Biochemistry2001,40, 14243-14251 14243

Effects of Hemagglutinin Fusion Peptide on Poly(ethylene glycol)-Mediated Fusion
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ABSTRACT. The effects of hemagglutinin (HA) fusion peptide (X-31) on poly(ethylene glycol)- (PEG-)
mediated vesicle fusion in three different vesicle systems have been compared: dioleoylphosphatidylcholine
(DOPC) small unilamellar vesicles (SUV) and large unilamellar vesicles (LUV) and palmitoyloleoylphos-
phatidylcholine (POPC) large unilamellar perturbed vesicles (pert. LUV). POPC LUVs were asymmetrically
perturbed by hydrolyzing 2.5% of the outer leaflet lipid with phospholipasam removing hydrolysis
products with BSA. The mixing of vesicle contents showed that these perturbed vesicles fused in the
presence of PEG as did DOPC SUV, but unperturbed LUV did not. Fusion peptide had different effects
on the fusion of these different types of vesicles: fusion was not induced in the absence of PEG or in
unperturbed DOPC LUV even in the presence of PEG. Fusion was enhanced in DOPC SUV at low peptide
surface occupancy but hindered at high surface occupancy. Finally, fusion was hindered in proportion to
peptide concentration in perturbed POPC LUV. Contents leakage assays demonstrated that the peptide
enhanced leakage in all vesicles. The peptide enhanced lipid transfer between both fusogenic and
nonfusogenic vesicles. Peptide binding was detected in terms of enhanced tryptophan fluorescence or
through transfer of tryptophan excited-state energy to membrane-bound diphenylhexatriene (DPH). The
peptide had a higher affinity for vesicles with packing defects (SUV and perturbed LUV). Quasi-elastic
light scattering (QELS) indicated that the peptide caused vesicles to aggregate. We conclude that binding
of the fusion peptide to vesicle membranes has a significant effect on membrane properties but does not
induce fusion. Indeed, the fusion peptide inhibited fusion of perturbed LUV. It can, however, enhance
fusion between highly curved membranes that normally fuse when brought into close contact by PEG.

Membrane fusion plays a vital and important role in many subunits (HA1 and HA2) joined by a disulfide bridge. HA1
cellular processes. It is an essential step for entry of virusescontains a binding site that recognizes and binds to the cell
into host cells. The detailed mechanism of PEfediated surface receptor, GM1. HA2 is the fusion machine. A highly
cell membrane fusion is not known, nor is the mechanism conserved 20-amino acid segment of residues at the N-
by which fusion proteins induce cell membrane fusion. terminus of HA2 is essential for fusion activitg)(and this
Influenza virus hemagglutinin- (HA-) mediated membrane hydrophobic segment is called a “fusion peptide”. HA
fusion has been studied extensively. Influenza virus is monomers are organized into a trimer that undergoes a
endocytosed into target cells and releases its genome througlzonformational change at the low pH of the endosoB)e (
fusion with the endosome membrane when the intravesicularit has been proposed that free energy released during this
pH drops to 54, 2). HA is produced as a single polypeptide conformational change allows work to be done on the lipid
chain that is stable at low pF8). It is proteolytically cleaved  bilayer in a way that catalyzes the fusion proced)s (

at Arg®® to metastable HA monomers consisting of tWo  The necessary condition for membrane fusion between two
adjacent bilayers is the formation of a small fusion pore,
which is created through the reorganization of lipid bilayers

T Supported by USPHS Grant GM 32707 to B.R.L.
*To whom correspondence should be addressed: e-mail uncbrl@

med.unc.edu. at their contact region7f. The fusion peptide inserts into
¥ Present address: Transave company, 7 Deer Park Dr., Monmouththe target membrane early in the fusion process and also
Park, NJ 08850, inserts into the viral membrane at some point during the

1 Abbreviations: DOPC, 1,2-dioleoyl&+phosphatidylcholine; POPC, . ;i . .
1-palmitoyl-2-oleoyl-3sn-phosphatidylcholine; LPC, lysophosphocho-  Process §). This has led to many studies of fusion peptide

line; DPH, 1,6-diphenyl-1,3,5-hexatriene; DFC, 1-hexadecanoyl-  interactions with model membrane vesiclgs Many articles
2-(3-(diphenylhexatrienyl)propanoyjrglycero-3-phosphocholine; SUV, — have been published to document aggregation and fusion of

small, unilamellar vesicles made by the sonication technique; LUV, . . o
large unilamellar vesicles made by the extrusion technique; PEG, poly- model membranes induced by these peptides or specific

(ethylene glycol); PLA, phospholipase A BSA, bovine serum amino acid mutants of these peptid&8-15). Unfortunately,
albumin; QELS, quasi-elastic light scattering; ANTS, 8-aminonaph- most of these studies have used peptide/lipid ratios above

thalene-1,3,6-trisulfonic acid; DPXN,N'-p-xylylenebis(pyridinium Wi
bromide); HPTS, 8-hydroxypyrene-1,3,6-trisulfonic acidx&s, octa- 1/50, have fOI.Iowed only membrane connectivity as a
ethylene glycol monardodecyl ether: TESN-[tris(hydroxymethyl)- measure of fusion, or have used assays that confuse leakage

methyl]-2-aminoethanesulfonic acid. of contents with mixing of contents. Despite the clear
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evidence of the importance of the N-terminal fusion peptide bonate filter (Nucleopore Corp., Pleasanton, CA) at room

of the HA2 subunit to viral fusion, there is no clear indication temperature (above the phase transition) under a pressure of

as to whether this 20 amino acid residue peptide induces100 psi of nitrogen18). Small unilamellar vesicles (SUVs)

fusion of pure lipid bilayers. were prepared by sonication and fractionated as previously
In the present study, our goals were (i) to determine described19). Chloroform stocks of DOPC or POPC with

whether the HA fusion peptide can induce membrane fusion OF Without appropriate amounts of fluorescence probe (@PH
even at high concentrations, (i) to determine the nature of PC) were mixed and dried under a stream of nitrogen. The
the lipid bilayers that the HA fusion peptide can induce to dried lipids were dissolved in cyclohexane and methanol
fuse, and (iii) to define the affinity of peptide to the different (about’5 vol %), frozen on dry ice, and dried overnight under
lipid bilayer surfaces. To reach these goals, we have focusedigh vacuum. The dried lipids were suspended in appropriate
on the effect of HA fusion peptide from X31 strain (X-31) Puffers and agitated for 2640 min at room temperature.
on poly(ethylene glycol)- (PEG-) mediated vesicle fusion in For SUV preparatlon, the lipid suspension was somca_ded for
three different systems: sonicated vesicles (SUVs), extruded10—15 min at 4°C by a Heat System model 350 sonicator
unilamellar vesicles (LUVs), and perturbed LUVs. PEG has (Plainview, NY) equipped with a titanium probe tip of 9.5
two effects on vesicles that help promote fusion. First, it MM diameter. Vesicles were fractionated by centrifugation
aggregates vesicles without interacting directly with them @t 70 000 rpm for 25 min at 4C in a Beckman TL-100
(16), and second, it provides a compressive osmotic stressultracentrifuge (Palo, Alto, CA). For the ANTS/DPX contents
that makes vesicles more fusogenic (Malinin and Lentz, MiXing assay, lipids were suspended in buffer containing 10
unpublished observations). Fusion peptides are well-known ™M TES, 25 mM ANTS (or 90 mM DPX), and 40 mM

to aggregate liposomes, but they do so at concentrationsNaCl (pH 5.0). For the ANTS/DPX content leakage assay,
where they are reported to induce liposome rupture. Our lipids were suspended in buffer containing 10 mM TES, 12.5
purpose in studying these two agents together was to examiné"M ANTS, 45 mM DPX, and 40 mM NaCl (pH 5.0).
the effect of peptide on the fusion of aggregated vesicles atUntrapped buffer was removed from the vesicles by use of
peptide concentrations low enough that the peptide should@ Sephadex G-75 column equilibrated with 2 mM TES, 100
not induce vesicle rupture. Our results show that the HA MM NaCl, and 1 mM EDTA, pH 5.0 (DOPC vesicles) or 2
fusion peptide does not induce membranes to fuse but can™M TES and 100 mM NaCl, pH 7.4 (buffer for POPC

enhance PEG-mediated fusion between already fusogenic/esicles). For the assays of PiActivity with HPTS, lipids
vesicles. were suspended in buffer containing 100 mM NacCl (pH 7.4).

For peptide binding experiments, vesicles were suspended
in 2 mM TES, 100 mM NacCl, and 1 mM EDTA buffer, pH
EXPERIMENTAL PROCEDURES 5.0.
Preparation of Perturbed Outer Leaflet VesicleA.
protocol involving limited PLA hydrolysis was adapted from

Chloroform stocks of 1,2-dioleogr-glycero-3-phosphatid- ~ Burack et al. 20) and modified as describe@l). POPC
ylcholine (DOPC) and 1-palmitoyl-2-oleogkglycero-3- LUVs (10 mM) in pH 7.4 buffer were incubated with 2 mM
phosphatidylcholine (POPC) were purchased from Avanti €aCk and 10uM PLA; at 10°C for 1 h. The hydrolysis
Polar Lipids, Inc. (Birmingham, AL) and used without further €action was stopped by addition of 4 mM EDTA, and
purification. Phospholipase A(PLA,) purified from the  Vesicles were incubated on ice with 0.5 mM BS22( 23
venom of Agkistrodon pisaiorus pisciorus was kindly for 20 min to remove the hydrolysis products, lyso-PC (LPC)
provided by Professor R. Biltonen of University of Virginia and oleoylate, from the membrane outer leaflet. Hydrolysis
(Charlottesville, VA). The sodium salt of 8-aminonaphtha- Products bound to BSA as well as enzyme were separated
lene-1,3,6-trisulfonic acid (ANTS),N,N'-p-xylylenebis- ~ from the LUV by use of a Sepharose CL-4B column
(pyridinium bromide) (DPX), 1-hexadecanoyl-2-(3-(diphen- €quilibrated with 2 mM TES, 100 mM NaCl, and 1 mM
ylhexatrienyl)propanoylsn-glycero-3-phosphocholine 8¢ EDTA buffer, pH 5.0, at 24 °C. Fluorescence measure-
DPHpPC), and the trisodium salt of 8-hydroxypyrene-1,3,6- Ments and fusion assays were performed withh of BSA
trisulfonic acid (HPTS) were purchased from Molecular treatment. _ _

Probes (Eugene, ORN-[Tris(hydroxymethyl)methyl]-2- . The_ amount of hydrolysis was determined by an assay
aminoethanesulfonic acid (TES) and bovine serum albumin involving the fluorescent dye HPTS, whose fluorescence is
(BSA) were purchased from Sigma Chemical Co. (St. Louis, quenched by protonation. A standard curve was established
MO). Dodecyl octaethylene glycol monoether &) was  for LUV (10 mM, pH 7.4) with 2 mM CaGl (pH 7.4), 100
purchased from Calbiochem (La Jolla, CA). Poly(ethylene #M HPTS (pH 8.0), and 100 mM NaCl (pH 7.4) solution at
glycol) of molecular weight 70089000 (PEG) was pur- - 0°C. HCl was titrated into the solution, and the fluorescence
chased from Fisher Scientific (Fairlawn, NJ) and purified Intensity change with respect to the pH change was deter-
as described previousiyL§). Polybead polystyrene micro- mined. The fluorescence intensity change of another sample
spheres were purchased from Polysciences, Inc. (Warrington ©f 10 MM LUV, 2 mM CaC}, 100uM HPTS, and 100 mM

PA). All other reagents were of the best quality available. NaCl, pH 7.4, was monitored at T€ for 30-60 min after
the addition of 1Q«M PLA,. A control experimental sample

Methods without LUV was also monitored to determine the pH change
due to CQ dissolution in the sample. The intensities were
Vesicle PreparationLarge unilamellar vesicles (LUVs) normalized to the initial fluorescence intensity of the standard
were prepared by the extrusion methdd)( Lipid suspen- curve, the control was subtracted from the experimental
sions were extruded seven times through au@rlpolycar- curve, and the fluorescence intensity was used to obtain the

Materials
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concentration of hydrolysis product in terms of the concen-
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of 0.4 mL) for 3 min at room temperature before dilution to

tration of protons released. Because the enzyme activity wasa final volume of 3.5 mL. Fluorescence measurements were
sensitive to pH, the experiment was performed at an initial taken on the fourth minute and analyzed to give the amount

pH of 7.4, and the initial slope of the curve was calculated
and taken as the enzyme activity (micromoles of per

of contents mixing and leakage as described previodsy (
For contents mixing, the fluorescence intensity of ANTS-

second). The amount of hydrolysis was calculated to be 2.5%containing vesicles (with peptide when applicable) in PEG

of the overall lipid concentration (5% of the outer leaflet)
after 1 h of incubation of vesicles in a pH 7.4 buffer.
Preparation of HA PeptideThe X-31 HA fusion peptide
(GLFGAIAGFIENGWEG MIDG) was chemically synthe-
sized and purified by The Protein Chemistry Lab of UNC-

was taken to be representative of 0% contents mixing. The
calculation of “percentage contents mixing” was based on
the assumption1@®) of one “ideal round” of fusion, i.e.,

fusion occurring between pairs of aggregated vesicles.
Therefore, the fluorescence intensity of coencapsulated

CH using t-Boc procedures. The peptide was synthesizedANTS/DPX vesicles (with peptide when applicable) plus
by solid-phase synthesis at the C-terminal carboxamides onPEG characterized 100% contents mixing. The calculated

an Applied Biosystems 430 peptide synthesizer (Perkin-

Elmer Applied Biosystems, Foster City, CA) withBoc

content mixing values will thus be underestimated as noted
previously @5). The contents mixing calculations also

protected amino acids and Bha resin (Perkin-Elmer Applied accounted for the probability that two fusing vesicles

Biosystems, Foster City, CA). Coupling times were 40 min.

The peptide was cleaved by two different cleavage meth-

contained ANTS or DPX, for the leakage of contents, and
for the photobleaching of ANTS1@). The fluorescence

ods: low and high cleavage. The low cleavage of the peptideintensity of the coencapsulated vesicles (with peptide when

involved treatment with ethanedithiol/trifluoroacetic acid/
dimethyl sulfoxide/trifluoromethanesulfonic aaidtresol
(200:5:4:1:0.8) fo 2 h at—5 to 0 °C and precipitation by

applicable) plus the background intensity contributed by PEG
represented 0% leakage. Correspondingly, 100% leakage was
characterized by the fluorescence intensity of an ANTS/DPX

the addition of ether. The peptide was then subjected twice vesicle sample (with peptide when applicable) in which the

to the high cleavage, which involved treatment with hydro-
fluoric acid/anisole/dimethyl sulfoxide (10:1:1)rf@ h at
—5 to 0°C and precipitation by the addition of ether. The

precipitated peptide was extracted after one wash with water,

vesicle contents were released by the addition of detergent
(Ci2Es at 0.46 mM final concentration), plus a PEG
background.

Lipid Mixing Measurement§.he transfer of lipids between

four washes with ammonium acetate, and two more washescontacting membranes of SUVs and LUVs was detected by

with water. After neutralization of the extract, the sample

a change in the fluorescence lifetime of DI 26). This

was frozen and lyophilized for 48 h. The peptide was then fluorescent lipid shows a much smaller fluorescent lifetime

dissolved in guanidine/Tris and purified on a Rainin HPLC
(Rainin, Emeryville, CA) and a 2% 250 Vydac 214TP
(Vydac, Hesperia, CA) column at a flow rate of 25 mL/
min. The major peak was lyophilized and stored-20 °C.
Amino acid determination confirmed the peptide identity,

when incorporated into vesicles at high surface concentration

than it reports at dilute surface concentratiog)( Thus,

this assay reports transfer of DFC from probe-containing

to probe-free vesicles as an increase in average lifetime. All

fluorescence measurements were made on an SLM 48000

and mass spectroscopy showed the dried product to be morédIHF spectrofluorometer (SLM Instruments, Rochester, NY)
than 90 wt % of the proper peptide. Because X-31 peptide equipped with a Coherent Inova 90 argon-ion laser (Coherent

associates well with LUV at pH 5.018), all experiments
involving the X-31 peptide were performed at pH 5.0. For

binding experiments, the peptide was dissolved in DMSO,

Auburn Group, Auburn, CA) by use of the laser UV multiline
(351.1-363.8 nm) for DPHpPC. Emission was detected at
an angle of 54.7from the vertical throug a 3 mmKV-450

and small aliquots of this solution were added to vesicle filter (Schott Optical Glass, Duryea, PA). Phase shifts and
samples. DMSO was always less than 1% of the buffer modulation ratios at 30 frequencies (with a base frequency

volume at the completion of the titrations, and control

of 4 MHz) with a 5 sacquisition time, 300-acquisition

experiments showed that this amount of DMSO had no effect average, and a glycogen solution as zero lifetime were
on the surface properties or fusion ability of vesicles used collected by acquisition software of the SLM 48000.

in this study. For all other experiments, the peptide was

dissolved in 2 mM TES and 100 mM NacCl buffer, pH 7.4,
with gentle rocking.

The lifetimes of DPHpPC in SUVs, LUVs, and perturbed
LUVs with different lipid:probe ratios (final lipid concentra-
tion of 0.5 mM) plus peptide in 20 wt % PEG were obtained

ANTS/DPX Contents Mixing and Leakage Measurements.at 23 °C and a standard curve was determined for each
The ANTS/DPX contents mixing and leakage assays havevesicle system. These calibration curves were used to

been described previously24) and modified for PEG-
mediated fusion X8). To determine contents mixing at
different PEG concentrations, ANTS-containing vesicles
(0.25 mM) and DPX-containing vesicles (0.25 mM) in equal
amounts were incubated with PEG in a 0.4 mL volume
before dilution to a final volume of 3.5 mL. For the contents

translate DPIHPC lifetime into percent lipid mixing. A

mixture of probe-free and probe-rich vesicles (10:1) was
mixed with appropriate concentrations of peptide and PEG,
and lifetime data were collected. The data were analyzed
with the assumption of three lifetime components for each
peptide or PEG addition. The phase-resolved lifetimes and

leakage assays, vesicles coencapsulating both ANTS andntensity fractions of each component were calculated with

DPX (0.5 mM) were incubated in PEG in a 0.4 mL volume
before dilution to a final volume of 3.5 mL. For the contents

the Global Analysis software package (Globals Unlimited,
Urbana, IL) and the average lifetime under each set of

mixing and leakage assays at different peptide concentrationsconditions was thereby determined.

vesicles similar to those above were mixed with peptide

before incubation in a 20 wt % PEG solution (final volume

Peptide Binding.Binding was detected either by an
increase in tryptophan fluorescence when vesicles were added
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to peptide or by energy transfer from tryptophan to membrane-

associated DPH when peptide was added to vesicles. For 2, o2 A..“..... . —
detection of enhanced tryptophan fluorescence, increasing 3E 008 L

amounts of SUV (or LUV) were added to/@M peptide, ;g\ '

and the emission spectra were recorded from 290 to 400 nm. S o

A control emission spectrum was also obtained by addition g

of increasing amounts of SUVs (or LUVS) to a solution -

containing no peptide, and this spectrum was subtracted from 000 p— ! : —
the spectrum with peptide. For the determination of energy & 006 -

transfer from the excited state of tryptophan to the membrane- %5 0.04 L

bound DPH, increasing amounts of peptide were added to =2

500 uM SUVs (or LUVs) containing DPH (250:1 lipid: 5% 0.02

probe) and to 50uM SUVs (or LUVs) without DPH. ki

Tryptophan was excited at 280 nm and the emission spectra 0.00 L
were obtained from 295 to 540 nm by use of a monochro- g 006

mator, with slit widths of 4/4 for the excitation and emission o E

light, and no filter. The control spectrum (no probe) was §Lé 0.04

subtracted from the spectrum in the presence of probe to BZ

obtain the fluorescence intensity changelgatx. Global 2 002

analysis of the data to obtain binding parameters was carried -

out with the program SCOP (Simulation Resources, Berrien O e 0 a0 800 1000
Spring, MI) as described previousI2§). [SUV, LUV] (uM)

D(.atermllnatlon qf VQS|cIe Dlamete_r@hanges n ayerage Ficure 1: HA fusion peptide binding to different membrane
particle diameter in mixtures of vesicles with peptide were gy rfaces judged by Trp intensity change. Peptide binding to (A)
determined by quasi-elastic light scattering measurementsDOPC SUVs, (B) DOPC LUVs, and (C) perturbed POPC LUVs
(QELS). QELS measurements were performed on a locally was Qetected by Trp fluqrescence intensity increase as a function
built multiangle instrument equipped with a Spectra-Physics of lipid concentration (micromolar) at 2%. Measurements were

‘e : carried out with 2«M peptide in 2 mM TES, 100 mM NacCl, and
Stabilite Model 120S heliumneon laser (632.8 nm) and a 1" \\ EDTA buffer, pH 5.0. The lines drawn through the data

computer-controlled Nicomp 170 autocorrelator (Particle show the result of fitting these and the data in Figure 2 globally to
Sizing Systems, Inc., Santa Barbara, CAJ)( Peptide ata  a simple membrane-binding modes}.

series of concentrations was added to vesicle samples (500

uM SUV or 200uM LUV, pH 5.0), and size determinations that the peptide bound more tightly to membranes that had
were performed after 15 min by comparison to polystyrene @ perturbed surface.

microspheres of known size. Autocorrelation functions were  Ka values have been reported for the same peptide binding
analyzed either by assuming a single Gaussian distributionto POPC LUV [0.5 to 0.8:M (13)] and SUV [0.17uM for

of particle sizes or by assuming a sum of Gaussian peaksSUVs (11)], with stoichiometriesij of 50 and 40 lipids per

with software provided by Particle Sizing Systems. protein bound at saturation, respectively. While our values
disagree with these literature values, the prodigisagree
RESULTS fairly well between our values and reported values. This is

o ) ) because these binding parameters are linked and it is difficult

Binding of HA Fusion Peptide (X-31) to DOPC and POPC g obtain both from a single experiment. We have estimated
Vesicles.Figure 1 shows the binding of X-31 HA fusion  these parameters by globally fitting two data sets, a procedure
peptide (2uM) to DOPC SUV and LUV and POPC  that should allow better estimates of binding stoichiometries
perturbed LUV as monitored by measuring the change in than one can obtain from a single experiment, and this may
tryptophan  fluorescence intensity with the addition of explain the difference between our values and those in the
increasing concentration of the lipid vesicles. A saturable |iterature.
increase in tryptophan fluorescence was observed in all cases. Aggregation of Vesicles by HA Fusion Peptitiée have
The intensity change at saturation was larger for SUVs than gyaluated by QELS the ability of the HA fusion peptide to
for LUVs as we expected. aggregate vesicles in the absence of PEG. The aggregation

Binding of X-31 to DOPC SUVs, LUVs, and POPC of DOPC SUVs and LUVs and POPC perturbed LUV by
perturbed LUVs was also monitored by fluorescence reso- X-31 fusion peptide was monitored by measuring the change
nance energy transfer from the excited state of tryptophanin vesicle diameter as determined by QELS, with data
to membrane-bound DPH. Tryptophan and DPH form an analyzed by two models, one assuming a single Gaussian
efficient fluorescence donetacceptor pair. Figure 2 shows distribution of particle sizes and the second allowing for
the increase in fluorescence intensity of membrane-boundmultiple Gaussian distributions. The results are represented
DPH as a result of energy transfer from increasing concen-in Figure 3 as a function of peptide/lipid ratio. When QELS
trations of peptide. In all three cases, a clear saturation wasdata were analyzed in terms of a single Gaussian, DOPC
observed at high concentration of peptide. Binding param- SUV were estimated to be roughly 20 nm in diameter in the
eters were obtained by fitting both sets of data as describedabsence of peptide, but increased in size even at very low
previously @8) with the resulting, best-fit parameters sum- peptide/lipid ratio @ in Figure 3). However, additional
marized in Table 1. Th&gs increased in the order DOPC information was obtained when QELS data were analyzed
SUVs < perturbed POPC LUVs: DOPC LUVs, meaning in terms of multiple Gaussian distributions. One population
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Table 1: Effects of Fusion Peptides on Different Membranes

DOPC SUV DOPC LUV pert. POPC LUV
Kqg (uM) 0.96 2.86 1.26
stoichiometry 13 6 7.5
effect on fusion enhances, then inhibits no fusion inhibits
effect on leakage enhances enhances enhances
effect on lipid mixing enhances enhances inhibits
aggregation promotes none, then promotes none, then promotes
aQuter leaflet lipid/peptide ratio is shown.
500
03} A A <&
B v v v 400 -
A i v £
8% 0.2 £ 300
a > 5 <o [
= v 2
Z 2004 ©
BZ 0lp g o
= [a]
— 100 &> °
0.0 1 L L 1 1 . o
08 B 0 ‘®O T <|> T T
é’n 000 002 004 006 008 0.1
%5 06} [Peptide]/[Lipid]
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o2 04 600 o S
ez ’g
(a5} s
g 02p = 400 &
Q
OO 1 L L 1 1 g ©
. g 200 )
06| C a 0o o 208
]
éﬁ 0 1 1 1
 ©
S 04l 80k c
A g
oepy £ 600
=g 5
g o2p % 400 o ©
a 2 200 ©
0.0 1 1 1 1 1 )]
0 20 40 60 80 100 120 . o 8 8 o 9
[Peptide] (uM) 0.0 0.1 02 03 0.4 0.5
Ficure 2: HA fusion peptide binding to different membrane [Peptide]/[Lipid]

surfaces as judged by Trp-to-DPH energy transfer. Peptide binding . . . . . .
Ficure 3: Effect of HA fusion peptide on vesicle size. Diameters
B boe e LIS PO, Gl s ot by GELS. e o s cio o
DPH energy transfer as a function of peptide concentration ratio. Feptide was added al incréasing concentrations {o
: o . L DOPC SUVs, (B) DOPC LUVs, and (C) perturbed POPC LUVs
Eﬂgﬁs:rt'e;n ﬁnitg_\t/g?r%:géngiiguéfogﬂIIEIJ_lﬁg/ %sd%lsrs ggma?slirl%n and their size was estimated from a single Gaussian distribution
pH, and tem?oeratu?e were the same as in Figure 1. The Iri)nes drdwr1§.) or by a multiple Gaussians metho@Yto estimate diameters
through the data show the result of fitting these and the data in rom measured autocorrelation functions. The total lipid concentra-
: : L tion was 500uM for SUV and 200uM for LUV. Measurements
Figure 1 globally to a simple membrane-binding mods)( were carried out in 2 mM TES, 100 mM NaCl, and 1 mM EDTA
at pH 5.0.

was detected in untreated DOPC SUV, i.e., these were

monodisperse. When peptide was added up to a P/L of abouﬁ_eakage, and Lipid Mixing of DOPC SUV in the Absence

0.01, this 20 nm population remained, but a second, ot pEG The extents of leakage (A®) and contents mixing
considerably larger population was found to increase in size (A, 4) in DOPC SUV are plotted in Figure 4 as a function

and contribution with increasing P/L rati€(in Figure 3). of peptide/lipid ratio. At low P/L ratio (less than 0.01), a
DOPC LUVs and POPC perturbed LUVs remained mono- smajl amount of leakage and lipid mixing was observed.
disperse and maintained a constant particle size even up tQyowever, above this P/L ratio, leakage increased in direct
high peptide concentration (Figure 3B,C). We found, how- proportion to increasing peptide/lipid ratio without any
ever, that DOPC LUV and perturbed POPC LUVs also accompanying contents mixing. Lipid transfer between
became polydisperse (i.e., were best described by twoyesicles increased in an S-shaped fashion with increasing
populations of particle sizes) at high concentrations of surface occupancy (Figure 4B®). At high P/L, this
peptide, one that remained constant and one that increasegimicked the variation of surface occupancy with P/L ratio
with P/L ratio > in Figure 3B,C). These results clearly (Figure 4B, solid line) but clearly did not show a hyperbolic
demonstrate that the HA fusion peptide was able to aggregatebehavior at low P/L. Contents mixing with minimal leakage
highly curved and uncurved DOPC and perturbed POPC is necessary and sufficient to indicate fusion. The fact that
vesicles at pH 5 but that much higher concentrations of this condition was not met clearly demonstrates that HA
peptide were needed to aggregate uncurved LUVs than highlyfusion peptide is unable to induce fusion even at very high
curved SUVs. surface occupancy at pH 5. It was, however, able to aggregate

Effect of HA Fusion Peptide on Contents Mixing (Fusion),
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Ficure 4: Effect of HA fusion peptide on DOPC SUVs in the
absence of PEG. (A) Vesicle contents mixing and contents leakage

g

S 55 . Il
and (B) lipid mixing for DOPC SUVs are shown as a function of 2
peptide/lipid ratio. Contents mixing and leakage experiments were E‘ 30 4
carried out with 50uM DOPC SUVs in 2 mM TES, 100 mM N ¢ ¢
NaCl, and 1 mM EDTA, pH 5.0. Lipid mixing experiments were 25 4//+7
carried out with 50Q«cM DOPC SUVs and 5@M DPHpPC/DOPC T T T T
(1:10) SUVs in 2 mM TES, 100 mM NacCl, and 1 mM EDTA, pH 0.000 0.002 0004 0006 0008 0010
5.0. The inset to panel A shows in more detail the variation of [Peptide]/[Lipid]
leakage data at low peptide/lipid ratio. Most experiments were done
twice, with representative standard error bars shown for experiments
performed 3-4 times. The fraction of membrane surface sites

occupied was calculated from the binding parameters recorded in
Table 1 to obtain the hyperbolic plot shown as a solid line.

Ficure 5: Effect of HA fusion peptide on DOPC SUVs aggregated

by PEG. Vesicle contents mixing (A), contents leakage (B), and
lipid mixing (C) are plotted as a function of peptide/lipid ratio in

the presence of different PEG concentrations: 10 wt % P&G (
15wt % PEG 4); and 20 wt % PEGH). Experimental conditions

and assays are the same as for Figure 4. Representative error bars

vesicles, induce lipid mixing, and destabilize DOPC SUV _ ' crown

at higher P/L ratios.

Effect of HA Fusion Peptide on Highly Cxed DOPC mixing was much less dramatic at 15% PEG, the trend with
SUVs in the Presence of PEEgure 5 shows the influence  increasing peptide concentration was just as we found at 20%
of HA peptide on contents mixing (A), contents leakage (B), PEG. Peptide also enhanced lipid mixing between highly
and lipid mixing (C) of DOPC SUV as a function of peptide/ curved vesicles, but this effect maximized at very low surface
lipid ratio when vesicles are aggregated by @), (15 (a), occupancy and remained constant at higher peptide concen-
and 20 @) wt % PEG. At 10 wt % PEG, DOPC SUVs did trations (Figure 5C).
not fuse but they did aggregate and their outer leaflets mixed. Effect of HA Fusion Peptide on Fusion of Uncaed DOPC
Contents mixing increased slightly up to about a P/L ratio VesiclesPEG-induced leakage and contents mixing (panel
of 0.004 at 10 wt % PEG (Figure 5A) without any significant A) and lipid mixing (panel B) of DOPC LUVs are recorded
accompanying leakage (Figure 5B). The peptide also en-in Figure 6 as a function of peptide/lipid ratio at a fixed
hanced lipid transfer up to a P/L ratio of 0.002 (Figure 5C). PEG concentration (20%). As we have previously reported
At 15 and 20 wt % PEG, contents mixing was enhanced in (29), DOPC (LUVs) vesicles do not fuse at any PEG
DOPC SUV at low surface occupancy and hindered at high concentration, even though substantial lipid exchange occurs,
surface occupancy, while leakage gradually increased withand a good fraction of their contents is lost. In the present
increasing P/L ratio (Figure 5A,B). We conclude from these study, the extent of leakage increased substantially with
results that the HA fusion peptide enhanced fusion of added peptide, while lipid mixing increased gradually without
fusogenic vesicles aggregated by PEG without inducing any contents mixing being observed at any P/L ratio. These
significant leakage at low percentages of PEG (10 and 15results show that LUVs behave differently with respect to
wt %). These results also indicate that the peptide enhancedHA fusion peptide from highly curved vesicles (SUVS). As
fusion of these highly curved, fusogenic vesicles at low for SUV, HA fusion peptide can destabilize the membranes
surface occupancy (peptide/lipid rati@.004) but inhibited bilayer, leading to significant amount of leakage or rupture
fusion at higher surface occupancies at higher PEG concen-but not to fusion.
trations. One could argue that the inhibition seen at higher Effect of Peptide on PEG-Induced Fusion of Perturbed
P/L ratios is due to increased leakage. However, we routinely POPC LUVs.The extents of PEG-mediated leakage and
correct contents mixing data for contents leakage, and in ourcontents mixing (panel A) and lipid mixing (panel B) of
experience, we can measure contents mixing reliably in the perturbed POPC LUVs are shown in Figure 7 as a function
presence of even 560% contents leakage. In addition, to of PEG concentration. The extent of lipid mixing was very
be sure that leakage was not the reason for this peptide-low up to 10 wt % PEG, while substantial lipid transfer
induced inhibition of PEG-mediated fusion, we carried out occurred above 15 wt % PEG (Figure 7B). A substantial
an experiment at 15% PEG, under which conditions leakageamount of contents mixing was observed at 20 wt % PEG
was essentially zero (Figure 5B). Although contents  without any significant accompanying leakage. This confirms
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to contacting vesicle leaflets is generally recognized as
inhibiting the initial step (contacting-leaflet merging) of the
fusion process33).
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FIGURE 7. PEG profile of perturbed POPC LUVs. (A) Vesicle ~ HA-mediated cell as well as model membrane fusion is
contents leakage®) and contents mixingA) and (B) lipid mixing well studied 84—46). Protein machines act on lipid bilayers
of pert. POPC LUVs @) are shown as a function of PEG to bring membranes close together and then somehow to
concentration. Experimental conditions and assays are the same aéncourage fusion pore formation. Even though a vast

for Figure 4. literature is available on HA-mediated membrane fusion, it
our previous observation that leakage is not inherently a partis still not clear how HA catalyzes fusion, and it is not really
of the fusion process3(, 3J). known whether fusion peptide plays an active role to induce

Because HA fusion peptide enhanced fusion of highly membrane fusion. With the intent of asking whether HA
curved SUVs that have a perturbed outer leaflet, we have fusion peptide might influence fusion in a well-defined model
also tested the effect of HA fusion peptide on PEG-mediated system, we have documented in the present studies the effect
(20 wt %) fusion of pert. LUV. Figure 8A,B shows that of HA fusion peptide on fusion of model membranes with
contents mixing of perturbed LUVs decreased and leakagedifferent curvatures and surface properties in the presence
increased with increasing peptide concentration. These resultsand absence of PEG.
clearly indicate that the HA fusion peptide inhibited fusion =~ We have reached the following conclusions:
and enhanced leakage in outer leaflet-perturbed POPC LUVs. (1) Fusion peptide at high P/L ratio aggregates vesicles,
Figure 8 presents the extent of lipid mixing in the presence causes intervesicle lipid transfer, and ruptures vesicles but
(panel C) and absence (panel D) of PEG as a function of does not induce fusion.

P/L ratio. The extent of lipid transfer in the absence of PEG  (2) Fusion peptide enhances PEG-mediated fusion only
remained unchanged with increasing P/L ratio; peptide of highly curved, fusogenic vesicles at low P/L ratios but
hindered lipid mixing in the presence of PEG but only for inhibits fusion at high P/L.

the perturbed vesicles. These results suggest that the HA (3) Fusion peptide affects both the initial and subsequent
fusion peptide fills the packing defects in perturbed LUV steps of the fusion process, and it is unclear from the present
and inhibits the initial step leading to fusio@1). This is study which is most affected.

consistent with the report that HA fusion peptide induces (1) Fusion peptide at high P/L ratio aggregates and
negative curvature strain32). Addition of agents with ruptures vesicles, causes intervesicle lipid transfer, and
negative intrinsic curvature (e.g., lysophosphatidylcholine) ruptures vesicles but does not induce fusiarin the absence
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of PEG, the HA peptide had a minor effect on membrane suggests that the effect of fusion peptide in the initial and
destabilization (evidenced by low leakage) and outer leaflet subsequent steps of fusion process may be different. The
mixing of DOPC SUVs (Figure 4) up to a P/L ratio of 1:50. different effect of HA fusion peptide on lipid mixing and
A significant amount of lipid transfer and leakage was contents mixing can also be seen directly in Figure 5A. In
observed at high peptide/lipid ratio without any accompany- the presence of 20 wt % PEG, contents mixing between
ing contents mixing (Figure 4). The fusion peptide destabi- DOPC SUVs was enhanced by roughly 85% (Figure 5A)
lized the bilayer of DOPC SUVs and made these vesicles while lipid mixing was increased by only about 20% (Figure
leaky instead of inducing fusion. The several reports in the 5C) due to the presence of fusion peptide at B/10.004.
literature purporting to show HA peptide-induced fusion This suggests that it is one of the two steps following
(10—14) actually were seeing aggregation of vesicles, outer formation of the initial intermediate that is most affected by
leaflet mixing, or rupture instead of fusion at high peptide fusion peptide. While the fusion peptide incorporates into
concentration. the target membrane early in the fusion proc&sy, (it may

The effect of fusion peptide is different in the presence of also incorporate into the viral membrane at some point during
sufficient PEG to induce fusion of fusogenic vesicles. (2) the fusion event&). Schoch and Blumenthab®) suggest
Fusion peptide enhances PEG-mediated fusion only of that the fusion peptide plays an important role in later stages
highly curved, fusogenic vesicles at low P/L ratios but  of the fusion process (pore widening). Our results suggest
inhibits fusion at high P/L. The requirement for high that it is either the step of final intermediate formation or
curvature is demonstrated by the fact that HA fusion peptide the step of pore formation that is most affected by fusion
did not induce fusion of uncurved, nonfusogenic vesicles in peptide, although additional kinetic data will be needed to
the presence or absence of PEG (Figure 6). The observedstrengthen this conclusion.
effects of fusion peptide on PEG-mediated fusion of per- What Is the Mechanism by Which HA Fusion Peptide
turbed POPC LUV, which are uncurved but fusogenic Enhances PEG-Mediated FusioW¥hile our data do not
vesicles, support this conclusion. Thus, Figure 7 shows thatdirectly address this point, it may be worthwhile to comment
PEG-mediated fusion (contents mixing and lipid mixing) of on it, given what is known about the effect of fusion peptide
these vesicles washibitedand leakage was enhanced with on bilayer structure. As mentioned earlier, PEG is known to
increasing P/L ratio. Even fusion of highly curved SUVs, lower the activity of water and thereby cause membrane
which was enhanced at low P/L (Figure 5) and depends ondehydration leading to vesicles aggregativé) (PEG added
the surface tension of curved outer leafle2§)( is actually externally to vesicles also creates an osmotic gradient leading
inhibited by high concentrations of fusion peptide (Figure to compressive lipid bilayer strain that can favor fusion,
5). A possible interpretation of these results is that the HA presumably through helping to stabilize areas of acyl chain
fusion peptide fills the packing defects in SUV or perturbed packing mismatch associated with nonlamellar fusion inter-
LUV outer leaflets and inhibits the initial step of fusiofi/j. mediates (V. Malinin, unpublished observations). It is well-

This conclusion agrees with some reports in the literature. known that several viral fusion peptides disrupt bilayers at
Rafalski et al. {3) reported contents leakage but not contents high peptide concentrations, as confirmed by our observa-
mixing between POPC LUV treated with the X-31 strain of tions. This may reflect reports that the amino-terminal region
HA fusion peptide. In addition, the synthetic peptide GALA, of HA2 disrupts stable bilayer packing and induces negative
which was designed to mimic fusion peptide, has been curvature strain that favors inverted hexagonal phase struc-
reported to induce aggregation and leakage but not fusiontures 64). However, these reports of bilayer-disrupting ability
of egg PC LUVs 48). In agreement with our conclusion of fusion peptide reflect effects seen at very high P/L ratios.
about the importance of curvature, GALA did induce At low peptide concentrations<®/L = 0.005), bilayer
aggregation and perhaps fusion of POPC SUVs (whateversurface properties remain unaltered by HA fusion peptide
occurred was accompanied by very high leakagt).( (Haque and Lentz, unpublished observations). Our guess at
Finally, as for the HA fusion peptide, several articles have this point is that fusion peptide at low surface concentrations
reported aggregation and lipid mixing between model might enhance fusion in the same way that PEG-induced
membranes induced by the HIV fusion peptide. However, osmotic compression does, by somehow reducing the packing
Nieva et al. 60) reported that HIVarg fusion peptide did mismatch in the hydrophobic regions of the nonlamellar
not induce fusion of acidic-lipid LUVs unless &awas intermediate structures thought to be involved in the fusion
present, purportedly to alter the peptide conformation but process%5). In this way, PEG and fusion peptide might act
possibly to induce vesicle aggregation, which we do with synergistically to promote fusion of fusogenic membrane
PEG. vesicles, as implied by our results.

(3) Fusion peptide affects both the initial and subse-
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