Sen, A., Hui, S. W., &
Epand, R. M. (1996Biochemistry 35980-989.

Damodaran, K. V., & Merz, K. M. (1995). Am. Chem. Soc. 117
6561-6571.

Dizgines, N., & Gambale, F. (198%EBS Lett. 227110-114.

Duzgines, N., & Shavnin, S. A. (1992) Membr. Biol. 12871
80.

Epand, R. F., Martin, |., Ruysschaert, J. M., & Epand, R. M. (1994)
Biochem. Biophys. Res. Commun. 20938-1943.

Epand, R. M., & Epand, R. F. (19948iochem. Biophys. Res.
Commun. 2021420-1425.

Epand, R. M., Shai, Y., Segrest, J. P., & Anantharamaiah, G. M.
(1995) Biopolymers 37319-338.

Gallaher, W. R. (1987Lell 50, 327—-328.

Gitlin, G., Bayer, E. A., & Wilchek, M. (1987Biochem. J. 242
923-926.

263 4724-4730.

Puyal, C., Maurin, L., Miquel, G., BienvéeyA., & Philippot, J.
(1994) Biochim. Biophys. Acta 119259-266.

Puyal, C., Milhaud, P., Bienvéey A., & Philippot, J. R. (1995)
Eur. J. Biochem. 228697—703.

Rey, F. A, Heinz, F. X., Mand|, C., Kunz, C., & Harrison, S. C.
(1995) Nature 375 291-298.

Rothman, J. E. (1994)ature 372 55—-63.

Schlesinger, M. J., & Schlesinger, S. (1986)Tihe Togairidae
and Flaviviridae (Schlesinger, S., & Schlesinger, N. J., Eds.)
pp 121148, Plenum Press, New York.

Siegel, D. P. (1993Biophys. J. 652124-2140.

Stegmann, T., Doms, R. W., & Helenius, A. (198%nu. Re.
Biophys. Biophys. Chem. 1887—211.

Struck, D. K., Hoekstra, D., & Pagano, R. E. (19&ipchemistry
20, 4093-4099.

Szoka, F. C., Jr., & Papahadjopoulos, D. (19P8)c. Natl. Acad.
Sci. U.S.A. 754194-4198.

Szoka, F. C., Jr., Subbarao, N. K., & Parente, R. A. (1988) in
Molecular Mechanisms of Membrane Fusi@hki, S., Doyle,
D., Flanagan, T. D., Hui, S. W., & Mayhew, E., Eds.) pp 317
324, Plenum Publishing Corp., New York.

van der Woude, |., Wagenaar, A., Neekel, A. A. P., ter Beest, N.
B., Ruiters, N. H. J., Engberts, J. B. F. N., & Hoekstra, D. (1997)
Proc. Natl. Acad. Sci. U.S.A. 94160-1165.

Vidal, M., Bienverie, A., Sainte-Marie, J., & Philippot, J. R. (1984)
Eur. J. Biochem. 138399-405.

Weiss, C. D., & White, J. M. (1993). Virol. 67, 7060-7066.

White, J., Helenius, A., & Gething, M. J. (198Rature 300658~
659.

White, J. M. (1990)Annu. Re. Physiol. 52 675-697.

White, J. M. (1992)Science 258917-924.

Wilchek, M., & Bayer, E. A. (1989Yrends Biochem. Sci. 1408—
412.

Wilschut, J., Dugines, N., Fraley, R., & Papahadjopoulos, D.

(1980) Biochemistry 196011-6021.

BI19622128



