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ABSTRACT. We recently demonstrated that an amphipathic net-negatively charged peptide consisting of
11 amino acids (WAE 11) strongly promotes fusion of large unilamellar liposomes (LUV) when anchored

to a liposomal membrane [Bleeur, E. I., Hoekstra, D., Sainte-Marie, J., Maurin, L., Bienerl, and
Philippot, J. R. (1997Biochemistry 363773-3781]. To elucidate a potential relationship between peptide
structure and its fusogenic properties and to test the hypothesis that specific structural motifs are a
prerequisite for WAE-induced fusion, three 11-mer WAE-peptide analogues (WAK, p¥Ad WAS)

were synthesized and investigated for their structure and fusion activity. Structural analysis of the synthetic
peptides by infrared attenuated total reflection spectroscopy reveals a distinct propensity of each peptide
toward a helical structure after their anchorage to a liposomal surface, emphasizing the importance of
anchorage on conveying a secondary structure, thereby conferring fusogenicity to these peptides. However,
whereas WAE and WAK peptides displayed an essentially nonleaky fusion process, WAS- ang,WAE
induced fusion was accompanied by substantial leakage. It appears that peptide helicity as such is not a
sufficient condition to convey optimal fusion properties to these 11-mer peptides. Studies of changes in
the intrinsic Trp fluorescence and iodide quenching experiments were carried out and revealed the absence
of migration of the Trp residue of WAS and WAEto a hydrophobic environment, upon their interaction

with the target membranes. These results do not support the penetration of both peptides as their mode
of membrane interaction and destabilization but rather suggest their folding along the vesicle surface,
posing them as surface-seeking helixes. This is in striking contrast to the behavior observed for WAE
and WAK, for which at least partial penetration of the Trp residue was demonstrated. These results
indicate that subtle differences in the primary sequence of a fusogenic peptide could induce dramatic
changes in the way the peptide interacts with a bilayer, culminating in equally drastic changes in their
functional properties. The data also reveal a certain degree of sequence specificity in WAE-induced
fusion.

A key feature in cellular and viral fusion phenomena is consistently located in a membrane-anchored polypeptide
the involvement of specific fusion proteins. Among the few chain and are often referred to as “fusion peptides” (for a
well-characterized fusion proteins to date are viral spike review, see ref§, 3, and7). To investigate their mechanism
glycoproteins responsible for penetration of enveloped of action, many studies, conducted on model membranes
viruses into their host cellsl-3) and sperm proteins from  such as liposomes, have employed synthetic peptides cor-
the ADAM! family involved in sperm-egg fusion 4—6). responding to these putative fusion peptide regions of viral
As part of their sequences, these proteins contain shortproteins 8—12) or of sperm proteinss 13). Modelde nao
segments (up to some 20 residues) composed of moderatelglesigned peptides have also been widely uset-17).
hydrophobic amino acids. Furthermore, these segments are
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Although fusion requirements for simple membrane model A WAE N-WAESLGEALEC-OH
systems might be far from those known to be required in WAS N-WASELGLAEEC-OH
biological membranes, such studies have undoubtedly con- WAE,,  N-WAESLGEAPEC-OH
tributed to a molecular and comprehensive description of WAK N-WAKSLGKALKC-OH

several steps involved in the fusion process. In particular,
it has been demonstrated that amino acid substitution within B
fusion peptides modifies their fusogenic properties upon
modification of their secondary structure and/or mode of
insertion in the lipid bilayer § 10, 18—20). A similar "
conclusion was reached in site-directed mutagenesis studies,,
on the fusion peptides of SIV gp321), of the Influenza
hemagglutinin 22), and of the VSV G protein23). Such
studies reveal the prominent role of the peptide’s secondary
structure in conferring fusion properties. Also, an asym-
metric distribution of hydrophilic and hydrophobic amino
acids, where the charged residues form a cluster that
determines a narrow polar face (wedge shape) has been,,
demonstrated to be associated with the fusion domain of
several viral glycoproteins and is generally not observed in "
transmembrane segments or surface-seeking helixes of ’
proteins R4, 25). This asymmetric distribution is thought
to play a key role in conferring membrane destabilizing and,
eventually, fusion properties to these peptid2829). FiGURe 1: (A) Structure of amphiphilic 11-mer peptides. (B) Helical
) i ) i ] representations. Modifications in the primary structure of WAE are
Indeed, insertion of these fusion peptides into the target indicated in bold underlined characters.

bilayer as sided-helixes and, in some cases, according to
an oblique orientation was demonstrated for SIV gpB2 (
21), HIV gp41 (11, 29), the Influenza virus fusion peptide
(8, 18—20, 30), the fusion peptide of Sendai viru$3), and
also model peptidesld, 16, 31). However, there appears

MATERIALS AND METHODS

Chemicals Egg yolk phosphatidylcholine (PC),-a-
dipalmitoylphosphatidylethanolamine (DPPE), cholesterol
(chal), stearylamine and dipicolinic acid (pyridine-2,6-

to be no general consensus. Circular dichroism data obtaineddicarboxylic acid, DPA) were obtained from Sigma.
for the measles virus fusion peptidé?f and recent studies  ThCl-6H,O (99.9% pure) was from AlfaN-Succinimidyl
on the putative fusion peptide of fertilin, a speregg fusion- 3-[2-pyridyldithio]propionate (SPDP)-derivatized DPPE (PE-
active protein 13), of the E protein of tick-borne encephalitis PDP), and stearylamine (stea-PDP) were synthesized as
virus (33) and of the S protein from hepatitis B viru84) described before36). Lysine-derivatized PE (PElys) was
show thatgs-structures such a8-sheet ors-hairpin could prepared by covalent coupling af-Lys to DPPE, as
also account for a peptide’s ability to display fusogenic described by Puyal et al3¢). The lipid analogue-(7-
activity. nitro-2,1,3-benzoxadiazol-4-yl)phosphatidylethanolamisie (
: A NBD-PE), N-(lissamine rhodamine B sulfonyl)phosphati-
To closely simulate membrane fusion induced by a ' - :
membranebound protein and to obtain a truly fusion- dylethanolamine N-Rh-PE), and N-(biotinoyl)-1,2-di-
L . . . . palmitoylphosphatidylethanolamine (biotinPE) were pur-
mimicking system, we have investigated in recent studies

; L : . chased from Molecular Probes. All other reagents were of
the fusogenic activity of an 11-mer synthetic peptide, called analytical grade
W'?E rlnl’r:?vatlk'ﬂ?lsognal a/srte:cn\}irltl\;va? fr?llj:g tri'r?t’ n c{%se Preparation of LiposomesAll liposomes were prepared
agreeme € behavior ot viralfusion-inducing peptides by sonication followed by extrusion, as describ&d)( The
in their membrane-bound environment, anchorage of this i

. . o . posomes were sized to a diameter of approximately 150
short peptide via a disulfide bond to a liposomal surface was nm, as verified by cryoelectron microscopy and dynamic light
anessentialequirement to exert its fusogenic propertis)(

, ) . , scattering. Positively and negatively charged target vesicles
In an attempt to elucidate a potential relationship between |gnejed with 1 mol %N-NBD-PE and 1 mol %N-Rh-PE
peptide fusion activity and structural features, we have yere composed of PC/chol/PElys and PC/chol/PS (11:6:3),
synthesized a series of 11-mer WAE-peptide analogues andespectively (unless otherwise stated). The 11-mer peptides
characterized them structurally and functionally by compar- (rigure 1) N-Trp-Ala-Glu-Ser-Leu-Gly-Glu-Ala-Leu-Glu-
ing the free apd coupled forms of the peptides. The cys (WAE), N-Trp-Ala-Lys-Ser-Leu-Gly-Lys-Ala-Leu-Lys-
combination of infrared spectroscopy and tryptophan fluo- cys (WAK), N-Trp-Ala-Ser-Glu-Leu-Gly-Leu-Ala-Glu-Glu-
rescence structural data with fluorescence assays for thecys-OH (WAS), and N-Trp-Ala-Glu-Ser-Leu-Gly-Glu-Ala-
functional analysis of peptide-induced fusion leads us to the pro-Glu-Cys (WA, were synthesized by the standard
conclusion that thex-helical structure as such is not a Fmoc (N-(9-fluorenyl)methoxycarbonyl) solid phase method,
sufficient condition for fusion to take place. The results also on a Milligen 9050 continuous flow peptide synthesizer, as
demonstrate that segregation of hydrophilic and hydrophobic described previouslyl@), and purified by RP-HPLC (more
amino acids together with the position of specific residues than 98% pure). The peptides were then dissolved in either
along the helix axis are major features that govern WAE- 20 mM ammonium bicarbonate pH 8 or distilled water (for
induced fusion. WAK) and coupled to liposomes composed of PC/chol/PE-
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PDP for WAE, WAS, and WAE;,, (molar ratio 3.5:1.5:0.25) Attenuated Total Reflection Fourier Transform Infrared
(17), in a 5:1 peptide-to-PE-PDP molar ratio. The positively Spectroscopy (ATR-FTIR)Spectra were recorded at room
charged peptide N-Trp-Ala-Lys-Ser-Leu-Gly-Lys-Ala-Leu- temperature on a Perkin-Elmer 1720X FTIR spectropho-
Lys-Cys (WAK) was covalently attached to PC/chol/stearyl- tometer equipped with a liquid nitrogen-cooled mercury
amine-PDP, to avoid electrostatic interactions between thecadmium telluride (MCT) detector at a nominal resolution
peptide and the negatively charged phosphate in PE-PDPof 4 cntt and encoded every 1 cth The spectrophotometer
The peptide-coupling efficiency was +@0%, as evaluated was continuously purged with air and dried on a silica gel
by measuring spectrophotometrically (343 nm) the releasecolumn (5x 130 cm). The internal reflection element was
of 2-mercaptopyridine37). The peptide-coupled liposomes a germanium plate (58 50 x 2 mm, Harrick EJ2121) with
were purified by gel filtration through a Sephadex G-25 an aperture angle of 4pyielding 25 internal reflections.
(PD10 columns, Pharmacia) column. The lipid phosphorus For each spectrum, 128 scan cycles were averaged; in each
content was measured by Bartlett's meth88)( cycle the sample spectra were compared with the background

Tryptophan Fluorescence Measuremeninission spec- ~ SPectra of a clean germanium plate, using a shuttle to move
tra of the peptide-coupled liposomes suspended in 10 mmthe sample or reference into the beam. For polarization
Tris, 150 mM NaCl, pH 7.4 were recorded between 300 and experiments, a Perkin-Elmer gold wire grid polarizer was
400 nM atle. = 280 nm, in the absence or presence of Positioned before the sample and the reference. Determi-
target vesicles. The spectra were corrected for the vesiclenation of the secondary structure was based on the vibrational
blank (scatter) and for the dilution caused by the liposome bands of protein or peptide, in particular, the amide | band
addition. Trp fluorescence measurements were done in the(1600-1700 cn), which primarily arises from €0
absence and presence of iodide. The latter acts as astretching (76-80% of the potential energy) together with
collisional aqueous quencher of Tr39, reflecting its an o_ut-of phase N _stretchlng, aCCN deformano_n, and a small
relative degree of exposure to the aqueous environment. ThisNH in-plane bending contributiord(). The amide | band
type of quenching is characterized by the Steviolmer ~ generally shifts by 510 cn* to lower wavenumber upon
relation, which isF¢/F = Kq[Q] + 1, whereF, is the exposure of a protein to &,0O environment (for a review
fluorescence in the absence of, IF is the observed See ref42). The strong overlapping of the different
fluorescence at a given kconcentration [Q], antKs, is the components of the amide | arising from the different
Stern-Volmer quenching constantks, is readily obtained ~ Secondary structures usually results in a broad, featureless
from the slopes of plot&y/F vs [I-] and decreases when €nvelope. However, the combl_nqtlon of resolution enhance-
the probability of collision with the quencher decreases, i.e., Ment methods with a band fitting procedure allows the

when the fluorophore is shielded from the quencher. guantitative assessment of various components of protein or
peptide secondary structure suchwselix, 5-sheet, and

Assay for Monitoring Vesicle FusionLipid mixing of . .
vesicles, as a measure of fusion, was assayed as describeltjunorOlerecI structuresiz—44). Each band was assigned to

by Struck et al. 40). Target vesicles containing 1 mol % a secondary structure according to the frequency of its

each ofN-NBD-PE andN-Rh-PE were added to a suspension maximum. The areas of all bands assigned to a given
of peptide-coupled liposomes in 10 mM Tris, 150 mM NaCl, secondary structure were then summed and divided by the

pH 7.4 (unless otherwise stated), as descrik&). ( The tohta] areah This r?tio gi\{es thehproportion of the polypeptide
increase in NBD fluorescence was monitored as a function <'am " that conformation. This prpcedure,_extended toa
of time in an SLM Aminco fluorometerigx = 460 nm,Aem series of well characterized proteins, provided a correct
= 534 nm) under continuous stirring. The temperature was estimation of theng—hehx a:)nd,B-sheet structure content with

controlled with a thermostated circulating water bath. The a standard deviation of 8% when X-ray structures were taken

excitation and emission band slits were 4 nm. The peak as the reference4f). The percentages of the different

absorbance of samples was kept below 0.1 to reduce innersecondary structures were quantified by an iterative curve-

. o -~ . fitting. The frequency limits for each structure were first
filter effects. For calibration, 0% was taken as the intrinsic assigned according to the data determined theoreticklly (
fluorescence intensity of NBD/Rh-labeled liposomes and or e?( erimentall 33)_ 1662-1645 cntl. a-helix: 1689
100% fluorescence was obtained after addition of 0.2% P Y29 P .

! . . 1682 and 16371613 cm?, 5-sheet; 1644.51637 cm?
Triton X-100 (final concentration), corrected for detergent- X L g o '
induced quenching of NBD fluorescence. random; 16821662.5 cm?, g-turns. These limits have

been slightly adjusted to obtain a good agreement between

_ Measurements of Peptide-Induced Leakag@eptide- the proportion of each structure determined by ATR-FTIR
induced leakage was determined by adding peptide inang X-ray crystallography46).

solution or coupled to liposomes to a suspension of target

vesicles loaded with a 1:1 mixture of 2.5 mM Th@ 50 RESULTS

mM sodium citrate, 10 mM Hepes, pH 7.4, and of 50 mM

DPA in 20 mM NacCl, 10 mM Hepes, pH 7.4 (lipid molar Rationale of the Design of the 11-mer Peptiddhe 11-
ratio 1:6). The Th/DPA complex was excited at 276 nm, mer amphipathic peptide WAE 11 (Figure 1A)7 strongly

and the fluorescence emission was detected at 545 nmpromotes membrane fusion when it is anchored to a
Leakage is revealed as a decrease of Th/DPA fluorescenceliposomal surface, in an essentially nonleaky process. The
resulting from immediate dissociation of the complex by residues of the peptide are positioned according to a helical
EDTA, present in the incubation medium (10 mM Hepes, structure, in which hydrophobic and hydrophilic amino acids
100 mM NacCl, 1 mM EDTA, pH 7.4). The 0% fluorescence are organized on opposing faces (Figure 1B). Note that the
was obtained by adding 0.8 mM C12E8 (final concentration) Glu residues form a cluster, conferring a wedgelike shape
to the cuvette 17). to the peptide, thought to be important to fusidrv,(27).
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In an attempt to eIUCidz_ite a p_o_tential '_’elationShip_ between Table 1: Estimates of the Secondary Structure of the 11-mer
peptide structure and its ability to induce fusion, we Anjonic and Cationic Synthetic Peptides
synthesized three 11-mer WAE-peptide analogues (Figure

- i 0, - 0, 0,
1B). WAS containghe same amino acids as WAt they samples ochellx (%) p-sheet () _random ()
were positioned according to a different sequence; in this W?Bssolution 30 35 30
case, the segregation between the hydrophilic and hydro-  coupled to vesicles 70 0 30
phobic residues is disrupted. To interrupt the secondary bound to vesicles 33 50 27

structure in WAE, Leu at position 9 was replaced by a Pro WAEprol _ % - e
residue (WAE,), which is considered a strong-helix in solution

coupled to vesicles 50 5 45
breaker 46). Note, however, that the overall shape and bouﬁd to vesicles 40 24 36
structure of WAE are preserved in WAE Finally, the WAE
global charge is rendered positive in WAK, by substituting in solution 7 50 43
the three Glu in WAE for three Lys (Figure 1B). coupled to vesicles 52 16 32
. . . . : bound to vesicles béll bdl bdl
Having synthesized the various peptides, we first compared \yak
their structural features as a free peptide and when attached insolution 20 35 45
to the membrane, either by mere or random association or  coupled to vesicles 54 0 46
bound to vesicles bdl bdl bdl

by specific covalent attachment.
Determination of Peptide Secondary Structure by Fourier  ? Spectra were recorded for the peptides free in solution, and attached
Transform Infrared SpectroscopyThe advantages of the @ PC/chol bilayers, accomplished by a specific covalent bond (“coupled
. . - . to vesicles”) or by nonspecific association (“bound to vesicles”). For
use of In_frared spectrosco_py to o_btaln Struc_:tural Informatlon details, see text and Materials and Methods. The samples were
on peptides over other biophysical techniques, like X-ray deuterated durip1 h 30min. Secondary structure determination was
diffraction or nuclear magnetic resonance (NMR), are the performed from analysis of the shape of the amide | band using a
relatively small quantities of peptide required (1000 ug) Fourier self-deconv?)lution curve-fitting _proc_ed_ure (see Materials and
and hat 5 well applicabe o mermbrane-assosiate pepidedionods  Cealof bl blow etcton i eulsave means
in their lipid environment. This method is based on the
analysis of the vibration bands of protein or peptide, and
particularly the amide | bang(C=0), whose frequency of ~ band centered at 1657 cty due to the amide | band of
absorption is dependent upon the secondary structure. HerePeptides (Figure 2D,E). For the WAE (Figure 2D and Table
we used attenuated total reflection Fourier transform infrared 1) and WAK peptides (Table 1), this ratio was too low to
spectroscopy to study the secondary structure of the 11-mermake a reliable determination of any secondary structure.
anionic and cationic peptides described above, in the absencdn striking contrast, WAS (Table 1) and WAL (Figure 2E
or presence of phospholipid vesicles (the liposomes to which and Table 1) peptides display a high peptide/lipid ratio, with
the peptides are being coupled), and as a function of pH. @-helical ands-sheet contents of 33 and 50% for WAS and
Note, however, that structure determinations were done in40 and 24% for WAE, respectively. The random coil
the absence dﬁrgetvesidesl because of an Over|ap in the structure contributes to 3310% of the intenSity of the amide
signals of the amide | band of the peptides and those of the! band and is probably related to the COOH and :NH
lysine residue of PEIlys in the target bilayer. extremities (Table 1).

When dissolved in buffer, the four peptides displayed a  To study the influence of anchorage of these peptides to
tendency toward extende@tstructures. Their deuterated a lipid membrane on their secondary structure, they were
spectra present a broad band between 1700 and 1600 cm covalently coupled to PC/chol/PE-PDP liposomes, as de-
A curve-fitting procedure performed as described in Cabiaux scribed in the Materials and Methods. Upon coupling to a
et al. @7) indicates the presence afhelical, 3-sheet, and lipid matrix and after deuteration of the samples, all peptides
random structures (Table 1; cf. Figure 2A). A careful exhibited a maximum at 1657 crh characteristic of an
analysis of the data demonstrates a higher propensity fora-helix (cf. Figure 2C for WAR,, and Figure 6A for WAS).
WAS and WAE, peptides to adopt an-helical conforma- The precise evaluation of each secondary structure reveals
tion in buffer than for WAE or WAK. For these latter that the peptides were mainlg-helical and that this
peptides, thg-sheet structure is predominant. However, no conformation was prevalent ovgtstructures (Table 1). Note
prevalence of a distinct secondary structure was found for that the stated peptide-to-lipid ratio (5:1) is the input ratio
the four peptides in solution; apparently, the short peptides used to prepare peptide-coupled liposomes, but the actual
as used in this study can adopt a large variety of structures.ratio in the lipid multilayer on the germanium plate was not

We then investigated the secondary structure of the determined. However, the relative intensities of the peptide
peptides upon their mere association to PC/chol/PE-PDPand lipid bands indicate a comparable degree of coupling
liposomes, without covalent coupling. For this purpose, the for all peptides. This estimation was made by calculating
peptides were incubated with the liposomes at pH 7.4 for the ratio of the area of the amide | band measured between
1 h at 37°C, in a peptide-to-lipid molar ratio 5:1. The 1680 and 1600 cnt to the area of the lipid/(C=0) band
membrane-bound peptides were then separated from the frebetween 1770 and 1700 cim(45). To rule out a possible
form by gel filtration on a Sephadex G-25 column and the artifact due to absorption by the lipids, the spectra of peptide-
peptide:lipid ratio was estimated by FTIR. In contrast to free PC/chol/PE-PDP vesicles were recorded and displayed
peptides in solution, the FTIR spectra of peptides associatedno absorption band between 1700 and 1600 ‘c(Rigure
with the liposomes showed an intense band centered at2B). Taken together, the data clearly demonstrate that
1740 cm, corresponding to the COGstretching vibration anchorage of the peptides to a lipid bilayer is accompanied
of the phospholipid esters bonds (cf. Figure 2B), and a secondby a considerable increase in thehelical content (Table
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Ficure 2: ATR-FTIR spectra between 1800 and 1500-¢mof deuterated peptides at pH 7.4 and €7 (A) WAEp, in buffer; (B)
liposomes composed of PC/chol/PE-PDP (blank); (C) Wi#Eoupled to liposomes; (D) and (E) WAE and WAE(respectively) in the
presence of “blank” liposomes without coupling. In these latter conditions, the vesicles and peptides were inculdate@domin at
37°C. Unbound peptide was removed by gel filtration as described, and the spectra were then recardéifadeuteration, as indicated
in Materials and Methods.

1). In the context of our previous studies, demonstrating similar to that obtained for lipid mixing (not shown; cf. ref
that, in contrast to the free peptide, only covalently attached 17). Thus, for the fastest fusing system (WAK-coupled
WAE triggered membrane fusion, the data would thus liposomes vs biotinPE-containing vesicles, curve c), internal
suggest that adoption of tleehelical structure represents a contents and lipid mixing occurred at 9.5 and 11:4%t2,
crucial element in conveying fusogenic properties to WAE. respectively. It should be noted that no leakage was observed
To evaluate the general significance of this suggestion, we under these conditions, as assayed by the Th/DPA procedure
next examined the fusogenic properties of the various “WAE- (see below and Materials and Methods).

mutants”, taking into account their structural features. Interestingly, the observed kinetics of WAK-induced
WAK peptide, like WAE, triggers fusion only when coupled fusion depend on the mechanism by which aggregation of
to a liposomal membraneln preliminary experiments, it the vesicles is accomplished. Thus, lipid mixing is relatively
was observed that cationic WAK interacted with PC/chol delayed, as reflected by the sigmoidal type of kinetics (Figure
liposomes provided that a negative charge, incorporated in3, curve b), when vesicle aggregation is mediated via direct
the bilayer, serves as a binding site for the positively charged electrostatic interactions between WAK, covalently coupled
peptide. To investigate whether WAK displayed membrane to the donor vesicle, and negatively charged PS, present in
fusion properties, the free peptide was added to a vesiclethe target membrane. Alternatively, when vesicle aggrega-
suspension consisting of PC/chol liposomes and fluorescentlytion was mediated by biotinylated PE, incorporated into the
labeled PC/chol/PS target vesicles. Under such conditions,wAK-coupled vesicles, and PElys in the target vesicles
WAK fails to induce any significant lipid or internal contents  (Figure 3, curve d), which relies on the affinity between
mixing, up to molar concentrations 100-fold in excess relative biotin and Lys as previously describeti7y, the initial rate
to that of the vesicle-bound peptide (see below). of lipid mixing increased. A further enhancement in the
When the experiment was performed after covalent initial rate was obtained when aggregation is accomplished
coupling of WAK to PC/chol liposomes, lipid mixing was via interactions between the Lys residues present in WAK
readily observed (Figure 3, curves-t), as well as mixing  (i.e., vesicles devoid of PELys) and biotinPE-containing
of internal aqueous contents, which proceeded with a ratetarget vesicles. Indeed, as monitored in separate experiments
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Ficure 3: Time course of lipid mixing upon interaction of target
vesicles and WAE- or WAK-coupled liposomes. Peptide-coupled
liposomes were added to target vesicles labeled with 1 mol %
N-NBD-PE and 1 mol %N-Rh-PE, equilibrated at 37C in 10

mM Tris, 150 mM NaCl, pH 7.4 (total lipid concentration zM).
Lipid mixing, as a measure of fusion, was recorded continuously
by monitoring the increase iIN-NBD-PE fluorescence. (a) WAE-
coupled liposomes vs PElys/PC/chol (3:11:6); (b, ¢c) WAK-coupled 0 ; '
liposomes vs PS/PC/chol (3:11:6) and biotinPE/PC/chol (1.2:12.8: 0 60 120
6), respectively; (d) WAK-coupled liposomes containing 6 mol % Time (s)

biotinPE vs PElys/PC/chol vesicles. Inset: WAE-coupled and WAK-
coupled (d) liposomes containing 6 mol % biotinPE vs PElys/PC/ 6 a
chol vesicles. 1

Relative fluorescence (A.U.)

by absorbance measurements (turbidity), at these various
conditions, the kinetics of aggregation commensurated with
those of lipid mixing. Hence, these results reveal that
aggregation represents, at least in part, a limiting step in the
overall process of WAK-induced fusion. Although both
WAK and WAE only trigger peptide-fusion after attachment
to the membrane, their efficiency differs substantially. In 0 ' :
part, such differences can be related to the nature of the 0 60 120
molecular mode of vesicle aggregation, as revealed above. Time (s)

However, when vesicle aggregation is allowed to take place
via biotinPE/PElys in both peptide systems, the relative rate ggre 4: Time course of lipid mixing induced by WAE-peptide
and extent of which is the same for both systems (not shown).analogues WAS and WA, free in solution or coupled to
However, a difference of about 1 order of magnitude in the liposomes. WAS (A) or WA, (B) peptides in solution were added
initial fusion rate (5.3 vs 319min~Y) is apparent (Figure 3, t a suspension of vesicles consisting of PC/chol- and PElys-

: . . A containing target membranes. Lipid mixing was monitored as
inset). Together with the observation that neutralization of described. Experimental conditions are identical with those in Figure

the charges of WAK at pH 10 does not increase its fusion 3. peptides were added at 5 (a), 10 (b), 25 (c), 50 (d), or.Ad0
activity, these results suggest an intrinsically lower fusogenic (e). (C) Peptides WAS (a) and WAEPro (b), coupled to PC/chol
capacty of WAK as compared to WAE. PEb /PG /shal, and ipd mxing e motored contuously. Inset:
Modification in t.he primary sequence of WAE (peptide Lipi}é mixing of WASpand W,gli,m peptides coupled to Pg/chol
WAS) or substitution of one amino acid (peptide WHE  |ijosomes, when added to a suspension of fluorescently labeled
induces dramatic changes in peptide-induced fusion pcC/chol vesicles.
(i) Membrane anchorage is not necessary for WAS or
WAEBE-induced fusion In striking contrast to the observa- . . . . .
tions for WAK and WAE, a concentration-dependent lipid is not st_n_ctly c_orrect, given concentratlon-depen_dent dn‘fgr—
mixing was readily observed upon addition of free WAE- ence_s., it is of mterest. to note that unde.r otherW|sg identical
peptide analogues WAS and WAE to a suspension cond!tpns, both peptides show.a. ponS|derany high degree
consisting of PC/chol donor and PC/chol/PElys target of efﬂmency. Co_mpared to the initial rate obupledWAE
vesicles (Figure 4A,B). Apparently, these peptides possess(Ca. 20%min~*; Figure 3, curve afree WAS- and WAE
a membrane-destabilizing potential, necessary for bringing induced fusion proceeded with rates of about 1@
about membrane fusion, greater than WAE or WAK (see (Figure 4A,B). Note that for the WAS peptide, the kinetics
also below and Figure 5). Although a direct comparison of lipid mixing increase only slightly between 5 and 28,
between the fusion activity of WAE, whenoupled to whereas fusion becomes relatively inhibited at higher peptide
liposomes, and that of tfeee “mutants” WAS and WAE, concentrations (50 and 1QfM).

Fluorescence
(AU)
(=] (=

o

60 120
Time (s)

Relative fluorescence (A.U.)




Membrane Fusion by 11-mer Peptides Biochemistry, Vol. 37, No. 8, 1998367

1800 1750 1700 1650 1600 1550 1500
100 4 A | | | | | | |
CI12E8 =
~
80 25 uM A =
9 25 UM
g
& 60
<
g
: 40 4 B
: :
= '
20 4
0 - . .
0 2 4 6
Time (min)
100 4
B CI2E8 —Y 3
25 uM o
80 5 B
S 5 uM
Py
& 60 |
5
2 S
< | ~ ©
E 40 8
= 10 uM P
5uM
20 ; ¥
0 . , . T T T T T T ]
0 2 4 6 1800 1750 1700 1650 1600 1550 1500
Time (min) -1
Wavelength (cm™)

60 Ficure 6: Effect of pH on the secondary structure of WAS peptide

C a coupled to liposomes of PC/chol/PE-PDP. ATR-FTIR spectra
between 1800 and 1500 cof the deuterated peptide coupled to
LUV at pH 7.4 (A) and pH 5.0 (B). See legend to Figure 2 for
details on experimental procedure.

N
(=}
'

mixing was also observed when WAS- or WA&coupled
vesicles were incubated with target vesicles that only
consisted of PC/chol, i.e., devoid of the cationic peptide
“receptor” PElys (Figure 4C, inset). These data suggest that
electrostatic interactions between the peptides and PElys are
not a prerequisite to exert their fusion function. The
0 2 ‘; 6 observations also imply that both peptides apparently can
Time (min) engage in hydrophobic interactions, which appear to suffice,
therefore, to bring about vesicle aggregation and subsequently
FIGURE 5: Kinetics of WAS- and WAEsinduced leakage of Th/  fusion.
DPA from positively charged liposomes. WAS (A) or WAE(B) (i) WAS- and WAR.-induced fusion is leaky The
peptides in solution were added to a suspension of vesicles nemprane destabilization induced by either free or liposome-

consisting of PC/chol and PElys/PC/chol loaded with Tb and DPA . . :
ina 1:1 molar ratio, in 10 mM Hepes, 100 mM NaCl, 1 mM EDTA, anchored WAE peptide during the fusion process was found

pH 7.4, equilibrated at 37C. Peptides were added in increasing Negligible by the Th/DPA assay, and the overall similarity
concentrations, as indicated (arrows), or directly ay®8 The between the kinetics of lipid and internal contents mixing
tlog[)rf]%) fluorescence (v(v:?sAob_tai_Ted by the adq[ition of 0-f8 ﬁl&Ed@ " indicated that WAE-induced fusion is essentially nonleaky
0 the suspension. simrar expenment was performed With (17 - To further define the properties of the WAE-peptide
peptides WAS (a) and WAk, (b) coupled to liposomes. analogues WAS and WA, we therefore investigated to
Anchorage of WAS or WAE, to a liposomal surface  what extent they perturb the target bilayer, particularly in
further enhanced their ability to induce lipid mixing with light of their preferential hydrophobic nature of interaction.
positively charged target vesicles (Figure 4C): for nanomolar Peptides free in bulk solution were added to a suspension of
peptide concentrations, as evaluated from the amount of PC/chol and Th/DPA-loaded PC/chol/PElys vesicles in a
2-thiopyridine released during the coupling (see Materials buffer containing 1 mM EDTA. As shown in Figure 5, upon
and Methods), the bound peptides displayed fusogenicsequential addition of increasing concentrations of free WAS
properties that were far superior over those obtained for the (panel A) and WA, (panel B) to the vesicle suspension,
free form. In this respect, their fusion behavior closely an immediate burst of leakage is observed, leading to the
resembles that of WAE peptidd¥). Interestingly, lipid release of approximately 60% of the liposomal content at a

Tb/DPA leakage (%)
[
o
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Table 2: Influence of pH on the Structural and Fusogenic Table 3: Fluorescence Characteristics of Free and
Properties of Peptides Coupled to Liposomes Liposome-Coupled WAE-Peptide Analogues upon Their Interaction
- with Target Vesicles, and AppareKt, Values of Quenching by
peptide lodide

WAE WAK WAS WAEero peptides and condition Adlma? ("M)  F/Fo (340 nm¥ K, (M~1)°

initial rate of fusion (%/min)

7.7 153 3.065.3911.48 168 12.6 WAE coupled 12 1.24 L7
WAK coupled 5 1.09 4.3
5.0 0.52 0.09 0.02 0.26
(0 WAS free 8 1.07 2.0
a-helix (%)
coupled 3 0.91 6.0
7.2 52 54 70 50
WAEpR free 5 1.06 2.8
5.0 29 15 37 24 led 0 0.83 6.6
B-sheet (%) couple . )
7.2 16 0 0 5 a Emission spectralfx. = 280 nm) of peptides, free or coupled to
5.0 30 45 38 55 liposomes, were recorded at 3 from 300 to 400 nm before and
random (%) after addition of target vesicles. Samples were left equilibrated for 3
7.2 32 46 30 45 min before measuremenma indicates the shift of the maximum
5.0 45 40 25 22 spectral position toward lower wavelengthghe variation in the

apH at which the experiment was performed. Peptide-induced lipid fluorescence quantum yield is expresseé/@s, wherer andF, denote
mixing with target vesicles was recorded as described in the Materials the fluorescence intensity at 340 nm after and before the addition of
and Methods. The initial rates of lipid mixing were determined from Vesicles, respectively.KI (from a 4 M stock solution, containing 1
the tangents drawn to the steepest parts of the kinetics and are expresséM NaS:0s) was added in increasing concentrations to the vesicle
as meant SD of at least three different experimertt&he proportion suspension. Due to the possibility of some contribution to the slopes
of peptide molecules in each conformation is evaluated as described©f the Sterr-Volmer plots from iodide absorbancky is referred to
in the Materials and Methods:® Initial rates of lipid mixing obtained @S @pparent (see Results)VAK-coupled liposomes were added to a
for WAK-coupled liposomes vs PS(c) or biotinPE-containing target ~ Suspension of either PS/PC/chol or biotinPE/PC/chol target vesicles;
vesicles €); (d) rate obtained for WAK-coupled liposomes containing ~ Similar Trp fluorescence data were also obtained with WAK-coupled
6 mol % biotinPE vs PElys target vesicles. Results are the mean of atiPoSomes containing 6 mol % biotinPE, in the presence of PElys/PC/

least three different samples of vesicles. The experimental error was ¢nol target membranes. The lipid:peptide molar ratio is 200 in all cases.
within 5%. Experiments were done in 10 mM Tris and 150 mM NaCl at pH 7.4.

concentration of 2%M, which was also obtained when
adding this concentration as such to the vesicles. Leakagédipid ratio is not modified upon lowering the pH.
of vesicle aqueous contents was also observed when peptides To obtain further insight into the nature of the interaction
had been coupled to liposomes (Figure 5C), and as for theof the peptides with the target bilayers, changes in intrinsic
free peptides, also in the case of coupling, their leakage- Trp fluorescence properties were investigated.
inducing capacity was very similar. Consistent with these  Peptide-induced fusion correlates with distinct changes
observations is the notion that in contrast to WAE-induced in tryptophan fluorescenceThe intrinsic fluorescence of
fusion, which shows similar rates for lipid and contents Trp is known to increase when the amino acid encounters a
mixing (17), these rates differ in the case of (coupled) WAS more apolar environment, and the maximal spectral position
and WABE, For example, although an increase in Tb/DPA is shifted toward shorter wavelengths. These parameters
fluorescence was observed, the initial rate and the extent ofwere therefore monitored for the WAE-peptide analogues
fusion, as induced by the coupled WAS, were considerably in solution or coupled to liposomes (Table 3).
lower than those of lipid mixing (3.2 vs 16.8%in* for No change in Trp intrinsic fluorescence was observed
the initial rate, and 3 vs 6% for the extent after 2 min, when free WAE or WAK peptides were added to PElys- or
respectively). In summary, these results demonstrate thatPS-containing target vesicles, respectively (data not shown),
subtle changes in the WAE 11-mer sequence (WAE vs consistent with their inability to induce fusion in the free
WAER,and WAS) may lead to dramatic changes in its mode form (17). When anchored to a liposomal surface, the WAK
of membrane interaction. peptide gave rise to a relatively limited increase in quantum
Influence of pH on Membrane Fusion Induced by WAE- yield and a small blue shift upon its interaction with target
Peptide Analogues It was shown previously that, unlike vesicles of any lipid composition, when compared to the
certain viral fusion peptides, WAE does not require neutral- prominent changes in Trp fluorescence seen for the WAE
ization of its (acidic) Glu carboxyl groups for displaying its peptide under the same conditions. Relative to WAE, this
fusogenic capacity1(7). In fact, compared to fusion at implies a lower extent of interaction with and/or degree of
neutral pH, a reduced activity was even apparent at mild penetration into the target bilayer of the WAK peptide and
acidic pH. Moreover, when the Lys-amino groups of the suggests a low capacity of WAK to engage in hydrophobic
WAK peptide are neutralized at alkaline pH (see above), a interactions with target vesicles, even though massive
very similar behavior is observed. Figure 6 shows the aggregation could be obtained through the use of biotinPE.
structural analysis of coupled WAS peptide at pH 5 (as These data are entirely consistent with its low ability to
carried out by ATR-FTIR). For all peptides, a shoulder was induce fusion (see above and Figure 3) and agree well with
identified at 1624 cm! in the amide | band of the spectra. iodide quenching data, as reflectediy, the Stera-Volmer
Itis apparent from Table 2 that the behavior of WAE-peptide quenching constant, which increases when Trp is less
analogues is similar to that of WAE, in that the rates of fusion shielded from the aqueous environment, i.e., when it faces
obtained at mild acidic pH (pH 5) are considerably lower a more hydrophilic environment. Hence, it becomes evident
than those observed at pH 7.4, and commensurate with afrom Table 3 that WAK is less shielded from than WAE
decrease in thex-helical content and an increase in the and strongly suggests a (more) shallow interaction of WAK
amount offg-structures. Note, however, that the peptide-to- peptide with the target bilayers.
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The distinct differences between WAE and the analoguesits positively charged counterpart WAK adopted preferen-
WAS and WARE, as revealed above when monitoring lipid tially -structures (Table 1), whereas WAS and WHE
mixing and leakage of liposomal contents, was further exhibited a marked propensity toward arhelical confor-
confirmed by monitoring Trp fluorescence. The addition of mation. While significant association of the free forms of
PElys target vesicles to WAS or WAE peptides dissolved ~ WAE and WAK with vesicle membranes could not be
in buffer was followed by a substantial blue shift that detected (Table 1, Figure 2D for WAE), WAS and WAE
parallels the extent of the change in emission intensity (Table readily engaged in hydrophobic interactions with liposomal
3), in agreement with their capacity to induce membrane target membranes, as revealed by monitoring changes in
destabilization when free in solution (Figure 4A and B). intrinsic Trp fluorescence (Table 3), including their shielding
These data indicate a migration of Trp to a hydrophobic toward aqueous quenchers and leakage of liposomal contents
environment, corroborated by the lo, values obtained  (Figures 4 and 5). Concomitantly, membrane fusion oc-
by iodide quenching. curred, as reflected by lipid mixing. Hence, the inability of

In striking contrast, only a marginal, if any, variation in WAE to induce fusion in its free form appears to be related
Trp fluorescence was seen, accompanied by an equally smalfo @ peptide’s requirement for a (minimal) content of
decrease in the quantum yieid, when WAS or V%E a-helical Conformation, rather than ﬂ&structure, to as-
peptides were coupled to a liposomal surface. This indicatesSociate with the target membrane. Evidently, the adoption
that the Trp residue in both peptides, when covalently Of af-extended structure does not trigger the fusion reaction.
attached to the iiposomai surface, does not migrate to alt is of interest to emphaSize in this respect the dramatic
hydrophobic environment, and quenching data also supportfunctional consequences of a seemingly minor structural
the view that Trp is readily accessible to the aqueous alteration (WAE vs WAR,). Note that the structural and
quencher (Table 3). This strongly suggests that WAS and functional properties of WA, and WAS are consistent with
WAEPrQ after Coupiing to the vesicle Surface’ have atendency those of several model and viral fusion peptides, described
to fold along rather than to penetrate into the target before @, 16, 19, 30, 31, 48—53).

membrane. Further support fora-helix formation as a molecular
feature that promotes the peptide’s ability to display fuso-
DISCUSSION genic properties was provided by data obtained after covalent

coupling of the peptides to liposomes. Upon anchorhgg,

WAE, an 11-mer anionic peptide, causes membrane fusionnot upon simple association (Table 1), all peptides showed
of lipid vesicles provided that the peptide is covalently a considerable increase in thairhelical content, most
attached to the liposomal surface, as demonstrated in previousstrikingly for WAE (from 7% in solution to 52% after
(17) and the present work. Preliminary investigations by coupling) and WAK (20 vs 54%, respectively). Concomi-
Fourier transform infrared spectroscopy (FTIR) revealed that tantly, and in contrast to their uncoupled counterparts, the
its anchorage to the membrane surface caused the peptidgeptides acquired fusogenic properties. It could thus be
to adopt aru-helical structure, whereas in its free form WAE  syggested that spatial constraints and mobility restrictions
displayed an extende®tsheet conformation. These observa- imposed upon the peptide after attachment (which, most
tions prompted us to investigate whether (i) the observed importantly, are only conveyed uparovalent attachment
structural motifs, in conjunction with the spatial features of andnot upon mere associatipifable 1), are key elements
the peptide could account for WAE'’s fusogenic properties, in promotinga-helix formation, and thus membrane fusion.
and if so, whether (i) the-helical structure was an absolute  |ndeed, perturbation of the-helical content by incubating
prerequisite to bring about membrane fusion. To examine the peptide-coupled liposomes at mild acidic pH, while at
this potential structure/function relationship, three 11-mer the same time increasing the relative proportioqﬂd’truc-
WAE peptide “mutants” were synthesized: WAK, inwhich tyres, causes a substantial inhibition of the fusion activity
the Glu residues were substituted for the positively charged of the peptides (Table 2, Figure 6 for WAS). Thus, the
Lys residues; WAR, in which a Leu residue at position 9  g-helix can be regarded as the fusion-permissive conforma-
was replaced by a bulky Pro residue; and WAS, in which tion, while g-structures are inhibitory to fusioril®). As
the Glu residues, in the context of a helical wheel presenta-such, itis then tempting to Specu|ate thatd:hbe”x:ﬁ-sheet
tion (Figure 1), were more symmetrically distributed, such ratio represents one of the critical parameters in regulating
that the wedgelike features, as in WAE (cf. &%), would peptide-induced fusion (see below).
be perturbed. By comparison of the properties of these  gpatial Orientation as Comodulator of Peptide-Induced
“mutants” to WAE, both free and attached to a liposomal Fysjon Effect of Primary Structure The foregoing discus-
Surface, the data reveal that heI|C|ty is eVidentIy related to sion reveals that aithough heiiCity per se and fusogenicity
the peptide’s ability to associate with the target membrane, gre related,no simple correlationexists between both
to (partially) penetrate, and to cause membrane fusion. parameters. In other words, helicity does not appear to be
However, helicity was not found to be a sufficient condition 3 sufficient condition for fusion to occur. Indeed, the helicity
for conveying fusogenic properties to a peptide. The results of liposome-coupled WAR,, as determined by FTIR, is
indicate that, among others, the peptide’s molecular structurecomparable to that of liposome-coupled WAE (Table 1). At
(wedgelike), which likely governs the ease of penetration, these conditions, WAE and WAk also show a reasonably
and its spatial orientation when interacting with the target similar fusion behavior, in terms of the initial rate and extent
membrane, which presumably determines the mode andof fusion (Figure 3, curve a, vs Figure 4C, curve b; Table
extent of penetration, are coregulating parameters. 2). Interestingly, WAE,,and WAK also show similar helix

o-Helical conformation as such does not suffice to trigger contents as well ag-structures, in both attached and free
peptide-induced fusionin their free form, both WAE and  forms. However, as was the case for WAE, WAK, in
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contrast to WA, does not trigger fusion, when added in This parameter could possibly involve the ease of peptide
free form. Moreover, compared to WAE and WAE penetration, thought to be an essential step in the mechanism
coupled WAK-induced fusion is less efficient (Figure 3). It of protein-induced membrane fusion, as reflected by the Trp
is apparent, therefore, that, apart from the helix structure perfluorescence measurements (Table 3). Several considerations
se, the primary structure and amino acid sequence specificitycould explain the cause of this functional perturbation: (i)
seem relevant parameters in triggering peptide-induced fusionA redistribution of the Glu residues, which is the basis of
as well. Indeed, WAE, but neither WAE nor WAK, the WAS structure (Figure 1), likely perturbs the “wedgelike”
induced fusion of PC/chol vesicles (Figure 4C, insert) and structure of WAE, as dictated by the clustering of Glu.
perturbed the bilayers, resulting in leakage of vesicle Hence, the cross-sectional area and overall shape of WAS
contents, as assayed directly (Figure 5B). will be more symmetric, parameters that conceivably govern
The latter notion is of particular relevance since neither the peptide’s ability to insert into the target membrane or
in their free form nor upon coupling to liposomes did WAE fusion-promoting negative bilayer curvatude(21, 28). (ii)
or WAK, despite the similarity in helical content and Alterations in peptidepeptide interaction, due to the
fusogenic properties when compared to Wt certain elimination of the amphipathic nature, i.e., the segregation
conditions, cause release of aqueous contents. Instructiveof a hydrophilic and a hydrophobic face in the peptide’s
in this respect are the Trp fluorescence measurements (Tabletructure (Figure 1B) could subsequently impair peptide
3), which suggest that the spatial orientation of the WAE  oligomerization, a phenomenon that has been shown to occur
peptide differs from that of WAE (and WAK), in that WAE  concomitant to WAE-induced fusion (unpublished observa-
shows a tendency toward (shallow) penetration into the targettions) and which appears to represent a key feature in the
membrane, whereas in its free, and especially in its attachedexpression of fusion activity by viral proteing, (18, 63—
forms, WAE: is likely folded along the vesicle surface. The 66); (iii) alteration of the formation of tertiary or quaternary
reason for such an orientation may rely on the fact that Pro structures of the fusion peptide complex in the target bilayers,
contains a bulky imino ring that constrains the conformation analogously as suggested befoi&)(
of adjacent residues, causing ienelix axis to bend by ca. Taken together, the present work demonstrates that he-
20—30° (54—-56). Furthermore, since Pro is a hydrophilic |icity, which can be induced upon covalent attachment of a
residue §7), its hydrophilic face will be larger than that of  peptide to a (donor) membrane surface, is not a sufficient
WAE (hydrophilic angles of 240 and 180espectively) Z6). condition to confer fusogenic properties to that peptide.
Indeed, when WAR,s mean hydrophobicity and hydro-  Relative hydrophobicity, certain requirements for the amino
phobic moment<0.05 and+0.24, respectively) are calcu-  acid composition, and possibly the ratishelix:;3-structure
lated, the peptide matches the criteria of a surface-seekingappear of importance as well, as revealed in this study by
helix (58). This is consistent with its membrane destabilizing comparing structural and functional properties of several
properties and the “detergent-like” behavior, reported before “mutants” peptides. It is tempting to speculate that these
for surface-seeking helical peptides9(-62). In line with parameters govern features such as the extent of peptide
this discussion, when applying the same criteria to coupled oligomerization, a process that accompanies WAE-induced
WAK versus coupled WAE, the-helix of WAK, which in fusion, butnot aggregation (unpublished observations), and
terms of contents is similar to that of coupled WAE (Table whose extent might be relevant for the mode of peptide
1), has a more pronounced tendency than WAE to display penetration and/or the triggering of the formation of a fusion-
surface-seeking properties (but considerably less thanMJAE  intermediate structure or a fusion pore. Furthermore, it is
This difference, despite the similarity in the negative bilayer apparent that these parameters appear also relevant in
curvature promoting “wedge structure) when the relative  determining the orientation of the peptide with respect to
positions of Glu in WAE and Lys in WAK are compared, the bilayer, i.e., parallel, perpendicular, or oblique. In this
could therefore explain the lower fusogenic properties of respect, oligomerization has been suggested to be necessary
WAK. for oblique insertion of the fusion peptide into a target
Peptide Penetratioms Peptide-Induced FusionFurther membrane Z1), a condition that strongly promotes fusion
support for the notion that membrane fusion is not solely (30, 67). It would appear that the experimental “accessibil-
governed by a peptide’'a-helix content per se, could be ity” of the present model system will be of great help to
derived when comparing the properties of WAS versus further evaluate and appreciate the relevance of each of these
WAE. The former peptide has exactly the same overall parameters and conditions in peptide-induced membrane
amino acid composition as that of WAE, and hence an fusion.
identical overall hydrophobicity. Moreover, structurally,
WAS displays a much higher degree of helix content when ACKNOWLEDGMENT

coupled to liposomes than WAE (70 vs 50%), while it . .
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